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ABSTRACT

Mammography is a standard tool for breast cancer diagnosis. In current clinical practice, typically two mammo-
grams of each breast are taken from different angles. A fundamental step when using ipsilateral mammograms
for the diagnosis of breast cancer, is the identification of corresponding locations/structures in both views, which
is a very challenging task due to the projective nature of the images and the different compression parameters
used for each view. In this contribution, four different approaches for the estimation of corresponding locations
in ipsilateral mammograms are systematically compared using 46 mammogram pairs (50 point-to-point corre-
spondences). The evaluation includes simple heuristic methods (annular bands and straight strips) as well as
methods based on geometric and physically motivated breast compression models, which aim to simulate the
mammogram acquisition process. The evaluation results show that on average no significant differences exist
between the estimation accuracies obtained using the simple heuristic methods and the more involved compres-
sion models. However, the results of this study indicate the potential of a method that optimally combines the
different approaches.

1. PURPOSE

Mammography is a standard tool for breast cancer diagnosis. As mammograms are two-dimensional X-ray
projection images acquired while the breast is compressed between two plates, they inherently suffer from the
overlap of structures, which renders their analysis challenging and might obscure lesions. In current practice,
this problem is typically accounted for by the acquisition of two images of each breast taken from different
angles: (1) a mediolateral oblique (MLO) view and (2) a craniocaudal (CC) view. A fundamental step when
using ipsilateral mammograms for diagnostic purposes is the identification of corresponding locations/structures
in both views, which is a very challenging task even for experienced radiologist. Reasons for these difficulties
besides the projective nature of the images are the different compression parameters (direction and force) used
for each view and the manual positioning of the breast between the plates before each image is acquired.! Due
to the different projection angles, a point in one view corresponds to a (curved) line in the second view.

Several methods have been proposed for the estimation of corresponding locations in ipsilateral mammograms
so far. Annular bands and straight strips are two simple heuristic methods widely employed by radiologists and
many computer aided detection (CAD) systems.’? When using annular bands, one assumes that the radial
distance between the nipple and the structure of interest remains (more or less) constant under both views. This
assumption results in a fan-shaped search area. Straight strips, on the other hand, are lines parallel to the chest
wall. Here, one assumes that the distance between the nipple and a line intersecting with the structure of interest
does not substantially change between both mammograms. Besides these two simple heuristic methods, other
authors approach the problem by performing a simulation of the whole projection and deformation process with
either geometric or physically motivated models. For example, Kita et al® calculate curved epipolar lines based
on a geometric compression model to estimate corresponding locations/search areas in ipsilateral mammograms.
In contrast, Rajagopal et al.* use finite element modeling (FEM) to simulate breast compression. However, their
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(a) Annular bands (b) Straight strips

Figure 1. Schematic illustration of the annular bands (a) and straight strips (b) approaches. Red dot: nipple position; d:
radial distance between the nipple position and a structure of interest. d: distance between the nipple and the structure
of interest projected onto the anterior-posterior (AP) direction vector.

approach is not only time-consuming but also requires a 3D MRI to be acquired in addition to the mammograms
to create a patient-specific breast model, which might be avoidable by using generic breast models.”

Although being such a fundamental task in multi-view analysis of ipsilateral mammograms, only little work
has been done on the evaluation of different methods for correspondence estimation and it is rather unclear
whether the more involved simulation-based methods have any advantages in terms of estimation accuracy over
the simple heuristics.! This work, therefore, aims to present a comparison of four different correspondence esti-
mation methods (simple heuristics and compression models) in a consistent evaluation. The methods compared
are: (1) annular bands, (2) straight strips, (3) the geometric compression model proposed by Kita et al.? and (4)
an easy to compute physically motivated mechanical compression model,® which has so far only been used for
matching of ipsilateral tomosynthesis volumes. We restrict our analysis to approaches that are fast to compute
as this is a major requirement when it comes to their integration into mammography workstations.

2. METHODS
2.1 Annular bands

The annular band method defines a fan-shaped search area in one view whose center-line has the same radial
distance d from the nipple as the structure of interest in the other view? (see Fig. 1(a)). Deviations from the
assumption that the radial distance between the nipple and the structure of interest remains constant under both
views can be accounted for by the width of the band when used in a CAD system or for visualization. For this
method, only the nipple position is required, which we determine automatically using the curvature moments of
the breast contour.”

2.2 Straight strips

The assumption behind the straight strips method is that the chest wall limits the breast compression and forces
the breast tissue to move in anterior direction while the displacement of the tissue points along this direction is
the same in both mammograms.? Estimation of corresponding locations between two views is done by measuring
the distance between the nipple and the structure of interest projected onto the anterior-posterior (AP) direction
vector in the first view. Subsequently, this distance is used to define the center line of a straight strip parallel
to the chest wall in the other view (see Fig. 1(b)). Again, deviations from the underlying assumption can
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Figure 2. Schematic workflow of model-based correspondence estimation methods, which simulate the whole projection
and deformation process.

be accounted for by adapting the width of the strip. Besides the nipple position, this method also requires
the definition of a local coordinate system consisting of the chest wall direction vector and the orthogonal AP
direction vector. In this work, the chest wall direction is defined by a line fitted to the automatically segmented
pectoral muscle.® For the CC view the chest wall is assumed to be aligned with the image axis, as the pectoral
muscle is frequently not visible in those mammograms.

2.3 Geometric compression model

In contrast to the rather simple heuristic methods presented above, Kita et al.® proposed to simulate the whole
projection and deformation process. This simulation consists of 5 steps (see Fig. 2): (1) Reconstruction of the
3D line corresponding to the point of interest in the initial view, (2) uncompression, (3) rotation of the deformed
line to match the other view, (4) compression and (5) projection of the points of the initial line onto the image
plane of the target view. The core component of this approach is the compression model used to simulate the
movement of the points on the initial 3D line due to compression/uncompression of the breast.

Kita et al. start with the reconstruction of a 3D model of the uncompressed breast based on the breast
contours in both views. Then, several assumptions are made to calculate the displacement of a breast point
between a compressed and the uncompressed state of the breast (and vice versa). For example, it is assumed
that deformation only occurs in cross-sections parallel to the compression direction and perpendicular to the
chest wall and that straight lines in such cross-sections map to quadratic curves when the breast is compressed.
As none of the assumptions is really motivated by mechanical properties of breast tissue, we classify this model
as a geometric compression model.

2.4 Analytical mechanical compression model

The fourth approach in our comparison study is related to the work of van Schie et al.® who applied an
analytical mechanical compression model for spheres to the problem of correspondence estimation in ipsilateral
tomosynthesis data. In this study, we use this model as an alternative to the geometric compression model of
Kita et al. in steps 2 and 4 of the simulation process (see Sec. 2.3). This model is based on the assumption that
the breast can be modeled as a hemisphere composed of a homogeneous, incompressible, neo-Hookean material
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(a) Patient 1: CC (b) Patient 1: MLO (¢) Patient 2: CC (d) Patient 2: MLO

Figure 3. Exemplary location estimation results (CC — MLO) for two patients using all 4 approaches. Yellow cross:
Manually identified corresponding locations; Red dot: Detected nipple position; White line: Detected pectoral muscle;
Orange curve: Center-line of the annular band; Green line: Center-line of the straight strip; Blue curve: Curve estimated
by the geometric compression model; Red curve: Curve estimated by the mechanical compression model.

(ideal rubber). Clearly, this is a simplifying approximation, but the same material properties have been used by
several authors to perform FEM-based simulations of breast compression.® When a uniaxial force is applied to
the poles of the (hemi)sphere, the distance between the poles decreases while the radius at the equator increases.
The underlying deformation of the (hemi)sphere can be easily obtained in an analytical way without having to
use time-consuming FEM methods.

2.5 Experiments

The 4 approaches are compared by using 46 pairs of MLO and CC digital mammograms of 43 different patients
taken from our in-house database. Mammograms from public databases are not considered because at least to
our knowledge none of them provides information about the breast thickness under compression needed for the
use of compression models. The compressed breast thickness in our data ranges from 23 mm to 82 mm (Avg.:
56.47mm+13.59mm) with a mean compression thickness difference of 3.76 mm+3.55mm between correspond-
ing CC and MLO views. A medical expert identified at least one unambiguous point-to-point correspondence
(centroids of lesions, calcifications, or metal clips) for each of the 46 image pairs. In total, 50 point-to-point
correspondences covering all parts of the breast are used for the evaluation. All 4 approaches are employed to
estimate the locations of the manually identified points in the MLO views given their corresponding positions in
the CC images.

The estimation accuracy is evaluated by either calculating the minimum euclidean distance between the
center-line of the search region (annular bands, straight strips) or the estimated line/curve (compression models)
and the given point in the MLO mammogram. Then, the average, the 95th percentile and the maximum of
the 50 measured distances for each approach are computed. In addition to the performance of the individual
approaches, we, furthermore, evaluate the accuracy of different combinations of them by choosing the best result
for each of the 50 cases: (1) All 4 approaches are combined; (2) Both heuristic methods (straight strips & annular
bands) are combined. Statistical significance of differences between the average results are assessed with paired
two-tailed t-tests (p < 0.05).

3. RESULTS

Table 1 summarizes the results of our evaluation. Exemplary location estimation results are depicted in Fig. 3.
As a general trend, it can be observed that on average both heuristic approaches lead to a higher estimation
accuracy than the model-based approaches. But it has to be noted that the differences between the average
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Table 1. The average (+ standard deviation), the maximum, and the 95th percentile of the minimum point-to-line distances
obtained for all 50 ground-truth point-to-point correspondences and the different approaches. See text for details.

Approach Average dist. [mm] Maximum dist. [mm] 95th percentile [mm]
Annular bands (AB) 6.29 £+ 5.80 24.96 16.93
Straight strips (SS) 6.37 £ 4.46 21.48 13.95
Geometric compression model 7924+ 7.07 38.00 19.90
Mechanical compression model 8.46+9.73 51.68 23.80
Combination of all approaches 3.00+3.33 17.64 8.25
Combination of AB & SS 4.34 + 3.99 21.48 9.74

(a) Patient 3: CC (b) Patient 3: MLO

Figure 4. Location estimation results (CC — MLO) for a patient /image pair with large inconsistencies between both views
with respect to breast positioning (nipple position) and compressed breast thickness (CC: 69mm, MLO: 82 mm) using all
4 approaches. Yellow cross: Manually identified point-to-point correspondence; Red dot: Detected nipple position; White
line: Detected pectoral muscle; Orange curve: Center-line of the annular band; Green line: Center-line of the straight
strip; Blue curve: Curve estimated by the geometric compression model; Red curve: Curve estimated by the mechanical
compression model.

distances of the 4 approaches are not statistically significant at the 5% level (e.g. annular bands vs. mechanical
compression model: 6.2945.80 vs. 8.46+9.73, p = 0.08). Based on the 50 point-to-point correspondences used
for this evaluation, no dependence of the point’s location in the CC mammogram on the performance of the
different approaches is observed. From Fig. 3, it can be seen that the center-lines/curves estimated by the
different approaches oftentimes partially overlap. What is also striking is that at least for locations in the
anterior part of the breast, the curves of the compression models bend in opposite directions.

Results for the individual cases reveal that for the model-based approaches some cases with relatively large
errors exist (cf. standard deviations of the average distance and the maximum distances reported in Tab. 1).
Some of these large errors most likely result from large breast thickness differences between MLO and CC views
and /or clearly visible complex deformations introduced by the manual positioning of the breast (see Fig. 4).
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However, no systematic dependence, for example, between the resulting minimum point-to-line distance and the
compression thickness difference is observed.

Statistically (highly) significant (p < 0.001) improvements over the individual results of the 4 approaches are
possible by either optimally combining all 4 approaches or both computationally efficient heuristic approaches
(choosing the best approach for each point). Interestingly, all 4 approaches contributed at least 10 times to the set
of best results used to calculate the average accuracy of their optimal combination (second to last row in Tab. 1).
This is the reason why the difference in accuracy between both combinations is also highly significant (p < 0.001).
The results in Table 1 also show that for both combinations in 95% of the cases the corresponding location of
the target landmark can be found within a region of radius r < 10 mm around the estimated line/curve.

4. CONCLUSION

In this contribution, four different approaches for estimating corresponding locations in ipsilateral mammograms
are systematically compared using 46 mammogram pairs. To our knowledge, this is the first consistent evaluation
of different methods for correspondence estimation that includes simple heuristic methods as well as methods
based on geometric and physically motivated breast compression models. Furthermore, this is the first time (at
least to our knowledge) the compression model presented by van Schie et al. (ef. Section 2.4) has been used in
this context.

The results of our study show that no significant differences exists between the results of the simple annular
bands and straight strips methods. The performances of these approaches are within the range of previously
reported results.!? Furthermore, on average, no significant improvements in accuracy are achieved by using
the more involved compression models. A possible explanation of this result is that in addition to the actual
compression, the appearance of the breast on a mammogram acquired in clinical practice also highly influenced
by many other parameters (manual positioning of the breast, ...) that need to be accounted for to achieve a
realistic simulation of the acquisition process.

Another interesting result of our study is the finding that a combination of the best results of all four ap-
proaches significantly outperforms the individual approaches and the combination of annular bands and straight
strips. Therefore, in future work, we will investigate how the best method for each case (patient and location
of the structure of interest) can be determined automatically. However, to assist radiologists in clinical practice
or for application in CAD solutions, the combined use of search regions generated by both heuristic approaches
(annular bands & straight strips) may already represent a reasonable compromise between computational effi-
ciency and accuracy. For the data used in this study, search regions with a radius of 10 mm contain 95% of the
target locations.
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