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ABSTRACT

This paper introduces a new intensity-compensated longitudinal
non-rigid registration method for Contrast Enhanced Mammogra-
phy monitoring neoadjuvant chemotherapy (NAC). The registered
NAC image subtraction, called residual fields, allows to discrimi-
nate between different lesion responses to treatment using features
extraction. The approach registers low-energy 2D images of the
exams acquired before and after the chemotherapy. The measured
motion is then applied to the corresponding dual-energy recombined
images. Consequently, the difference in registered images allows
identifying local density and iodine uptake changes, especially in
the lesion area. The registration converged for all 51 patients with
208 image pairs. Finally, the residual fields can be used to extract
clinically relevant features used to assess the response of the treat-
ment. The lesion response classification model, evaluated with the
AUC and F-score, performed better when taking into account the
residual features (AUC: 0.92 vs 0.79).

Index Terms— Breast imaging, Neoadjuvant Chemotherapy,
Contrast Enhanced Mammography, Registration

1. INTRODUCTION

Neoadjuvant chemotherapy (NAC) is a therapeutic option increas-
ingly used in the management strategy for breast cancer. The main
goal of NAC is the reduction of tumor volume and metastasis leading
to an increase in breast-conserving surgery probabilities instead of
mastectomy. NAC also allows early assessment of the efficiency of
systemic therapy in-vivo which could lead to a revision of the treat-
ment plan in cases that show poor response. The extent of residual
invasive cancer after neoadjuvant therapy is also a prognostic fac-
tor for the risk of recurrence. Imaging the breast before, sometimes
during, and after the NAC is important to evaluate the treatment re-
sponse and future treatment planning. A precise assessement and
quantification of the tumor response is a precious information shared
during the multi-disciplinary tumor board, between the radiologist,
the surgeon and the oncologist.

Contrast-Enhanced Magnetic Resonance Imaging (CE-MRI) is
the imaging modality generally used to monitor response to NAC.
Various studies have developed 3D deformable CE-MRI registration
procedures to extract quantitative features in pre-NAC and/or post-
NAC images related to lesion evolution [1, 2].

Contrast-Enhanced Mammography (CEM) provides anatomical
and functional imaging of breast tissue improving the accuracy of
breast cancer diagnosis [3]. As an alternative to CE-MRI, the compe-
tence of CEM in the assessment and prediction of response to NAC

has been studied [4, 5] using image lesion measurements. In addi-
tion, some studies presented a method extracting quantitative fea-
tures to evaluate residual disease extents [6, 7, 8]. These approaches
are based on intensity features (e.g., radiomics) extracted from the
low-energy and recombined images.

Because the breast cannot be similarly re-positioned between
two exams, registration in 2D mammography has been studied for
an easier breast texture comparison. Many registration approaches
have been developed such as feature-based [9], intensity-based [10]
and deep-learning-based [11] methods. The major challenges for
these state-of-the-art breast registration approaches are large dis-
placements and important intensity variations. Those issues are ex-
acerbated when dealing with NAC cases composed of large tumors
that may shrink or disappear (for complete pathological responses).

The goal of this paper is to present a lesion response classifica-
tion based on registered NAC-CEM images. The proposed non-rigid
registration procedure handles large repositioning displacements,
important intensity changes at a high convergence rate. The residual
fields obtained after registration are then used to extract intensity
evolution features for the lesion response classification. The first
section presents the NAC-CEM database. Then, the state of the art
and proposed registration method (GDIC-I), enhanced with local
intensity corrections, is presented as well as the lesion response
classification method. Finally, an evaluation of the registration and
classification is performed.

2. MATERIALS

In CEM-NAC monitoring, the patient is imaged with a CEM ac-
quisition pre-NAC and post-NAC. The CEM acquisition consists of
a low-energy (LE) image and a high-energy (HE) image processed
into a so-called recombined (REC) image that highlights the iodine
content. After the acquisition, the extent of the disease are reported
in pre-NAC and post-NAC studies. Radiological response to NAC
is assessed once applying the Response Evaluation Criteria in Solid
Tumor [10]: RECIST 1.1. This evaluation is using the ratio of the
longest length of the lesion before and after NAC. After the treat-
ment, the analysis of the surgical piece allows for identifying the
completeness of the pathological response.

In our study, fifty-one patients with pathologically proven breast
cancer based on the tumor tissues obtained by core needle biopsy
were enrolled. All data were acquired at Baheya Foundation For
Early Detection And Treatment Of Breast Cancer, Giza, Egypt. Pa-
tients were all planned to receive NAC in reference to the breast can-
cer tumor board decision. As both breasts were imaged with multiple
views (at least CC and MLO views for the two breasts), 107 acquired



image pairs of the malignant breast were acquired and 101 pairs of
the non-affected contralateral breasts. Examinations were performed
with a Senographe Pristina™ (GE HealthCare, Chicago, IL, USA).
The study protocol was approved by the Institutional Review Board
and informed written consent was applied using the data use of the
enrolled individuals. All 52 biopsied lesions were invasive ductal
carcinoma. Finally, after surgery, 14 cases were pathology-proven
complete responses, 39 partial responses (more than 30% decrease),
6 insensitive responses (3 stable diseases (up to 20% increase), and
3 progressive diseases).

Patients with metastatic disease, pregnant females, and those
who gave a history of allergy to contrast media, or renal impairment
were omitted from the study.

The image annotations were performed by senior radiologists
specialized in breast imaging. One NAC-CEM case is presented in
Fig. 1. The green boxes in the pre-NAC and post-NAC acquisitions
are the radiologist cancer annotations.

3. METHOD

3.1. Optical flow registration

Given a pair of images, an initial pre-NAC image f(x) and a tar-
get post-NAC acquisition g(x), the intensity-based methods define a
spatial residual ρu(x) that can be written, with u(x) the Lagrangian
displacement field: ρu(x, f, g,u) = g(x) − f(x + u(x)). The
sought displacement correction field is the one that minimizes, on
the data fidelity term over a spatial region of interest (ROI), a norm
of the residuals ρu.

Different approaches have been developed in the literature to
solve this problem. Two approaches will be evaluated as references:
TV-L1 and GDIC. The popular TV-L1 approach [12] consists of an
L1 data penalty term and total variation regularization with λ the
penalization coefficient.

In global Digital Image Correlation (GDIC), the displacement is
written as a finite element mesh kinematics composed of Nu nodes
and shape functions {ϕ} for the interpolation [13]. The nodes (cho-
sen by the nodal surface density) are positioned in the region of in-
terest in the image such that the full breast surface is covered by the
mesh. The triangular element generation is obtained with a Delau-
nay triangulation. The motion can thus be written, with a reduced
set of nodal displacements ul

u(x) =

Nu∑
l=1

ulϕl(x). (1)

Because registered breast images are acquired at different time
intervals and treatment stages, the brightness conservation assump-
tion is not respected due to factors extrinsic to the displacement (e.g.,
evolution in the breast tissue, changes in the acquisition system).

3.2. Relaxed intensity conservation - GDIC-I

To consider large local intensity changes in the lesion area, an inten-
sity compensation procedure, GDIC-I, is developed. The approach is
based on a local brightness and contrast correction studied for mate-
rial science [14]. The relaxed brightness conservation assumption re-
defines a correction model for the images by compensating the inten-
sity variations with a spatial field v(x): f̃(x) = v(x, f(x+u(x))),
where the latter can be written with a polynomial correction

v(x, h(x)) =
∑
p

vp(x)h
p(x). (2)

In this study, the correction is limited to the first two terms. The
intensity corrected residual, written ρuv reads

ρuv(x, f, g,u,v) = g(x)− (v0(x) + v1(x)f(x+ u(x))) . (3)

Similarly to the kinematic model, the intensity correction can also
be regularized and written in a finite element framework

vp(x) =

Nv∑
l=1

vplψl(x), (4)

with vpl the Nv nodal intensity values and {ψ} the intensity inter-
polation functions. The intensity mesh is generated using the same
approach as the kinematic regularization.

Finally, a Gauss-Newton scheme is used to solve this nonlin-
ear problem considering to the nodal motion and intensity ampli-
tudes. To avoid possible poor conditioning, a penalization based on
the comparison between the estimated displacement field and that
of the solution to a homogeneous elastic problem [15, 16] is intro-
duced. The penalization term is written in the finite element frame-
work. The equilibrium equation, in the absence of nodal forces reads
K{u} = 0, with K the stiffness matrix and {u} the set of nodal
degrees of freedom. This additional term in the functional penalizes
locally the motion that introduces strong elastic energy.

The kinematic and intensity meshes were generated from the
control of the nodal surface density (kinematic mesh density was
set to 1 node / 5 cm2 and the intensity mesh distance was set to
1 node / 2 cm2). Both kinematics and intensity finite element shape
functions, {ϕ} and {ψ}, were chosen as bi-linear. The TV-L1 ap-
proach was applied with a generic hyper-parameter value [12]: λ =
15.

At convergence, the registered image difference can be com-
puted as ρuv(x, f, g,u,v = 0). This non-intensity compensated
difference highlights the intensity changes. After registration, theses
differences are assumed to correspond to density and iodine changes
for respectively the low-energy and recombined residuals.

Transformation of CEM images. The recombined image es-
sentially highlights the hypervascularized lesion area (that takes con-
trast). This area is subject to important intensity changes with the
chemotherapy treatment. It is hence difficult to register a pair of
recombined images. It is here proposed to register LE images that
share most of their fibro-glandular and adipose texture. After the
registration of LE images, REC pre-NAC image, written fRec, can be
transformed using the measured displacement field: fRec(x+u(x)).
The recombined residual field hence defined with the post-NAC REC
image gRec such as ρRec(x, fRec, gRec,u) = gRec(x) − fRec(x +
u(x)).

Registration evaluation 618 landmarks, written respectively
xf and xg have been placed in respectively f and g on clearly iden-
tified textures (e.g., calcification, nipple, infra-mammary fold, the
center of nodules) in the LE and/or the REC image. The registered
landmark distance d = ∥xg −xf −u(xf )∥2 will be evaluated with
the Root Mean Square Error (RMSE[d]) and maximal error (max[d])
as a metric of the registration quality.

3.3. Quantification of the lesion response

The goal of this session is to build a classification modeling the
pathology response using image features extracted from the LE im-
ages, the REC image, and the residual fields. The output of this clas-
sifier consists of 3 classes: complete pathological response, partial
response, and insensitive response (containing stable or progressive
disease).



Fig. 1. Registration of a low-energy image pair. From left to right,
the pre-NAC and post-NAC acquisitions, the uncorrected and cor-
rected differences.

Because of a small accessible dataset and to avoid over-fitting,
very few image features are chosen to be extracted on the ROI de-
fined by the radiologist annotation: mean, standard deviation, L2
norm, 10th and 90th quantiles. Those features belong to the 1st or-
der radiomics. The ROI correspond to rectangles annotated in the
images by experienced radiologist in breast and CEM imaging. The
annotations are circumscribed to the lesion extents. It can be noted
that this ROI selection could be performed automatically by a detec-
tion CEM-CAD [17].

Similarly to AI-based NAC assessment [8], the features extrac-
tion can be performed on the LE image and REC image for both
the pre-NAC and post-NAC acquisitions. A total of 20 features are
hence extracted.

The registered residual fields on the low-energy and recombined
images can also be used. The 5 selected features are also extracted
resulting in 10 additional features. It can be noted that the annota-
tion in the residual images is defined by the union of the post-NAC
annotation and the warped pre-NAC annotation. This union will be
larger than the warped pre-NAC annotation essentially in progres-
sive responses. After the normalization of the feature values, the
classification model used was a linear discriminant analysis (LDA).
This model allows performing simple linear classification with small
datasets.

The features extraction was performed on the 107 lesions, con-
sidering each view independently. Because of the limited size of
our dataset, the data were split into a training and a test set using
the leave-one-out (patient-wise) cross-validation strategy. After the
51 trainings, the multi-label classification model was evaluated us-
ing the AUC of all individual classes (AUC of each class against the
others [18]), the macro-average AUC, and the F-score.

4. RESULTS

Figure 1 shows the low energy registration results for one mediolat-
eral oblique view with, from left to right, the pre-NAC and post-NAC
acquisitions, the uncorrected and corrected differences. The two
meshes (red for the kinematics, yellow for the intensity) are plotted
on the post-NAC image. The large blue and red pattern that can be
seen on the uncorrected residual are the signature of an uncorrected
image alignment. This large pattern disappears in the corrected one
highlighting a correct registration.

Figure 2 presents the complete registration results for one left
mediolateral oblique view showing a partial pathological response.
In this figure, the first line corresponds to LE images, and the second
to REC images. (a-d), (b-e) and (c-f) are respectively the pre-NAC,
post-NAC, and residual fields. The residual fields are shown with
a divergent colormap to identify positive (in red) and negative (in
blue) values. The lesion area annotated by the radiologist is high-
lighted with the green box. The registered residual fields in Figure 2

Fig. 2. Case of a partial radiological response. Top: LE, bot-
tom: REC images with (a-d) the pre-NAC, (b-e) the post-NAC, (c-f)
ρuv(x, f, g,u,0) and ρRec(x, fRec, gRec,u)

RMSE [mm] Max distance [mm]
Initial 19.0 60.6
TV-L1 11.2 55.1
GDIC 8.1 32.2
GDIC-I 5.9 21.3

Table 1. Registration metrics on the landmarks positioning with dif-
ferent approaches.

show a map of intensity evolution (texture or iodine). A blue annulus
in Figure 2(c) shows the concentric lesion shrinkage with the treat-
ment. A density decrease can also be observed in the retro-areolar
area. The dark blue area in Figure 2(f) is a projected iodine decrease
on the lesion.

The evaluation of the registration method was computed on con-
verged cases only (respectively 121/208,183/208, and 208/208 im-
age pairs for the TV-L1, GDIC, and GDIC-I methods). The metrics
are presented in the Table 1. The RMSE on the landmark reposi-
tioning was computed using TV-L1, GDIC, and GDIC-I and led to
respectively 11.2 mm, 8.1 mm, and 5.9 mm while initially (with-
out registration) at 19.0 mm. The maximal distance with the same
models was respectively, for TV-L1, GDIC, and GDIC-I: 55.1 mm,
32.2 mm, and 21.3 mm (initially at 60.6 mm).

Figure 3 shows the lesion features projected onto the first axis of
the LDA without (top) and with (bottom) using the features extracted
from the residual fields. 107 markers are plotted for each apparition
of a treated lesion. The colors and marker choice are the 3 classes
of NAC response: complete pathological response - partial - insensi-
tive. The obtained evaluation metrics for the LE and REC extraction
are: AUC of 0.79 and the F1 score 0.58. With the use of residual
features the AUC is 0.92 and F1 score 0.79.

Figure 4 displays the receiver operating characteristic curves for
the classifications, complete - partial - insensitive. Three curves are
displayed considering one class versus the others with and without
the use of the residual fields (respectively plain and dashed curves).
When considering the LE and REC only, the AUC of the complete -



Fig. 3. Lesion features projected onto the first LDA components.
(top) using only LE and REC features and (bottom) considering the
residual features.

partial - insensitive responses are 0.86, 0.66 and 0.84. When consid-
ering the LE, REC and residual features, the AUC of the complete -
partial - insensitive responses are 0.94, 0.86 and 0.98.

5. DISCUSSION

When registered, the blue and red pattern, initially being the signa-
ture of an nonalignment, are now related to density changes in the
low-energy residuals and iodine uptake change in the recombined
residuals. It is to be noted that the registration of projections is also
polluted by the signature of 3D projected motion that cannot be cor-
rected by in-plane displacements (e.g., vertical shear). Hence, part
of the final residual comes from this uncorrected 3D motions.

In general, it can be seen that the low-energy residual gives a
piece of new information on the lesion evolution. It is well correlated
with the iodine residual and with the lesion annotation performed by
the radiologist. Lesion intensity evolution that may be difficult to
read in the LE images can be more easily identified when registered.
For a more details on the registration procedure and registration pa-
rameter selection, the reader can refer to [19].

The classification results were obtained using the GDIC-I regis-
tration approach as many cases did not converge with the other reg-
istration techniques. GDIC-I significantly outperformed the other
approaches on all registration metrics. The classification model per-
formed better, on all metrics: AUC and F-score, when taking into
account the residual features. Instead of considering only the evo-
lution of global features (e.g., delta radiomics approaches[20]), the
registered approach allows considering features of the evolution. As
those residuals highlight the pixel-wise intensity changes, they are
clear piece of information monitoring the lesion evolution.

The visual evaluation of the two first LDA components showed a
better separation between the three clusters. Finally, the ROC curves

Fig. 4. ROC curves for the classification considering one class ver-
sus the others. Dashed curves are obtained with LE and REC fea-
tures. Plain curves are obtained with LE, REC and residual features.

showed a better classification for all three classes when taking into
account the registered features. The two extreme responses (com-
plete and insensitive) had the best classification results. As the three
classes can be seen with a continuous evolution on a clinical scale,
with the partial response being the intermediate class, it is expected
that this last class has the weakest results.

The limitation of this study is the small number of NAC-CEM
cases (containing only 6 insensitive cases). An extension of this
work with additional cases will allow including more radiomic fea-
tures and more efficient classification models.

6. CONCLUSION

A robust non-rigid registration method, GDIC-I, handling large
motion, important intensity changes and showing a high conver-
gence rate has been proposed. The approach consists of identifying
smooth kinematics and an intensity field compensating for local
texture changes.

The proposed registration approach was compared to the stan-
dard state-of-the-art registration techniques. Those classical meth-
ods are very sensitive to large breast texture changes and fail when
registering NAC cases with large lesion evolution. Different met-
rics were used and better results were obtained with the proposed
approach.

The registration benefit was demonstrated by using a tumor
response classification model that gave better classification results
(AUC and F1 score) when considering residual fields features. One
limit of this work lies in the small CEM-NAC dataset. An extension
of this work with additional data could consist in a larger radiomics
extraction and a more complex, non-linear model. With additional
data, the classification of the shrinkage pattern could also be en-
hanced with the residual fields features. In addition, instead of
performing independent predictions, the classification model could
leverage both CC and MLO views.

Finally, the precise assessment of the tumor response is a key
clinical feature for the radiologist, the surgeon and the oncologist.
The AI assessment could be included in the discussion for the man-
agement of the patient care pathway.
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