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Abstract. 3D dynamic contrast enhanced magnetic resonance (MR) images 
may help to reduce the high re-excision rate associated with breast conserving 
surgery. However these images are acquired prone, whilst surgery is performed 
supine which results in a large deformation that limits their usefulness. We de-
scribe here a registration technique based on a biomechanical model to account 
for soft tissue deformation between prone MR imaging and surgery. The accu-
racies of the individual registration steps are assessed off-line. We then report 
our first clinical experience with an image-guided surgery system which incor-
porates these algorithms. The system’s accuracy is assessed against tracked  
ultrasound images, and is determined to be around 5mm for this case. 

1   Introduction 

The most common treatment for breast cancer involves excising the cancer and a 
small volume of surrounding healthy tissue, but conserving the majority of the breast 
tissue. A disadvantage of this procedure is that a large proportion of these operations 
need to be repeated because, on histological examination, cancer is found at the mar-
gins of the surgical specimen indicating that it has not been completely excised. 

The majority of cancers are located by palpation, but this is not possible for can-
cers such as ductal carcinoma in situ which are no stiffer than the surrounding tissue, 
and the absence of distinct tissue boundaries within the breast makes the complete 
excision of diffuse cancers and small lesions challenging. For impalpable lesions the 
surgeon relies upon a guidewire inserted preoperatively under ultrasound guidance 
and upon X-ray mammograms to help him predict the extents of the cancer.  Relating 
the single point identified by a guidewire and the 2D projection images of the com-
pressed breast provided by mammograms to the 3D extents of the cancer during sur-
gery is not straightforward. Furthermore, the palpable extents of a lesion do not  
necessarily correlate well with histology findings.  

Dynamic contrast-enhanced (DCE) magnetic resonance (MR) images provide addi-
tional 3D information about the location of a cancer. However, a large deformation of 
the breast will occur between acquiring these images in the prone position (to reduce 
breathing motion between images acquired at different timepoints) and performing 
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the operation in the supine position. This currently limits their suitability for guiding 
surgery. 

Previous work [1] has outlined a framework for image-guided breast surgery which 
uses a biomechanical model to link preoperative MR imaging with surgery. In this 
paper we develop the framework, focusing on presenting an improved biomechanical 
model of the deformation and on assessing the registration on a greater number of 
subjects. We conclude by reporting our experiences of what we believe to be the first 
operation in which an image-guidance system was used to non-rigidly register preop-
erative MR images with the surgical scene in order to locate breast cancer. 

2   Registration Method  

To simplify the task of recovering the deformation between prone imaging and sur-
gery a supine MR image is acquired without contrast enhancement and the registra-
tion is divided into two stages. In the preoperative stage the cancer identified in the 
prone DCE MR image is located in the supine image, which allows intensity informa-
tion to be used to help guide the registration. During the intraoperative stage a biome-
chanical model constructed from the supine MR image is used to recover the smaller 
deformation between supine imaging and surgery. 

2.1   MR Imaging and Preoperative Registration 

MR Imaging. Self-adhesive MR-visible fiducial markers were attached to the skin 
surface during all MR imaging. Their positions were marked with ink on the skin in 
order that these locations were also identifiable during surgery. DCE MR images were 
acquired with the patient in a prone position using a breast coil, according to the hos-
pital’s standard clinical protocol. These images included a coronal dataset acquired 
pre-contrast using a 3D gradient echo sequence which is used for the prone-supine 
registrations described in this paper. In addition an axial image was acquired in the 
supine position using a 3D gradient echo sequence. The body coil was used for supine 
imaging so that no mechanical forces were applied to the surface of the breast.  

 
Overview of Preoperative Registration Technique. As can be seen in Figure 1, 
because the deformation between the prone and supine positions is large there will be 
a poor initial image overlap. This meant that standard intensity-based registration 
techniques, such as [2] and [3], were found to be inadequate since the algorithms 
become trapped in local minima. Therefore a two step ‘hybrid’ registration technique 
is used to locate the cancer in the supine image. In the first step a finite element model 
is used to predict the deformation which the breast undergoes between the prone and 
supine positions. In the second step a simulated MR image is generated from the su-
pine image using the model deformations. This image has an improved overlap with 
the prone image, and so an intensity-based registration algorithm can be used to 
match the images. 

 
Constructing the Finite Element Mesh. Initial experimentation showed that the 
hexahedral elements were less susceptible than tetrahedral elements to becoming 
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badly shaped when undergoing large gravity-induced deformations. Therefore the 
supine MR image of the breast was meshed into hexahedral elements. These elements 
were created by meshing each slice of the MR image as shown in Figure 1 and then 
connecting the adjacent 2D meshes to form a 3D mesh. Elements were assigned a 
material type of either adipose or fibroglandular tissue depending on the predominant 
material type contained within the element, and densities of 928 and 1035 kgm-3 re-
spectively [4] were assigned to the two tissue types 

 
Modelling the Deformation Between Supine and Prone. The finite element analysis 
used in [1] assumed infinitesimal strain when modelling the deformation between prone 
and supine, and so all integrations were performed over initial element shapes. The 
deformation of the breast between the prone and supine positions is large, and so this is 
not a good approximation. In this work we use a finite strain formulation which takes 
the deforming geometry into account. A mixed u-P element formulation is used to en-
force incompressibility. All biomechanical modeling in this paper is performed using 
the ANSYS finite element software (ANSYS Inc., Canonsburg, PA, USA). 

  

Fig. 1. (left) Transverse section through supine breast overlaid with finite element mesh (centre) 
finite element model in supine position (right) breast in prone position. 

To correctly model the deformation between the prone and supine positions, it is 
necessary to recognise that gravity was acting on the breast when the supine MR 
image was acquired and so unknown loads exist within the supine model [5]. An 
iterative method was used here to obtain the unloaded reference state. Firstly, an ini-
tial estimate of the reference state was constructed by applying gravity in the anterior 
direction, and setting the stresses within the model to zero. Gravity was then applied 
in the posterior direction on the reference state model. If the reference state is accurate 
the nodes of the deformed reference model will be coincident with the nodes of the 
supine model. Otherwise the nodes of the reference state model can be appropriately 
adjusted and gravity applied once again. The process is repeated until the deformed 
reference model nodes and the supine reference nodes are coincident to within a toler-
ance (chosen to be 0.05mm). Gravity is then applied in the anterior direction on the 
reference state model. 

Experiments to determine the material properties of the breast (e.g. [6] [7]) have 
only considered relatively small compressions. There is no data available which is 
appropriate for deformations of the scale considered here, or for the breast in exten-
sion. Using material properties from the literature results in a deformation which is 
much smaller than is actually observed and so in this paper the properties are instead 
determined by fitting the modelled deformation to the observed deformation. To 
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achieve this, fibroglandular and adipose tissue are assumed to obey the same neo-
Hookean relationship and the value of the initial shear modulus is iteratively adjusted 
until the distance between the chest wall and the nipple in the model agrees with this 
distance measured in the prone MR image. 

Examination of pairs of prone-supine MR images indicates that there is significant 
‘sliding’ of the breast around the torso, and failing to account for this results in a 
simulated prone breast which is narrower in the medio-lateral direction than is actu-
ally observed. This sliding motion was included in the model by applying displace-
ment boundary conditions on nodes of the posterior face of the model which moved 
the nodes along this face. The distance moved by the nodes increased linearly with the 
distance along the face from the midline, so that the most medial nodes remained 
stationary whilst the most lateral nodes moved furthest. The appropriate level of slid-
ing was determined by identifying corresponding features close to the pectoral wall in 
the prone and supine images. The same boundary conditions were applied to each 
node of the lateral face that had applied corresponding node lying on the posterior 
face. The medial face was constrained to be stationary. Gravity was modelled as a 
body force equivalent to an acceleration of 9.81ms-2.  
 
Surface Alignment of Model with Prone MR. The correspondence between the 
model and the prone MR image was further improved by deforming the model such 
that its skin surface aligned with the surface in the MR image. The positions of the 
fiducial markers in the deformed model were calculated, and the marker locations 
used to rigidly align the model with the prone MR image. A dense cloud of points 
lying on the skin surface of the prone MR image was extracted by automatically 
thresholding the image, finding the crossing point between air and tissue and smooth-
ing this surface. Displacement boundary conditions were then imposed upon each of 
the nodes on the skin surface of the model in the direction normal to the surface. The 
displacements were equal to half of the distance to the closest point on the prone skin 
surface, resolved into the normal direction for the initial iteration when the surfaces 
are not well aligned, and equal to this value for all further iterations. No constraints 
were imposed upon the displacement of nodes in the tangential directions. The rigid 
alignment and model deformation steps were repeated until the surfaces aligned to 
within a tolerance of 0.1mm. 

 
Intensity-Based Registration. MR images were corrected for image inhomogenity 
[8]. The displacements of the finite element nodes were used to deform the supine 
image to an image which approximately matched the prone image. Both images were 
resampled to have isotropic voxels with an edge length equal to the in-plane voxel 
dimension of the original supine MR image.  These two images were then registered 
using a fluid registration algorithm [2] in which the transformation between two im-
ages is modelled as the flow of a compressible viscous fluid [9]. The model deformed 
supine image was treated as the target image, and an image force of zero was applied 
to all voxels lying outside the deformed model. Normalised intensity cross correlation 
was chosen as the image similarity measure. The regridding threshold (the fractional 
change in voxel volume below which the current transformation is applied and  
the algorithm restarted) was set to 0.5. A stopping condition based on the change in 
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similarity measure at each iteration was used to terminate the registration when there 
was no further improvement. On the basis of initial experiments, the algorithm was 
run at a quarter image resolution. 

The lesion was segmented from subtraction images formed from the prone DCE 
MR images. A triangulated surface was generated from this segmentation, and the 
hybrid registration formed by combining the displacements of the biomechanical 
model and fluid registration steps was applied to the vertices of the triangulation to 
locate the cancer within the supine MR image and model. 

2.2   Intraoperative Registration 

During surgery the patient was positioned supine, with her arm on the involved side 
abducted perpendicularly. A stereo camera system (Vision RT, London, UK) was 
positioned at the end of the arm, at a range of approximately 1.5m from the patient’s 
breast. Images were reconstructed of the surface of the breast before the first incision. 
The 3D skin surface output by the stereo camera consists of around 3500 points with 
approximately a 3.5mm separation. The fiducial marker locations were identified 
using a texture image aligned with this surface. 

The position of the cancer in the supine finite element model was calculated in 
Section 2.2. The same model is used to compute the position of cancer during surgery. 
The fiducial marker locations were used to align the finite element model with the 
stereo camera surface. Displacement loads were then applied on the node closest to 
each fiducial marker such that the node became coincident with the homologous fidu-
cial marker location in the stereo camera image. Displacement loads were applied on 
all other nodes lying on the skin surface of the model in the direction normal to the 
skin surface, and with a magnitude equal to the distance from the node to the closest 
point on the skin surface projected onto the normal direction. These nodes were not 
constrained in the direction tangential to the skin surface. In order that the results 
were available within a surgically useful timeframe of about one minute, and because 
this deformation was small, this one-step approach was adopted rather than the itera-
tive approach adopted for matching surfaces described in the previous section. For the 
same reasons, the breast was assumed to be a homogenous linear elastic material, and 
infinitesimal strain was assumed. Incompressibility was modelled by assuming a 
Poisson’s ratio of 0.495. 

3   Registration Assessment  

The accuracy of the prone-supine registration described in Section 2.2 was assessed 
for three subjects on eight corresponding landmarks identified in the prone and supine 
MR volumes. The results are summarized in Figure 2 which shows that for this task 
the registration accuracy of the hybrid registration technique is a marked improve-
ment over both rigid registration and the fluid registration technique described in [2]. 
Transverse slices through a supine MR volume and the corresponding prone volume 
deformed according to the hybrid registration are shown in Figure 3 for an example 
dataset. The registration appears visually reasonable.  
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Fig. 2. Mean preoperative registration errors using rigid, fluid and hybrid registration tech-
niques. The maximum registration error is indicated by the error bars, which have been trun-
cated for Subject 3 (rigid) and Subject 3 (fluid) since they exceed 50mm. 

    

Fig. 3. (left) Example transverse section through supine MR image (centre) approximately 
corresponding transverse section through prone MR image (right) corresponding transverse 
section through an image formed by applying the registration deformation field to the prone 
MR image 

The intraoperative registration technique described in Section 2.3 was assessed for 
two subjects by simulating the intraoperative surface from an additional supine MR 
image. Each subject sat up after the first image was acquired so the pairs of supine 
images were noticeably displaced. The ability of the model to recover the deformation 
was assessed on eight pairs of corresponding features identified in the images. The 
model-based registration accuracies are compared in Table 1 with the registration 
accuracies achieved by rigidly registering the fiducial marker locations.  

Table 1. Accuracy of intraoperative registration technique 

 Mean (max) rigid error /mm Mean (max) non-rigid error /mm 
Intraoperative Subject 1 3.2   (5.1) 1.9   (3.0) 
Intraoperative Subject 2 4.9   (8.8) 2.6   (5.1) 

4   Initial Clinical Experience 

The system has been demonstrated in the operating theatre on a 47 year old patient 
with a palpable lesion in the upper outer quadrant of her left breast. The lesion was 
felt clinically to be very peripheral with a diameter of 18mm, and ultrasound showed 
a lesion of diameter 20mm. However, when DCE MR imaging was performed seven 
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days before the operation it indicated that the lesion had a much larger diameter of 
35mm and that it extended right down to the pectoral muscle. 

The position of the lesion, as indicated in the prone DCE MR images, was calcu-
lated in the supine model prior to the operation. An image-guidance system incorpo-
rating the registration techniques described in this paper was used to indicate the posi-
tion of the lesion after the patient had been stabilised on the operating table, immedi-
ately prior to sterilization. Deforming the finite element model to update the lesion 
location took 45 seconds. The lesion was presented to the surgeon as a surface ren-
dered underneath a semi-transparent skin surface (Figure 4) which could be rotated to 
match the surgeon’s viewpoint. Live video was overlaid on the rendered skin surface 
so that outlines drawn on the skin could be seen on both the patient and the rendered 
surface. The image-guidance system also included a tracked pointer. 

To assess the system accuracy, the lesion was also imaged using an ultrasound 
probe that was tracked using an Optotrak system (Northern Digital Inc., Ontario, 
Canada). Care was taken to deform the breast minimally whilst imaging. Since the 
breast was not being compressed, it was not possible to image the deep margin of the 
lesion. The positions of the fiducial markers on the surface of the breast were re-
corded using a tracked pointer, and so the ultrasound images could be rigidly aligned 
with the model predictions, as shown in the example ultrasound slice of Figure 4.  A 
good match between the ultrasound images and the lesion boundaries predicted from 
MR is observed, with the margin identified in the two modalities agreeing to within 
about 5mm where visible. The registration is perhaps better than might be expected 
given the preoperative registration errors calculated in Section 3. This may be ex-
plained by the boundaries of the lesion coinciding with a strong fibroglandular-to-
adipose tissue boundary, which caused a more accurate prone-supine registration in 
this region. 

 
Fig. 4. (left) Image-guidance system in the operating theatre. The patient is just visible in fore-
ground and the stereo camera is indicated with an arrow. (centre) Surface rendering of breast as 
presented during surgery with video overlay. Lesion is indicated with an arrow. (right) pre-
dicted lesion location (solid line) overlaid on ultrasound image showing lesion (dashed line). 

A large surgical excision was performed. On histological examination the lesion 
was found to have a maximal dimension of 35mm and to extend to within 2mm of the 
pectoral muscle, which is much more consistent with the lesion location indicated by 
the image-guided surgery system than with the palpable mass that could be felt by the 
surgeon. 
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5   Conclusion 

Image-guided surgery based on DCE MR images may help to reduce the re-excision 
rate associated with breast-conserving surgery. This paper has presented and assessed 
the registration steps required to transform the location of the lesion from the prone 
MR images into the surgical space. In particular the large deformation between prone 
and supine is modeled using a finite strain formulation and taking into account the 
fact that the breast is gravity-loaded when imaged. The hybrid registration approach 
to recovering the prone-supine deformation presented here was shown to be twice as 
accurate as a widely used intensity-based registration algorithm for this task. It was 
also shown that a biomechanical model can be used to estimate the displacement 
occurring between a supine MR image and surgery driven only by displacements 
applied to the exterior surface of the model. 

The first breast surgery case in which an image-guidance system deformed preop-
erative images to match the surgical scene has been reported. Comparison with 
tracked ultrasound images suggests that for this case the system was accurate to 
around 5mm. Since a surgeon will typically aim to remove a 5-10mm margin of 
healthy tissue surrounding a cancer in order to allow for the inaccuracies inherent in 
current techniques, image-guided breast surgery has the potential to become a surgi-
cally useful tool. 
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