
Purpose:
We apply Riemannian elasticity regula-
rization in deformable image registration 
(DIR) of CT scans in image guided radia-
tion therapy (IGRT). We explore the use 
of spatially varying elasticity parameters 
to encourage bone rigidity and local tissue 
volume change only in the gross tumor vo-
lume (GTV) and the lungs. 

Methods: 
We applied a sum-of-squared-differences  
free-form deformation, B-spline model to 
register the staging and planning CT scans 
allowing for a subsequent mapping of the 
GTV contour to the planning CT. 

We applied an isotropic Riemannian ela-
sticity prior, with spatially varying elasticity 
parameters as a trade-off between model-

ling capability and simplicity. The Rieman-
nian elasticity prior is a simple weighted 
quadratic penalty on the Hencky strain 
tensor which inherits local rotational inva-
riance and is given as

landmarks have been manually annotated in each of the im-
ages. Performance is evaluated by calculating the TRE as the
euclidean distance between the points annotated in the target
scan and the deformed points from the reference scan (first
phase). For images downsampled to a resolution of 2⇥ 2⇥ 2

mm, a mean TRE for all scans of 1.24±0.42 was achieved us-
ing a non-parametric Demons method from Sarrut et al. [15],
inspired by Thirion [16]. A mean TRE of 1.04 ± 0.53 mm
was achieved using a parametric, multi-scale implementation
by Delhay et al. [3] of the free-form deformation (FFD) de-
formation model by Rueckert et al. [13]. Glocker et al. [5]
reports a mean TRE of 0.96± 0.57 mm (on the downsampled
data) using a discrete graph-based, multi-scale FFD method.

2.2. Hodgkin lymphoma case: Pre- and post-chemo CT

A HL patient with a very large mediastinal tumor burden was
staged with a fluorodeoxyglucose (FDG) PET-CT scan before
the initiation of chemotherapy. Later, the patient was referred
to RT, where a planning CT scan was acquired. In HL, the RT
target volume is the PET-positive volume as it was defined
on the staging (pre-chemotherapy) scan. However, between
the staging and planning scan, the tumour burden is likely
to have been reduced considerably, the patient is likely to
have lost weight and the posture is likely to vary. Automatic
deformable registration and propagation of the PET-positive
contour to the RT planning CT would be a valuable aid to the
physician, when defining the radiation target volume.

3. METHOD

We applied a sum-of-squared-differences (SSD) driven FFD
B-spline model [13] to register the staging and planning CT
scans allowing for a subsequent mapping of the GTV contour
to the planning CT. The use of the cubic B-spline deforma-
tion model is motivated partly by the existence of direct ana-
lytic continuous derivatives and partly by the inherent dimen-
sionality reduction. We believe that the B-spline deformation
model has enough descriptive power to capture the true un-
derlying deformations between the scans as we are estimating
the mapping between images of the same subject. In a multi-
level framework, an L-BFGS [10] algorithm was applied to
solve the matching problem, i.e.

min

�

D(R, T ◦ φ) +R(φ), (1)

where D is the SSD (di)similarity measure, R is the reference
(staging CT), T is the target (planning CT), φ is the B-spline
transformation and R is the regularization term.

Biological studies, e.g. [8, 14], show that biological tis-
sue is similar to rubber; nearly incompressible and compliant
to shear. Thus a rubber-like deformation prior is suitable for
same-subject registration when images are acquired tempo-
rally close. However, cancer patients are likely to have sig-
nificant weight loss, have tumor shrinkage and tissue loss in

proximity to the tumor regions which makes the incompress-
ibility constraint invalid. Relaxing the incompressibility con-
straint transforms the rubber prior into a more general elastic-
ity prior.

Linear elasticity matching [2] has been widely used for
spatial normalization but the lack of local rotation invariance
can hinder optimal matching. Especially in H&N imaging,
the neck posture (bending in the neck) may cause the linear
elasticity prior to over-regularize the deformation. We applied
an isotropic Riemannian elasticity prior by Pennec et al. [11],
with spatially varying elasticity parameters as a trade-off be-
tween modelling capability and simplicity. The Riemannian
elasticity prior is a simple weighted quadratic penalty on the
Hencky strain tensor which inherits local rotational invariance
and the infinity energy limit approaches the black-hole de-
formation. While biological tissue is elastically anisotropic,
anisotropic modeling requires many parameters which can-
not be estimated from CT scans alone. Instead, isotropic be-
haviour is assumed, reducing the number of parameters to two
– namely the usual Lamé parameters µ, λ, giving the isotropic
Riemannian elasticity
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where µ controls the amount of elastic potential due to shear-
ing, and λ controls the amount of elastic potential due to local
compression or expansion. "

i

are the principal stretches. In
contrast to linear elasticity and Saint-Vernant Kirchoff elas-
ticity λ is solely related to local volume change [7]. The
Lamé parameters are set experimentally for each tissue type
(bone, soft tissue, lung) which are segmented from the plan-
ning CT using HU intensity thresholding. In addition, the
Lamé parameters are set low in the GTV to allow for consid-
erable shrinkage. The image maps of Lamé parameters are
smoothed to get smooth elastic potential transitions.

4. RESULTS

4.1. POPI-model

For the FFD transformation model, Glocker et al. [5] used
multi-level control point spacing of 40, 20, 10, 5 mm. We
have used two registration levels with 20 and 10 mm spac-
ing. Additional registration levels did not improve perfor-
mance. Level 1 used downsampling to 4 ⇥ 4 ⇥ 4 mm and
level 2 used downsampling to 2⇥ 2⇥ 2 mm. Table 1 presents
the registration results using both spatially constant and vary-
ing regularization. For spatially varying regularization, the
provided segmentation of the lung was used together with a
HU-based bone segmentation for assigning local Lamé regu-
larization parameters. Rigidity was encouraged only for bone,
by setting µbone � µsoft tissue, µlung. Volume change was en-
couraged only for lung by setting λlung ⌧ λsoft tissue, λbone.

, where the Lamé coefficients μ controls 
the amount of elastic potential due to she-
aring, and λ controls the amount of ela-
stic potential due to local compression or 
expansion. εi are the principal stretches. 
φ are the B-spline transformation parame-
ters.

Results: 
We demonstrated its use and properties 
by registration of pre- and post-chemo CT 

scans for contour propagation in a Hodgkin 
lymphoma case (HL) showing significant 
tumor shrinkage. 

Using spatially varying regularization for 
the HL case, deformation was limited to 
the GTV and lungs, as seen in Fig. 2.

Conclusions: 
Automatic deformable registration and 
propagation of the PET-positive contour 
to the RT planning CT would be a valua-
ble aid to the physician, when defining the 
radiation target volume. For the HL case 
we demonstrated that local volume chan-
ge can be encouraged in volumes where 
it is expected (GTV, lungs, etc.). By visual 
inspection it is apparent that qualitatively, 
the registration result using spatially vary-
ing regularization is superior.
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Fig. 1. Overlay of transverse slice of pre-chemo CT 
and deformed post-chemo CT in a Hodgkin lympho-
ma case. The red, dotted line is the PET- positive 
contour. Top: Spatially constant elasticity parame-
ters. Bottom: Spatially varying elasticity parameters.
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Fig. 2. Volume change in the transverse slice in Fig. 
1. Values of 1 indicate no local volume change. The 
black contour is gradients extracted from the CT. Top: 
Spatially constant elasticity parameters. Bottom: 
Spatially varying elasticity parameters.

Fig. 3. Post-chemo CT with manually propagated and 
adapted contour (red) and contours propagated auto-
matically using spatially constant (blue) and varying 
(green) regulariza- tion.


