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Abstract. In this paper, we present a new algorithm to register multi-

modal images using mutual information in a fully diffeomorphic frame-

work. Our driving motivation is to define a one-to-one mapping in CT/MR,
3D pulmonary images acquired from patients with empyema. Due to the

large amount of respiratory motion and the presence of strong patholo-

gies, preserving the invertibility of the deformations can be challenging

using non-diffeomorphic registration, but would be ensured using a dif-

feomorphic registration approach. Our main contribution is to propose a

computationally tractable technique to estimate the gradients of mutual

information in this context. This task can be particularly time consuming

since the gradients of mutual information are computed voxel-wise but

depend on the information contained in the whole images. Our strategy is

then integrated into the Log-Domain Diffeomorphic Demons formalism,

making it the first method simultaneously using exponential maps to en-

code the deformations and mutual information to compare the images.

We finally test the whole algorithm on seven CT/MR image volumes of
the chest. Results show that the estimated deformations are similar to

those obtained using free-form deformations, with the additional prop-

erty to always estimate invertible deformations.

1 Introduction

Image registration is a key step in medical image analysis. In particular, diffeo-
morphic registration has gained an increasing interest in this community, as it
ensures the invertibility and smoothness of the deformations. Among the recent
techniques for diffeomorphic registration, the LDDMM formalism [3] encodes
the image deformations in time-dependent velocity fields which allows to encode
a large range of 3D deformations. An important class of diffeomorphic registra-
tion techniques based on stationary velocity fields has also emerged with [1].
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Although such techniques cannot theoretically estimate the same range of dif-
feomorphisms as those using time-dependent velocity fields, they were shown to
be able to estimate similar deformations [6,11,19] and they require less compu-
tational resources. However, all the above-mentioned techniques use the sum of
squared differences deformations to compare images, thus they are only appli-
cable to single modality images. Interestingly, the popular technique of [2] uses
local cross correlation as a similarity measure, which relies on local averages and
variances of the grey levels, but not on the grey levels directly. It can therefore
successfully perform diffeomorphic registration in some multi-modality prob-
lems. It is however unsuitable to the registration of multi-modal images where
high intensity gradients represent an information depending on the acquisition
modality. Our key motivation is to construct a registration algorithm which
allows to register CT/MR pulmonary images with reasonable computational re-
sources and the desirable properties of the diffeomorphic registration algorithms.
We therefore use the LogDemons formalism [11,19] because its implementation
is simple, it requires the tuning of relatively few parameters, and it computes
invertible and smooth deformations with reasonable resources.

In this paper, the amplitude of the forces pushing the source image toward
the target image is based on the mutual information (MI) between the im-
ages [10,17,20]. Compared with sum of squared differences, a key advantage
of mutual information is that it measures the similarity between the partition
of the grey levels in the registered images, and not the similarity between the
grey levels directly. It also allows to treat more challenging multi-modal prob-
lems than cross-correlation. It has been successfully used in parametric non-rigid
registration [8,16,17]. It has also been used in extensions of the diffeomorphic
demons algorithm [9,12] which ensures the invertibility of the updates, but not
the invertibility of the whole deformation as in the LogDemons formalism. Note
that contrary to [9,12], we focus here on the description of an efficient technique
for the estimation of the MI gradients. In our approach, the forces are based
on the information contained in the whole images and are applied pointwise.
Our approach therefore presents strong similarities with the non-diffeomorphic
registration algorithms of [5,15] but differs from [4] which uses adaptive local
mutual information. In [5] the authors compute local gradients of an energy
depending on the mutual information and post-filtering the normalised joint
histogram of the image intensities. This however lowers the intensity sensitivity.
Our approach is closer to [15], where the gradients of multi-modal similarity
measures, also based on joint intensities, are not smoothed. We however develop
our framework in the context of diffeomorphic registration. Note finally that the
recent approach of [13], which uses time dependent velocity fields and normalised
mutual information may show similarities with the method proposed here.

The paper is organised as follow: We first give an overview of the LogDemons
algorithm. We then interpret the equations developed in [17] to estimate voxel-
wise gradients of mutual information at a low computational cost and integrate
these gradients in the LogDemons framework. Our algorithm is finally compared
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quantitatively with the free-form deformations algorithm [16], which also uses
mutual information, on seven multi-modal MR/CT 3D images of the chest.

2 Overview of the Log-Domain Diffeomorphic Demons

In this section, we give an overview of the LogDemons framework [19]. Let Ig
be a source image defined on the spatial domain 2 C R™ and registered on
a target image Ip € (2. Here, Ig is transformed through the time-dependent
diffeomorphic transformation ¢y, t € [0,1] which is defined by a stationary
velocity field v using: a%gb;’ = v(¢Y), where ¢§ = Id. The final deformation is
the exponential map of v, exp(v) = ¢Y, and the deformed source image is then
computed as Ig oexp(v). The optimal velocity field v is obtained by minimizing
Vv = argmin, E(v,v,), where the energy E is defined as:

[log((6Y) ™ o ¢Y)132 + 5 IIVv[F> (1)

1 . 1
E(v,ve) = FHIT —Iso¢y°|[7 + )\7|
(3 x

1
3
where the logarithm is the inverse operation of the exponential. In this equation,
the first term measures the sum of squared differences between the registered
image intensities, the second term measures the correspondence between the
smooth deformation ¢y and the deformation ¢7°, and the third term measures
the spatial regularity of v. Insights about the influence of the parameters \;, A\,
Aq are thoroughly developed in [11]. A key aspect of the demons algorithms is
that it decouples the estimation of the optimal image matching (terms 1 and 2 of
Eq. (1)) with the spatial regularisation of the deformations (terms 2 and 3 of Eq.
(1)). As a result, the velocity field v, encodes an intermediate transformation

1%, called correspondence, which matches the two images without considering
the regularity of the transformation. Minimisation of F (v, v.) is as follows: The
velocity field v is initialised as null. Then E(v,v,) is iteratively minimised using
a two sub-step strategy: Firstly, v is computed using v and an update field dv,
defined as:

IT - IS o ¢‘1,
I )[12 + AZ/A2

ov(x) = J(x) (2)

where J(x) is the gradient of the image intensities, J(x) = V(Iso¢Y). Note that
0v may be smoothed by a Gaussian kernel (fluid-like regularisation). Ideally, v
should be updated using v. = log(¢yo¢3V). Since the logarithm of a deformation
is computationally intractable in general, v. is approximated using the Baker-
Campbell-Hausdorff (BCH) formula: v ~ ve+dv+[v,0v]/24[v, [v, dv]], where
the Lie bracket [.,.] is defined by [v1,va] = (Vv1)va — (Vvz)vy. In the second
sub-step, v is updated by smoothing v, using a Gaussian kernel (diffusion like
regularisation).
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3 Approximating the mutual information gradient

Let ws and wr be two Parzen windows that are related to the intensities of
Is o ¢y and Ip. As in [17], we build the Parzen windows using cubic B-splines
so that they have unit integral and respect the partition unity. The discrete sets
of intensities associated with Is o ¢y and Iy are Lg and Ly, respectively. The
joint Parzen discrete probability between Ig o ¢y and I is then:

p(i, j;v) = o) > ws (ZISMT{(X)) wr (‘”T(X)) : (3)

€seT e €s er

where ¢ € Lg, 7 € Ly, er and e€g are scaling factors controlling the size of
the Parzen windows, and «(v) is the normalizing constant of the probabilities.
The marginal discrete probabilities are then pg(i;v) = ZjeLT p(i,7;v) and
pr(d;v) = X sers P, J; v). Since I7 is the fixed image, the probabilities pr do
not depend on v. We then denote pr(j;v) = pr(j). The mutual information
between Ig o ¢y and I is then:

pli, j;v)
=2 2w giv)log, (pS(Z v>pT<j>> @)

1€Lgs jeLr

3.1 Analytical estimation of the mutual information gradient

In [17] the authors show that when only the source image is deformed to match
the target image, the derivative of the mutual information S according to a
deformation parameter p can be written as:

op(i, j; v) p(i, j; v)
zGZLs JeZLT o8 <P5(i;V) > ®)

and develop this equation in the context of parametric registration. It is however
interesting to note that this equation is sufficiently general to model p as any
deformation of ¢y. We then compute the derivative of p(4, j; v) according to u:

apli, j;v) Z Owg (i*Is:j‘f(X)> . <] B IT(X)>

:al

a'u xEe a'u €r
_ —a o Ols 0 9Y(x) Jws(§) " J—1Ir(x)
€s L ou o0& g 1500 (0 r €T

where a; is constant for all intensity levels ¢ and j. Eq. (5) can then be
written:

%
Z Z Z c’)[so(/h 6&)5(5)‘ wr (]—IT(X)> log (W)
x€Qi€Ls jELr 9¢ g=1sel €r >\ ps(isv)

(6)
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The third and fourth terms of Eq. (6) can be straightforwardly computed
from the current deformation. The second one can also be analytically computed
since the wg is constructed using B-splines. The first term however depends on
the type of deformation that p represents. Importantly, the derivative 95/0u
is computed using a triple-sum on 2, Lg and Ly, which is critical in terms of
computational burden in the general case. We propose in the next subsection a
new strategy to locally estimate the derivative of Eq. (6) in the framework of
the LogDemons at a low algorithmic cost.

3.2 Approximation of the mutual information gradient

As introduced earlier, in the LogDemons framework, the update field dv is com-
puted without considering the regularity of the transformation. When estimating
0v in the point x € (2 using Eq. (6), we consider the parameter px as a local
translation of x and do not perform any image or histogram smoothing. In addi-
tion, the local updates are constructed in the direction of the intensity gradients
with an amplitude depending almost exclusively on the mutual information. To
_ Visogy(x)
T [ VisoY (x)]
consider the points x,, = x +ndb, n € {—1,0, 1}, where J is the spatial distance
between the points x,. We also reduce the number of bins i and j considered
in Eq. (6) by exploiting the fact that the cubic B-splines in wg and wr (cf. be-
ginning of section 3) are non-null on a compact domain only. To do so, we first
denote v this domain’s extent. We then denote Lg x and Ly, the subsets of Lg
and Ly representing bins with less intensity difference than v with I o ¢Y (xp)
and Ir(x) respectively. We then estimate the contribution of the points x, to
the mutual information S using:

0
o ¥

Xn €L S xyp JELT xyp )

and the contribution ST(x) and S~ (x), if the points points x,, are translated
by éb, and by —db. The corresponding contributions are obtained by replacing
Xn by X, — 0b and x, + db in the first term of Eq. (7). In the present context,
the derivative Eq. (6) is then estimated in the direction where the variation of
mutual information is the highest:

as . (ST(x)—S(x) S™(x)— S(x)
aux(x)wmln( 3 , 3 )

Note that the minimum value is considered because the values of S, ST and S~
are negative. Using this strategy, only five trilinear interpolations of the grey
levels in Ig oY are required to estimate 0.5(x)/Oux, this simple operation being
the most demanding in terms of computational resources.

do so, we denote b(x) as the normalised intensity gradient and

(7)

(®)
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3.3 Mutual information based Log-Demons

In order to perform diffeomorphic image registration using mutual information,
we use the same algorithm as [19], but with a different definition of the update

fields dv. For each point x € (2, we consider the gradient G(x) = VIgo¢y(x) and
a8

the derivative m(x) of Eq. 8. By adapting the forces of [18] to our framework,

we propose to use the following local updates dv(x):

25 (x)
V0 = T G,
G+ =2 —

x
Oz

where o, controls the maximum update length per iteration. Even though the
direction of the updates depends on the intensity gradients, their amplitude is
then strongly related to the local variation of mutual information.

4 Results

In this section, we evaluate the proposed method on seven multi-modal CT/MR
3D images acquired on patients suffering from empyema. This disease is an in-
fection of the lung pleura which implies an excess fluid to fill up the pleural space
(pleural effusion). The fluid turns into an abscess and it can cause the lung to
collapse. CT and MR modalities are useful to detect empyema. Non-rigid de-
formations are observed between the CT and MR images since the patients are
scanned in two different sessions and at different levels of breath-hold. A non-
rigid alignment of both modalities has a great potential to support the diagnostic
task. Due to the presence of strong pathologies and the relatively large ampli-
tude of the respiratory motion, ensuring the one-to-one mapping between the
CT and MR images can be challenging by using non-diffeomorphic registration
techniques. The proposed fully diffeomorphic strategy therefore makes sense in
this context since it ensures this one-to-one mapping.

The scans are acquired using different anisotropic voxel sizes, so all images
are resampled to voxels of size 1.5x1.5x2.5 mm using trilinear interpolation.
Note that a particular challenge for the registration here is the large slice thick-
ness of up to 8 mm in the original MR images. For each patient, we first de-
noised the images using anisotropic diffusion [14], performed a rigid alignment
of the images and defined region of interests of about 280x280x130 voxels in
the CT and MR images. We then performed non-rigid registration between the
3D images by using mutual information LogDemons (MI-LogDemons). For com-
parison purpose, we also used the free-form deformation algorithm of [16]3, as it
was one of the best-performing algorithms in [7]. For both algorithms, we used
40 bins to compute the intensity histograms and multi-resolution schemes with
3 resolution levels. We used default parameters with the FFD algorithm. For the
MI-LogDemons algorithm, the fluid- and diffusion-like regularisation was respec-
tively performed using Gaussian kernels of {40, 20, 10}mm and {1, 1, 1}mm at

% http://www.doc.ic.ac.uk/~dr/software/
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{quarter, half, full} resolution. Due to the large slice thicknesses, common land-
marks in the CT/MR images cannot be defined with enough spatial accuracy
to allow pertinent comparisons of the registered images. In lack of any other
gold standard, the registration quality is therefore assessed by comparing the
mutual information (MI) between the MR image and the CT image after regis-
tration. The ability to compute invertible deformations is also measured using
the percentage of voxels with negative Jacobians in the estimated displacement
fields. Quantitative results are given in Table 1. The matching quality is also
illustrated in Fig. 1. Note that the registration is performed in 3D, hence small
out-of-plane deformations may be interpreted as large deformations in the ob-
served slices. Note also that the lower the mutual information, the more accurate
the matching.

Table 1. (Top) Mutual information between the MR and CT images aligned
using rigid registration (Rigid Reg.), free-form deformations [16] (FFD) and
Mutual Information LogDemons (MI-LogD) in seven patients. (Bottom) Per-
centage of voxels with negative Jacobians in the corresponding deformations.

[Pat. 1[Pat. 2[Pat. 3[Pat. 4|Pat. 5[Pat. 6[Pat. 7|
Rigid Reg.|[ -0.41 [ -0.10 [ -0.34 [ -0.34 | -0.47 [ -0.57 | -0.44
FFD -0.48 | -0.14 [ -0.42 | -0.51 [ -0.73 | -0.71 [ -0.69
MI-LogD [ -0.61 | -0.15 [ -0.41 | -0.54 | -0.72 [ -0.75 | -0.79
FFD 0.30 [ 0.35 [ 0.27 [ 0.21 [ 0.28 [ 0.36 [ 0.39
MI-LogD | 0.35 | 0.39 [ 0.41 | 0.23 | 0.37 | 0.45 | 0.42
FFD 1.49 [0.0420.048 [ 1.08 [0.001 | 0.095 | 0.057
MI-LogD [ 0 0 0 0 0 0 0

%J<0||Std J|| M. Info.

In our results, the quality of the registration obtained using FFD is slightly
better to the one obtained using MI-LogDemons with slightly more flexibility.
These differences may be due to the parameterisation of the algorithms. By
using both techniques, Table 1 and Fig. 1 also show an obvious improvement
of the structures alignment compared with rigid registration. Importantly, no
negative Jacobians were computed using MI-LogDemons, and up to 1.49 % of
pixels with negative Jacobians were estimated using FFD. This is due to the
diffeomorphic properties of the MI-LogDemons which ensure the estimation of
one-to-one mappings. Obviously, it would be possible to use hard constrains or
more regularisation with the FFD algorithm but this would penalise the flexibil-
ity of the deformations. In terms of time of computations, the MI-LogDemons
registration required about 40 minutes while FFD required about 4 hours to reg-
ister each pair of CT/MR images®. Note finally that in our tests, even though

4 C4+ language on an iMac with 2.93GHz Intel Core i7 and 8 GB memory
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—

Patient 2

Patient 5 Patient 3

Patient 6

CT images Rigid registration Free-form def. @ MI-LogDemons

Fig. 1. Multi-modal registration of 3D CT/MR images of the lungs using rigid
registration, free-form deformations [16] and Mutual Information LogDemons.
The curves in blue and red represent two isolines in the CT images. They are
deformed using the estimated deformation from the CT images to the MR im-
ages.

the gradients are computed locally, the MI-LogDemons algorithm shows little
sensitivity to partial volume effects. This may be due to the use of a gradually
decreasing amount of smoothing during the registration.

5 Conclusion

We have introduced MI-LogDemons as a powerful tool for diffeomorphic regis-
tration of multi-modal images. In our tests, it has estimated similar deformations
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as by using the standard multi-modal registration algorithm of [16]. In addition,
it ensured the one-to-one mapping of the deformations, which is important in the
clinical problem addressed. By using non-diffeomorphic approaches [8,16,17], or
approaches in which only the update fields are diffeomorphic [9,12], such proper-
ties could otherwise be only ensured by using hard-constraints which reduce the
possible range of deformations to match the images. Note that the use of a de-
formation flow instead of a displacement map also opens new research directions
for the comparison of multimodal images. Importantly, the proposed method as
a whole is finally not very demanding in terms of computational resources.
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