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Abstract. In contrast to the more common Diffusion Tensor Imaging
(DTT), High Angular Resolution Diffusion Imaging (HARDI) allows su-
perior delineation of angular microstructures of brain white matter, and
makes possible multiple-fiber modeling of each voxel for better charac-
terization of brain connectivity. However, in the context of image regis-
tration, the question of how much information is needed for satisfactory
alignment remains unanswered. Low order representation of the diffu-
sivity information is generally more robust than the higher order repre-
sentation, but the latter gives more information for correct fiber tract
alignment. However, higher order representation, when naively utilized,
might not necessarily be conducive to improving registration accuracy
since similar structures with significant orientation differences prior to
proper alignment might be mistakenly taken as non-matching structures.
We propose in this paper a hierarchical spherical harmonics based reg-
istration algorithm which utilizes the wealth of information provided
by HARDI in a more principled means. The image volumes are first
registered using robust, relatively direction invariant features derived
from the diffusion-attenuation profile, and their alignment is then re-
fined using spherical harmonic (SH) representation of gradually increas-
ing order. This progression of SH representation from non-directional,
single-directional to multi-directional representation provides a system-
atic means of extracting directional information from the HARDI data.
Experimental results show a significant increase in registration accuracy
over a state-of-the-art DTI registration algorithm.

1 Introduction

The shortcoming of Diffusion Tensor Imaging (DTT) in resolving intra-voxel mul-
tiple fiber crossings has prompted great interest in developing more sophisticated
models. Notably, Tuch et al. [IL2] introduced the High Angular Resolution Dif-
fusion Imaging (HARDI) method, suggesting that the apparent diffusion coeffi-
cients could be evaluated along many different directions without fitting a global
function to the data. The outcome is a diffusivity profile consisting of an angular
distribution of apparent diffusivities, which allows a more complex representa-
tion of each voxel, and makes capturing multi-fiber information possible. This,
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Fig. 1. (a) Zeroth order, (b) second order, and (c) fourth order SHs for representing
isotropic, single-fiber and dual-fiber diffusivity profiles

however, presents new problems in the context of image registration. In par-
ticular, the question of how much information is actually needed for achieving
satisfactory registration is still unanswered.

In view of the exciting insights into the brain HARDI can offer, there has been
a recent flourish of HARDI registration algorithms. Fourth order tensors [3],
along with a distance called the Hellinger distance, were employed by Barm-
poutis et al. [4] for registration of human hippocampi. Geng et al. [5] proposed a
method which utilizes a spherical harmonic (SH) representation of the orienta-
tion distribution function (ODFs). Reorientation was performed directly on the
SH coefficients, in a manner similar to the Finite Strain (F'S) tensor reorientation
technique proposed by Alexander et al. [6], by extracting rotation matrices from
local Jacobians. Cheng et al. [7] took a multi-compartmental approach which
was based on Gaussian mixtures. Reorientation was performed on the individ-
ual Gaussian components, each representing a major fiber direction, using an
extension of the Preservation of Principal Directions (PPD) method [7]. Hong et
al. performed registration on the b = 0 images and applied the estimated defor-
mation field on the diffusion-weighted images with retransformation — taking
into account rotation, scaling, and shearing effects of the spatial transformation
— of the fiber orientation distribution. Bloy and Verma [8] computed the SH
band energies as features for use with a Demons-based multi-channel registration
algorithm for alignment of HARDI data.

For effective utilization of the wealth of information afforded by HARDI, we
propose in this paper a hierarchical SHs based HARDI registration algorithm.
SHs [9] of different orders have been shown to be capable of representing differ-
ent diffusivity patterns [10]. Specifically, zeroth, second and fourth order SHs (see
Fig.[D) have basis functions with shapes which are sphere-like, cigar-like and cross-
like — ideal for representing voxels with isotropic, single-fiber, and dual-fiber dif-
fusivity profiles, respectively. This property presents a natural way of hierarchi-
cally extracting information from the diffusivity profile. The key of our approach
involves representing the diffusion-attenuation profile with increasing complexity
to help progressively refine the registration. This effectively allows lower order,
relatively orientation invariant, but more robust representations to guide the ini-
tial registration and higher order, directional, more precise representations to re-
fine the alignment. This approach puts high and low order information in their
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proper contexts and helps avoid mismatching of diffusion directions arising from
large structural orientation differences. Registration is achieved by employing a
forward-backward-consistent soft-correspondence matching scheme.

2 Diffusion-Attenuation Descriptors

2.1 Spherical Harmonic Representation

SHs, denoted as Y;™, with [ denoting the order and m the phase factor, are a
basis for complex functions on the unit sphere. Explicitly, they are given as:

Y (0.9) = ¢ L B cos(O)e™ )

where (6, ) obeys the physics convention (6 € [0,7]), ¢ € [0,27]) and P/™ is an
associated Legendre polynomial. Since diffusion signals are real and antipodal

symmetric, it is sufficient to utilize a real basis function set of even orders, i.e.,
for!=0,2,4,...,Land m=—L,...,0,...,L:

V2:-Re(Y™), —-L<m<0
\/2~Im(Ylm), 0<m<L

where Re (Y;™) and Im (Y;") represent the real and imaginary parts of Y™,
respectively.

We denote S(g) as the diffusion-attenuation signals at a finite set of points on
a sphere, where g is the diffusion encoding direction in a pulsed-gradient spin-
echo experiment. As a spherical function, it can be approximated as a linear
combination of a set of SH basis functions:

S =Y > uv"(e 3)

Order L determines the complexity of the representation. A higher value for L
will bring the representation closer to the original signal and will hence extract
more directional information [I0]. The SH coefficients y;* are determined using
a Laplace-Beltrami regularized least-squares estimator, as described in [IT].
We note here that the diffusion-attenuation profile S(g) has a shape which is
different compared to the diffusivity profile used in [910] (see [IT] for examples).
For example, a voxel encoding a single fiber direction will have an oblate shape
in contrary to the typical prolate shape of the diffusivity profile. However, one
can still sufficiently represent the single-fiber-direction voxel by SHs up to the
second order. The same goes for voxels with fiber crossings. SH representation of
S(g) was in fact used in [T2[11] for computing the ODFs. Funk-Radon transform,
working in tandem with Funk-Hecke theorem [11], allows us to obtain the ODF
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by using scaled versions of the SH coefficients [I1, i.e., 27 F;(0)y;", where P;(x)
is the Legendre polynomial of degree [. That is, the ODF given by S(g) is

L l
glsl(g) =Y Y 2rR(0)y"Y,"(g)- (4)

=0 m=—1

2.2 Statistical Descriptors and Edge Maps

We incorporate, in addition to SHs, the following statistical descriptors of the
diffusion-attention profiles in the registration algorithm. The diffusion mean is
computed over the unit sphere (2:

1

_ W
- / _Steyg= 7" (5)

characterizing the average diffusion magnitude. The diffusion deviation, which
measures the deviation of the profile from its isotropic component, is defined as:

o (S@=sEF) TLs
(Is@®)) S St

p={(S(g))

(6)

For better characterization of structural shapes, regional statistical descriptors
consisting of regional diffusion mean:

ix = (u(z) MZ (7)

and regional diffusion deviation:

s o Ve 0@ = nf?

are computed for the neighborhood N of each voxel. Although the above mea-
sures can be computed via the SH coefficients, considerable time can be saved
by direct computation using S(q). In addition to these descriptors, we applied a
Canny edge detector on the p and p maps to obtain edge information (denoted
as H,, H,) for guiding the alignment of tissue boundaries. Example statistical
and edge maps are shown in Fig.

2.3 Feature Vector and Similarity Measure

For each voxel at location x, the SH coefficients and diffusion-attenuation sta-
tistical descriptors are grouped into a vector a(x) = [a1(x), as(x)], with:

a1 () = [(30), p(30), 1 (30), iy (%), Hu(30). M ()|, 2 (30) = [ {0} | (9)
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Fig. 2. Statistical and edge maps: (a) Mean, u, (b) Deviation, p, (c) Regional mean,
unr, (d) Regional deviation, par, (e) p edge map, H, and (f) p edge map, H,

where {w;y™(x)} is the set of weighted SH cofficients computed up to order L.
The weight of each order-band [ is given by w; (wp = 1 > w;—2 > w; > 0). For
our implemetation, we set wo = u(ae7) and wy4 = u(ay7), where u(-) is a step
function, for allowing the matching of single-fiber and dual-fiber information af-
ter ag, g € [0,1] (a2 < ) fractions of the total number of matching iterations,
T, respectively. This is so that progressively higher order representations can be
employed to refine the registration. Normalizing the elements of a; (x) to have a
range of [0, 1], the similarity measure can be defined as:

as(xr) - az(xs)
. xs) = {© arxr) ~ (]} x § (10)
[z (x)[| x [Jaz(xs)]]
where Ola] = II(1 — |ag|), and xr and xg are specific voxels in the template
image and the subject image, respectively. For robustness, we employ instead
regional similarity measures:

1

xrxs) = g(j) n(z,xs + f(2) = f(xr)) "
1 » B 11
WM(XS,XT) = |M(XS)‘ ze/\z/l(:xs) n(XT + f (Z) - f (Xs),Z)

which compare the similarity of the feature vectors in the neighborhood M
surrounding x7 in the template image with that of xg in the subject image
with consideration of the transformation f. Note that similariy measures in
both directions are defined so that they can be employed for forward-backward
consistent matching, described in the next section. The SH coefficients are re-
estimated in each iteration of the registration to take into account the effect of
the spatial transformation has on the diffusion-attenuation profile.

3 HARDI Registration

Registration of the HARD images can be achieved by minimizing the following
cost function:
C(Pr,Ps, f)=C(Pr, )+ C(Ps, f)+ C(P1) + C(Ps) + C(f) . (12)
~ ~ PR ~ - N~~~
Matching Soft Correspondence  Smoothness
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Matching: Voxel at x7 and voxel at xg are deemed as a matching pair if they
are close spatially and if their feature vectors show high similarity. Naturally, a
voxel pair x1 and xg satisfying these conditions will be given a higher probability
value p(xT,xg) in the cost function. We also enforce a symmetric matching
mechanism [I3] which avoids bias towards the template or the subject. The cost
functions are defined as:

CPr.f)= > prler,xs){lIfGer) = x| = log [n(xr. xs)] }

xTEVT,xsE€Vs

(13)
C(Ps, f) = Z ps(XT,Xs){HXT — [ (xs)|[* — log [ﬁM(XS,XT)]}

xTEVT,xsE€Vs

where P1 = {pr(xr,xs)} and Ps = {ps(xT,xs)}. Vr and Vs represent the
template and subject brain domains, respectively.

Soft Correspondence: Soft correspondence are permitted in the initial stages
of the registration to allow robust matching based on multiple candidate points.
Towards the end of the registration, more exact one-to-one correspondence is
enforced. This is realized by energy terms:

CPr)=v Y,  pr(xr,xs)log(pr(xr,xs)),
xTEVT,XsEVs

C(Ps) =~ Z ps(xT, xs) log(ps (xT,Xs))-

xTEVT,xs€Vs

(14)

where V1 and Vs represent the template and subject brain domains, respectively.
Parameters v controls the degree of fuzziness of the matching. It has initially
high values, encouraging fuzzy matching, and later progressively lower values,
which enforce exact matching.

Transformation Regularization: Mapping f is required to be smooth for
preserving a biologically sensible topology. This is enforced by energy term:
E(f) = B||Lf||*>. £ is an operator which aids in measuring the bending energy.
(B is a weighting factor which is decreased throughout the registration to allow
f to model deformation of increasing complexity.

Optimization: The cost function (IZ) can be minimized by alternating between
correspondence matching and dense transformation estimation [141[15]. We first
fix f and solve for Pt and Pg by letting 0C(Pr, Ps, f)/0pr(x1,%xs) = 0 and
OC(Pr,Ps, )/0Ops(xT,xs) = 0. We then fix Pt and Pg, and solve for f using
thin-plate splines (TPS) [16,17].

Retransformation of Spherical Harmonics: Barmpoutis et al. [4] noted
the limitations of reorientation of diffusivity functions and proposed instead to
employ a full affine retransformation. In our case, although a SH reorientation
strategy was proposed by Geng et al. [5], we have opted accuracy over speed or
convenience by re-estimating the SH coefficients in each iteration of registration.
That is, for a local tranform F, we tilt the gradient directions by g’ = Fg/||Fg]|
(see Fig. ), and compute a new set of SH coefficients {y/;" }.
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Fig. 3. Retransformation of diffusion-attenuation profile. Each diffusion direction g is
transformed by the local transformation matrix F to become g; = Fg;/||Fg;||.

4 Experimental Results

Six adult subjects were scanned using an EPI sequence with diffusion gradients
applied in 120 non-collinear directions. 80 contiguous slices with slice thickness
of 2mm covered a field of view (FOV) of 256 x 256mm? with an isotropic voxel
size of 2mm. Out of the 6 HARD images, one was selected as the template onto
which the rest were registered. To demonstrate the effectiveness of the proposed
method over DTI-based registration, we employed a state-of-the-art DTT regis-
tration algorithm [I5l[14] for comparison. We reconstructed the diffusion tensors
(DTs) of the diffusion-weighted images and register the DT images using the
above-mentioned algorithm. The estimated deformation fields were then used to
warp and retransform the respective HARD images. We have also compared our
results with FLIRT [I8] applied on the deviation maps (see Fig. (b)) for affine
registration. The orientation consistency (OC) was assessed using the voxel-wise
scalar product of the principal orientation direction, gpp, of each voxel in an
aligned image with respect to the template:

0C= ) lepp™"(x) - grp ™" (x)]. (15)

xEVT

The absolute value was taken since diffusion directions are antipodal symmetric.
The principal directions were estimated by a 1082 point even sampling of the
orientation distribution functions (ODFs) using Camino [19]. Comparison was
made only for voxel showing significant anisotropy (voxels with deviation value
p > 0.1). Compared with DTI-based registration, we found an overall improve-
ment in white-matter orientational consistency of 3.02% (p < 0.05). Compared
with affine registration, an improvement of 7.39% (p < 0.001) was achieved.
Results for each individual subject, shown in Fig. @ indicate that the proposed
method gives consistent improvement across subjects.
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Fig. 4. White matter orientational consistency for individual subjects

5 Conclusion

We have proposed a HARDI registration algorithm which, in a principled man-
ner, extracts orientation information from the diffusion-attenuation profile. The
useful property of spherical harmonics in representing different levels of orienta-
tion complexity of the diffusion pattern is utilized to progressively provide the
registration process with increasing levels of information for alignment refine-
ment. Experimental results indicate better registration accuracy than DTI-based
registration algorithm, further validating the fact that the information given by
HARDI can be utilized to improve structural alignment.
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