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Abstractin recent years post-processing of fast multi-slice  shot turbo spin-echo (HASTE) and single shot fast spin echo
MR imaging to correct fetal motio_n has provideq _the st (SSFSE) [6].
true 3D MR images of the developing human brainin utero. Since these sequences are typically rapid snapshot 2D

Early approaches have used reconstruction based algorithms, isiti ith h d trast. th red
employing a two step iterative process, where slices from the acquisitions with enhanced contrast, they are acquired as a

acquired data are re-aligned to an approximate 3D reconstruction Stack of 2D slices to cover a 3D space [7]. Although fast
of the fetal brain, which is then rened further using the 2D MR images of the fetus provide insights into fetal brain
improved slice alignment. This two step slice-to-volume process, anatomy, their application is limited to clinical diagnosis or
although powerful, is computationally expensive in needing a g gjitative studies [8], because unconstrained fetal motion
3D reconstruction, and is limited in its ability to recover sub- ’ . . . .
voxel alignment. Here, we describe an alternative approach cgn occur beMeen the apqwsmon of different S!ICGS, which
which we term slice intersection motion correction (SIMC), that  distorts the 3D interpretation of the anatomy. While there are
seeks to directly co-align multiple slice stacks by considering several studies on human brain development using volumetric
the matching structure along all intersecting slice pairs in approaches, the scope of the studies covered mainly neonates
all orthogonally planned slices that are acquired in clinical 91111], or post-mortem fetal subjects [12]. Recent studies on
imaging studies. A collective update scheme for all slices |sh brain d | t of fet ina 2D MR sli

then derived, to simultaneously drive slices into a consistent il r.am EVEIOPMENT Of TELLSES usmg Slces.can
match along their lines of intersection. We then describe a 3D Pe found in [13] [15]. The rst automated tissue segmentation
reconstruction algorithm that, using the nal motion corrected  of developing tissues from motion corrected un-sedated fetal
slice locations, suppresses through-plane partial volume effects to prain anatomy was recently describiedutero [16] following
provide a single high isotropic resolution 3D image. The method the development of 3D reconstruction techniques [17] [19].

is tested on simulated data with known motions and is applied to . .
retrospectively reconstruct 3D images from a range of clinically It has be_en shown that stacks of mqup_Ie 2D slices can be
acquired imaging studies. The quantitative evaluation of the Used to build a 3D volume of the fetal brain [17], [18]. In the
registration accuracy for the simulated data sets demonstrated work, three orthogonally planned stacks of 3 mm thick slices
a signi cant improvement over previous approaches. An initial were registered by slice-to-volume registration, where the
application of the technique to studying clinical pathology is \oyme was iteratively constructed by the putative estimation

included, where the proposed method recovered up to 15 mm fth Hi ¢ . h iterati N lized tual
of translation and 30 degrees of rotation for individual slices, of the motion parameters In éach Iteraton. Normalized mutua

and produced full 3D reconstructions containing clinically useful information (NMI) was employed for the similarity measure
additional information not visible in the original 2D slices. of registration, and Gaussian weighted averaging was used

for reconstruction. In [20], a similar approach was taken,

but using a multiple stacks in a single orientation for both
. INTRODUCTION registration and reconstruction. The method was generalized

One of the greatest challenges of fetal MRI has beé?\ a wider spectrum 9f apphcaﬂpns mcludmg ngongtes and
gults, where the motion correction problem is simpli ed by

unconstrained fetal motion. Before fast MR sequences w lack of foundi i | ti fruct H
developed, pharmaceutical approaches were taken to se %ﬁq(ac o confounding maternal tissue Structures. However,

the subject, for example, by administering benzodiazepines ke earlier tet_:h_n_iques where standard clinically acquired
the mother [1], [2] or pancuronium bromide directly to thé)rthogonal acquisitions are used to form a 3D volume, the

fetus [3], [4]. The introduction of fast MR techniques hagingle slice orientation approach is limited in its ability to

dramatically changed the use of fetal MRI. Fast MR sequencr%;over accurate through-plane geometry for cases of through-

applicable to fetuses include echo-planar imaging (EPI) [ ane movements. A single slice orientation approach is also

single-shot methods such as half-Fourier acquisition sing ot compatlple with standard ra@ologmgl practlcg, where
orthogonal slices need to be acquired for interpretation.
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reconstruction method. The approach in [19] has achieved the
reconstruction-free registration via matching the intersections
between each of two orthogonally planned slice pairs, consid- ] ®
ering all possible pairings of slices within the multiple slice —
stacks. This approach de nes an energy function as the mean
square difference (MSD) [21] between slices. The optimization
is simpli ed by deriving the gradient of the energy function
with respect to the motion parameters. In this formulation,
the derivatives are functions of the spatial intensity gradient
of the 2D images, and have good analytical properties. The [
complexity of the proposed approach@¥N ?M ), whereN
stands for the number of slices ahdl the 1D size (width
or height) of the slices, which is a substantial reduction from /
O(N2M ?) of the existing methods.

In this paper, we present a full description of the approach
which we term slice intersection motion correction (SIMC),
to both register stacks of clinical 2D MR scans acquired for
the human fetal brain and reconstruct a 3D volume that is
consistent with the 2D slices. Section Il introduces a basic
geometry of 2D planes in the 3D space, as well as the energy
function of the optimization problem. Section Il describes thgig- 1. When two orthogonally planned slice stacks cover a common volume,
actual implementation of the optimization and the procedufch,S/oe 1 one Seck ahiays ntrsect with the sices n e oter stacc A
for the 3D reconstruction from the motion compensated slicggemature infant are shown. Panel A and B are viewed in the 3D space in panel
The proposed methods are evaluated by using 3D post-mort@rﬁWQ slices can be registered_ b_y adjusting the trar_msformation parameters so
fetal imaging from which motion-corrupted 2D slice stacks afs to improve the match of their intersection intensity pro les.
simulated, and by applying the methods to a range of clinically
fetal data sets. The results are presented in Section IV.

| ®

an intersection and they are correctly aligned, the intersecting
Il. METHODS slices should have identical intensity pro les along their inter-
section. When they are misaligned, as shown in Fig. 1, their
ro les do not match, the motion correction can be carried out
manipulating the transformation parameters to improve the
rfﬁltch of the two pro les.

In this work, we start with the assumption th@t stacks
of multiple 2D MR images are acquired through the fet
brain anatomy. We additionally assume that sets of stacks
these images are planned in three approximately orthogonal ) ) )
directions (axial, sagittal and coronal). During the acquisition NOte that intersections are matched across slice stacks.
of the slice stacks, the fetus moves within the mother. Walice€s from one orientation sometimes have intersections
assume the time for the acquisition of a single slice is shéfong themselves and they can also contribute to the registra-

compared to the motion of the fetus, and therefore, for tﬁi@n. However, these intersections are not considered, because
majority of the slices, the images represent geometricaffyey often disappear depending on the relative slice motion,

correct anatomy. However, due to the motion of the fetuy,eldingadiscontinuity in the energy function. The registration
and the time required to acquire multiple slices, signi Car{p_akes use of the intersections betyveen orthogonally planned
motion can occur both between the acquisition of the stacRéceS only, as opposed to those slices planned to be parallel.
and between the acquisition of the slices within a stack. FoPr €xample, the motion of axial slices is recovered using
this reason, the true location of each slice with respect to tR@ronal and sagittal slices, and so is the case for coronal or
fetal anatomy is unknown. We parametrize the location asgdittal stacks.
orientation of thei-th slice in the subject coordinate system In the context of matching 2D slices of the same MRI
by ;. Here we consider the intersection of slices in stackequence, we assume the MRI contrasts are identical and,
that are planned in approximately orthogonal directions (eugnlike matching a slice to the reconstructed volume, images
for axially planned slices, this will include all the slices irhave similar levels of blurring, which allows the use of
coronally and sagittally planned stacks). For simplicity, weifference based dissimilarity measures in the alignment. Here
denote all the acquired slices in all the stackslby ;In, we use a spatially weighted mean square intensity difference
and, in all the acquired stacks, the set of slices thatittie (MSD) of the signal between slices, unlike the normalized
slice can intersect with b;. mutual information (NMI) in [18] or the cross-correlation (CC)
The motion estimation problem to be solved is to nd thén [20]. In this problem, the weighted MSD energy function
motion parameters;; ; N that bring the slices back into provides more constraints by forcing similar intensity values
collective alignment with each other. The proposed solutian two images to correspond during registration, and hence
to this problem is based on the direct slice-to-slice matchirmgin provide improved capture range and a reduced chance of
approach [19]. When two orthogonally planned slices havalling into local minima.
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Thus,g and h of (3) are found;
tozV1 V2 1z

S A ®)
‘ _ tlel Va2 t22_
h= jvi  vajz ®)

B. Energy Function

/
The fetal motion is estimated by nding the motion param-
Fig. 2. (A) The ref ; dthe oating f . lice. Th teters( 1, ; n) that minimize the global energy function
1. 2. e rererence irame, an € oating frame of one slice. e W . . . . L. .
coordinate systems are related by six motion parameters three for translation’ Whlch is de ned by the combined .dIS.SImI|aI’Ity of the
(t) and three for rotationR). (B) Parametrization of the intersection location.intersection pro les between all combinations of any two

The parameter is 0 at the projection of the origin of the reference spacgrthogonally planned slices, e.g. an axially planned slice vs.
onto the intersection line, and increases as it extends along the intersecgogorona”y planned slice. etc:

direction, namelyyi2- .
XX
E(l,  Ins 10 5 N)=
A. Coordinate system i=1j2s
At the beginning of the procedure, one of the stacks whereN denotes the total number of slic&s,the set of slices
manually or automatically chosen to be the reference stadk.the stacks orthogonally planned to thé slice, | thei-th
The coordinate system of the center slice in the referengkéce image, and; the set of the motion parameters of thta
stack is used as the reference coordinate system, or the sul§j#ee, namely, i =[ti ty ti; i iy ], respectively. The
coordinate system. A oating coordinate system is de ned fafissimilarity measur®; is de ned between two intersecting
each of the slices. The oating frame of a slice is related t¥icesi andj, drawn from two orthogonally planned stacks,
the reference frame b
y Dj D (lilys i j): (11)

Djj (20)

X =RX +t (1)
» ] ) As mentioned earlier, the registration energy function to be
WhereX represents the position vector in the oating frame, minimized is chosen to be the MSD of the intensity pro les
the position vector in the reference frankea 3-by-3 rotation pepveen two slices which are spatially weighted using a
matrix, andt a translation vector, respectively (Fig. 2A). Sincindowing functionw; to exclude maternal tissues (described

the plane of the slice is de ned to be theY -plane of its y fyrther detail in the following sections) and averaged over
oating frame, the equation of the slice plane in the referencg intersections of orthogonally planned slices,
frame is obtained from the third component in (1),
X+ t3=0 (2) Dijlz X
v~ X =0;

: N wi () HOGCs 6 ) BOGCE s 0) 5
wherev, the normal vector of the plane, is the transpose of ARANY
the third row ofR, namely,v> =R, . (12)

For any two non-parallel planes, there exists an i”terse%here the vectoiX ;( :
tion line that is a subset of both planes. The line can t??th image, along the ,in

parametrized by ;

i, j) is a position vector in the
tersection between fihth andj -
th images garametrized by, as de ned in (4) and (5), and

_ ) Nw = 2101, Wi () is the normalization factor. The
X= Vazo + Qua+ hvg; 3) complete energy function is, thus,
whereviz, V1 VoIVy  Vyjis the unit vector pointing to 1 XX X
the direction of the intersection line (Fig. 2B). The mappin&(l1; ;In; 1 PON) = No wi ()
equations of this intersection line from the reference frame to W=t j2s; 210\
. . 5
the oating frames of the two slices are then LG ) OG5 1) % @3)
X1 = Ri( Vize +gvi+ hvo)+ tg (4)
Xo = Ro( Vizr +gvi+ hvy)+ ty (5) The partial derivative of (12) with respect to a motion
parameter, namely; is
Since X, and X,, are O in the oating frames, the third @; 2
components of (4) and (5) are, @.J = N wi ()i 1)
! Wo2un,
X1z = g+hvy vo+t,=0 (6) @x el , evel @x e eyel . (14)
X2z = QV1 Va+h+1t,=0 (7) @ @X @ @Y @ @X @ @Y
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Thus, @j; =@; is a function of the two slice images, the
spatial derivatives of the images, and the variation of the
location of the intersection line within the two slices with
respect to the motion parameter, which can be found in
Appendix A.

C. Fetal Head Windowing

One of the challenges of the rigid fetal brain tissue registra-
tion problem is the in uence of deforming maternal tissues that
surround the fetal head. This is particularly important because
these regions can contain high contrast boundaries (due, for
example, to amniotic uid) that can dominate the response of
the registration measure and lead to poor alignment of slices
that contain smaller proportions of brain tissue. The in uence
of these tissues can be addressed by delineating the brain frorr
all slices beforehand [20], [22]. However, such a process is

much more complex than skull striping in adult brain anatomy - 0"+
and is dif cult to reliably automate for 2D T2W fetal slice data
containing maternal tissues. Fig. 3. The intersection between two orthogonally planned slices. (GA 22

No spatial windowing was used in [18] except for arneeks under normal development, TR/TE = 4500 / 90.) The bottom panel
. . . shows the two intersection pro les of the slices, and 1D pro le of the 3D

approximate rectangular bounding box. In [19], the interseggi,idal windowing function.
tion prole is weighted by a cosine bell window given by,
wi () = coszfﬁ( 0)0, where o and i are
adjusted to t the bell shape to the intersection line segmem, pParametrized motion estimation
However, this approach does not account for the true 3D
form of the fetal head, and still allows the contribution o
matching non-fetus signals when matching two intersectio
at the edge of the brain. It also provides a poor window f
highly misaligned slice pairs. Critically, being de ned in th
intersection coordinate frame, there is no way of enforcing
anatomical consistency in the aperture between slice pairs

Thus, it is a more natural choice to use the 3D windowi

The goal of the registration is to recover the exact motion

I)f the fetus imposed on each slice acquisition. A motion pa-

Pemeter value at a time point is strongly correlated with other
arameter values in its temporal neighborhood, particularly

hen the fetus undergoes a smooth motion.

The work in [18] took this property into account by

grouping temporally adjacent slices together, and splitting the
roups into half in the process of registration. The benet

function to exclude the contribution of the non-fetal heag s grouping includes the reduced dimensionality and the
tissues. In this work we have used a true 3D model bas pression of local minima. This grouping scheme, i.e., to

spatial windowing approach using an approximate model fgf, 5 the parameters into one, two, then four groups etc., can

the rigid fetal head anatomy. We de ne this spatial regioge yepresented by the Haar basis set (Fig. 4A). The Haar basis
of interest in a consistent 3D coordinate system related 4@y however, is not the ideal function to represent the fetal
the average space of the s_llce_ stacks as their _a“g”mﬁ%tion, which is rather smooth. Even when sudden motion
evolves, which provides a weighting to reduce the in uencgec s, there is no guarantee that the moment of the sudden
of deforming maternal tissues. motion matches the splitting of the Haar basis functions.

An ideal windowing function would be the exact aperture | thjs work, accounting for slice interleave, we parametrize
with the shape of the fetal head, or at least an average{qé motion using a discrete cosine basis set (Fig. 4B), and

fetal head images. However, the detailed shape and size of é3ghpare the performance with the existing grouping scheme.
brain can differ signi cantly between fetuses. As a reasonablge yse the type Il discrete cosine basis functions;
approximation for the purpose of spatial windowing, we have

used a parametric model consisting of an ellipsoid that is, _ K n 1 A
de ned within the eld of view of the subject; m = ) n COS N m+ 2 m=1; N (16)
n=
wi ()= E( vij» + gvi + hyj); (15) or, in a vector-matrix formulation,
k=B K 17)

where E(x) is the 3D ellipsoid volume to constrain the
location of the fetal brain, and is related to the spatial where theBn,., corresponds to the motion parameter of the
location by (3). Figure 3 is an example of the intersectiom-th slice of then-th discrete cosine basis function, and

pro le between an axial and a sagittal slice of a fetus at 22hd ¥ are the vectors of the motion parameters in temporal
weeks of gestational age, and the windowing function alomgder and the coef cients of the discrete cosine representation,
the intersection. respectively, in thék-th translational or rotational direction.
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: ! voxels of area, and the rest is lled with maternal organs.
— e A simple rectangular region encompassing the brain and
e s SN surrounding tissues is manually selected in the reference stack

ﬁuﬁ (typically the rst axial stack). The corresponding regions in
Mf—u other stacks are then located by matching the stack against

L the ROI in the reference stack through a global rigid body

transformation [23]. The stacks are cropped around this rect-
angular reference volume, allowing a 20% of margin on each
Fig. 4. Basis functions for motion estimation: (A) Haar basis functions argide to encompass the brain under severe motion. The motion
(B) discrete cosine basis functions. parameters from the initial global rigid body transformations
between stacks are used for the initial motion parameters for
the following registration procedure. The intersection pro les
of voxel intensity values are constructed by resampling the
image slices using 2D B-spline interpolation within plane.

B. Motion parametrization during optimization
The energy function is minimized by the Levenberg-

Fig. 5. Visualization of motion parametrization using the discrete cosinl\él"’quuardt method;
functions. From the left, the number of basis functions for each stack is 1, 9 k+1 —  k > 1 .
and 23, respectively. - [2(r D)r "D +al] 7r E; (18)
whereD is the lexicographical representation of the weighted
h o ith I ber of basis f intensity differences along the intersections between all the
e optimization starts with a small number of basis funG, hinations of orthogonally planned slice pairsthe lexi-

tions to provide an approximate estimate, and the number Qfy - yhica representation of the motion parameters, namely,
the basis functions is gradually increased for higher accuracy. > . 27 ,andthusf E =2(r >D)’D.

For the Haar basis functions, the number of the basis functionmotel ,that the rst order approximation of the Hessian
is doubled at the moment of basis increment, while the numt}ﬁ%\trix in (18) is the covariance matrix of. Figure 6 is an
of the discrete cosine basis functions can be increased Onee%mple of the covariance matrix of the intersection pro les

one without losing symmetry. An example of parametrizegk wee orthogonally planned stacks. This gure demonstrates
motion compensation using the discrete cosine funclionsys, rejationship of the dissimilarity measure of registration
viewed in Fig. 5, where the number of basis functions pgfyy he relative location and orientation of each slice. In
stack was 1, 9 and 23 from the left to the right. this gure, it is identi able that each slice transformation
parameter is correlated with all other slice transformation
. | MPLEMENTATION parameters, including both across stack and within stack,
When only two slices are aligned by matching the intedirectly or indirectly. For example, th¥ translation of the
section intensity pro les, the registration determines only Sagittal stackX , sg) is positively correlated with translation
parameters out of 6, leaving one rotational degree of freedahthe coronal stackZ, cr).
undetermined. This is comparable to two hinge aps free When the motion is parametrized by (17), (18) can be
to rotate around the common joint. In order to achieve rawritten as
unique registration of slices, at least 3 slices are needed, one,; _ > > > )
orthogonally planned with respect to the others so that the “t=  [2B7r D)y”DB+al] 'Br E: (19)
singularity in determining the relative motion parameters it this formulation, one may drop higher degree dimensions of
removed. The proposed approach, likewise, makes use oftra basis function set in order to reduce the dimensionality of
least 3 stacks that are orthogonally planned with respectti® Hessian matrix, and also to disregard physically unrealistic

one another. high frequency motion, as described in II-D. By implement-
ing the Levenberg-Marquardt optimization for lower degree
A. Data preprocessing motion, and the conjugate gradient descent for higher degree

Fetal MR images are acquired using a standard clinicgetion. we achieve the optimal computational ef ciency.

imaging protocol which uses a conventional single shot fast ) o ) )

spin-echo (SSFSE) T2W sequence. These may be gatedc_;orExclusmn of individual mis-matched slices for reconstruc-
maternal breathing and include within-stack replanning by thien

radiologist to adjust the slice orientations using a real time After the slice alignment optimization is complete, although
planning tool when the fetus has moved severely during the aest of the slices converge to their common consensus, some
quisition of a stack of slices. Two or three stacks are acquirefl the slices remain poorly matched. Those slices arise for
from each of three orientations axial, sagittal and coronalcases of image degradation by fetal motion during the slice
The original slice has 512512 of voxels with 0.50.5 mn?  acquisition, partial volume effect (PVE), or from other imaging
in-plane dimensions. The fetal brain occupies about 10 artifacts in the slice. Such slices are automatically detected by
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