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Abstract Cardiac Magnetic Resonance images
offer the opportunity to study the heart in detail.
One of the main issues in its modelling is to create
an accurate 3-D reconstruction of the left ventri-
cle from 2-D views. A first step to achieve this
goal is the correct registration among the different
image planes due to patient movements. In this
article, we present an accurate method to correct
displacement artifacts using the Normalized Mu-
tual Information. Here, the image views are treated
as planes in order to diminish the approximation
error caused by the association of a certain thick-
ness, and moved simultaneously to avoid any kind
of bias in the alignment process. This method has
been validated using real and syntectic plane dis-
placements, yielding promising results.

I ntroduction

left ventricle due to respiration can lead to misalign-
ment artifacts[7]. Although some researchers have
claimed that the development of more powerful and
faster scanners skips the problem[4], this issue has
still relevance in many clinical studies.

Some approaches have been proposed to solve the
problem. One of them is a method based on regis-
tering a 3-D volume with sagittal and axial images
as a preprocessing step to build a high resolution
dynamic heart model from coronal slices[8]. Here,
a line-by-line mean square difference is minimized.
In same direction, &tjonenet al.[5] have proposed
the registration of a 3-D volume by the use of the
Normal Mutual Information (NMN[9]. They treat
the images pixels as voxels by assigning a thickness
equal to the slice separation between parallel short
axis (SA) planes, and interpolating the voxel size us-

Cardiac diseases have become one of the most coming nearest neighbor in long axis (LA) views. How-
mon causes of death in recent years. Magnetic Resoever, it introduces some errors to the analysis due to
nance (MR) images from the heart provide an oppor-the approximation. It is because there could be a gap
tunity to study the anatomy and functions of the heart of up to 15mm considerings SA views, and taking
invivo. As a result, it is becoming a widely used clin- into account that the thickness of the myocardium is
ical tool to elaborate an accurate diagnosis. Many ap-no more thani2mm, this assumption becomes im-
proaches have been developed to estimate the motioportant. An alternative option could be to treat the
of the left ventricle, which are based on the initializa- thickness of the frame as it is reported by the im-
tion of a 3-D model and its deformation[1]. Then, it age acquisition, but in order to achieve a good image
is required a good correspondence between the imageguality it should be no less thadmm which is still
planes in the space to achieve a proper description ofignificant. Additionally, the proposed optimization
the left ventricle volume[2]. method suggests the movement of a randomly chosen

A typical imaging session is composed of a num- slice in the direction of its gradient and maximizing
ber of imaging captures. Here, the required views areits NMI,which causes a bias depending on the slice.
acquired during different breath holds. A necessary Moreover, this method use a constant step size of the
assumption to reconstruct a 3D model is to considermovement which can provoke a uncertainty of when
all the views asnstantly acquired. As a result, a po- it has arrived to a maximum besides the slow conver-
tential patient movement and a displacement of thegence.



2 Methods

2.1 Planes|ntersection

Having a SA MR image and a LA MR image, it
is possible to obtain their spatial information from
the DICOM headers respect to a common coordinate
system, allowing the estimation of geometrical corre-
spondences among all the views. A translation of the
initial corner of the image, two orientation vectors,
and an scale factor to convert pixels into millimeters
are stored automatically. Hence, the equation of each
of the image plane can be calculated.

Let I54, be a short axis plan¢of a total of NV
short axis planes, anj 4, be a long axis plangof a
total of M long axis planes, thus there exist a line in-
tersectionL;;, between them which can be obtained
from their plane equations by findirgpoints of this
line. It can be expressed ak;; = rg + tw, where
Figure 1: Example of intersections among planes.ry is a point on the linet is a free parameter, and
(a) One LA plane vs three parallel SA. (b) A dif- is a unitary vector parallel to the line. In order to find
ferent LA view where both ventricles are observed the pixel values alond.;; on Is4, and I 4,, it has
vs three SA. (c) Four intersected LA planes used for to be placed on each of the image spaces. Thus, a
one study. (d) All the available planes for a certain pointpy,; = L;;(to) can be expressed on the image
study, six parallel SA vs four LA intersected planes. spacespsa, € Usa, andpra; € Upa,, from the
image plands 4, andl 4, respectively, as follows:

—1
psa, = [RYMRIARIY| T (pr, — Osa, ),
1)
In this paper, we propose an alternative solution Pr4; = [RéA]RjA]RgAJ] (pLij - OLAj) )

to the problem of misaligned MR images in a 3-D (2)
reconstruction of the left ventricle, by treating the WhereRS4: R4 R4, are the direction of the-
MR images as planes on the space, and using théXis, y-axis, andz-axis of Us4, respectively, while
NMI as a measure of registration which is maxi- Osa4, is a translation of the initial corner affs ;.
mized using the steepest descendent method. In figin the same manneRﬁA",RﬁAj ,RfAj andOp4;,
ure 1 typical intersections among planes of a givenare the descriptors of the spatg 4,. Here the
patient are shown. We suggest to use the intersecpoints psa;, andpra; are in 3. However, since
tion line between a given SA plane and an intersect-these points lie or;;, the z-coordinate is equal to
ing LA one, sample it, and extract the gray values zero. Hence, after reducing the dimensionality of the
associated with this points in both images. Then points tof? and applying a scale factor, these points
the NMI is estimated for these values generating ancan be expressed in pixelslfy 4, andUp 4, respec-
alignment measure. Thus, all of NMI values obtained tively.
from the intersections between the SA and LA views  Therefore, by applying the equations 1 and 2, a
are combined to generate a global measure of align{air of gray values can be obtained for a single point
ment. Later, all of the images are moved simultane- p;,; coming from each of the images planés,,
ously in order to arrive to a maximum by the steepestandly 4,, at the points4, andpr 4, respectively.
descendent method using a non constant step size. Once the intersection line has been estimated, the
Finally, some results, discussion and conclusion areimage ranges are intersected, and the resulting line
presented. segment is sampled to generate a fixed number of



pointspz,;. By using the equations 1 and 2, the
points on/g 4, andILAj can be found. However, the
corresponding gray values are only available for inte-
ger values opgs 4, andpy, A;- We have observed that
typically the myocardium in the SA and LA views
have a thickness of-6 pixels (7.9-11.9mm), which
means that a simple rounding pk4, andpra; is

not suitable. Hence, we have performed a linear in-
terpolation of the gray values along the sampled line
so thatvs4, andvy 4; approximate continuous lines
with reliable image values. To avoid any kind of bias,
the sampling process has been designed using the p
rametert so as to have the same points regardless of
the order.

2.2 Correspondence Measure

Havingvgsa, andvy 4,, the problem turns to be a reg-
istration issue with two gray value vectors available. E =T s
Thus, the Normalized Mutual Information (NMI)[9]  Figure 2: From left to right and from top to bottom,
has been employed to measure the correspondencg cardiac cycle sequence from a patient with the mo-
betweenvss, andvra;, and, as a result, between ton artifact due to respiration. The contours of the
Isa; andIps;. The NML, S, is defined as: first frame have been added for better visualization

H(vsa;) + H(vea,) @ 2.3 Misalignment Correction

S(vsa;,vea;) = H(vsa, via)
v J One of the main causes of misalignment among MR
image planes is respiration[7]. During an imaging
session, the patient is asked to hold the breath while
the images are acquired. Long periods of time, up to
tors. To calculate the probability distribution of 20 seconc_ls, pr_ovoke the patlentt_o inhale small quan-
tities of air which cause a certain movement of the

vsa,,VL4,;, and their joint probability, the number . )
of bins hés been adjusted according to the numberheart' We have performed an experiment where a pa

. . . . “tient is scanned while this effect is introduce during
of samples of the intersection vectors. It is mainly

) . a cardiac cycle. It is shown in the figure 2. It can
because the gray values in a givep can vary un- . : .
: . : . be observed that there is a certain level of rotation.
til thousands, and by selecting a region of interest,

) . ) Nonetheless, the left ventricular motion can be as-
the variety of gray values can be little, which allows .

) . sumed to be a translation. Thus, we have selected
some bins to bd or 2 undermining the measure.

Thus, the number of bins has been established to pé* reglon of interest which contains the myocardium,

20-40 based on the number of samples. In addition, and tried to fit the image planes by translations, since

) . we are interested in the left ventricle.
a preprocessing step has been performed to the im- ,
The movement artifacts can also be observed from

ages available. Here, the logarithmic of the image ) _
is computed, which improves the gray distribution e intersection vectors; 4, andvsa,. As an ex-

and compresses its range[3]. Because the sampling‘mple’ in the figure 3 a typical misalignment arti-

process assures the selection of the same points rd@ct IS shown. Since we are interested on the analy-
gardless the order, it is guaranteed that: sis of the left ventricle, we have selected a region of

interest where the left ventricle is appreciated. Al-
though the problem can be treated as moving one
S(vsaisvea;) = S(Via,, vsa,)- plane untilS(vsa,, vra;) is maximum and repeat-

where H(vsa,) and H(vpa,) are the marginal
entropies of vss, and v, respectively, and
H(vSAi,vLAj) is the joint entropy of both vec-



method can be applied to maximiZéso as to find
the best fitting of the image planes.

In order to maximize&”, we have used the steepest
descent method exposed in [6]. The gradiewnf,,
respect tad is estimated using finite differences by
the central-difference equation of ordéx(h?) for
each dimension. Because of the definitionCgfthe
implementation ofVC can be simplified by find-
ing Ugy,; andUp4,; just for the intersection planes
wheredy, belongs to. Thus, the iteration dfis con-
strained along the linel,,; = di + vgr where
gx is the direction ofVCj. Here, the step size
is found from a single parameter maximization of

Figure 3: Example of misalignment between a SA ¢(7) = F(dx + vgk). We have designed to be
plane and a LA one. The square area represent théncreased each time whentends to be a local maxi-
interventricular septum. (a) The SA and LA images mum and, by solving the single parameter maximiza-

in a common 3-D space. (b) The intersection vectorstion of ¢(v), C could be attracted to a higher maxi-
displayed one against the other. mum. If v returns to the same value range in spite of

the perturbation, the algorithm is left to converge to
this maximum.

ing the process until it converges for all thé short
axis andM long axis planes, the main drawback of
this is that a movement in one SA plane, affects the
alignment with the other LA planes which intersect 3 Results

it. Consequently, we have designed a method to cor- _
rect misalignments among the image planes by mov-e have tested the proposed framework with a set of

ing all the planes simultaneously. 12 healthy patients. Each case is composed [ér-

We have calculated a global measure of alignment2/lél SA views from base to apex, add.A views. In
C to be maximized in this registration problem. A 3 of these views both ventricles are shown, and in the

remainingl just the left ventricle is observed. The

simple approach is to use the mears VLA,
pe abP Wsa via,) pixel spacing isl.98 by 1.98mm for SA andl.77 by

for all the intersections between the SA views and _ : _

the M LA ones. However, because of the NMI prob- 1.77mm for LA. The slice thickness i8mm for SA

abilistic properties, it has been desigr@do be the and6mm for LA. It is selected a region of interest in

mean of theS(Uga,, Ur4) andS(Upa., Uga) for a SA view, and applied our framework to this region,
i YR

all SA planes and LA planesj, where: which is propagated to the other SA planes.
We have applied our method in patients where

movement artifacts have been observed by inspect-
ing the intersection vectors. Then, some qualitative
T T T results are shown in figure 4 for one real case whose

Ura = [VLAU’VLAm e ’VLAiM:|' plane intersections are displayed in figure 1. Here

_ _ some of the intersection vectors are shown before and

Herevs.,; andvy 4, represent the intersection vec- after the alignment, showing a good registration be-
torsvis 4, of the SA viewi withthe LA onej, andthe  yyeen them. It should be noticed that all the planes

same for the LA view. Thus, we have estimated the paye heen moved simultaneously until a global fitting
NMI for all the intersections for a given plane, and s achieved.

_ T T T
USAi - |:VSA7;1 ' VS A ’VSAU\I:| ’

computed the mean for all the planes. However, the performance of our framework can
There is a translatiol©,, of each of the image ot e evaluated with the data from real patients due
planes in a common space of dimensinlf d = g the lack of the ground-truth,e. the movements
[OEAQ, 06, 084,,074,,07 4,0, OgAM} ,  during the imaging session. In order to overcome this
it can be said thatC = F(d), where problem, we have chosen one real patient, aligned it,

d e R¥N+M-1)  Therefore an optimization and moved each of the planes by a random number
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Table 2: Mean Displacement Error in milimeters for
each XYZ coordinate in different movement ranges
in the SA Slices

Range X Y z

+3mm  0.536 £ 0.240 0.278 £0.141 0.460 £0.173
I I +4mm  0.641 £ 0.342 0.721 £ 0.329 0.681 £ 0.303

+5mm  0.791 £ 0.343 1.155 + 0.336 0.661 £ 0.323

+6mm  0.700 £ 0.220 1.010 4 0.408 0.969 £ 0.328

+7mm 1.581 4 0.426 1.461 +0.519 1.110 4+ 0.363

the movement behavior of the image slices, since
these have been performed in the same global coor-

(a) (b)
dinate system instead of the left ventricle main axis.

Figure 4 Some of the most signifi_cant misalignment The image views have been treated as planes with-
artifacts in a real patient and the alignment performed 4 thickness, which reduces the error of approxima-
by the proposed framework are shown. (a) Intersec-tion that is significant for this case. It is because the
tion v_ect_ors as ach_ured from the imaging SesSioN. myocardium could be represented4sy pixels (7.9-

(b) Misalignment artifacts corrected by our method. 1 g mm) on the SA planes, while the slice thickness
from a given range. Even though there is a prop- should not be less thahmm to achieve a good im-
agated error, it provides a good evaluation of our age equality. In addition, by treating the image data
method. Thus, we have selected the patient exposeds voxels, some gaps between the SA planes are al-
in the figure 4 to be move by iterations at differ-  lowed, which introduce an error due to the interpo-
ent displacement ranges. Then, each slice is movedation between them, and hide part of the misalign-
along the three axis by an random number. The re-ment artifacts. Moreover, a minimum number of
sults of this experiment are shown in tables 1 and 2.slice views are needed to register the image data us-
Here, it can be observed that when the induced dis-ing this idea which is not a requirement in our frame-
placement increases, the error increases as well. It igvork.

mainly because the plane could be out of the myocar- By inspecting the behavior of the alignment mea-
dial region. However, it should be noted that these sure and the intersection vectors, it has been detected
errors are smaller than a pixel.98mm), which in  that there are more than one solution to the problem.
terms of the myocardial thicknese2nm) represents It has been found good correspondences among the
an accuracy o87%. LA and SA slices at different locations, which sug-
gests a number of displacement solutions. It is be-
cause, some regions of the myocardium are uniform
allowing a plane to move freely inside them. On the
other hand, there are some regions near to the apex
where an acceptable solution tends to be an exact dis-
placement, particularly when the right ventricle is not
appreciated.

Additionally, it has been observed that the mis-
alignment artifact is an important issue in the 3-D
volume reconstruction task of the left ventricle. A

4 Conclusion and Discussion

A method to register LA and SA MR images by elim-
inating the misalignment artifact has been proposed.
There has not been introduced any kind of bias in

Table 1: Mean Displacement Error in milimeters for
each XYZ coordinate in different movement ranges

in the LA Slices

high percentage of patient&%, has been identified
with some level of movement. The inclusion of a ro-

Range X Y Z tation factor could help in the improvement of our
T3mm __ 0.502 £ 0.260 0.465 + 0.203 0.465 £ 0.198 registration method since the diaphragm provokes an
Edmm - 0.879£0437  1.079£0360  0.820£0.372  grientation change in the image. However, this fac-
+5mm 1.059 £+ 0.434 0.854 + 0.454 0.683 £+ 0.217 . . ‘g .
T6mm 1573+ 0.563 1331+ 0457  0.936 =+ 0.371 tor is not too significant when only the left ventricle
+7mm 153440584 152340722  1.805+0.819 s interested as it is the case.
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