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Summary:

Evaluating the heart global function from magnetic resonance images is based on estimating a number
of functional parameters such as the left ventricular (LV) and right ventricular (RV) volumes, LV and RV
masses, ejection fraction, and stroke volume. Estimating these parameters requires: First, accurate segmenta-
tion of the main cardiac champers, LV and RV. LV segmentation can be done by many techniques with a
plausible performance; However, RV segmentation is still a challenging problem due to the complex shape
of the RV, presence trabecular muscles and low tissue-to-blood contrast. Second, accurate calculation of the
volumes enclosed by the inner and outer surfaces of the LV and RV chambers. Currently, the volume calcu-
lation is achieved through acquisition and segmentation of a large number of short-axis (SAX) cross-
sections of the LV and RV, which is time-consuming, expensive and causing patient inconvenience. Unfor-
tunately, reducing the number of the acquired cross-sections results in undersampling the LV surfaces and
hence increases the errors of calculating the volume. In this thesis, we propose two packages of novel meth-
ods in both RV segmentation and volume calculation from small number of MR slices. In RV segmentation,
an Active Shape/Appearance Model (ASM) based system is introduced for accurately segmenting the RV
from MR short axial (SAX) images. The RV shape variations are independently modeled using two separate
(dual) ASM models in the Bookstein domain. In order to better segment the low contrast regions at the apex,
the method is extended for multiple-2D images where the variations of all cardiac levels are incorporated in
a single model. For the volume calculation, new method based on fusing the long axial (LAX) and SAX
views of the heart is presented. In this method, the LAX contour is used to swipe the SAX contours to fill in
the missed LV surface between the SAX slices. Furthermore, novel geometrical models that combine infor-
mation from SAX and (LAX) views are invented. The results from 25 datasets and 5 CT-based phantom
showed that our methods outperform most of the used methods in the literature .
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Figure 2-13 : Multi-resolution framework is constructed of a number of levels wherein, the first
level contains the original version of the image and each level next contains a down-sampled

VErsSion Of the SAME TMAGE. .......oiiiiiiei bbb 28
Figure 3-1 : RV contour is divided into two segments (septal and free wall) in each short-axis
1T Vo USRS 32

Figure 3-2 : The transformation of the RV shape to the Bookstein 2D Coordinates can be
performed in two steps: 1) registering the two insertion points, , q; and q, to points 0 and 1 on the
x-axis; and 2) normalizing each point on the original RV shape with respect to the distance
between the two insertion points. The RV shape can be transformed back in the Cartesian

Coordinates by reversing the Bookstein transformation..............cccoceviveii i 33
Figure 3-3 : Flowchart for RV segmentation using the proposed ASM framework, The same
framework can be used for either FW OF SP PartsS. ..........ccooveieiieie i 35

Figure 3-4 : Improved initial placement of the RV mean shape in conventional ASM, where the
location of the two RV insertion points is used to estimate proper scaling, rotation, and translation
parameters to form the Mean SNAPE. .........coi i 36
Figure 3-5 : The RV segmentation results for two cases using the proposed and conventional
ASM models at the initial, fifth, and twentieth iterations. The figure shows three different cross-
sections of the RV at the basal, mid-cavity, and apical [evels...........ccccccoviviiieii i, 39
Figure 4-1 : Training of the multiple 2D ASM framework comprises dividing the RV shapes into
L levels from basal to apex, aligning RV contour in the Bookstein’s coordinates, and stacking the

aligned contours of each RV Shape IN 0NE VECTO. ..........ccouriiiiiiiiieiesiisieseeee e 44
Figure 4-2 : The RV shape is divided into two surfaces (septal and free-wall) and the contours of
each surface are concatenated separately to form a multiple 2D shape model.............cc.ccoovevenennn, 48

Figure 4-3 : Transformation of the RV shapes from the Cartesian coordinates to the Bookstein 2D
Coordinates can be performed in two steps: 1) registering the two insertion points, q; and g, (in
Cartesian coordinates) to points 0 and 1 on the x-axis (in Bookstein coordinates); and 2)
normalizing each point on the original RV shape with respect to the distance between the two
insertion points. The RV shape can be transformed back in the Cartesian Coordinates by reversing
the BOOKSEEIN transSTOrMatioN. ........cveiiiieiiece ettt nee e esneenee e 49
Figure 4-4 : The RV segmentation results for two cases using the proposed and conventional
ASM models at the initial, fifth, and twentieth iterations. The figure shows three different cross-

sections of the RV at the basal, mid-cavity, and apical [evels. ..........c.cccccooveviiiiiiiic e, 52
Figure 4-5 : RV segmentation results for some apical cross-sections using the proposed multiple-
2D ASM and the coNVENTIONAT ASIML. .......ooiiiiieiece ettt 54
Figure 4-6 : RV covariance matrix for a case of three levels (basal, mid-cavity, and apical) before
(at left) and after (at right) WEIGNTING. ....c.ccviiiiicece e e 56
Figure 5-1 : Flow chart showing the Misregisteration COrrection Steps. .........cccveeerereresienieenen. 59
Figure 5-2 : SAX, LAX contours and the intersection line, L, it also shows the errors ej, e;
DELWEEN CL Ay @NA CLax. cvvvrereerirerieieeiicie e ettt et 60
Figure 5-3 : Showing the difference between linear interpolation of CL,y (in black lines) and
rotated LAX contour (in red contours) to approximate non-linear curvatures of LV. .................... 61

Figure 5-4 : (a) The trajectory of C;ax points before and after compensation; the trajectory before
is a circle but after compensation, the trajectory should be the CL,y. (b) The Off-axis rotation
misalignments d,, d,; in order to compensate for any point p, the shift d is calculated from the
equationd = h;(d; = d3) /(M1 4 Ny e s 61
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Figure 5-5 : The LV geometry after triangulation. Different rotated LAX contours (shown in red)
can be estimated by intersecting a plane with the surface. ..........ccccooevieii i 62
Figure 5-6 : The proposed method, first, the SAX and LAX slices are acquired, segmented and
stacked in its 3D positions and orientations. The LAX contour is then rotated between pairwise
each two consecutive SAX contours. In the fourth step, the new generated LAX points are
returned to the SAX contours. Delaunay Triangulation is performed to the whole geometry and the
volume is estimated. Finally the difference between the proposed method approximation and the

MSIimp approxXimation are COMPAEA. .........ccueiuveiueiieiieeiesie e e e e e re e e sre e e sreesreeeeenes 63
Figure 5-7 : The numerical phantom generated by linear interpolation of SAX slices in red and the
interpolated POINTS TN GrEEN.....cc.i i ittt e e saeenteeraesreesaeaneenreas 64
Figure 5-8 : Cardiac CT volume, a) LV CT volume that used in re-slicing operation. b) Showing
the directions of LAXs and SAXSs planes for the Nnew SHICES. .......ccccvevieviiiciiene e, 65
Figure 5-9 : Respiratory motion correction using the proposed method. From left to right: true
location of slices, after simulating respiratory motion, and after correction. ............cccccooevevveiennen. 66
Figure 5-10 : The error (mean+SD) of the estimated volume at different number of SAX slices
using the proposed method (phantom eXPeriment)...........cceivveiieieiieeie e 67
Figure 5-11 : The error (mean+SD) of the estimated volume at different number of SAX slices
using the proposed method (real MRI data). ..........ccccoveiiiiiiiieiecc e 68

Figure 6-1 : 3D schematic plot for the LV showing the SAX contours (blue) and the LAX contour
(red). A number of N SAX image planes (purple areas) can divide the LV into N chunks. Green
areas annotate the LAX cross-sectional area of the different chunks. ............ccoooiiiiiiiinicienn, 72
Figure 6-2 : Rotation of a half LAX slice area around the axis of the LV chunk, h, with
infinitesimal angle, d, results into a wedge-like shape. Its volume can be determined knowing the
rotated area, the distance from the axis to the LAX contour segment, and the rotation angle. ....... 74
Figure 6-3 : 3D schematic plot for the LV showing the SAX contours (blue) and the LAX contour
(red). A number of N SAX image planes (purple areas) can divide the LV into N chunks. Green
areas annotate the LAX cross-sectional area of the different chunks. ............ccooiiiiiiiiicnen, 76
Figure 6-4 : The integration term (foh[d(z, 0) ] dz) along the height of this segment (h) is
numerically approximated by normalized summation of the squares of LAX diameters along h. .78
Figure 6-5 : Oblique LAX contour (in green) generates a larger intersection area with the cardiac
chunk. The correction factor of such area depends on the inclination angle (®) between the axis of
LV and the oblique LAX PIANE. .........ciiiiicie ettt be et be et nne s 79
Figure 6-6 : Multiple LAX slices divide each pair of SAX contours to set of segments at the
angles bisector lines (dashed plue lines). each segment is defined by its LAX part and closeset two
0 =T 0! (0] TSRS 80
Figure 6-7 : Cardiac CT reconstructed volume re-sliced to generate different cardiac cross-
sections: SAX, horizontal LAX (i.e. 4-chamber), vertical LAX slice (i.e. 2-chamber), and two
LAX slices (rotated £200 from the horizontal LAX Plane)........ccccoevveiieiiiiiieiieecec e 81
Figure 6-8 : Error (mean and SD) of the estimated volume at different number of SAX slices
using the proposed methods and the mSimp method (phantom experiment). ..........ccccoevevivviieennnenn 83
Figure 6-9 : Error (mean+SD) of the estimated volume at different number of slices using the
proposed methods and the mSimp method (real MRI data). .........c.cccovevieiiiiiii e 85
Figure 6-10 : Bland-Altman plot for the LV volume calculation showing the agreement between
the model-free formulation and the ground truth at 4 and 6 slices (in the first row); and the
trapezoidal model with respect to the ground truth at 4 and 6 slices (in the second row); and at the
last row, the agreement between mSimp and the ground truth at 4 and 6 sliCes. ........c..ccceeveennene, 86
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