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Introduction

Our aim was to investigate and further develop a system of analysis of complex left ventricular wall kinetics. The proposed method is specifically adapted to gated myocardial perfusion SPECT data. The unique properties of gated SPECT data in this respect are the lack of fiduciary points, the relatively low spatial resolution and the conservation of total counts during the cardiac cycle


In gated blood-pool studies, contrast ventriculography and echocardiography, individual points of the ventricular wall are not immediately identified. There may be some structures (valve plane, leaflets) which can serve as fiduciary points, but generally the ventricular wall is identified by an edge, i.e. as the interface between cavity and myocardium. Wall segments are identified from one moment of the cardiac cycle to the next by the intersection between an axis and an edge defining the wall. Motion is thus defined as the displacement of this intersection. The axis can be defined in various ways: as originating at the center of the cavity, as perpendicular to the long axis of the cavity, or as the normal to the edge. In all cases the intersection between axis and edge identifies the segment and identifies the motion. Therefore, motion unrelated to the axis cannot be detected (Figure 1).

Materials and methods

The data are gated myocardial perfusion SPECT images, consisting of eight or sixteen isometric image volumes in a 643 format. Each image volume maps the distribution of the tracer (99mTc-Sestamibi or Tetrofosmin) in the chest of the patient as count rate densities during a segment of the cardiac cycle. The images are reconstructed from 63 or 64 projection images, obtained from a dual or triple-head scintillation camera (Anger type). Reconstruction is achieved by filtered back-projection with a restorative band-pass filter (Buttherworth). After the acquisition and prior to the reconstruction, the data are corrected for under-sampling due to slight variations in the cycle length. The reconstructed images are centered over the myocardium, zoomed and reoriented such that the long axis becomes parallel to the z-axis of the image volume. The center of the cavity is placed approximately at the pixel location 32,32,32. The final zoomed image contains the myocardium as the main structure with high count rate densities. Non structured background has lower count rate densities, but occasional sub-diaphragmatic high densities remain (representing intra-luminal gut activity).

At the time of the acquisition the tracer has largely left the vascular system and is located mainly in the intracellular space. The exception is that part of the tracer that is excreted into the gut through the biliary tract. In the reconstructed images this affects the sub-diaphragmatic count rate densities only, but in equal fashion and degree through the eight or sixteen image volumes. For this reason the total count rate in the images is conserved. The changes in the position of myocardial elements during the cardiac cycle therefore affect only the spatial distribution of the count rate densities.

The proposed method rests on two principles, of which only the first can be derived from first principle: First, the changes in the spatial distribution of the count rate densities affect an integral function of the count rate densities computed along any axis. Second, the actual changes can be recovered from those integral function computed along congruent angles.

1. Integral Counts Analysis

The total image activity, S(t), is constant for all values of t (and all projection directions).

The integral function P(L,0) defines the percentile activity at x = L in time-bin 0. The location in x of the percentile P at t >0 is found by linear interpolation. The displacement vector D(x,t) is the function showing the difference in location of a given percentile P between image 0 and image “t”(Figure 3). The values of D(x,t) are periodic over “t” for all values of x and the value of D(x,0) is zero for all values of x.

2. Analysis along Multiple Congruent Angles

This derivations assumes that the analysis is performed for an integral function defined in “x”. In this section we derive the same values, assuming that the image has been rotated by an angle θ. As an example if θ is an angle in the x,y planes. There is no rotation in the y,z or x,z planes. The rotated volume has a coordinate system (x’,y’,z’). The transformation is defined by: 
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The integral analysis is now performed in x’. The vector D(x’,t) can be decomposed in an x and an y component. In this example there is no z component. This approach can be expanded to 3 dimensions.

3. Reconstituting three-dimensional motion vectors.

An X,Y and Z three-dimensional image vectors are then reconstituted as follows: Consider the component D(x,t) computed after the rotation (,(: the vector is re-projected in a volume D’(x’,y’,z’,t) in such a way that D’(x’,y’,z’,t) = D(x,t). The volume D’(x’,y’,z’,t) is then rotated by -(,-( and added to a volume Dx(x,y,z,t) which was initially set at zero.

The same operation produces the vectors Dy(x,y,z,t) and Dz(x,y,z,t). The working hypothesis is that the vector volumes Dx, Dy and Dz contain the x, y, and z motion components of the count rate densities, and, that the multiplicity of sampling angles provided motion resolution at a near pixel level.

The congruent sampling, and the method of sampling, make the measures independent of orientation and make no reference to a cardiac related coordinate system. The assumption is that all motion can thus be detected and is fully expressed in the X, Y and Z components. Furthermore, each pixel has motion characteristics, rather than those pixels that are at the edge or the center of the ventricular wall. If a particular motion is judged to be of particular significance, it can be derived a posteriori. As an example we consider radial motion and rotational motion.

Results

Preliminary results address the following questions:

1. Can motion that is usually detected with a preset cardiac coordinate system be recovered by the integral approach, which uses a posteriori coordinates?

2. Does the integral approach give some regional information, or does the information remain global?

3. Can complex motion be derived?

4. Is the method insensitive for orientation?

The motion is displayed by the phase and amplitude of the derived displacement vector. From the displacement in X, Y and Z we have derived motion toward the long axis (in plane), motion towards the center of the cavity (off plane) and angular or rotational motion (in plane). The results of the analysis are displayed by looking at the central orthogonal slices (long axis horizontal, long axis vertical and short axis in figures 4-7).

All questions can be answered positively. We can indeed recover centripetal motion, in plane and off plane, and local or regional particularities can be detected

Discussion


If ventricular wall kinetics add information to the myocardial perfusion studies or indeed yields important clinical information by itself, one can expect that any improvement in the definition of it would increase it’s clinical utility. One possible improvement is the inclusion of complex motion or deformation analysis. Complex motion includes off-plane motion and rotational motion. Most described methods (for the analysis of gated myocardial SPECT) cannot detect complex motion. Our proposal addresses the problem directly. The ultimate goal is not to develop a method that could effectively yield all the information yielded by MRI or echocardiography, but to enrich at no or little cost the information yielded by myocardial perfusion studies.


One important feature of gated SPECT is that the data are truly three-dimensional, isotropic and that all parts of the image are a recording of the same cardiac cycles. The truly volumetric aspect of the data has generally not been utilized fully, with many authors restricting the analysis to motion or deformation in a plane (Takeda 1992, Mochizuki 1991, Marcassa 1990, Kouris 1992) or in complex combinations of planes (Germano 1995, Williams 1996). We believe that cross plane displacement makes "in plane" analysis fundamentally incomplete, that the polar 3D method is an improvement (Figure 2), but that motion detection independently of an a-priori cardiac coordinate system is the ultimate answer.

The method is experimental and in an early phase. There is no derivation from first principle that assures that the method should work. Specifically, we do not know if the additive decomposition of the integral function, taken at different spatial angles, will yield sufficiently accurate displacement vectors at the pixel level. We are, however, able to predict which factors could have a critical effect on the outcome. In addition, we have methods to test if motion can be effectively characterized.

The basic assumption is that the unstructured background and the sub-diaphragmatic structured background remain invariant during the cardiac cycle. This assumption seems physiologically reasonable, but noise could produce regional variations, which in turn could influence the integral function. In addition, the original (centered, zoomed and reoriented) image contains non-zero pixel densities in all pixels of the cube. However, after a full rotation and mapping into another cube, some pixels (at the corners) cannot be mapped in the new volume. The effect of clipping the counts (setting all count rate densities < T equal to zero, while maintaining those >T at their original value) must be investigated. The level of T could be defined by the functional criterion we defined earlier (Goris 1981). Another possibility is masking. All pixels outside the largest sphere inscribed in the image volume can be set at zero, or all pixel outside of a mask surrounding the myocardium. Masking could be based on a segmentation described earlier (Monga 1991, Declerck 1996a, 1997, Goris 1996a, 1996b).

It should be mentioned at this point that one method was described (Declerck 1996b) which was at the same time truly three-dimensional and did not use a preset coordinate system. The method was based on a three-dimensional matching method, originally described by Besl (1992) and later Feldmar (1997). The method was initially utilized to match static myocardial SPECT images (Declerck 1996, Goris 1995, 1996a,b). Declerck adapted the method to four dimensions. The analysis however favors some directions and works only on endo- and epicardial surfaces.

In conclusion: Our preliminary results show that we are able to extract kinetic information from gated myocardial perfusion SPECT images using prototype analysis algorithms. The results also support our hypothesis that a combined analysis of perfusion and kinetics from the same perfusion SPECT images will enable more accurate classification of patients with a variety of perfusion defects.
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 Figures:

Figure 1: Tracking Intersection of Axis and edge


Figure 2: Effect of out-of-plane motion on in-plane analysis
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Figure 3: Computing the displacement function
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Figure 4 X, Y and Z amplitudes
Figure 5: X, Y and Z phases
Figure 6: Cylindrical radial, Short axis Angular and spherical radial amplitudes
Figure 7: Cylindrical radial , Short axis Angular and spherical radial phases
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Figures 4-7 shows the amplitudes and phases of the first harmonic of the displacement functions DX, DY and DZ, and derived motion (Radial, spherical and angular). The first three rows are the representation of the central horizontal long axis slices. Next we show the central vertical and finally the central short axis slices. . Case A is a mathematical phantom of a shrinking cylinder. The other columns represent 5 patient cases. 
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