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Software Phantom for the Synthesis of Equilibrium
Radionuclide Ventriculography Images

Oscar Ruiz-de-Jesus, Oscar Yanez-Suarez, Luis Jimenez-Angeles, and Enrique Vallejo-Venegas

Abstract— This paper presents the novel design of a software
phantom for the evaluation of equilibrium radionuclide ven-
triculography systems. Through singular value decomposition,
the data matrix corresponding to an equilibrium image series
is decomposed into both spatial and temporal fundamental
components that can be parametrized. This parametric model
allows for the application of user-controlled conditions related
to a desired dynamic behavior. Being invertible, the decomposi-
tion is used to regenerate the radionuclide image series, which
is then translated into a DICOM ventriculography file that can
be read by commercial equipment.

I. INTRODUCTION

Gated equilibrium radionuclide ventriculography (ERV) is
a nuclear imaging technique which provides indirect knowl-
edge of the cardiac pumping action, allowing the evaluation
of atrial-ventricular synchronicity patterns or the ejection
fraction (EF). These parameters of cardiac function have
relevant diagnostic and prognostic value in medicine.

Functional images obtained from this kind of study
provide dynamical physiological information, beyond the
purely anatomical or structural representation of the beating
heart. The acquisition of an ERV series is gated by the
electrocardiographic signal, establishing a temporal relation
between image formation and ventricular contraction events
throughout a cardiac cycle [1].

An ERV study comprises a series of K images, each
one corresponding to a K-th portion of a cardiac cycle.
Average pixel intensity change within a given region of
interest (ROI), across the K images, generates a time series
which represents the tissue or cavity behavior in that par-
ticular zone. Quantification of atrial-ventricular, intra- and
inter-ventricular contraction synchronicities results from the
mathematical analysis of these time series along the relevant
ROIs.

Diverse quantitative parameters are generated from differ-
ent alternatives of ERV analysis schemes. Distortion of these
parameters occurs due to inadequate modelling, inaccurate
definition of ROIs, or geometric factors due to the acquisition
technique and/or anatomical constraints [2]. Therefore, tech-
nical limitations arise, as there is no reference gold standard
for evaluation of ERV analysis tools (although some costly
and limited mechanical models do exist [2],[3],[4],[5]). In
this perspective, a software phantom could be a reasonable

O. Ruiz, L. Jimenez, and O. Yanez are with the Neuroimaging Lab-
oratory, Department of Electrical Engineering, Universidad Autonoma
Metroplitana - Iztapalapa, Mexico. email: cbi204280078 @xanum.uam.mx,
jimlui@gmail.com, yaso@xanum.uam.mx

E. Vallejo is with the Department of Nuclear Cardiology, National
Institute of Cardiology, Mexico. email: epvv2@hotmail.com

1-4244-0033-3/06/$20.00 ©2006 IEEE.

choice, if it could synthesize an ERV series out of controlled
dynamical parameter specifications that could be verified
with a given analysis tool. Such a phantom is developed
in the present work.

II. TEMPORAL-SPATIAL DECOMPOSITION OF THE ERV
DATA MATRIX

An ERV image series consists of K images Ij[n,m] of
size N x M pixels, each one corresponding to a spatially
ordered representation of the measured activities at location
(n,m) of the discrete field of view at instant k, with 0 <
k < K. For a fixed (n,m) pair, a time series ¢, n[k] =
Ii.[n, m] is obtained. These time series are commonly called
in the literature as the time-activity curves (TAC) [6],[7] of
the ERV. Two alternative representations of the ERV image
series can be constructed by simple reorganization of the data
into spatial-activity and time-activity vectors, s and t,, .,
respectively, as follows:

Ik[OaO]
I [0, M — 1] Iy[n, m]
: Il[n7m]
Sk = : ) tn,m = .
Ii.[n, m) :
: I —1[n,m]
Ik[N - 170]
L I[N -1, M —1] i

1)

where the spatial-activity vector sy results from row-wise
stacking the activities from the k-th ERV image and the time-
activity vector t,, ,, corresponds to the collection of activities
in the time series ¢y, m[K].

Using these definitions, the ERV image series can be
represented as either a temporal data matrix T

T = too to,m—1

tn_1,0 ty_1,m-1 ]/ 2)

or a spatial data matrix S

S = [ so sk ] 3)

where clearly S = T".
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Now, these two representations allow the straightforward
estimation of the temporal and spatial correlation matrices
of the ERV data:

Rr = 1T'T, Rg= 4SS ©))

The eigendecomposition R;V = VA of the temporal
correlation matrix is commonly used in ERV analysis from
the perspective of factor analysis or PCA. On the other hand,
the corresponding decomposition of the spatial correlation is
rarely used, if at all [8]. Singular value decomposition (SVD)
of the time-activity matrix T

T=UXV' (%)
yields both eigendecompositions simultaneously, since it is

known that the unitary matrices U and V have the following
properties:

(T'T)V =
(TT)U = (S'S)U

VA (6)
UA (7

Thus, the ERV image series, when expressed as a time-
activity matrix, can be rewritten as a linear combination of
spatio-temporal outer products of the spatial eigenvectors uy
and the temporal eigenvectors vy,

K-1
T = Z Jkukvfg (8)
k=0

where oy, are the singular values of T, that is, the square
roots of the eigenvalues of either correlation matrix. Usu-
ally truncating the linear combination (8) yields reasonable
approximations of the original data. For the case of ERV
image series, the use of two components is typically enough
for acceptable reconstruction [6]. This in turn means that the
construction of models for the parameter set

{ug,uy,vo,vi} 9)

represents a possible means of synthesizing ERV studies
from controlled conditions, that is, a possibility of building
a software-based ERV phantom. This approach is detailed in
the following section.

III. MODELLING THE TEMPORAL COMPONENTS

A typical ventricular TAC, showing the relevant parame-
ters such as ejection fraction, time of end-systole (TES) and
peak ejection and filling rates (PER and PFR) is shown in
Fig. 1 [9],[10]. In particular, the EF is determined at the
sample (kK = kpin, corresponding to TES) where the TAC
attains its minimum value.
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Fig. 1. Ventricular time-activity curve: EF is the ejection fraction, TES

is the time of end systole, and PER and PFR are peak ejection and filling
rates, respectively.

Some authors have modelled this curve as an approxima-
tion to a cosine [11],[12], while the atrial TAC is modelled
by an out-of-phase cosine, 180° delayed with respect to
the ventricular TAC. In reality, these curves are far from
symmetrical. To overcome this limitation in constructing the
generating model, reference ventricular (r,) and atrial (r,)
TACs are computed by averaging curves obtained through
SVD decompositions from a set of 25 real ERVs and
normalizing them in time and amplitude to fit the [0, 1]
interval. Interpolated versions of these vectors, r,; and rg;,
respectively, are obtained performing cubic splines interpo-
lation to the desired temporal resolution.

The r,; time-activity vector is used in the ventricular
TAC model of Kerleau et al [10], to construct the first
temporal component v (see (9)) with desired EF and TES
parameters:

B

vo [k] = rui @ ()] (10)

where

_log(1 - EF)

B log(rvi,min)

B (11)

serves to scale the curve amplitude. Note that the value of
T'yi,min 18 fixed after interpolating the average TAC and that
E'F is user-dependent.

Function @ (k) is required to introduce temporal distortion
so that vp meets the desired end-systolic parameter. It
computes the sample locations in the interpolated reference
such that:

K—

=

(rm- Q) —r, [k])2 (12)

k=0
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Fig. 2. Reference ventricular TAC (EF 50% TES 33%) r.; and transformed
ventricular TAC (EF 30% TES 39%) vo.

Fig. 3. (A) first spatial component, ug; (B) second spatial component, u;.

is minimized (in the least-squares sense) [10]. As an ex-
ample, a simulated v temporal component with 30% EF and
39% TES is shown in Fig. 2, related to the reference vector
ry;. An analogous procedure is performed to synthesize the
second temporal component, v;.

It is mandatory for SVD reconstruction to guarantee that
the temporal components vy and v; end up forming an
orthogonal basis. In order to achieve this condition, the
vectors are further processed with a Gram-Schmidt orthog-
onalization:

Vom = Vo (13)
!
Vip = Vi — (VLOW;)VO’IH (14)
[Voml

IV. MODELLING THE SPATIAL COMPONENTS

Spatial components ug and u; can be reshaped into two
eigenimages as can be seen in Fig. 3. Spatial component
ug is related to the pixelwise time average counts for the
ERV series and spatial component u; is in turn related to
the pixelwise difference between the end-diastole and the
end-systole frames.

On the simulation side, the first spatial component, ug
is built by introducing four circles that represent each of
the four cardiac cavities, within which four other circles of
higher intensity are positioned. This synthetic scene is then
smoothed with a Gaussian filter [13]. The simulated version

Fig. 4. (A) first temporal component, vo.,; (B) second temporal com-
ponent, Vi,,; (C) first spatial component, uo,,; and (D) second spatial
component Ui,

of the second spatial component, u; is also modeled with the
four circle basic scene, but the intensities are made positive in
the ventricular positions and negative in the atrial positions.

Again, to guarantee that the spatial components form an
orthogonal basis before SVD reconstruction, these vectors
are transformed into the pair ug,, and uj,, by means of
a Gram-Scmidt orthogonalization procedure as described
before.

V. GENERATION OF THE ERV IMAGE SERIES

An example of the four synthetic spatial-temporal compo-
nents of the model, namely

{u0m7u1m7V0m7V1m} (15)

is shown in Fig. 4. With them, the synthetic ERV series
is constructed using inverse SVD as:

1

§ : /
T = OkUkmVim
k=0

(16)

where the synthetic ¢’s are also generated from averaged
real ERV measurements. Fig. 6 shows a software phantom
simulation with dynamic parameters of 30% EF and ventric-
ular TES of 39%, as generated with equation (16). Images
are the reordered columns of 7', contaminated with white
Gaussian noise of standard deviation equal to 25% of the
maximum frame intensity.

The image sequences are stored as tagged Nuclear-
Medicine DICOM files in a straightforward manner, append-
ing a generic nuclear medicine DICOM header to the for-
matted data. Total processing time, from parameter definition
to DICOM file generation is less than 2 s, in the case of a
64x64x16 frame sequence.
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Fig. 5. Relation between modelled and computed EFs (m = 1.07, b =
—6.24, R? = 0.97), as determined by standard phase analysis from the
MPR/MPS system.

Fig. 6. Synthetic ERV series generated with the proposed model. Dynamic
parameters are EF 30% and TES 39%.

VI. MODEL EVALUATION

For the purpose of evaluating the adequacy of the model,
36 simulated ERV series were synthesised, with varying
EF values. DICOM studies were then fed to a Millenium
MPR/MPS (General Electric) system running the EF Analy-
sis/Entegra (General Electric) tools for ERV phase analysis.
Fig. 5 shows the linear correlation obtained between the
modelled and computed fractions (R? = 0.9748).

VII. CONCLUSIONS

The design of a software phantom based on a linear
combination of spatio-temporal components has been pre-
sented. These components facilitate the synthesis of ERV
image series under controlled conditions like the definition

of dynamic parameters such as EF or TES. While the model
considers only two curves from each domain to re-synthesize
an ERV series, extensions to more components can be easily
derived. For example, the use of a third temporal component
could incorporate synchronicity abnormalities among the
ventricles. Also, the use of Gaussian profiles in the second
spatial component would allow the modification of the net
left ventricular volume, possibly facilitating the simulation
of an infarction of ventricular walls.
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