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Abstract
The paper considers the problem of gated myocar-

dial perfusion single photon emission computed to-
mography (SPECT) data processing. An approach to
the quantitative analysis of gated myocardial perfusion
SPECT data used in software developed in the SPbSU
is presented. The article presents and formalizes the
complete data processing workflow. All the main tasks
of the data processing are considered. Mathematical
representation of problem domain objects is presented.
A detailed algorithm of the data processing is given.
The algorithm is implemented as component of the data
processing software suite.
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1 Introduction
Development of mathematical models, algorithms and

software for modern medical diagnostics is an impor-
tant task. It helps improve the quality and information
value of medical data and allows high-precision diag-
nostics in the early stages of the disease.
Methods of automatic data processing are intensively

developed nowadays. Segmentation algorithms and
data representation methods are being elaborated and
improved [Xu et al., 2009; Germano et al., 2016;
Kotina and Ploskikh, 2012; Kotina and Pasechnaya,
2014]. Methods of construction of parametric images
in cardiology based on Fourier and wavelet analysis are
evolving [Chen et al., 2005; Chen et al., 2011; Hsu
et al., 2013; Babin and Kotina, 2014; Ostroumov et al.,
2015; Nakajima et al., 2017].

Cardiological studies with the calculation of quanti-
tative indicators are becoming increasingly common.
There is a tendency to complete automation of process-
ing and interpretation of radioisotope cardiac studies
[Slomka et al., 2017]. For this purpose problems of
the myocardium segmentation and quantitative analy-
sis are considered [Germano and Slomka, 2017]. Re-
search on this subject continues to be relevant [Slomka
et al., 2016; Gomez et al., 2018].
The main software packages for the treatment of car-

diac studies are developed at Cedars Sinai Medical
Center (Los Angeles, USA) [Germano et al., 2007],
Michigan University/INVIA, LLC (Ann arbor, USA)
[Ficaro et al., 2007] and Emory University/Syntermed
Inc. (Atlanta, USA) [Garcia et al., 2007].
The article considers the data processing in gated

SPECT myocardial perfusion imaging. The data pro-
cessing algorithm is developed, the main steps of the
algorithm are described in detail.
The algorithm allows for fully automatic data process-

ing, and also gives the expert the ability to adjust the in-
termediate results of the processing stages to improve
the work in specific cases.

2 Gated Myocardial Perfusion SPECT
Electrocardiographically gated myocardial perfusion

SPECT (gSPECT) is one of the most vital procedures
in clinical cardiology. It allows to evaluate the left
ventricular (LV) perfusion and function within a single
study. Automation of the image processing and quan-
tification has made this study highly reproducible and
practical in the clinical setting. Comprehensive quanti-
tative analysis of the data enhances the diagnostic and
prognostic capability of myocardial perfusion imaging
(MPI). GSPECT MPI has shown potentials for my-
ocardial viability assessment and follow-up after ther-
apy [Ostroumov et al., 2017]. MPI study can provide
prognostic information for the prediction of major car-
diovascular events and indications for revascularization
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therapy in patients with coronary artery disease.
The study is conducted usingγ-camera with tomo-

graphic acquisition (single photon emission computer
tomograph — SPECT) [Arlychev et al., 2009; Dorbala
et al., 2018].
After gSPECT acquisition and reconstruction [Kotina

et al., 2013a] we get a sequence of three-dimensional
arrays containing information on the distribution of the
radiopharmaceutical in the left ventricular myocardium
at different intervals of the representative cardiac cycle
[Kotina et al., 2013b].
To obtain prognostic information, it is necessary to

perform mathematical processing of all data in order
to obtain numerical values of significant parameters,
graphs, polar maps and three-dimensional images of
the left ventricle of the heart. Important diagnostic pa-
rameters that should be evaluated are the LV ejection
fraction, end-diastolic and end-systolic volumes of the
LV. To plot the changes in the volume of the LV dur-
ing the cardiac cycle, the volumes for each interval of
the representative cardiac cycle are determined. Vari-
ous hemodynamic parameters are calculated according
to the volume curve. The study is based on the fact
that the distribution of the radiopharmaceutical in the
myocardium reflects the distribution of perfusion in the
heart muscle at different intervals of the cardiac cycle.
Therefore, it is important to obtain a visual and quan-
titative assessment of this distribution. As a rule, it is
visualized in the end-diastole and the end-systole, as
well as an ungated version is considered. To assess LV
function, it is necessary to obtain a quantitative and vi-
sual representation of systolic thickening, myocardial
wall movement, as well as a numerical and visual as-
sessment of LV dyssynchrony, which is of great impor-
tance for patients intent for resynchronization therapy
[Ostroumov et al., 2011].

3 Algorithm
This section presents the algorithm of data processing

of gSPECT MPI. Processing stages are mathematically
formalized, the algorithm steps are described according
to the sequence of their execution.

3.1 Source Data
The algorithm uses series of gated three-dimension

cardiac imagesVk as input data, wherek = 1..N is the
gating interval index,N = 2M — the even number of
gating intervals which the duration of cardiac cycleT
is divided into. The images are considered as continu-
ous functions of the arguments(x, y, z) obtained from
the original arrays by trilinear interpolation. Ungated
image is defined as

V (x, y, z) =

N
∑

k=1

Vk(x, y, z). (1)

The coordinate system for the trilinear interpolation
is chosen so that the coordinate axes are oriented as
follows: x — septal-lateral,y — anteroposterior,z —
apical-basal.

3.2 Left Ventricle Segmentation
The first step of the algorithm is left ventricle segmen-

tation. The segmentation process is similar to one used
in QPS[Germano et al., 1995].
The largest count value of the ungated image (Vmax =
max(V (x, y, z))) is found. The image is then thresh-
olded to 50%Vmax and binarized. Binary clusters (sets
of 6-connected voxels) are determined.
Small clusters (less than 50 ml) are removed. If two or

more clusters are obtained, the closest one to the image
center is selected. If the selected cluster satisfies the
aspect constraints (the difference in length and width is
less than 15 mm), then it is considered as myocardial.
Otherwise the partition process is performed: the initial
threshold is increased by 5% until the cluster is divided
into several parts, then the dilation of the parts is per-
formed until its union will be the original cluster, after
which the selection process is repeated.
The segmentation algorithm is further enhanced by

providing feature to manual specify three-dimensional
region of interest (ROI) in the image, the values outside
of which are ignored.

3.3 Sampling Grid Definition
The myocardial cluster obtained at the previous stage

is skeletonized.
A set of skeletal points is approximated by an axis-

oriented ellipsoid. Itsx- and y-axes are considered
equal (short axes). Itsz-axis will be called long axis.
The geographical grid(~ri, ~ni) defined on the ellipsoid
surface is used for further calculations. The grid con-
sists of 770 points: 24 non-polar latitude samples, 32
longitude samples, 2 poles.
Sampling grid vertex positions defined by formula

~ri =

(

Rs cos θi cosϕi

Rs cos θi sinϕi

Rl sin θi

)

(2)

and its normals

~ni =

(

RlRs cos θi cosϕi

RlRs cos θi sinϕi

R2
s sin θi

)

, (3)

whereRl — long axis length,Rs — short axis length,
θi andϕi — latitude and longitude ofith vertex defined
as follows

θi =







−π
2 + π

25 (⌊(i− 1)/32⌋+ 1), i = 1..768
−π

2 , i = 769
π
2 , i = 770

,

(4)
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ϕi =

{

π
16 (i− 1), i = 1..768

0, i = 769..770
. (5)

The feature to manually adjust the elliptical coordi-
nate system is provided to improve the algorithm be-
haviour in specific cases.

3.4 Generation of Mid-myocardial Surfaces
The mid-myocardial surface points~si are defined as

an offsetsDi from the corresponding grid points~ri
along the normals~ni:

~si = ~ri +Di

~ni

||~ni||
. (6)

The mid-myocardial determination process starts with
an approximation. Profiles along the ellipsoid normals
are extracted at each point of the grid. Profiles length
is constrained to 20 mm in both directions. The profile
is then convolved with Lagrangian of Gaussian feature
detector with a s.d. of 10mm. The displacement of the
maximaD∗

i is taken as the approximation.
The resulting surface is obtained by minimizing the

weighted sum of the deviations of the surface points
from the initial approximation and from the point’s
nearest neighbors. The points position is a solution of
the system of linear equations

(||Ni||+ kvV (~s∗i ))Di−
∑

j∈Ni

Dj = kvV (~s∗i )D
∗
i , (7)

whereNi is the set of indices of neighboring grid nodes
for theith element (32 elements for the poles, 4 for the
others),kv = 1

maxj V (~s∗j )
is the coefficient of influence

of the perfusion values.
Gated mid-myocardial surfaces are constructed in a

similar way with added temporal continuity constraint

(

||Ni||+ kvVk(~s
∗
k,i) + 2kt

)

Dk,i −
∑

j∈Ni

Dk,j−

−kt(Dk−1,i +Dk+1,i) = kvVk(~s
∗
k,i)D

∗
k,i,

(8)

whereDk,i is unknown displacement ofith surface
point alongith grid normale over thekth interval,D∗

k,i

is the initial approximation,kv = 2
maxk,~x Vk(~x)

is the
coefficient of influence of the perfusion values,kt = 1
is the time continuity coefficient.

3.5 Valve Plane Determination
After mid-myocardial surfaces has been built the

valve plane position can be determined. The total per-
fusion map is calculated

P sum
i =

N
∑

k=1

Vk(~sk,i) (9)

The initial threshold of 25% is set. A contiguous sub-
threshold region containing the basal pole is selected.
Its border points are mapped to the mid-myocardial
surface of the first interval and are approximated by a
plane. The area of the surface basal to the valve plane is
calculated. If the area is less than 10% of the total mid-
myocardial surface area, the threshold is raised and the
process is repeated.
The resulting plane defines mask of surface points

used to exclude surface points in subsequent gating in-
tervals (fig. 1).

Figure 1. Myocardial surfaces constrained by valve plane

The feature to manually adjust the valve plane is pro-
vided to improve the algorithm behaviour in specific
cases.

3.6 Extraction of Epi- and Endocardial Surfaces
The epi- (~s+) and endocardia l(~s−) surfaces are de-

fined as an offsetsE+ andE− along the normals of
the mid-myocardial surface as follows:

~s+i = ~si + E+
i

~n(s, i)

||~n(s, i)||
, (10)

~s−i = ~si − E−
i

~n(s, i)

||~n(s, i)||
, (11)

~n(s, i) =

||Ni||
∑

j=1

(~sni,j
− ~si)× (~sni,j+1

− ~si)

||(~sni,j
− ~si)× (~sni,j+1

− ~si)||
, (12)

whereni,j ∈ Ni is the index ofjth neighbour ofith
vertex, while~sni,j

are ordered byj clockwise around
~si with respect to the normal of~ni.
An approximation (E∗+ andE∗−) is made as follows.

A profile along the direction normal to the surface ex-
tending 20 mm in both directions is extracted for each
point of the myocardial surface. The value at the origin
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is taken as the maximum. The distance of 25% value
drop (75% threshold passing) is measured in both di-
rections. If needed decrease in value is not registered,
then the point is marked invalid. All invalid offsets
are replaced by values that minimize the difference be-
tween offsets of neighboring nodes.
A scaling factor is introduced to eliminate the effects

caused by different acquisition environments. It is cho-
sen so that the average thickness of the myocardium for
an ungated image will be 10 mm:

β =
10 · 770

∑

i

(E∗+ − E∗−)
. (13)

The epi- and endocardial surfaces undergo further ad-
justment to accommodate perfusion changes in the wall
motion calculation [Germano et al., 1997]. Surface off-
set values are calculated as

Ek,i = βγkLk,iE
∗
k,i, (14)

Lk,i = (1− αi) + αiδk,i, (15)

αi =
V1(~s1,i)

maxj V1(~s1,j)
, (16)

δk,i = max

(

0.5,min

(

Vk(~sk,i)

V1(~s1,i)
, 2

))

, (17)

whereγk is chosen in such a way that the volume of the
myocardium remains constant. The sample of result
surfaces is shown in fig. 2.

Figure 2. ED & ES epi- and endocardial surfaces

3.7 Volume Curve and Parameters Calculation
For each interval we calculate volume of region con-

strained by endocardial surface and valve planevk.

Volume curve is defined via trigonometric interpolation
of these values over cardiac cycle length:

v(t) =
a0
2

+

M
∑

j=1

(

aj cos

(

2π

T
tj

)

+

+bj sin

(

2π

T
tj

))

+
aM
2

cos

(

2π

T
tM

)

,

(18)

where

aj =
2
N

∑N
k=1 vk cos(

2π
N
j(k − 1)),

bj =
2
N

∑N
k=1 vk sin(

2π
N
j(k − 1)).

(19)

Therefore the derivative is defined as follows

v′(t) =

M
∑

j=1

(

−
2πjaj
T

sin

(

2π

T
tj

)

+

+
2πjbj
T

cos

(

2π

T
tj

))

−
πMaM

T
cos

(

2π

T
tM

)

(20)
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Figure 3. Hemodynamic curves and parameters

The end-diastole and end-systole times are defined as
argument of volume curve maximum and minimum re-
spectively:

TED = argmax
x∈[0,T ]

v(x),

TES = argmin
x∈[0,T ]

v(x).
(21)

Hemodynamic curves (fig. 3) are used to calculate
main parameters by following formulae.
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End-diastolic volume:

EDV = v(TED). (22)

End-systolic volume:

ESV = v(TES). (23)

Ejection fraction:

EF =

(

1−
ESV

EDV

)

· 100%. (24)

Stroke volume:

SV = EDV − ESV. (25)

Average ejection rate:

AER =

{

SV
TES−TED

if TED < TES

SV
T−(TES−TED) if TED ≥ TES

. (26)

Average filling rate:

AFR =

{

SV
T−(TED−TES) if TED < TES

SV
TED−TES

if TED ≥ TES

. (27)

Peak ejection rate:

PER =







− min
x∈[TED,TES]

v′(x) if TED < TES

− min
x∈[0,TES]∩[TED,T ]

v′(x) if TED ≥ TES

.

(28)
Peak filling rate:

PFR =







max
x∈[0,TED]∩[TES,T ]

v′(x) if TED < TES

max
x∈[TES,TED ]

v′(x) if TED ≥ TES

.

(29)

3.8 Parameters of Ventricular Perfusion and
Function

Ellipsoid grid allows us to extract standard num-
ber of data samples regardless of myocardial size.
These samples represent state of distinct regions of my-
ocardium and can be displayed two-dimensionally or
three-dimensionally (fig. 4).
Two dimensional display (polar map) is based on po-

lar azimuthal equidistant projection. About two thirds
of data points adjacent to apex are used for display.

The rest are discarded as they usually located in basal
area across the valve plane and do not represent my-
ocardium. The sampling points then placed in unit cir-
cle as follows

(

xi

yi

)

=
l(θi)

l(7π50 )

(

cosϕi

sinϕi

)

, (30)

wherex2
i + y2i ≤ 1, l(β) — arc distance from latitude

β to apical pole

l(β) =

∫ −π
2

β

√

1 +
R2

s −R2
l

R2
l

sin2 θdθ. (31)

The following regional parameters are used in data
analysis.

Figure 4. Perfusion map in 2D (top) and 3D (bottom) modes

Perfusion (fig. 4) is calculated as image value at cor-
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Figure 5. Thickening map

responding point of midmyocardial surface:

Pk,i = Vk(~sk,i). (32)

Thickening (fig. 5) is computed as the variation in
thickness between end-diastole and end-systole and is
expressed as the percent increase from diastolic thick-
ness.

THi =

(

E+
ES,i − E−

ES,i

E+
ED,i − E−

ED,i

− 1

)

· 100%. (33)

Wall motion (fig. 6) is measured as the distance be-
tween an endocardial surface at end-diastole and en-
docardial surface end-systole. The measurement is
performed along normals to the average between end-
diastole and end-systole mid-myocardial surfaces.

~ci =
1
2 (~sED,i + ~sES,i),

tk,i = min{t | ~ci − t~n(c, i) ∈ s−k , t > 0},
WMi = tED,i − tES,i.

(34)

LV mechanical dyssynchrony is measured by using
phase analysis of gated myocardial perfusion SPECT.
Phase map (fig. 7) is calculated as follows

φi = atan2(bi, ai), (35)

where

ai =
2
N

∑N
k=1 Pk,i cos

2π(k−1)
N

,

bi =
2
N

∑N
k=1 Pk,i sin

2π(k−1)
N

.
(36)

Figure 6. Wall motion map

Figure 7. Phase map

3.9 Phase and Magnitude Images
The helpful feature of this algorithm is the construc-

tion of not only phase polar maps, but also phase and
magnitude arrays (3D arrays), visualization of which
is available at the first stage of segmentation for visual
evaluation by an expert (or for making corrections at
the stage of segmentation). Phase and magnitude im-
ages could be useful at the stage of segmentation, it is
known that the atria and ventricles have opposite phase,
and the magnitude value in the heart area significantly
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Figure 9. Software suite Indis

a) b) c)

Figure 8. Central slices of: a) ungated volume; b) phase volume

c) magnitude volume

exceeds the magnitude from the surrounding heart ar-
eas. The slices of the phase and magnitude volumes
are visualized (fig. 8). The volumes are constructed as
follows

Vφ(x, y, z) = atan2(Vb(x, y, z), Va(x, y, z)), (37)

VMAG =
√

V 2
a (x, y, z) + V 2

b (x, y, z), (38)

where

Va(x, y, z) =
2
N

∑N
k=1 Vk(x, y, z) cos

2π(k−1)
N

,

Vb(x, y, z) =
2
N

∑N
k=1 Vk(x, y, z) sin

2π(k−1)
N

.
(39)

4 Conclusion
An automatic algorithm to measure quantitatively my-

ocardial perfusion SPECT is developed. The quantifi-
cation algorithm consists of six main steps: the left
ventricular myocardium segmentation, sampling grid
definition, the left ventricle’s surfaces extraction, valve
plane determination, volume curve and hemodynamic
parameters calculation, parameters of left ventricular
perfusion and function evaluation and visualization.
The algorithm is implemented in Indis data processing

suite (fig. 9), tested on clinical patient studies acquired
with 16- and 8-interval gating and showed reproducible
results.
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