Edge detection technique can also be applied to
generate a mu map. Ths option generate a
uniform-map from emission projection data by
means of an edge-detection algorithm.

Reconstruction of
emission image
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Set mu map for further
reconstruction

Define optimal threshold(%) for edge detection.
Define Mu-value suitable for give emission
isotop

and for object (Brain, Phantom or Others)

Mu map defined by separate program could
also be loaded in QSPECT as follow.

6. Loading slice-by-slice mu-map files to
QSPECT

In case of reading separately defined mu-map
in QSPECT, the mu map file should be a single
file. If mu maps are given in slice-by-slice as
separate files, QSPECT can combine those mu
maps into a single file as follows:

Select Settings -> Combination of CT
data (GE)

( — —
< QSPECT - Gombination of GT data(GE) =]
first data SIS ALS ARSI R ot
| C:AQSPECT_DATAtoranomon\ATTMADDT_CTOD1 dem
output file name

| CAQSPECT_DATAtoranomon\ATTMADT_CT helr

View Result [ Combination J l Close ]

Choose the mu-map file that corresponds to the
first slice, and define output file name.
Clicking the Combination button generate the
single mu map file, and View Result displays
the resultant image.

The input file format should be either Dicom or
Analyze. Output file is in Analyze format.
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6. Reconstruction

Click Run to start QSPECT reconstruction.

Reconstructed image can be displayed by
pushing button of "View Results".



Installation

1. Requirements

User interface of the QSPECT program is
written in JAVA. QSPECT thus requires JAVA
to be installed. JAVA is available from SUN
with the following address:
http://Java.sun.com/products/archive/index.ht
ml

Download J2RE of 1.4.2_0, J2SDK/J2RE -1

JAVA 1.4.1 or more is needed. Please follow the
instruction from SUN.
2. How to install

After installing JAVA, please install QSPECT
from the CD:
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Example data

QSPECT

CBF
( IZSI_E\.H))

D2 Dopamine

(123[_IBF)

| MBF
(UTLTICI)

Typical examples of QSPECT reconstruction in
comparison with Filtered Back Projection
technique.

Appendix - Overview of
Quantitative SPECT

This section presents a brief overview of
quantitative =~ SPECT  reconstruction, and
background of QSPECT. One of the aims of
QSPECT is to improve the SPECT
reconstruction so as to make the kinetic
analysis possible, for the projection data
obtained from clinical SPECT scanners. It is
essential that the regional radioactivity
concentration is quantified accurately at every
temporal period in each myocardial tissue
element, which mandates accurate correction
for the effects of attenuation and scatter
occurring in the body (see in Figure Al).

Attenuation

ETIIITITITY | [

Detector Detector
Figure Al. Attenuation and scatter in SPECT

Previous  SPECT  reconstruction  has
neglecter those two error sources. In addition,
Filtered-Back Projection technique has often
been applied to truncated data, typically
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obtained for limited projection angles such as
180 degree in stead of 360 degree. Due to these
factors, SPECT has been considered not to
provide quantitative 1images which are
proportional to true radioactivity distributions
in the body.

QSPECT revonstruction program has been
developed so as to reconstruct true
radioactivity concentration in vivo. Accurate
correction has been achieved both for
attenuation and scatter. Flow chart of QSPECT
reconstruction program is shown in Figure A2.

|
]
Projection Data .

Estimation of attenuation map

Scatter Correction by TDCS
(Transmission Dependent
Convolution Subtractlon)

& [ mlmin/100g

Image reconstruction by OSEM

Accurate regional radioactivity map
e Bag/mL
Quantitation of functional images

Figure A2. Flow chart of QSPECT program for
brain. Attenuation projection data can be
calculated from my map generated by edge
detection procedures on scatter- attenuation
uncorrected FBP images. After sucatteer
compensation on the original emission projection,
true activity distribution can be reconstructed
using OSEM program including attenuation
correction process.

Geometric-mean projection data

Geometri-mean projection data has been
employed in QSPECT as has been suggested by
Meikle et al (1994). The geometric mean
projection is defined in the figure below, and
has been shown to be effective when applying
the TDCS scatter correction method, which will
be discussed later.

Attenuatian factor

— 1l — 1L
_eﬂaxe#a

— oty



Figure A3. Geometric-mean (GM) projection.
GM is a square-root of a product of opposed
projection counts.

Attenuation mu-map assessment

Attenuation occurs when photons emitted by
the radio-tracer in the patient are absorbed by
intervening tissue between the detector and
the emission of the photon. The fraction of
photons absorbed depends both on the
thickness and density of the intervening tissue.
Because of the heterogeneous attenuating
tissues in the thorax region (i.e. lung, soft
tissue, bone etc.), uniform attenuation can not
be assumed and measurement of the
attenuation information is required. The
required distribution of the attenuation factors
(p-maps) can be measured using an external
radioactive source attached to an existing
SPECT camera. Various geometrical
transmission source configurations, ranging
from plane sources to scanning line sources
and line sources at the focus of fan beam
collimators, have been implemented (Figure
A4). The relative merits of the various
configurations have been reviewed by other
investigators such as King et al (1995). While
all these configurations provide attenuation
correction sufficient for qualitative image
interpretation, quantitative accuracy is not
guaranteed unless the following considerations
are taken into account. It is of importance in
the design of the transmission system to
minimize scattered photons in the
transmission projections. Scatter in the
transmission projections causes an
underestimation of attenuation coefficients and
hence  undercorrection for  attenuation,
particularly of deep structures. This makes
uncollimated plane sources unsuitable for
quantitative attenuation correction, unless the
transmission projections are scatter corrected.
Collimated scanning line sources with parallel
beam collimators on the detectors inherently
provide low transmission scatter. An electronic
window, synchronized to the mechanical
motion of the line source, can in addition
minimize the crosstalk of emission counts into
the transmission projections when
transmission is performed post injection of the
emission tracer (18). Transmission projection
scatter for symmetrical or asymmetrical fan-
beam collimator systems is also intrinsically
low, if the transmission source is placed at the
focal line of the collimator, and thus physical
(or electrical) collimation of the transmission
source is not required. However, truncation of
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the transmission measurement becomes a
source of errors for symmetrical fan-beam
collimators and cross-talk from emission
activity is substantially higher than for the
scanning line source configuration.

A rod source
with symmetrical
fanbeam collimator

A rod source
with asymmetrical
fanbeam collimator

A rad or plane source
with parallel-beam
collimator

Figure A4. Typical configuration of transmission
system in clinical SPECT scanners

Virtually any radioisotopes can be used in
the transmission scan, as long as the energy of
the transmission source is not vastly different
from that of the emission acquisition. Several
radioisotopes have been employed for this
purpose including 153Gd (97 keV, 103 keV),
9mTe (140 keV), 241Am (59 keV), 57Co (122 keV).
Due to the energy dependence of the
attenuation factors (in addition to a small
dependency on the atomic number of the
attenuating material), a simple scaling of p
maps is required if the emission isotope energy
is different from the transmission energy. For
instance, if the transmission scan for a 201Tl
myocardial study is performed using 99mTe, the
p maps from the 9mTc transmission scan are
multiplied by a factor of (0.194/0.155) to
provide the p maps for 201T1, where 0.194 is the
theoretical (narrow-beam) p value for 201T1 (34
% window on 77 keV) and 0.155 that for 99mTc
(20% window on 140 keV). This approach has
been shown to be valid over the limited range
of densities in the thorax.

Alternative approach is based on separate
assessment by means of X-ray CT or MRI
(Figure A5). In case X-ray CT is used, the mu
map needs to be scaled in order to correspond
to that for emission isotope. Since energy for
general X-ray CT scanner is lower, simple
scaling may not be used. Segmentation and
scaling for each element are often employed for
providing mu map that corresponds to the
emission isotope. Similarly, MRI images may
be of use to generate mu maps, but require
segmentation and scaling procedures to
provide quantitative mu images that
correspond to the emission data set.
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Figure Ab5. Three typical procedures for
generating mu maps.
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Reconstruction algorithm used for attenuation

correction

Because of simplicity and speed, the filtered-
backprojection (FBP) algorithm is generally
employed in clinical SPECT studies. Although
FBP has been successful in X-ray CT and
provides accurate reconstructions in PET, it is
not ideal for quantitative SPECT
reconstruction. While a range of attenuation
correction algorithms have been proposed for
FBP reconstruction, these tend not to be exact
for non-uniform attenuation regions, such as
the thorax. The attenuation effects can be
readily included into statistical reconstruction
algorithms such as maximum likelihood-
expectation maximization (ML-EM), as shown
in Figure A6, and this approach potentially
provides a more accurate correction for
attenuation. ML-EM’s major disadvantage of
prohibitively long reconstruction time has been
largely overcome by increased power of current
generation nuclear medicine computers and
the introduction of accelerated algorithms. Of
the acceleration techniques, the ordered-subset
(OS) approach has been shown to be one of the
most effective, as this technique provides
stable and similar solutions to standard ML-
EM, and typically reduces computation time by
an order of magnitude by working on subsets of
projections at a time. This eliminates the main
disadvantage of standard ML-EM and makes
OS-EM the method of choice for clinical
quantitative SPECT studies. QSPECT program
therefore employs the OSEM approach.
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Iterative formulation in MLEM

Figure A6. Iterative reconstruction in
QSPECT by means of OSEM approach.

Seatter correction

For many years, attenuation was considered
the main source of artifacts in myocardial
SPECT studies and efforts have concentrated
on accurate attenuation correction. More
recently, it has been demonstrated that scatter
not only contributes to loss of contrast, but also
affects quantitative accuracy, and application
of attenuation correction without scatter
correction can introduce additional artifacts.

The QSPECT program employes a
Transmission-Dependent Convolution
Subtraction (TDCS) Method as a scatter
correction. This algorithm is essentially based
on the physical fact that the scatter fraction is
a function of attenuation factor, and the
greater attenuation, the larger amount of
scatter in the projection data. Example
procedure of TDCS is demonstrated for brain
study in the Figure A7.

Scatter Estimation by Use of Transmission

(2 X ©®

Scatter
Function

Emission
Prajection

Transmission
Projection

9

Estimated
Primary
Projection

Estimated
Scatter
Projection

Figure A7. Scatter estimation by wuse of
transmission data in TDCS.

A number of scatter correction techniques
have been proposed. These include techniques
based on using two or three windows (TEW),
which derive scatter from relative counts in the



auxiliary energy windows. Some improvement
in accuracy may be achieved by using a larger
number of windows or pixel by pixel energy
spectra. The relative merits of a range of
energy window techniques have recently been
compared by Buvat et al (1995). Convolution
subtraction techniques estimate the scatter
component by convolving the images with a
scatter function, but require the assumption of
a constant scatter fraction. Assuming a
constant, spatially invariant scatter fraction is
clearly not applicable in heterogeneous tissues
density regions, such as encountered in the
thorax. Convolution subtraction scatter
correction has thus been extended by Meikle et
al (1994) to estimate pixel by pixel scatter
fractions from the transmission data and by
the work of Ljungberg et al (1991) who used
Monte Carlo techniques to calculate the
required spatially variant scatter functions and
fractions. Appropriate scatter functions and
models can obviously also be directly included
in the model of iterative reconstruction
algorithms such as ML-EM.

Of the energy window based techniques, the
TEW method has been shown to achieve
reasonable quantitative accuracy under a
number of imaging conditions. Although only a
limited number of studies have focused on the
thorax region, TEW has the advantage that it
can be readily implemented on current
generation gamma cameras and does not
require careful instrument and patient
dependent calibration. One potential
disadvantage of energy window based
techniques for dynamic SPECT is the increased
noise introduced by the scatter estimation
derived from relatively small energy windows.
Convolution subtraction techniques are less
likely to suffer from this problem due to the
heavy smoothing introduced into the scatter
estimate by the convolution with the scatter
function. Transmission dependent convolution
subtraction (TDCS) has been shown to
potentially provide accurate scatter correction
for myocardial SPECT and is computationally
considerably less intensive than the Monte
Carlo techniques. We thus systematically
compared TEW with a modified TDCS for
scatter correction in the thorax both for 99mTc
(Narita et al., 1996) and 201T1 (Narita et al.,
1997) using Monte Carlo simulations and
phantom studies, with a specific aim of
applying them to dynamic SPECT.

The next 2 Figures show results from a
Monte Carlo simulation study which compared
TEW and TDCS scatter correction techniques.
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For the first Figure, a homogenous ring of
myocardium containing 201T1 was simulated in
a thorax derived from a clinical transmission
study. It can be seen that TDCS provides
accurate scatter correction, while TEW
overcorrects for scatter in the anterior region,
causing an apparent defect. Monte Carlo
simulation results for the more realistic MCAT
phantom are shown in the next Figure. Again
the image scatter corrected with TDCS agreed
better with the ideal image than that corrected
by TEW. Accuracy in the myocardium for the
TDCS corrected image was 4.3%, compared to -
16.2% for the TEW corrected image. The figure
also clearly demonstrates the superior noise
properties of TDCS over TEW. We concluded
from these studies that TDCS is a practical
method for scatter correcting dynamic SPECT
data, providing both improved accuracy and
less noise than TEW.

Scatter

\
O

Figure A8. Results of monte Carlo simulation for
chest phantom. 201T1 is filled in a homogeneous
ring area in thorax geometry, and reconstructed
images are compared for two scatter correction
techniques of TDCS and TEW. TDCS provided
better homogeneity than TEW, which is
attributed to the projection-angle dependency of
photon energy of the scatter. Greater amount of
scatter is subtracted in the anterior wall side,
attributed to the large angle scatter.

© @

No SC

Ideal (Broad p)

e © ©

TDCS(20%)  TDCS(34%) TEW

Figure A9. Results of Monte Carlo simulation
obtained from MCAT phantom geometry. In
this simulation propagation of statistical noise




was compared between TDCS and TEW, and
demonstrated that TDCS better statistical
property as compared with TEW.

Validity of radioactivity quantitation

The validity of QSPECT is demonstrated in
Figure A10, in which reconstructed p and 201T1]
images are shown for three cylindrical
phantoms with different diameters as well as a
ring phantom located in heterogeneous
attenuation material. In this experiment, the
transmission scan was performed using a
physically-collimated rod source system filled
with approximately 1 GBq of 9°mTc and fitted to
a parallel-beam collimated gamma camera.
The scatter in the emission projection data was
subtracted by the TDCS method, and the
images were reconstructed with OS-EM and
attenuation  correction. Each  phantom
contained the same concentration of 201TI]
(approximately 0.2 pCi/ml or 7.4 kBq/ml). Pixel
counts in the reconstructed images are
homogeneous, with no systematic differences
related to cylindrical phantom size. The
homogeneous radioactivity concentration in the
ring was also well reproduced in the
reconstructed images, despite heterogeneous
attenuation and scatter in the phantom,
confirming the validity of our approach for
heterogeneous regions. It should, however, be
noted that the estimated regional radioactivity
concentration in the ring phantom was
significantly smaller compared with that in the
uniform cylindrical phantoms, although the
ring phantom contained the same radioactivity
concentration as the other phantoms. This is
due to the partial volume effect discussed
above, which has not been corrected for in
these reconstructions. It is also worth noting
that depth dependent resolution effects, which
should cause non-uniformity in  the
reconstructed ring, are not evident in this
experiment. This is most likely due to the fact
that geometric mean data were reconstructed
(inherently generated by TDCS scatter
correction), which reduces the effects of depth
dependent resolution.

The reconstructed p  images  were
homogeneous for all phantoms, and yielded a
quantitative p value of 0.154 cm! for 99mTc,
which is in good agreement with the
theoretically expected value for 140 keV
photons in water. This further confirms the
validity of quantitative p map measurement
using the transmission system.
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Figure A10. Results of cylindrical phantom
experiments. The left three phantoms are
uniform cylinders with different diameters filled
with 201T1., The right phantom contains 201TI in

the homogeneous ring region.

Another example to validate the QSPECT
reconstruction is demonstrated in Figure All,
in which 201T1 was filled in a cylindrical and
ring areas placed in attenuation materials
which simulate thorax. It is obvious that the
reconstructed image was not homogeneous in a
ring region, neither in a cylinder region, if no
correction was applied for attenuation or
scatter (NoAC, NoSC). Homogeneity was
improved  significantly by  attenuation
correction alone (AC, NoSC), but still limited in
a ring vregion. Best reconstruction was
confirmed when both corrections are applied
for attenuation and scatter (AC, SC).

s

p-map  NoAC, NoSC

Figure All. Results from a chest phantom
experiment with 201T] in myocardial ring and
cylindrical liver regions.

AC, SC

Clinical study

Figure A12 shows representative 201T1
myocardial slices, at the mid-ventricular level,
from a normal volunteer using a conventional
2-head gamma camera (Toshiba GCA-7200A,
Tokyo, Japan), which demonstrate the effects of
attenuation and scatter corrections. Without
attenuation correction, a large defect is



apparent in the posterior wall for both the 180
and 360 degree reconstructions. This is
attributed to the larger attenuation of photons
emitted from deep structures. Attenuation
correction without scatter correction
overcompensates the posterior wall counts,

causing an apparent defect in the anterior wall.

After correcting for both attenuation and
scatter, the nearly homogeneous counts
expected for a normal volunteer, are obtained
along the myocardial wall. It is clear from
these images that both attenuation and scatter
corrections are essential in order to calculate
images for quantitative assessment.

No AC, No SC
(360 degree)

®

No AC, No SC
(180 degree)

[%

pby TGT

¢ J

AC, NoSC
Normal Volunteer
95.8008 .@

22 yr (male)

@

Figure A12. Results from a normal volunteer
study with 201T1.

Figure A13 shows sequential images
following intra-venous injection of 201T1 (111
MBq) obtained from the same normal
volunteer using the same equipment. In this
measurement, the detectors were continuously
rotated to provide a complete SPECT
projection data set every 15 seconds. The
projection data sets were summed into 10 x 2
min frames, followed by 5 x 4 min frames and
finally 9 x 5 min frames for a total acquisition
time of approximately 85 min. The images
were reconstructed with our quantitative
SPECT approach outlined above. These images
demonstrate that our quantitative approach is
also applicable to dynamic SPECT studies,
without undue amplification of noise. These
dynamic images form the prerequisite to
analyze the kinetics of 201T1 in each myocardial
region, and thus quantitative estimates of the
physiologically-meaningful parameters can be
performed based on a mathematical
compartmental model. Regional myocardial
blood flow and distribution volume for 201T1 can
also be calculated according to a
compartmental model analysis as has been
successfully done in PET. The influx rate
constant, namely Ki represent the absolute
regional myocardial blood flow, and Vd denotes
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the ability of retaining 201TI in tissue relative
to the blood (see below).

Figure A13. Sequential images of myocardial
region following i.v. 201T] in a normal volunteer.

K; (Myocardial Blood Flow)

V, (Distribution Volume)

Table Lookup -1 Point Population IF

-
)

Figure Al14. Quantitative mapping of absolute
myocardial blood flow (K; mL/min/mL) and
reginal volume of distribution (mZL/mIL) for
201T] obtained from a dynamic SPECT scan on
a normal volunteer.

One of the prerequisites for kinetic analysis
is that quantitative SPECT provides
reconstructed counts which are directly
proportional to the activity concentration in
the tissue. Thus an increase in activity
concentration due to, for example, increased
blood flow should cause a corresponding
increase in the reconstructed counts. Figure
A15 plots regional time-activity curves
obtained from a series of dog experiments at
rest (n=2) and during constant intravenous
administration of adenosine (n=1) and beta-
blocker (n=1). It is apparent that the regional
radioactivity curves correspond well with the
physiological conditions introduced by the drug
administration. When flow is increased by
adenosine infusion, the quantitative SPECT
reconstruction correctly identifies increased
absolute 201T1 radioactivity accumulation rate
as well as increased washout rate. During
beta-blocker infusion, the 201T] uptake is



suppressed and clearance rate is also reduced.
As shown Figure A16, the MBF values
calculated with the compartment model
analysis agreed well with those determined
from the in vitro microsphere experiment in a
canine model for a physiologically wide range.
The approach has further been validated in a
split-dose protocol on pigs, as shown in Figure
A17. These findings strongly support the use of
clinical SPECT systems for absolute
quantitation of MBF at rest and even the
coronary flow reserve in man.
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during adenosine infusion
(n=1), and after beta-blocker administration
(n=1).
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Figure A16. Quantitative mapping of absolute
myocardial blood flow (K; mL/min/mL) and
reginal

Split-Dose MBF estimation for Pig SPECT MBF values by Split-Dose SPECT
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Figure A17. Quantitative mapping of absolute
myocardial blood flow (K: mL/min/mI) and
reginal
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Potential of Kinetic analysis

201T1 is well recognized as a potassium
analogue, and its kinetics have been
extensively investigated. Due to a high
transcapillary extraction fraction, it is rapidly
accumulated into the myocardial tissue, and
initial regional uptake of this tracer
predominantly reflects regional blood flow.
201T1  clears rapidly from arterial blood,
reducing delivery of tracer to the myocardium.
When an equilibrium between myocardium
and blood 20'T1 concentration is reached, the
myocardial concentration of 201T1 no longer
reflects flow, but the myocardium’s ability to
retain 201T] and is related to the number of
myocytes with maintained membrane potential
in a given volume of myocardium. This
equilibrium uptake is related to the volume of
distribution (Va [ml/ml]) parameter used in
kinetic modeling. Thus behavior of 201T] varied
largely dependent on
physiologic/pathophysiologic status of the
myocardium, such as for normal, ischemic and
infarcted regions. In normal myocardium,
there is rapid initial uptake reflecting normal
flow, followed by slow clearance towards
equilibrium. For ischemic myocardium with
maintained cell potential, initial uptake is low
due to low flow, and uptake continues towards
the same equilibrium as normal myocardium
(redistribution). In infarcted areas, reduced
flow causes initial reduced uptake and loss of
cell membrane potential causes loss of ability
to retain 201T1 and increased clearance rate.
Thus delayed images at 3-4 hours and up to 24
hours are used clinically to differentiate
reduced flow, but viable (normal Va) areas from
infarcted regions which also have reduced flow,
but also reduced Va. It should be noted that,
given the slow kinetics of 201TI, equilibrium is
not necessarily achieved within 3-4 hours, thus
the delayed images contain a mixture of flow
and Vq information. Images at 24 hours better
reflect Vg, but suffer from poor counting
statistics and the inconvenience of the patient
having to attend on another day. Thus one of
the main attractions of kinetic analysis of
dynamic data is its potential to separate flow
and Va components, providing true flow and
true equilibrium (Va) images. Quantitative
dynamic SPECT reconstruction should have
high potential to extract such physiologic
parameters.

Conclusion



Theoretical background, validation and
potential application of QSPECT have been
described. Accurate quantitation of regional
radioactivity concentration 1is feasible in
SPECT using appropriate reconstruction,
attenuation and scatter correction techniques,
as has been demonstrated by our Monte Carlo
simulations and phantom studies. The
increased sensitivity of multi-head cameras
and improvements n reconstruction
algorithms allowed the kinetic analysis to be
accurately assessed, making application of a
mathematical compartmental model feasible. It
has been suggested that SPECT has the
potential for absolute quantitation of bio-
physiological functions noninvasively in
clinical studies. The QSPECT program should
have a number applicability in clinical
research using various SPECT tracers.
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