Specification of QSPECT
program

Reconstruction is carried out according
to OSEM with attenuation correction.
Projection data should be geometric-mean
(GM) for parallel-beam.

Transmission-dependent convolution
subtraction TDCS) method has been
employed as scatter correction.

Attenuation-to-scatter fraction tables are
presented for 99mTc, 201T] 123] isotopes. The
table for 123  includes  collimator
penetration process determined empirically
for wvarious collimators from various
manufacturers.

pmap from TCT (or edge-detection for
brain).

Mmap generated from X-ray CT ma also
be of use

Pixel counts are presented in units of
Bg/mL.(BCF (Bq Calibration Factor) needs
to be defined prior to use)

Pixel counts (Bq/mL) are independent of
- Scan duration

- The number of heads

- Kinds of collimator

- Pixel size (64x64 or 128x128 etc)

- Radioisotope

- Manufacturer

- etc

JAVA interface, with C code as the

foundation.
R/W  format: Dicom, Analyze, and
Dr.View.

Runs on Windows (XP) with JAVA 1.4.1

or more. CPU 3GHz. Memory 512 MB.
Disk space>30MB. Display > XGA (1024x768).
. Emission Projection File should be
- Uniformity corrected.
- Parallel-beam (need to be converted to
parallel-beam equivalent if acquired by
fanbeam collimator)
- File format should be Dicom, Analyze or
Dr.View
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1. Input Files

a) Projection file

File name should have 18 characters as a
general rule. Maximum 23 characters.
Our rule is as follows.

File Name : [patient
ID]_[date]_[modality]_[type].(ext)
- Patient ID : 7 characters

- Date ! 3 characters (ymd : year-month-

day)
- Modality : 1 character
- Type: 4 characters (2 characters for
acquisition, 2 characters for study)
- Ext ! Extension (dem for DICOM,
hdr/img for ANALYZE)
Example)

1234567_44b_s_plsr.dem
Patient ID : 1234567
Study date : 11 April 2004
Acquisition equipment : SPECT
Data type : reconstructed static
image from 1st static scan data

Data format should be either Dicom, Analyze
or Dr.View.

b) Attenuation mu-map file

This program can read mu-map for given
radioisotopes. This file should be in Analyze
format, and should have units of cm'l. Pixel
counts may be approxmimately 0.15 for 99mTc
in water. Two-dimensional mu-maps should be
defined at each slice pixel in the projection
data.

The mu-map may also be generated in this
program by defining edge of attenuation-
uncorrected FBP images. This option may be
used for some brain studies.

2. Temporary Files

File format is ANALYZE.
[img-filername]_UNIMAP: uniform
attenuation-map generated by using edge-
detection (if mu-map is defined by edge-
detection program)

l[img-file-name]_Scat: Estimated scatter-
component projection

[img-file-name]_Prim: Scatter-corrected
projection (with geometric mean typed)



[img-file-name]_ACSC: Reconstructed image
with attenuation + scatter correction

[img-file-name]_NoAC: Reconstructed image
with no attenuation using FBP

[img-file-name] _UNIMAP_MuAP:
Transmission projection calculated from Mu
map

3. Output File

Output file name can be defined in the user-
interface window. Default file name is defined
by replacing 18th character with "r". File
format is the same as input file format(Dicom,
Analyze, Dr.View).

Input file- - -ex) 1234567_44b_s_ils_.img
Output file ( default ) - - -+ ex )
1234567_44b_s_ilsr.img

4. Parameter Files

def.txt: Default parameters are saved
into this file by [File]->[Default]->[Save].
Thickness, Pitch, Iteration, Subset, Camera
Rotation, Start Angle, Head-In/Feet-In,
Emission Isotope, Transmission Isotope, BCF,
TDCS parameter, Threshold(%), Mu-value,
cm!

env.txt: Parameter set by [Settings]-
>[Options| are save into this file. Data
directory, temporary directory etc.

para.txt: Parameter values set on the menu
window are saved into this file. Slice Select.
Scan Information, OSEM Parameter, etc

QSPECT__000_S_BCF.txt:Bequerrel
calibration factor (BCF)

QSPECT__000_S_BCF_Default.txt: BCF
defaults

[image-file-name].time:

Number of frames. Acquisition time for each
view for each frame, Number of Heads

5. Definition of acquisition setting
QSPECT has an original definition of axis of

coordinates. You should set up parameters
(camera-rotation, start-angle, subject-position)
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so as to show projection as below.

180°
-~ »—
EET——————e S —
0 hed v\>\
] w2 tew
SPECT head

o’ 270°

Projection data should be displayed as in this
figure in the main menu window. Set three
parameters of camera-rotation, start-angle,
subject-position, so as to display as this.

£ Start . i
Rotation ol Orientation

. o
?& = ‘ - - ! CW 0 Headdin
‘ - L o ‘ - “ CW 90 Headin

\‘& "w "@" ‘ CCW 0 Headin
VG\ e q - - ’ W o0 Feet-in

Example of set-up parameters (Rotation, Start
Angle, Orientation)

Operation of the program

1. Settings

a) BCF (Becquerel Calibration Factor)

Prior to use QSPECT, BCF needs to be defined.
This can be done by scanning a small syringe of
known radioactivity, typically supplied from
radio-pharmaceutical companies.

Projection data

SPECT Acquisition

Slice
} selection

Reconstiucted Image

Total counts (= mean X no of pixels)<=1=" :

BCF (Bq Calib Factor) = 4 / Total




To define BCF in QSPECT, select BCF
reconstruction menu in Settings, and do
reconstruction for a single-slice projection that
covers the whole activity. BCF can then be
calculated as the true radioactivity over the
pixel counts of the reconstructed image.

s btamn || mcuckror

OSEM Pt emter 7

1 ‘ ”./ = % |
. 15 of Beraten ) -
S = He o Bkt ] l (2)6cm ROI

wilth (mm)  helght lam) 2t

G €000

Creats AOL |
xdm 128 e 1R
yoimi18 sce 172 (o)

218440 /10080 HSIIJ +
| e ®To BCF

(3)Click center - | “calculation menu
of the point - =
source ] r—
¥ L4 fres 53 we 0G4 wat 11610 min: A010 oial EBI— WH)C0
Settings—BCF reconstruction e I J o In RO
Hot Source Projection Data
’s | Selectrile |
1 +» BGF reconstruction :. '_-J \ﬂ' (1)Total activity
| | D¥SampleData¥ZZBGFO001 46u_m plsphde '-' [f] /
i ' Slice Select = Calc BGF — I/ "
‘ tice Froms| g :
::;: T:"m Select slice "Lim (Csmio E123 2z BOF 0406 vl [ tosd Y[/ Detete | :.;
- Scan Information Total pixel courts of poirk map : 586370 /7 courts EAutomaﬁc
Gamera Rotation : oW v Total activty: 2 veq calculation of BCF
I Start Angle : 0 Isotope © 23 v |
0 OSEM Parameter ‘ BCF [] Direct input 37519 (BakrL.
5 No. of Iteration 2 Comeent ZZ BOF 040630
= day of Subset 3 ‘ Add [ vpdate S [ ohose | ,‘
(3) Register new BCF |
; —r— -

Time sequence [T:fr'nnielé}b;
(#of frames, time/view, #of heads) .

Columns in Time sequence need to be filled as:
The number of frames (1 if single time frame)
Acquisition time (sec)/View
Number of heads (SPECT cameras)

BCF((Bg/mL)/(counts/sec)):
BCF=(Time activity (MBq)).”
(Total pixel count of point map (counts))

b) TDCS parameter for 1231

TDCS scatter correction technique requires a
previously-determined attenuation-to-scatter
fraction table for each isotope. Previous studies
demonstrated that collimator dependency of
this table was minimal, and virtually the same
table can be applied to most isotopes such as
99mTc and 201T1. 1231 has a unique problem
associated with the penetration of high-energy
photons which cause large background over the
whole field-of-view. TDCS algorithm could
include empirically this fraction by defining a
constant background in the attenuation-to-
scatter fraction table. However, this constant
significantly depends on the design parameters
of the collimator. The QSPECT program
includes several tables for most commercially
available collimators. Chose appropriate TDCS
parameter values in Settings, if one wish to
use QSPECT for 123 compounds. This is
needed only for 123I, but the same parameter
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sets can practically be applied to other istopes
such as 201T] and 99mTec,

¢) Data Directory
Default directories can be set by selecting
Options in Settings.

2. Image Reconstruction

To run:
QSPECT->QSPECT Reconstruction

1. Select Emission Projection File:
QSPECT can load multiple image files to
reconstruct images using a common mu-map
data.

Time sequence (i7of frames,
acquisition period for each
WosricT pmjﬁcuon, #of head)

e Gaegs Tep

Ermixsion Projection Fl

( = )
| Generate j map

2. Confirm and set scan information
CCW/CW CW (clockwise) or CCW
(counterclockwise)

Start angle 0 or 90 or 180 or —90 only
Head/feet-in

Matrix size  (displayed automatically by use
of data information)

# of frames  (displayed automatically by use
of data information)

# of projections (displayed automatically
by use of data information)

Emission istope (TDCS parameters will
automatically defined)

Transmission isotope
BCF value

3. Define reconstruction parameters
Slice From:

Slice To:
Thickness: unit of pixel
Pitch: unit of pixel

No. of planes (determined automatically)
No. of frame unit of integer
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4. OSEM Parameter
No. of Iteration:

No. of Subset:
Attenuation Map File:

5. Generating Mu-map

This menu can be used to define previously-
determined attenuation mu map. The mu map
can be superimposed to emission images
reconstructed without attenuation or scatter
correction by FBP, so that the mu map is
obtained at the consistent position with
emission data.

Reconstruction of
emission image by FBP

+» QSPECT - Generating Mu-map

SE )
W ooy GonoratopuMop
o ‘@ l Emission imaze ] I Reonst. Emission image } |
l Ma-map ] [ Reconst Mu-map i
| =2 e
et 05 Mu-value® Brain v|
4‘ em~1w
[ Load Mu-msp M
I
Owr [OfF8 [JHF I
"QQSPEGT - Generatineg Mu-map = »
. Display Generate Mu-Map
. [ Emission imaee l lf . Reconst Ev;irsm image l
[ Mu-map l | Reconst. Mu-map J
= I Overlap Theeshold 00+ | 20
Mu-value® Brain v]
05
-' e em=1)
| - —
/ Owr [Ofs [JHE
[ cancet || oK
Load existing
K map
QQSLPE(?T - Ganaryth( Mu-map L;, EBI

- Display Generate Mu-Map

[ Emssionimsse | | [ Reconst Emissionimate |
Reconst. Mu-map I

( Ma-map J 11

Overlsp | Threshold (0+ |20

Mu-valust Brain vl

apha as
3] em=1)
Superimpose | toed theme |
© map with OtR  [IF8  [IHF
emission image cancel J[_ok_ ]

Lol

Set mu map for further
reconstruction




Mu map images can be flipped by selecting LR,
FB, and HF switches

LR: Left or Right

FB: Front or Back

HF: Head or Foot
Multiple columns can be selected, and after
finding the suitable direction, click OK. The
mu image can be coordinated so as to become
consistent with the emission projection data. .
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. Display Generate Mu-Map
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=
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| P‘- [ Mu-map ] [ Recenst. Mu-map J ‘
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=9 QSPECT - Generating Mu-map
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Edge detection technique can also be applied to

generate a mu map. Ths option generate a 6. Reconstruction
uniform-map from emission projection data by
means of an edge-detection algorithm. Click Run to start QSPECT reconstruction.
Reconstruction of ‘ Reconstructed image can be displayed by
P S "‘""“"’% pushing button of "View Results".
B oo ] Generato Mu- |

[ Fiaiinieci o ) l Paconat Eaiasin inace - (= Toisl
A 8 'ccnnslrlldlo
Pecondt Moo <=1 6 12 map by

I hepowe @ | edge detectlon
§ Mvake® Ban v] 1

o'd e Cmli i
- A —
Lol thet 2 ( Losd Mo ] &
Superimpose ‘
- map with
emission image

[ Coxet ] ok | 1‘

|
Set mu map for further
reconstruction

Define optimal threshold(%) for edge detection.
Define Mu-value suitable for give emission
1sotop

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) =JO/Es
first deta §
| C\QSPECT_DATAtoranomon\ATTMADO1_CTOO1 dem &

output file name
| C\QSPECT_DATAtoranomon\ATTMADOT _CT hdr

[ Combination ] [ 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 mabp 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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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:

_JQSPECT Setup 20081016 R ———_ Y
7O BRD ETYW BRANQ =40 AW

Oom-Q ¥ Puws o [
2 0WISPECThack see SenglB101GHISFECT Sap 2051016 eI

‘numuumo Al i @ Q'J % D } ﬁ

2 BUAIETRTY FasMWEe habiAEre SapectBxe  cenpers)  Saipecthi  Ospectmn
' 79 )% Web L2 el . |
! ﬂmwm 133 M8 4 212

@"a’“s?féf B ——— ABE x|

Welcome to the QSPECT Setup Wizard % ]
i

The installer vl guide you thiough the steps required to install OSPECT on your computer. ﬁ'

WARNING: This computer program is protected by copynight law and ntemational b
Unauthorized dupbcation of dwhmd&up'wmuwwmdimyrm‘ mecml
ot criminal penalties, and vall be prosecuted to the masimum extent possible under
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Example data

QSPECT

CBF
(13[-IMP)

D2 Dopamine
(13[-IBF)

MBF
(2'TI-TICI)

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 Scatter

[T, | [T

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.

o

|
|
Projection Data . |

Estimation of attenuation map

Scatter Correction by TDCS
(Transmission-Dependent *

TCT projection

Convolution Subtraction)

Image reconstruction by OSEM

Accurate regional radioactivity map
8 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.

& mil/min/100g

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.

Attenuation factor

_ e—#-La % e—u-Lb

— e— p(La+Ly)



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 1is required. The
required distribution of the attenuation factors
(up-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 1in 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 rod 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),
99mTe (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 201T]
myocardial study is performed using 9mTc, the
p maps from the 99mTc 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 A5. Three typical procedures for Figure A6. Iterative reconstruction in
generating mu maps. QSPECT by means of OSEM approach.
Scatter correction

Final image

Reconstruction algorithm used for attenuation . )
For many years, attenuation was considered

correction 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.

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 The QSPECT program employes a
correction algorithms have been proposed for Transmission-Dependent { omenluition
FBP reconstruction, these tend not to be exact Sibteaction (TDCS) Method as a scatbor

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 e _

(OS) approach has been shown to be one of the ,E::fz,'f:c'f,-";,, Rt Lfg};i’:;?,f’a"
most effective, as this technique provides
stable and similar solutions to standard ML
EM, and typically reduces computation time by

S a -~ e
an order of magnitude by working on subsets of El .
projections at a time. This eliminates the main bl

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

; ; Esth d
disadvantage of standard ML-EM and makes ’;ﬁ,’{;;",fe" Pi::'::::t;
OS-EM the method of choice for -clinical Projection FroJection
quantitative SPECT studies. QSPECT program Figure A7. Scatter estimation by use of

therefore employs the OSEM approach. 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
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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 201T] 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.
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Figure A8. Results of monte Carlo simulation for
chest phantom. 201T] 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.
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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 99mTc 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 201T]
(approximately 0.2 pCi/ml or 7.4 kBg/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 1in 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 201T] 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 region. Best reconstruction was
confirmed when both corrections are applied
for attenuation and scatter (AC, SC).

AC. NoSC

Wp;map NOAC, NoSC AC, SC
Figure All. Results from a chest phantom
experiment with 201T1 in myocardial ring and

cylindrical liver regions.

Clinical study

Figure A12 shows representative 201TI]
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 1is
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)

m [

AC, NoSC

Normal Volunteer
958008 O @

22 yr (male)

Figure A12. Results from a normal volunteer
study with 2011,

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 201T1 in tissue relative
to the blood (see below).

Figure A13. Sequential images of myocardial
region following 1i.v. 201T1 in a normal volunteer.

K; (Myocardial Blood Flow)
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Figure Al4. Quantitative mapping of absolute
myocardial blood flow (K; mL/min/mL) and
reginal volume of distribution (mZ/ml) 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
Al15 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 201T] radioactivity accumulation rate
as well as increased washout rate. During
beta-blocker infusion, the 201T1 wuptake 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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Figure A16. Quantitative mapping of absolute
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Potential of Kinetic analysis

201T] 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 201T1 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 201T1 varied
largely dependent on
physiologic/pathophysiologic status of the
myocardium, such as for normal, ischemic and
infarcted regions. In mnormal 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 wused 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 V4, 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 (Vo) 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 is 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 in 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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