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WHY ATTENUATION CORRECTION?

Attenuation correction is aimed at providing improved
quantification of tomographic myocardial images, by
measuring and correcting for the attenuation from tissue
surrounding the myocardium [1, 2]. Attenuation correction
has been initially proven on the Optima NX.

Myocardial imaging with thallium-201 and technetium-99m
is susceptible to artifacts caused by attenuation of the low
energy (72 keV & 140 keV) gamma rays emitted from the
patient. Decreased image activity in the anterior and upper
septal walls can be caused by increased breast attenuation.
Also, decreased image activity in the inferior wall can be
produced by diaphragmatic attenuation [3]. Attenuation
correction reduces the artifactual decrease in activity caused
by attenuation, so that the image appearance more accurately
represents the actual activity in the myocardium. Thus,
attenuation correction leads to improved quantitation,
improved image quality, and may lead to improved specificity
for myocardial perfusion.

While the attenuation effects seen on many perfusion scans
can be interpreted correctly through references to normal
images and through training [9], correction of the attenua-
tion artifacts caused by variation between patients may
improve the specificity of the imaging technique [4]. The
Optima NX provides attenuation correction with little effect
on patient throughput, scan time, and patient dose.



TRANSMISSION SCANNING

In order to correct for attenuation in
the thorax, the shape and attenuation
of the organs in the thoracic cavity must
be known. The lungs, breast tissue, and
myocardium are significantly different
in their attenuation.

The attenuation is measured by
detecting the photons from a
transmission source that travel through
a patient. The transmission source is
done at a range of angles, using an
acquisition similar to that for a step and
shoot SPECT acquisition. This data is
reconstructed to obtain the attenuation
coefficients in the transaxial sections.

The Optima NX system provides the
most efficient way of acquiring 180°
cardiac SPECT data with its two detectors
at 90° orientation. The dual transmission
source design [5, 6, 7] allows a similar
acquisition of the transmission data
(Figure 1).

Transmission Scan Hardware
On the Optima NX, a long lived Figure 1: Optima NX

collimated rod source of Gadolinium-153

(Gd-153) is used. Gd-153 has a half life

of 242 days with an emission energy of

100 keV. The source is solid sealed and

has an initial activity of 18.5 GBq

(500 mCi). To reduce patient exposure

from the low energy (41 keV - 49 keV)

gamma rays, a 0.5 mm thick copper strip

is permanently fixed to the collimator

aperture. An additional 2 mm thick

copper filter reduces the effective activity

to 9.25 GBq (250 mCi) for scanning

purposes. After approximately one half

life, the filter strip is removed. This

allows the full strength of the remaining

activity to be used for an additional half

life, thus extending the useful life of

the source.



The Gd-153 source is contained in a
collimated enclosure and is shielded
when not in use. The source, collimator,
and scanning mechanism are enclosed
in a flat scan box, which is mounted on
the Optima NX gantry. Two Optima NX
transmission scanning drives are perma-
nently installed in the scanning boxes
and do not interfere with other imaging
exams nor routine operator quality
control. The two identical scan boxes
are mounted on the gantry opposite
each detector, allowing for acquisitions
of 180° SPECT data with a 90° gantry
rotation. Since the scan boxes are
permanently attached to the gantry, the
operator does not have to spend time
attaching and removing these devices.

Optima two-detector
system demonstrating
parallel-beam
transmission imaging with
truncation-free scanning

Three-detector

system demonstrating
fan-beam transmission
scanning

With the Optima NX, the transmission
and emission scans are performed with
the same detector collimators (e.g. LEHR,
LEGP) that are already present on the
system. There are no additional hardware
modifications required regardless of the
acquisition type, either Sequential, Simul-
taneous or Simultaneous Interleaved. (See
Transmission/Emission Acquisition for
details). Also, there is no need to
change to a fan beam collimator [8] as
seen with some gamma camera systems
(Figure 2).

DETECTOR 2
SOURCE 2

ROD SOURCES

POINT SOURCE

FAN BEAM COLLIMATOR* FAN BEAM COLLIMATOR*

FAN BEAM COLLIMATOR*

* NON-STANDARD COLLIMATORS

Figure 2: Comparison of an Optima NX with a Triple Head Camera



The transmission source is aligned
along the transverse axis and is scanned
along the long axis of the patient. The
source and its collimator scan are under
computer control. A line source within
each scan box moves away from the
gantry during one transmission acquisi-
tion and then towards the gantry on the
next acquisition (Figure 3). Beams of
100 keV gamma rays from the two sources
pass through the patient and are detected
by the two opposing Optima NX
detectors.

Transmission Scan Mask

An electronic transmission scan mask
is available for all transmission scanning
as described below. One of its main
purposes is to reduce the crosstalk from
the emission scan into the transmission
image [9].

0 The width of the transmission mask
in the line source (X) direction is the
entire detector field of view (Figure 4).

Mask Size

(¥)

Mask Width ~ (X)

Figure 4: Electronic Masking
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L LONGITUDINAL SCAN DIRECTION

Transmission Imaging with Dual
Scanning Gd-153 Line Sources

Figure 3: Attenuation Correction on the Optima NX

O The size of the transmission mask in the
scanning (Y) direction is adjustable
between 20 mm to 80 mm. This size is
set in the acquisition templates as a
function of the collimator selected.

O The transmission mask can be either
positive or negative. Characteristics of
these masks are described in Table 1.

Electronic masking in combination with energy discrimination
is used to discriminate between transmission and emission
events. For example, in Region 1, any 100 keV event
detected must be scatter from either the 140 keV technetium
peak or the 167 keV thallium peak.

<«<— Line Source

REGION POSITIVE MASK NEGATIVE MASK

1 - Counts from patient Accepted

2 - Counts from patient & transmission source Accepted Rejected

Table 1: Mask Comparisons



Transmission Scan Dosimetry

Figure 5 shows dose measurements
for a typical 32 stop, 5 second, dual
source transmission scan of a thorax
phantom. A maximum exposure of
2.88 microSeiverts (.288 mRems) was
measured at the right posterior surface
of the phantom. This position corres-
ponds to the center of the transmission
scan arc. A corresponding skin dose is
less than 1/6 of a routine chest x-ray.

The patient radiation exposure from
the injected radiopharmaceutical used
for the emission scan is much greater
than from the transmission scan even
though the activity injected into the
patient is much less than the activity of
Gadolinium-153. This is because the
radiopharmaceutical can remain in
critical organs for many hours subjecting
the patient to a continuous exposure as
the radioisotope decays or is cleared
from the body. For example, the
exposure to the kidneys from a thallium
injection is estimated at 2 Rads per mCi
or 20 mGy per 37 MBq [10].

ax o)

Figure 6: Radiation leakage from a scan box

24

Maximum dose at center
of transmission scan arc

Figure 5: Radiation Exposure in microSeiverts

When the sources are “parked” (not
scanning), there is no significant radia-
tion leakage from the scan boxes. The
dose rate, 1 meter from the box is less
than 1 microSievert/hr (0.1 mRem/hr)
and is less than 2 microSeiverts/hr
(0.2 mRem/hr) at the surface of the box.

When the source is scanning, the
collimation directs the radiation toward
the detector as indicated by the solid
arrows (Figure 6). However, some
radiation will appear around the edge
of the detector as indicated by the longer
solid arrow. There is no significant
radiation emanating from the back of
the scan box as indicated by the dashed
arrows.



TRANSMISSION/EMISSION ACQUISITIONS

The main types of scan data acquired
for attenuation correction are the
emission and transmission images:

O Emission images contain gamma rays
emitted from the radiopharma-
ceutical injected into the patient.

O Transmission images contain the
100 keV photons emitted by the rod
source as transmitted through the
patient. When a transmission scan is
performed on a patient already
injected with the radiopharmaceuti-
cal, it is possible to acquire both the
emission and transmission data into
separate image sets.

Additional images are acquired to
correct for “crosstalk” and scatter:

O Crosstalk data contains photons that
have spilled down from the 140 keV
window (for technetium) into the
100 keV window. Crosstalk is acquired
with the transmission source parked
and is used to estimate the emission
scatter into the transmission window.

O Scatter data contains scattered
photons that have been detected
from within the patient. (See Tables
4 and 5 for more details).

The tomographic data can be acquired
in three ways:

O Sequential acquisitions, where a
separate tomographic scan is
performed for each emission and
transmission scan.

O Simultaneous acquisitions, where both
the emission and transmission images
are acquired at the same time per view
and in one tomographic rotation [11].

O Simultaneous Interleaved acquisitions,
where both the emission and
transmission images are acquired
sequentially per each view and in one
tomographic rotation.

Each of the three methods have distinct
advantages and disadvantages. These are
listed in Table 2. The main advantage of
the Sequential method is uncontamina-
ted emission data. The standard protocol
used for non-attenuation corrected data
can be used for the emission acquisition.
It does have major drawbacks of taking a
longer time to complete and photon
registration in situations with patient
motion, cardiac creep, and movement of
internal organs between the emission
and transmission scans.

Simultaneous transmission and
emission scanning virtually eliminate
any problems of patient motion or cardiac
movement/creep in the thorax [12].
However, there is some scatter or cross-
contamination between the emission
and transmission data. Since the acqui-
sition parameters, such as time per view,
must be the same for both the emission
and transmission scans with the Simul-
taneous method, there may be some
modifications required for the emission
protocol. Furthermore, gated imaging
cannot be performed



Simultaneous Interleaved acquisition
combines the advantages of the previous
method while avoiding the disadvantages.
With this type of acquisition, the emission
scan is acquired typically for 20 seconds
followed immediately by a 5 second trans-
mission scan for each tomographic view.

METHOD ADVANTAGES DISADVANTAGES
Sequential Uncontaminated emission data  Timing: two separate
acquisitions
h dThe Ognm:lN;( Gated acquisitions Photon registration between
argware IS‘? el acquisitions; (patient motion)
perform Sequential and
Simultaneous Interleaved Simultaneous Timing: one acquisition Emission contamination with
methods using multiple transmission data
energy acquisitions - . . N q .
and electronic oton reg_lstratlon occurs at 0 gated acquisitions
. . the same time
masking to acquire the
transmission and Simultaneous Interleaved Timing: one acquisition
emission data into
separate images. Photon registration occurs at

the same time

Uncontaminated emission data

Gated acquisitions

Table 2: Acquisition Method Comparisons

Sequential Emission/Transmission
Scanning

The Sequential acquisition requires The transmission tomographic scan is
separate emission and transmission scans. St for 5 sec/stop. It has been found that
For the Optima NX, two 90 degree rota- a transmission scan time of 5 sec per stop
tions are required. The emission scan can  is sufficient, even for obese patients [2].
be either a gated or non-gated acquisition.
The acquisition parameters are the same
for both scans, except for the radionuclide
dependent parameters and the scan
time. Depending upon the procedure
and radiopharmaceutical, the emission
tomographic scan is set (e.g. 20 sec/stop).



Simultaneous Interleaved
Emission/Transmission Scanning
The Simultaneous Interleaved
acquisition permits the acquisition of
the same type of data as obtained in
Sequential emission/transmission
scanning. However, the emission and
transmission scans are both performed
sequentially in one view at a time. The
Simultaneous Interleaved method is
faster than the Sequential because only
one rotation is required.
The data collection scheme is illustrated
in Table 3 and shows the acquisition
data in two phases for each view. All the
acquisitions have the same image
parameters such as matrix size, zoom,
etc., and the two phases use the same
energy set definitions, denoted as ES1
through ES4 in the table. (Note: Although
the emission acquisition can be either

gated or non-gated, Table 3 provides
information on non-gated imaging data.)

During each time period, data is
acquired into all of the energy sets. The
acquisition time for each view is divided
into two parts:

O The first part occurs when the trans-
mission source is off and the emission,
crosstalk, and scatter data are being
acquired. No scan mask definitions
are applicable since the source is off.

O The second part occurs when the
source is scanning and transmission,
emission and scatter data are being
acquired. The scan mask defined for
each set (positive, negative, none) is
applied during the scanning phase.
(See the section on Transmission
Scan Mask).

For ViewAcquisition Time Rotate 1
Each Next
View View

| Transmission
—— Source Parked
| Scan Mask OFF

ES1 Emission Energies

above 100keV Emission Data 1

ES2 Emission Energies

below 100keV Emission Data 3

ES3 Transmission Source

Energy window 100keV Crosstalk Data

ES4 Scatter Scatter Data 1

Transmission
Source Scanning

No Scan Mask

Emission Data 2

Negative Mask

Emission Data 4

Positive Scan Mask

Transmission

Negative Mask

Scatter Data 2

Table 3: Simultaneous Interleaved Emission/Transmission Data Acquisition Scheme

The data is stored in one Series containing up to eight non-gated image sets. Each image set is

10 stored as a tomographic data type, which can be individually selected for cine and review.



Depending on the radionuclide used,
the acquisition produces different
energy sets for processing. The
radionuclides, Tc-99m and TI-201, and
their acquisition characteristics are
listed in Tables 4 and 5.

On the Optima NX, technetium
acquisitions typically use the LEHR
collimator, two detec-tors, 32 stops,

a 90 degree rotation and the following
energy sessions, which result in six
image sets:

ENERGY SOURCE OFF SOURCE ON
SET E SET NAME E SET NAME

o o T o

Crosstalk Transmission -- Positive

Scatter 1 Scatter 2

Table 4: Technetium Acquisition Energy Sets

Thallium acquisitions usually use the
LEGP collimator, two detectors, 16 stops,
a 90 degree rotation, and the following
energy sessions which will result in eight
image sets:

ENERGY SOURCE OFF SOURCE ON
SET E SET NAME E SET NAME

--

Scatter 1 Transmission Negative

Table 5: Thallium Acquisition Energy Sets
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RECONSTRUCTION METHODS
AND ATTENUATION CORRECTION

Reconstruction methods can be
grouped into two general classes - direct
and iterative. Direct methods, such as
Filtered Back Projection, have been used
in most SPECT reconstructions. From
the standpoint of attenuation correction,
no direct method to compensate for

non-uniform attenuation exists. lterative

reconstruction algorithms offer much
more flexibility and can correct for
non-uniform attenuation. Attenuation,
scatter and the detector response
function can be modeled in iterative
reconstruction algorithms, so they are
clearly the choice for attenuation
correction.

Attenuation Correction Methods

Attenuation Correction With
Direct Reconstruction

Direct attenuation correction methods,
such as the Sorensen or Chang method
[13], apply a correction either to the
projections or the reconstruction using
Filtered Back Projection. These direct
techniques are very fast, but usually
require some assumptions to be made
about the degree of attenuation and the
distribution of activity. For example, the
Sorensen method, which is currently
available on a GENIE Processing and

Review workstation, corrects for attenua-

tion using a body outline derived from
fitting an ellipse to the patient outline
seen on the emission data [14]. A pre-
processing correction is performed
assuming a uniform attenuation profile.
This approach produces acceptable
results in cases where the assumption of
uniform attenuation is correct, such as
liver and mid brain scans.

Figure 7: Transmission scan data

Measured Attenuation Correction

For measured attenuation correction
methods, the attenuation of the patient
is determined by using a transmission
acquisition, which is then used to
generate transaxial maps as discussed in
the next section. The maps resemble CT
images and provide sufficient informa-
tion to define the low density lungs and
the heart inside the thorax (Figure 7).
These maps, along with the emission
data, are used to correct for attenuation
using an iterative reconstruction method.

Attenuation Map Reconstruction

Crosstalk Correction

The transmission scan is acquired with
a mask to reduce the amount of emission
contamination. The remaining emission
contamination is measured in a crosstalk
image, which acquires the emission
contamination using a 100 keV energy
window during the emission scan when
the source is off. This crosstalk data is
scaled to the same acquisition time per
pixel as the transmission data, smoothed,
and subtracted from the transmission data.



Source Flux Correction

A source profile curve, which is
determined once when the source is
installed, characterizes any irregularities
in the transmission source. The source
profile curve is then used along with a
standard blank scan to calculate how
the blank would appear at the same
radius at which the patient was
acquired. This normalized blank scan is
used to correct the transmission data.

The crosstalk corrected transmission
image is divided into the normalized
blank scan [15] to compute the ratio of
the transmission source flux with and
without the patient in the camera’s field
of view. The negative log of the ratio is
the attenuation through the patient.

Map Reconstruction

The integral attenuation images are
reconstructed by a standard Filtered
Back Projection method to produce the
attenuation maps. On the GENIE
Processing and Review computer, the
displayed attenuation maps have pixel
values representing the attenuation per
cm, multiplied by 1000. For example, a
pixel value of 170 represents an
attenuation value of 0.17 per cm.

Emission Pre-processing

Attenuation Map Scaling

The attenuation map represents
patient attenuation as measured at
100 keV. For use in iterative reconstruc-
tion, the attenuation values are scaled to
the appropriate energy of the emission
isotope.

Scatter Correction

The emission data is corrected for
scatter by subtracting the suitably scaled,
scatter image.

Scatter correction is performed prior
to iterative reconstruction using a dual
energy window subtraction (DEWS)
method [16].

Uniformity Correction

The emission image is then optionally
corrected for the collimator uniformity
using an acquired uniform flood image.
The corrected images are used in the
iterative reconstruction process.

13



Iterative Reconstruction Processing

Iterative reconstruction methods can
provide more quantitative imaging
information and incorporate the effects
of noise, counting statistics, missing data
and attenuation. In myocardial perfusion
imaging, iterative reconstruction
reduces the false positive rate caused by
scatter, depth dependent detector
responses (resolution), and attenuation
from the myocardium, breast and
diaphragm.

A typical iterative algorithm [17, 18]
uses the planar data (projections) and
produces images according to the
following steps (Figure 8):

Acquired Planar data

. An initial estimate of the transaxial

distribution is created, which may
have the total acquired counts
uniformly distributed, or which may
be a closer guess from another
reconstruction process such as
Filtered Back Projection.

. Projections are created from the

current estimate by correcting for the
actual attenuation taken from the
attenuation maps.

. The difference between the simulated

projections and the actual projection
is computed, and the estimate of the
image is updated.

4. Steps 2 and 3 are repeated a number

of times, or iterations, until the pre-
defined termination criteria are met.

Backprojector 4

A
Projected data

Emission transaxial

Initial estimate

14

Figure 8: Iterative Reconstruction Flow Diagram



Iterative Reconstruction Algorithms

Two iterative reconstruction methods,
used on a GENIE Processing and Review
workstation, are Ordered Subsets
Expectation Maximization (OSEM)and
Maximum Likelihood Expectation
Maximization (MLEM).

OSEM

The OSEM method divides the full
set of views into subsets. The computer
then updates the image using one subset
at a time until all views have been used.
In the GENIE Processing and Review
computer, each pair of subsets consists
of two orthogonal views. In the case of
64 images, 32 pairs of views are used to
complete one iteration (Figure 10).
OSEM is much faster than MLEM since
two OSEM iterations produce results
comparable to the 20 - 30 iterations of
MLEM.

i .
q 7N
i C

g N
- .

Figure 10: OSEM Method of Iterative Reconstruction [21]

MLEM

The conventional MLEM method up-
dates the image using all projections in
each iteration. In the case of 64 projec-
tions, all 64 image frames are used for
each iteration. Typically 20 - 30 iterations
are required to achieve a satisfactory
image (Figure 9).

L=

4

Figure 9: MLEM Method of Iterative Reconstruction [19, 20]

Emission Post-processing

Emission post-processing involves the
application of a filter after the data has
been reconstructed. A three dimensional
Hanning or Butterworth filter is applied
to the emission transaxial slices follo-
wing iterative reconstruction. If the post
filter is changed, only the final post-
processing step needs to be repeated.
It is not necessary to repeat the entire
iterative reconstruction process.

15
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ADDITIONAL CONSIDERATIONS

Reconstruction Time of Iterative
Algorithms

The amount of computation for one
iteration is greater than that of a recon-
struction method such as Filtered Back
Projection. For some techniques such as
the Maximum Likelihood (MLEM)
technique, upwards of 20 - 30 iterations
are needed to achieve a reasonable
result. Based on computational load
alone, MLEM would result in recon-
structions much longer than Filtered
Back Projection. However, the Ordered
Subset (OSEM) technique is significantly
faster than MLEM, since only two itera-
tions are required. Given the increased
power of modern workstations and the
speed improvements using OSEM, atte-
nuation correction can now be done in
a clinically acceptable time. For example,
on a GENIE Processing and Review
workstation, 16 slices (64 x 64 matrix
data) using OSEM require 20 seconds,
which include all pre-processing,
reconstruction and post-processing.

Other lterative Attenuation Methods

Many different iterative attenuation
correction schemes have been proposed
for emission tomography, and there are
many publications describing the
methods. Gullberg implemented a
number of iterative algorithms and
compared them [22], including iterative
convolution [17], iterative Chang [12],
conjugate gradient [23] and Maximum
Likelihood [24]. In common with other
works, he found that the fast iterative
methods such as the iterative convolution
and the iterative Chang gave increased
noise. Although the Maximum Likelihood
method gave a smoother reconstruction,
he indicated that it required many more
iterations.

Limitations of Iterative Reconstruction

The ultimate accuracy of the iterative
reconstruction is limited by:

O The accuracy of the physical model of
attenuation, scatter and resolution

O The accuracy of the acquired data used
to estimate the scatter and attenuation
in the patient

[0 The accuracy (lack of noise) of the
emission data

O The amount of patient motion
during acquisition

The reconstruction algorithm is ulti-
mately limited by the quality of the data
acquired, so there is still a need for good
customer quality control procedures,
both for the camera performance and
for checking the quality of the acquired
patient data.



RESULT

The initial results with attenuation
corrected images are encouraging.
Attenuation correction has shown to have
an impact on the diagnostic accuracy in
the inferoposterior wall using Tc-99m
tetrofosmin [25]. From attenuation
correction studies done on patients
injected with thallium-201 [26], there was
a more uniform distribution of activity
in the myocardium from one patient to
another than with standard Filtered
Back Projection (FBP) methods. It was
concluded that the uptake patterns for
men and women are more similar with
attenuation correction than with FBP. In
addition to a more uniform activity, the
studies indicated that there was a decrease
in apical activity. Thus, new distribution
patterns of myocardial activity emerge
with attenuation correction techniques
and differ from the familiar patterns of
data not corrected for attenuation.

When reviewing images, it is important
to define both the normal and abnormal
image patterns for attenuation corrected
data. When using technetium based
radiopharmaceuticals, liver and gastro-
intestinal activity reduces image quality.
Also, it is important to recognize typical
artifactual patterns [4] and to develop
methods for reviewing acquired data for
problems such as patient motion or poor
patient positioning techniques.

The results of the tomographic acqui-
sition include a review of the planar
data and reconstructed oblique slices of
vertical long axis (VLA), horizontal long
axis (HLA), and short axis (SA). Many
reviewers create polar maps for data
review. When analyzing the image data,
a variety of comparisons can be made.
The comparisons include data recon-

structed by the standard Filtered Back
Projection method, iterative recon-
struction with and without attenuation
correction, and data corrected for scatter
correction. Attenuation correction data
using iterative reconstruction (OSEM
method) with scatter correction shows
improved uniform myocardial distribu-
tion (Figure 11). The increased counts
from liver activity in the inferior and
inferoseptal walls are reduced due to
scatter correction.

No Scatter Correction

Figure 11

Scatter Correction Applied

There is some skepticism regarding
the value of attenuation correction [27].
Although the actual clinical value of
attenuation correction has not yet been
completely realized, studies do indicate
its value [2, 26, 28]. The ability to
interpret image data using attenuation
continues to improve based on artifact
identification and familiarization with
the image data. Employing more
sophisticated techniques of Simultaneous
Interleaved acquisitions, motion correc-
tion, and scatter correction contributes
to providing more accurate diagnoses.

17



IMAGE DATA

ll" I‘\ ‘.\ 1

Filtered Back Projection

Thallium

Attenuation correction
data shows improved
inferior wall uptake

TC-99m Sestamibi
Attenuation correction
data shows improved
inferior wall due to
diaphragm attenuation

and Scatter Correction:

Filtered Back Projection

d w
| \ | % TC-99m Sestamibi
Attenuation correction
lerative Reconstuction With Atenuation Correciion data shows improved
anterior wall due to

breast attenuation

Iterative Reconstruction with Attenuation and Scatter Correction
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