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Syllabus

Spatially registered single photon emission computed tomography (SPECT) and
computed tomography (CT) images can be used to correlate physiological information
from the SPECT emission image with anatomical information from the CT transmission
image. The CT data also can be used to generate an attenuation map to correct attenuation
errors in the SPECT image. One application for which this attenuation correction is
critical is cardiac perfusion assessment, in which attenuation errors are often difficult to
distinguish from perfusion defects.

Current emission-transmission systems capable of producing spatially registered
SPECT and CT images typically use a radionuclide source to acquire the transmission
data. The limited photon flux of the radionuclide source compromised both spatial
resolution and image statistics, and prolongs acquisition of the transmission data. Another
approach is to obtain emission and transmission data with separate imaging systems. This
approach complicates image registration. especially in the thorax, since the patient is
moved between two image acquisitions. The imaging system that combines a gantry-free
gamma caméra with multidetector-row CT (MDCT) allows for accurate image
registration between SPECT and CT. Using this combined SPECT/CT imaging system,
we aimed the optimization and clinical application of X-ray CT based attenuation
correction of myocardial SPECT imaging. Furthermore, we compared results of left
ventricular (LV) function obtained by quantitative gated single-photon emission
tomography (QGS) and MDCT with reference parameters using an cardiac physical

phantom.

Section 1. Object-specific attenuation correction of the thorax.

The purpose of this scction was to prospectively evaluate the breathing



conditions for patients. during a CT scan, that resulted in the best match with SPECT
imaging of the thorax. The registration errors between myocardial SPECT and CT
images under different protocols (normal inhalation [NI], normal exhalation [NE] and
free-breathing [FB]) were compared. Thirteen normal subjects were studicd. CT scans
matched better with SPECT images during FB and NE than during NI (one-way
analysis of variance, P < 0.01). The percentages with registration artifacts using
internal landmarks (31 %, 15 % and 8 %, respectively, under NI, NE and FB) were
smaller than those using external markers (69 %, 31 % and 15 %, respectively. under
NI, NE and FB). Internal registration and the use of free-breathing or exhalation

protocols are recommended for attenuation correction.

Section 2. Clinical application of X-ray CT based attenuation correction in myocardial
perfusion SPECT imaging
Attenuation artifacts adversely affect the diagnostic accuracy of myocardial

perfusion imaging. We assessed the clinical usefulness of X-ray CT based attenuation
correction in patients undergoing myocardial perfusion imaging by comparing their
myocardial attenuation corrected- and non-corrected SPECT images with the
coronary angiography (CAG). We retrospectively reviewed the myocardial SPECT
images of 30 patients (18 men, 12 women; mean age 68 years). 13 of 30 patients with
coronary artery disease (CAD) and 17 without CAD were confirmed by CAG. They
underwent sequential CT and myocardial SPECT imaging with thallium-201 (111
MBq) under an exercise or pharmacological stress protocol using our corﬁbined
SPECT/CT system. Two readers reviewed the myocardial SPECT images for the
presence of CAD on a 4-point scale where 1 = normal, 2 = probably normal. 3 =
probably abnormal, and 4 = abnormal. Two reading sessions were held. First,
non-corrected SPECT and second, attenuation-corrected SPECT images using X-ray

CT images were interpreted. Interobserver variability was assessed with kappa
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statistics. Diagnostic performance (accuracy) of coronary arterial stenosis was
compared between attenuation-corrected and non-corrected images. Interobserver
agreement for visual assessment was substantial or aimost perfect. For
attenuation-corrected images, thg observer consensus for analysis was 0.84 for the
LAD-, 0.87 for the LCX-. and 0.71 for the RCA-territory. For non-corrected images,
it was 0.91, 0.71, and 0.78. Attenuation correction resulted in statistically significant
improvements in overall diagnostic accuracy (sensitivity/specificity/accuracy =
76%/93%/89%., 67%/86%/81%, respectively, for attenuation-corrected and
NC-images). Because of an increase in the specificity, diagnostic accuracy was
significantly increased on attenuation-corrected images. These data suggest that X-ray
CT based attenuation correction in myocardial SPECT imaging has the potential to

develop into a reliable clinical technique.

Section 3.  MDCT and QGS for the assessment of LV function
The purpose of this section was to compare results of lcft ventricular (LV)

function obtained by quantitative gated single-photon emission tomography (QGS)
and MDCT with reference parameters using an electrocardiogram-gated cardiac
physical phantom. The phantom study was performed using a combined SPECT/CT
system. Flexible membrancs formed the inncr and outer walls of the simulated LV.
The stroke volume was adjusted (45mL or 58mL) and the fixed 42-mL end-systolic
volume (ESV) produced two different volume combinations. The LV function
parameters were estimated by means of MDCT and QGS. Differences in true and
measured volumes were compared among CT with a reconstructed image thickness of
2.5mm and 5.0mm and QGS volumetric values. Each scan was repeated three-times.
The estimation of LV volumes using both QGS and MDCT analyses were
reproducible very well. QGS overestimated ejection fraction (EF) by approximately

20%: MDCT volumetry overestimated EF by approximately 5% in each volume



setting. The differences in true and measured values for EF and ESV obtained with
QGS were significantly greater than obtained with MDCT. In conclusion, MDCT
provides a reliable estimation of functional LV parameters, whercas QGS tends to

significantly overestimatc the EF in small hearts.
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Section 1. Object-specific attenuation correction of the

thorax

Cardiac single photon emission computed tomography (SPECT) has become
widely used as a non-invasive procedure for the examination of myocardial perfusion.
In SPECT imaging, however, photon attenuation correction is important, due to
nonuniform distributions of attenuation coefficients (1-6). An attenuation correction
method via the use of an attenuation map produced by X-ray computed tomography
(CT) images has been proposed to counter this problem (7-9). For reliable attenuation
correction, however, anatomically accurate image registration between SPECT and CT
scans is vital. ~ Recently, a gamma camera-mounted anatomical X-ray tomography
has been introduced (7, 10). However, there are some drawbacks for such hybrid
scanners. An important drawback is poorer performance of the X-ray-tube-based CT
system. The lower-resolution CT images may be sufficient for attenuation correction,
but often be insufficient for image interpretation in clinical circumstances. In order to
create a robust mode for inherent registration between SPECT and high-resolution CT
images, we have combined SPECT and MDCT scanners for accurate image fusion
between SPECT and CT scans. In this system, imaging by both SPECT and CT can be
performed sequentially, without the need to transfer the patient. Both attenuation
correction and accurate localization of myocardial perfusion on high-resolution cardiac
MDCT images is therefore possible, similar to integrated PET/CT scanner (10, 11).
There arc remaining potential registration errors in a combined system that can arise

from physiological motions caused by breathing (12-15), but the assessment of the



influence of respiratory movement on attenuation correction using a combined
functional/anatomical scanner has been the subject of only a few studies (12, 13). Thus,
the aim of our study was to prospectively evaluate the breathing conditions for patients.

during a CT scan, that resulted in the best match with SPECT imaging of the thorax.

MATERIALS AND METHODS
Subjects

Thirteen human subjects (seven males and six females) underwent a myocardial
SPECT with 111MBq (3mCi) of thallium-201 (T1-201) and three CT scans under
different respiratory protocols. The median age was 58 ycars, with the ages ranging 33
to 80 years. The study group consisted of six normal healthy voluntecers (four males and
two females; age, 33-64 years old; median age, 50 years) and seven patients (three
males and four females; age, 50-80 years old; median age, 62 years) without the history
of coronary artery disease (CAD). Six volunteers were considered normal from their
history, physical examination, and electrocardiogram. Seven consecutive patients were
referred for rest myocardial SPECT imaging presented with atypical chest pain during
the period between November 2002 and January 2003. Each of the seven patients
subsequently underwent echocardiography and coronary angiography (CAG) which
revealed no evidence of CAD, and they were therefore considered normal.
Respiratory protocols

All subjects underwent three CT scans under free-breathing (FB) conditions,
followed by CT scans whilst holding their breath at normal inhalation (NI) and also at
normal exhalation (NE). NI was defined as the respiratory level that was reached when

the subjects first inhaled, without forcing inhalation, and then held their breaths. NE



was defined as the respiratory level that was reached when the subjects first inhaled and
then exhaled, without forcing exhalation, and then held their breaths.
System Overview

Our combined SPECT/CT system incorporates a SPECT scanner and a MDCT
scanner, both of which are commercially available instruments (Fig.la, b). The
gantry-free SPECT system used was a Skylight (ADAC Laboratories, Milpitas, CA).
The eight-detector-row MDCT scanner was a LightSpeed Ultra (General Electric
Medical System. Milwaukee, Wis). The SPECT system and CT scanner were positioned
so that the extended CT table could move the patient directly into the SPECT scanner.
SPECT imaging

Dual-hcad detectors were equipped with low energy, general-purposec (LEGP)
parallel-hole collimators with the heads oriented at 90 degrees to each other. The 35%
window was centered at about 74 keV for the emission data and projections were
digitized onto a 64 x 64 matrix and 41-cm scan field of view. A total of 32 projections
were sampled over 90 degrees for each detector and each view was acquired for 60
seconds. SPECT images were reconstructed by filtered back projection and high
frequency noise levels were decreased with post-reconstruction Butterworth filtering
(cutoff = 0.50 cycle/pixel, order = 5) on a Pegasys workstation (ADAC Laboratorics,
Milpitas, CA). Images were then displayed as axial, coronal, and sagittal views for
image registration. Images were also displayed as cardiac views (horizontal and vertical
long-axis and short-axis slices).
CT imaging

Based on the results of the preliminary study described in the appendix section, we

adopted a low-current CT protocol for X-ray CT based attenuation correction. CT scans
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under N1 and NE protocols were performed in a helical mode with a 0.7-second rotation
time, 8 x 2.5 mm collimation, 120 kV and 10 mA. The scan was reconstructed at 5-mm
scction thickness. In order to make a CT scan under FB protocol an average image
generated over a breathing cycle and avoid imaging of the diaphragm at different
positions. we selected a slow rotation time. CT scans under the FB protocol were
performed in an incremental mode with a 4 sec rotation time, 5.0-mm detector-row
width. 5.0-mm image thickness, 140 kV and 10 mA. CT images were reconstructed by a
standard reconstruction algorithm with a 512 x 512 matrix and 50-cm scan field of view.
CT dose index (vol) was 1.0 mGy and 3.4 mGy, respectively , for NI/NE protocol and
FB protocol.
Registration method between SPECT and CT

SPECT and CT image registration was performed by two different methods.  First,
semi-automated registration (external registration) was performed by means of external
markers (threc-port cocks with locks made of polycarbonate) in which two external
markers containing an aqueous solution of TI-201 and contrast medium were attached to
the cushion of the imaging table. Second, manual registration was performed by use of
the heart border as an internal marker (internal registration). The validity of the image
registration was evaluated on the computer display by consensus between two
diagnostic radiologists. One had eight years experience, and the other had 20 years
experience in both CT and cardiac SPECT imaging.
Use of CT Images for Attenuation Correction

Attenuation correction using CT images was performed by use of specifically
developed software (HYOGO CM Attenuation Correction, Hyogo College of Medicine.

Nishinomiya, Hyogo) on a Pegasys workstation (7). A flowchart describing the process
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is shown in Figure 2. Registration of SPECT and CT images was performed on a
Pegasys workstation. CT data were retrieved from an Advantage Windows 4.0P
workstation (General Electric Medical System, Milwaukee, Wis) and then convertcd to
a SPECT-like data volume (5.9mm x 5.9mm x 5.9mm) for registration of the SPECT
and CT images. After CT and SPECT image registration, the CT number was converted
to the attenuation coefficients (i) corresponding to the X-ray energy of 74keV by
linearly scaling. The following equation was used for the relationship between CT
number and x (1/cm): 1=0.181 x (CT + 1000) / 1000.

The attenuation-corrected SPECT images were reconstructed with this attenuation
coefficient map by means of a maximum-likelihood expectation-maximization
(ML-EM) algorithm. Three SPECT images with attenuation correction, by using CT
images under different respiratory protocols, were produced for each registration
method. The transaxial slices were automatically reoriented to horizontal and vertical
long-axis and short-axis slices and the reoriented reconstructed data sets and the Bull’s

eye display were then used for visual evaluation.

Measurements of registration error between SPECT and CT images

The gaps between the SPECT and CT data under the three different respiratory
conditions were measured for each registration method. Reference points for
registration were as follows: (a) the top of the diaphragm, (b) the left border of the heart
and (c) the chest wall border (Fig.3). The coordinates in the x-, y-, z- axis of each
reference point in CT and SPECT were investigated and three dimensional distances
between the coordinate of reference points of CT and that of SPECT were calculated.

All measurements were performed by an experienced radiologist who took preliminary



measurements in five additional subjects to optimize the techniques prior to this study.

This radiologist had nine years experience in both CT and cardiac SPECT imaging.

Visual evaluation of the final attenuation-corrected SPECT images

Attenuation-corrected SPECT images using CT images under different respiratory
protocols were presented to two observers on a computer display with a linear rainbow
color scale with seven colors ranging from purple to red. One observer had seven ycars
experience and the other had 10 years experience in cardiac SPECT imaging. Observers
were aware that all the subjects were normal. Observers visually evaluated the
attenuation-corrected SPECT images under the three respiratory protocols for the
overall presence of artifactual radioactivity reduction and their location, which were
then classified as cither no artifact, mild activity reduction (artifactual wall thinness was
up to 50% ) or severe activity reduction (artifactual wall thinness was more than 50% ).
The location of designated artifacts was classified as either anterior, inferior, septal or
lateral wall of myocardium. Visual evaluations were performed independently so as to
determine interobserver agreement between two observers, including a physician and a
radiologist. Where disagreements occurred, the more severe classification was accepted
as the final determination.
Statistical Analysis

Before the study, a power analysis was performed by using preliminary registration
error measurements obtained in five additional subjects who were not included in the
final study population in order to determine sample size for statistical analysis. The
differences of mean registration errors among respiratory protocols were approximately

twofold greater than their standard deviations. Therefore, a minimum of 10 subjects
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were considered appropriate for an intended power of 0.8 or greater at subsequent power
analysis.

Onc-way analysis of variance (ANOVA) was used to test the statistical significance
of the mean registration errors under the three respiratory protocols. If there were
statistically significant differences, the Bonferroni-Dunn test was then used for post hoc
analysis. P values of less than 0.01 were considered to be statistically significant. All
data are represented as mean values * standard deviations (SDs).

The degree of agreement between the two observers for visual evaluation of the
attenuation-corrected SPECT images was measured with the kappa statistic. Kappa
values were reported as follows: 0 = no agreement is a random effect; less than 0.20 =
poor agreement; 0.21-0.40 = fair agreement; 0.41-0.60 = moderate agrecment; 0.61-0.80
= substantial agreement; and 0.81-1.00 = almost perfect agreement (16). SAS 8.01 for
Windows (SAS Institute, Cary, NC) was used for the statistical analyses. Power analysis
was performed with commercially available free software (G-Power version 2.1.2; Axel
Buchner ct al. Available at:

www.psycho.uni-duesseldorf.de/aap/projects/gpower/index.html).
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RESULTS
Measurement of registration error between SPECT and CT images

The mean distances * SDs between the reference points of the SPECT and CT
images, under our three respiration protocols. for external registration are shown in
Table 1. In external registration, statistical analysis using ANOVA revealed that
matching of the diaphragm and the heart border, between the SPECT and CT images,
gave statistically significant differences for different respiratory protocols. Post hoc
analysis also revealed that matching of SPECT and CT images of the diaphragmatic
dome and the heart border was statistically far better under the FB and NE protocols
than that under the NI protocol (Table 2). The mean differences between the location of
the diaphragmatic dome on the CT scan under FB, NE and NI and the location of the
dome on the corresponding SPECT scan, were 5.56 mm *7.55, -3.15 mm +14.14, and
29.88 mm * 5.37, respectively. The corresponding differences for the heart border were
8.57 mm * 2.43, 13.30 mm * 2.69, and 18.87 mm *6.29, respectively.

The mean distances * SDs between reference points of the SPECT and CT images,
under our three respiration protocols, for internal registration are shown in Table 3. In
internal registration, statistical analysis using ANOVA revealed that matching of the
SPECT and CT images from the diaphragmatic dome and the chest wall border were
significantly different between respiratory protocols and post hoc analysis revealed that
these matches were significantly better under the FB and NE protocols than that under
the NI protocol (Table 4). The mean differences in movement of the diaphragmatic
dome on a CT scan under FB, NE and NI, as compared with its level on a SPECT scan,
were 5.30 mm + 4.32, -1.14 mm # 9.92, and 24.16 mm * 5.45, respectively. The

corresponding differences of the chest wall border were 3.72 mm * 3.08, 8.51 mm *



5.03, and 20.60 mm * 5.85. respectively.

Visual assessment of attenuation corrected SPECT images

Results of the visual assessment of attenuation-corrected SPECT images for each
registration method arc summarized in Tables 5 and 6. In external registration, the
percentages with the presence of either mild or severe artifacts of decreased tracer
activities were 69 % (9/13). 31 % (4/13), and 15 % (2/13) of all subjects under the NI,
NE and FB protocols, respectively. In internal registration, the corresponding
percentages were 31 % (4/13), 15 % (2/13), and 8 % (1/13) of all subjects, respectively,
under the NI, NE and FB protocols (Fig.4). No severe artifacts were observed for either
the NE or FB protocol. The method of image registration using internal landmarks
(internal registration) therefore offered improved homogeneity in the display of
apparent distribution of myocardial tracer uptake (Fig.5). In addition, no artifacts were
observed in the septal and lateral walls for any of the subjects, using either registration
method.

For each method of image registration, interobserver agreement (kappa statistic) in
the visual evaluations was found to be cither very high or perfect. For external
registration. the observer consensus for analysis of the anterior myocardial wall was
0.876 for the NI protocol, 0.752 for the NE protocol and there was complete agreement
for the FB protocol. The corresponding interobserver agreement for the inferior
myocardial wall was 0.878, 0.828 and complete agreement, respectively. For internal
registration, interobserver agreement when analyzing the anterior myocardial wall was
0.836 for the NI protocol there was complete agreement for both the NE and FB
protocols. The corresponding consensus for the inferior myocardial wall was 0.821 for

the NI protocol and there was complete agreement again for both the NE and FB
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protocols.

DISCUSSION

Myocardial SPECT imaging with T1-201 is a non-invasive, cost-effective and
routinely available procedure that provides valuable prognostic information on the risk
of future cardiac events for a wide spectrum of patients with known or suspected
coronary artery disease (17-19). The diagnostic accuracy of myocardial SPECT is
limited, however, by specific physical effects, including attenuation, scatter and blur
(1-6) and among these perturbations, attenuation artifacts are arguably the most serious
in the assessment of myocardial perfusion (6). Attenuation maps are commonly
generated from monoenergetic transmission computed tomography images obtained
using an external source (7, 9). This process, however, is not yet widely used in clinical
practice due to low-quality transmission scan images resulting from low photon flux,
the expense of both software and hardware and long scan times (7). Attenuation maps
have also been generated from CT images (9). The quality of the final emission image
that has been corrected for attenuation effects, largely depends on the registration of the
transmission and emission imaging (20). Because a SPECT scan is an average image
generated over many breathing cycles, fusion of SPECT images with CT images
requires respiratory gating of the SPECT scans. We contend that this is not a good
approach, however, owing to the substantial increases in imaging time that would result
and that optimization of the image fusion therefore needs to focus on the CT data
acquisition protocol.

This study showed that, for the combined SPECT/CT system, the accuracy of

image rcgistration was higher using both the FB and NE protocols during CT scanning
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rather than the NI protocol. Attenuation-corrected SPECT images generated with the FB
and NE protocols showed few artifacts and they were similarly homogenous for tracer
uptake of T1-201. Attenuation-corrected images under the NI protocol revealed artifacts
of decreased tracer uptake, mimicking perfusion abnormalities. in the anterior and
inferior wall. In the NI protocol, the attenuation of the heart itsclf and the diaphragm
might well be underestimated due to registration errors between CT and SPECT images.
We conclude therefore that CT images acquired during inhalation are not suitable for
image fusion.

Goerres et al. (13) reported that the normal exhalation/breath-hold protocol for CT
acquisition gave the best results in comparison with a free-breathing protocol for
PET-CT image registration. In their study. data acquisition during FB was performed
with a pitch of 1.7 - 2.5 and 5-mm section thicknesses in the helical mode. FB in the
helical mode may introduce significant geometric uncertainties into the CT data (13. 21).
For example, if the diaphragm moves superiorly or inferiorly between slice acquisition,
the sequence of images may become disordered, with inferiorly indexed slices sampling
superior positions of the structure (and vice versa) (13, 21). We considered that our FB
protocol, using CT scanning with 4.0-second/rotation, in the incremental mode might
normalize respiratory movements and reduce CT and SPECT image registration errors.
Indeed, by using CT scanning with a 4.0-second/rotation setting during FB, imaging of
the diaphragm at different positions leading to mushroom-shaped respiratory-induccd
artifacts could be completely avoided. An additional and important benefit of this was
that FB could be performed by each of the paticnts, as for some subjects with coronary
artery disease holding their breath can be quite difficult.

The quality of the final SPECT images with attenuation correction using an internal

18



landmark technique was higher than when using an external marker method and was
hence more suitable for attenuation correction of myocardial SPECT images. The
displacement of the heart between SPECT and CT images was quite high from image
registration with external markers and this error caused artifactual perfusion
abnormalities. We concluded, though. that displacement of the chest wall has little
influence on the quality of the final attenuation corrected images.

This study has several limitations. First, the conversion from CT values to the
attenuation coefficient of gamma rays is complicated as the energy spectrum of gamma
rays is finite, whereas X-rays are continuous. Second, the SPECT images were not
scatter-corrected which would improve image quality and accuracy of quantification.
Third, SPECT images were generated with 180-degree data collection in this study
which was chosen because the use of anterior 180-degree acquisition has become
standardized in clinical use (22). Comparisons between 180 and 360-degree acquisitions
were performed in both an anthropomorphic torso phantom and in one subject prior to
this study and, by visual comparison, no significant differences were observed. Further
studies are imperative to confirm these findings.

In conclusion, a SPECT and CT image registration method using an internal
landmark and either a free-breathing or exhalation protocol for CT acquisition are
recommended for proper object-specific attenuation correction of myocardial SPECT

images.
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APPENDIX

We had preliminarily investigated the optimal X-ray tube current for attenuation
correction. High currents improve image quality but also increase radiation dose to the
patient. If the CT scan is only to be used for attenuation correction, a low-current CT
scan may be sufficient. We compared attenuation corrected SPECT images using
low-current CT images (10 mA) with those using standard CT images (140 mA). The
SPECT phantom (ECT QA Phantom type-JSP, Kyoto-kagaku, Kyoto, Japan) was used
(Fig 6). Cylinder A, B, C, and D contained water, diluted contrast material at an iodine
concentration of 10, 4.5, and 2.5 mgl/mL, respectively. The concentration of TI-201 in
each of four cylinders was 0.2 MBq/mL. Two unenhanced CT scans were acquired with
10 and 140 mA and in the following are designated CT 10 and CT 140, respectively.
Two attenuation-corrected SPECT images (SPECTcri0 and SPECTcri140) by using CT
images with different X-ray tube currents were produced using iterative reconstruction
(Fig 7). The adequacy of the CT transmission maps was assessed by comparing
measured counts of T1-201 in regions of interest (ROIs) in each cylinder on two
attenuation-corrected SPECT images. The size of each ROI was five pixels. To verify
reproducibility of the phantom results, each scan was repeated seven times. Two-way
ANOVA was used to evaluate the effect of CT current on attenuation-corrected SPECT
images. The mean counts * SDs in each cylinder on SPECTct10 and SPECTcr140 images
are shown in Table 7. There was no significant difference between the counts on
SPECTcri0 and SPECTery40 (P = 0.95). In summary, a low-current CT scan is sufficient

for attenuation correction.



Table 1. CT and SPECT Image Registration Errors generated by external registration

Diaphragm Heart Chest wall

Mean + SD Mecan *+ SD Mcan + SD
NI 29.88 £ 5.37 18.87 + 6.29 5.60 + 1.86
NE 315+ 1414 1330 +2.69 6.16 + 2.06
FB 5.56 £ 7.55 8.57 243 6.19 £ 1.75
P value <0.01 <0.01 0.67

Note___ Data are represented by the mean (mm) * standard deviation. P values were
calculated for multiple comparisons. NI = normal inhalation, NE = normal exhalation,
FB = free-breathing

Table 2, Post hoc analysis to compare means of the distances between CT and SPECT

images generated by external registration

Diaphragm P value Heart P valuc
NI vs NE < 0.01 NIvs NE < 0.01
NI vs FB < 0.01 NI vs FB < 0.01
NE vs FB 0.029 NE vs FB < 0.01

Note___ NI = normal inhalation, NE = normal exhalation, FB = free-breathing



Table 3. CT and SPECT Image Registration Errors generated by internal registration

Diaphragm Heart Chest wall
Mean = SD Mean + SD Mean * SD

NI 24.16 £ 5.45 0.00 £0.00 20.60 £ 5.85
NE -1.14 £9.92 0.00 = 0.00 851 +5.03
FB 5.30£4.32 0.00 + 0.00 3.72 £3.08
P value <0.01 1.00 <0.01

Note_ Data are represented by the mean (mm) * standard deviation. P values were
calculated for multiple comparisons. NI = normal inhalation, NE = normal exhalation,
FB = free-breathing

Table 4. Post hoc analysis to compare means of the distances between CT and SPECT

images generated by internal registration.

Diaphragm P value Chest wall P value
NIvs NE <0.01 NIvs NE <0.01
NIvs FB <0.01 Nlvs FB <0.01
NE vs FB 0.025 NE vs FB 0.016

Note_ NI = normal inhalation, NE = normal exhalation, FB = free-breathing

N
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Table 5. Visual evaluation of final attenuation-corrected SPECT images by external

registration.

No Mild  Severe
NI Anterior 5 4 4
Inferior 4 3 6
NE Anterior 10 3 0
Inferior 9 3 1
FB Anterior 1 2 0
Inferior 11 2 0

Note __ No = No artifact, Mild = Mild artifact, Severe = Severc artifact

NI = normal inhalation, NE = normal exhalation, FB = free-breathing

Anterior = anterior wall of myocardium, Inferior = inferior wall of myocardium

Table 6. Visual evaluation of final attenuation-corrected SPECT images by internal

registration

No Mild Severe
NI Anterior 10 1 2
Inferior 9 2 2
NE Anterior 11 2 0
Inferior 13 0 0
FB Antcrior 12 1 0
Inferior 13 0 0

Note  No = no artifact, Mild = mild artifact, Severe = severe artifact

NI = normal inhalation protocol, NE = normal exhalation protocol, FB = free-breathing

protocol

Anterior = anterior wall of myocardium. Inferior = inferior wall of myocardium



Table 7. The mean counts + SDs in each cylinder on SPECT¢r19 and SPECTcr40.

A B C D
SPECTcrio 9021 + 1577 8935 £ 12508642 + 714 8935 + 1124
SPECTcrig0 8979 + 1570 8871 + 1126 8671 + 714 8933 + 1119




Gantry-Free SPECT System

Camera

Fig.1. Schematic (upper) and photograph (lower) representation of our combined
SPECT/CT system with adjacent SPECT and CT scanners that do not require
repositioning of the patient as the patient table from the CT scanner extends into

the gantry-free SPECT system.
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CT images SPECT images
| i
v
Image registration between
CT and SPECT images

!

Generation of attenuation coefficient map by
converting CT value to attenuation coefficients

!

Reconstruction of SPECT images using
attenuation coefficient map and MLEM method

Fig.2. Flowchart of the process of attenuation correction using CT images

Fig 3. Coronal fusion image for measurement of the distances between the

following reference points of both SPECT and CT images: (1) diaphragmatic

dome, (2) heart border, (3) chest wall border.
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Fig 4. a ¢

Final attenuation-corrected short-axial SPECT images of a 32-year-old man generated
using three respiratory protocols by internal registration. (a) Severe decreased tracer
uptake artifact was observed in the inferior wall under NI (arrows). The attenuation
corrected images under the NE (b) and FB (c) showed no artifacts.

Note NI = normal inhalation protocol, NE = normal exhalation protocol, FB =

free-breathing protocol.

0|0

Fig 5. a

Final attenuation-corrected short-axial SPECT images of 60-year-old man
generated under NI by external (a) and internal registration (b). (a) Severe
decreased tracer uptake artifacts were observed in the inferior wall by external
registration (arrows). (b) No artifacts were observed under the internal
registration.

Note NI = normal inhalation protocol.



Fig 6. Transaxial CT image of SPECT phantom. Cylinder A contained
water and T1-201. Cylinder B, C, and D contained diluted contrast

material at different iodine concentration and T1-201.

Fig 7. Attenuation-corrected SPECT image by using low-current CT
images (SPECTcri).



Section 2: Clinical application of X-ray CT based

attenuation correction in myocardial perfusion SPECT

imaging

Stress-rest TI-201 SPECT is a well-established imaging mcthod for evaluating the
presence and extent of CAD.(23, 24) However, the diagnhostic accuracy of myocardial
SPECT is adversely affected by specific physical effects including attenuation, scatter,
and blur.(1, 25) Of these, attenuation artifacts are arguably the most serious in the
assessment of myocardial perfusion.(1. 25) For non-uniform attenuators like those in the
thorax. a patient-specific attenuation coefficient map is necessary.(25, 26) Transmission
computed tomography (TCT) with an external gamma-ray source has becn proposed(1,
2,27, 28); however, this method is not widely used in the clinical setting because it
yields low-quality TCT images resulting from low photon flux, involves additional
expense for software and hardware, and requires longer scan times.(7) While
attenuation coefficient maps generated from X-ray CT images(7, 8, 29) represent a
simple, potentially useful clinical alternative, only a few studies have addressed the
clinical usefulness of patient-specific attenuation correction using X-ray CT images.(7,
8)

In the present study we cvaluated the clinical usefulness of X-ray CT based
attenuation-corrected SPECT imaging using a SPECT/CT system. We compared
myocardial perfusion SPECT images with and without attenuation correction based on
the results of coronary angiographs performed for the diagnosis of coronary arterial

stenosis.



MATERIALS and METHODS
Patients

Using cases entered into our radiologic database between August 2003 and
December 2003, we retrospectively reviewed stress-rest myocardial SPECT images
obtained in 30 patients (18 men, 12 women; age 48-79 years; mcan age 68 years) who
had been examined with our combined SPECT/CT system. All patients referred for
stress-rest myocardial SPECT imaging presented with atypical chest pain (n = 18) or
were suspected of having myocardial ischemia based on the results of a treadmill
exercise test (n = 7) or echocardiography (n = 5). They were recruited based on the
following criteria: (a) no known CAD, (b) no coexisting valvular heart disease or
cardiomyopathy, and (c) availability of CAG within two weeks after the stress-rest
TI-201 myocardial SPECT and X-ray CT images obtained with a SPECT/CT system. Of
the 30 patients, 25 werc excrcise stress tested; the other 5 underwent pharmacologic
stress testing. For emission, 111 MBq (3mCi) of T1-201 was used in all patients.
Imaging began within 15 min after the intravenous injection of T1-201.

Our institutional review board approved both the multiple imaging studies and the
retrospective analyses of these data; the protocol and the types of examinations were
explained to all patients and their informed consent was obtained.

Data Acquisition and Processing

We used a SPECT/CT system. The gantry-free SPECT system was a Skylight
(ADAC Laboratories). Dual-head detectors were equipped with low-energy,
general-purpose parallel-hole collimators; the heads were at 90 degrees to each other. A
30 % window was centered at about 77 keV for the emission data. Projections were

digitized onto a 64 x 64 matrix. A total of 32 projections were sampled over 90 degrees
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for each dctector. Each view was acquired for 60 sec. The eight-row MDCT scanner

was a LightSpeed Ultra (General Electric Medical System): the tube voltage was 120 kV,
the tube clectric current was 20 mA. The slice thickness was 5 mm, the rotation speced 4
sec/rotation under free breathing. The CT dose index (vol) was 6.8 mGy.

Attenuation correction was performed with HYOGO CM software (Hyogo College
of Medicine, Nishinomiya, Hyogo) (7) on a Pegasys workstation (ADAC Laboratories).
The process of attenuation correction was as follows: 1, image registration of the X-ray
CT and SPECT images; 2, a creation of an X-ray CT-derived attenuation map; 3, the
SPECT image reconstruction with attenuation correction by means of a ML-EM
algorithm. CT slice data were retrieved from an Advantage Windows 4.0P workstation
(General Electric Medical System) via DICOM. CT slices were then converted into a
SPECT-like data volume (5.9 mm x 5.9 mm x 5.9 mm) for fusion of the SPECT and CT
images. Registration of SPECT and CT images was performed manually by use of the
margin of the heart as an internal marker by a radiologist, and then the validity of image
registration was evaluated on the computer display by two diagnostic radiologists based
on consensus. One had nine years experience and the other had 20 years experience in
both nuclear medicine and CT imaging. After the CT images were registered with the
SPECT images, the CT number was converted into the linear attenuation coefficient ()
of TI-201 (73keV) on a pixel-by-pixel basis. The following equation was used for the
relationship between CT number and g (/cm): 1 = 0.181 x (CT + 1000) / 1000.

Using the attenuation coefficient map generated from the CT images, the
attenuation-corrected SPECT images were created by the ML-EM method. Transaxial
images were reformatted to produce short-axis, vertical long-axis. and horizontal

long-axis displays. The rcoricnted reconstructed data sets and the Bull's eye display
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were then used for visual evaluation. For comparison, non-corrected SPECT images
were also created by the ML-EM method.
Coronary Angiography

Cardiac catheterization was performed according to standard techniques, with
access through the femoral or brachial artery. All segments of the coronary circulation
were visualized in at least two projections. The resulting coronary angiograms were
evaluated by an angiographer of seven years experience. A notation of abnormal was
made when at least one of the three major vascular territories (left anterior descending
[LAD)], left circumflex [LCX], right coronary artery [RCA]) exhibited luminal
narrowing of 50% or greater.
Image Interpretation

Images were viewed on a computer monitor by two readers blinded to the paticnts’
age, and clinical status. Reader 1 had eight years experience and reader 2 had 10 years
experience in nuclear cardiology. They were presented both in shades of gray and with a
rainbow color scale. Grouped stress and rest studies were presented. The readers
interpreted the images for the overall presence of CAD and its presence in each of the 3
main vascular territories (LAD, LCX. or RCA) on a 4-point scale where 1 = normal, 2 =
probably normal, 3 = probably abnormal, and 4 = abnormal. Two different reading
sessions were held. In the first, non-corrected SPECT images, and in the second, two
weeks after the first, attenuation-corrected SPECT images were interpreted. Images
were presented in random order to each of the readers at each session. Visual
evaluations were performed independently so as to determine interobserver agreement
between the two readers. In the absence of consensus, the more severe interpretation

was accepted as the final determination. Interobserver variability was assessed with



kappa statistics. Kappa values were reported as follows: 0 = agreement is a random
effect: less than 0.20 = poor agreement; 0.21-0.40 = fair agreement; 0.41-0.60 =
moderate agreement; 0.61-0.80 = substantial agreement; and 0.81-1.00 = almost perfect
agreement.(16) The results of myocardial SPECT imaging were compared with those of
CAG. We compared diagnostic accuracy between attenuation-corrected and NC-SPECT
images for the overall detection of CAD and for the localized detection of CAD in the
LAD, LCX, and RCA territories. We used a scan score of 3 or 4 to indicate abnormal
and a score of 1 or 2 to indicate normal in this analysis. McNemar’s test was used to
analyze the statistical significance of differences in assessing the diagnostic accuracy of

each SPECT image. P values of less than 0.05 were considered statistically significant.

RESULTS

Of the 30 patients, 13 had CAD (8 single-vessel, 2 double-vessel. 3 three-vessel
CAD). Atotal of 21 significant stenosis (10 in LAD. 6 in LCX and 5 in RCA,
respectively) were present in these patients. The other 17 patients were normal by CAG.
Diagnostic accuracy in the detection of coronary arterial stenosis was evaluated for each
territory and ecach patient. Interobserver agreement for visual assessment was substantial
or almost perfect. For attenuation-corrected images, the observer consensus for analysis
was 0.84 for the LAD-, 0.87 for the LCX-. and 0.71 for the RCA territory. For
NC-images. it was 0.91, 0.71, and 0.78. The overall diagnostic accuracy results are
presented in Table 1. On attenuation-corrected images, specificity and accuracy were
higher than on non-corrected images and the difference in diagnostic accuracy was
statistically significant (McNemar test. P = 0.03).

The diagnostic accuracy results in each of three vascular territories are presented in
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Table 2. In the RCA territory of the normal subject shown in Fig. 1, attcnuation
correction yielded improved radioactivity in the inferior wall. Diagnostic accuracy was
significantly higher on attenuation-corrected than non-corrected images because of
increased specificity in the RCA territory (McNemar test, P = 0.01). In the LAD and
LCX territory, there was no significant difference between attenuation-corrected and
non-corrected images.

In 17 normal subjects, the percentages with the presence of artifacts of dccreased
tracer activities were 35% (6/17) and 12% (2/17), respectively, for non-corrected and
attenuation-corrected images. For non-corrected images, artifactual decreased perfusion
was observed in the RCA- (5/6) and LAD territories (1/6). For attenuation-corrected
images, artifactual decreased perfusion was observed in the RCA- (1/2) and LAD

territories (1/2).

DISCUSSION

Non-uniform attenuation correction is important in efforts to improve image quality
and quantification measurements in myocardial perfusion SPECT imaging.(1, 7, 30, 31)
In X-ray CT based attenuation correction, anatomicallv accurate image registration
between SPECT and CT is essential.(7, 8) Our imaging system that combines a
gantry-frece gamma camera with a 8-row MDCT scanner allows for accurate image
fusion between SPECT and CT. Compared to simultaneous transmission methods that
employ external sources or hybrid scanners, the primary advantage of our SPECT/CT
system is its ability to obtain high-quality anatomical images simultaneously. MDCT is
a promising method for the non-invasive visualization of coronary arterics.(32) Image

fusion of myocardial perfusion SPECT- and coronary CT angiographic images will be
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important in futurc nuclear cardiology because it features both non-uniform attenuation
correction and image fusion functions.

In our study, the increascd accuracy of discasc localization on attenuation-corrected
images resulted from an increase in the specificity in the RCA territory. Comparison of
attenuation-corrected and non-corrected images disclosed no changes in the specificity
in the LAD or LCX territories. Ohyama et al.(30) evaluated the clinical usefulness of
attenuation correction for T1-201 myocardial SPECT imaging using a three-detector
SPECT system equipped with a Tc-99m line source and fan-beam collimators. Our
results were similar to theirs, although our study population was relatively small. We
suggest that X-ray CT based attenuation correction is also useful in clinical practice.
Vidal et al.(33) reported that the increase in specificity obtained with attenuation
correction in the RCA territory was accompanied by a significant decrease in the
sensitivity of defect detection in the LAD territory. A decrease in sensitivity in the LAD
territory on attenuation-corrected images was not observed in this study. However, there
was decreased tracer uptake in the LAD territory on the attenuation-corrected but not
the non-corrected image in one normal subject on CAG. Reconstructed counts are
artificially enhanced in the regions of high tissue density when scattered events are not
removed from the projections prior to attenuation correction (30, 34). This may be one
of the main reasons why a decrease in activity appcars in the LAD territory with
attenuation correction. We postulate that over-correction of the inferior wall resulted in a
relative decrease in tracer distribution in the LAD territory and we recommend the
combined interpretation of attenuation-corrected and non-corrected images.
Furthermore, the addition of scatter correction may reduce the drawback of

over-correction of the inferior wall (35).



There are scveral limitations in our study. First, the conversion from CT values to
the attenuation cocfficient of gamma rays is complex because the energy spectrum of
gamma rays is finite while X-rays arc continuous. Second, our SPECT images were not
scatter-corrected which would have improved image quality and the accuracy of
quantification (36, 37). Hendel et al.(38) reported that while the specificity was
significantly improved with attenuation/scatter correction and resolution compensation,
the detection of coronary artery stenosis was similar on corrected and uncorrected
perfusion data. Additional scatter and resolution compensation are desirable to avoid
over-correction of the inferior wall that results in a relative decrease in tracer
distribution in the LAD territory. Third, quantitative analysis was not performed in this
study, because visual assessment of myocardial perfusion images is common in clinical
practice. Fourth, we generated SPECT images with 180-degree data collection, chosen
because anterior 180-dcgree acquisition is the standard in the clinical setting (39) .
Comparison between 180- and 360-degree acquisitions should be conducted. Fifth, the
combined SPECT/CT system is not commonly used due to its increased cost and
comparative lack of availability. In recent years, there has been considerable progress in
the development of fusion software to co-register different imaging modalities.(40) The
development of improved software algorithms is necessary to facilitate automatic and
robust image fusion.

In conclusion, the diagnostic accuracy of the localization of CAD was higher on
X-ray CT based attenuation-corrected images than non-corrected images as evidenced
by an increase in the specificity in the RCA territory. However, X-ray CT based
attenuation-corrected and NC-images did not differ significantly with respect to their

diagnostic performance in the LAD or LCX territories. These preliminary data suggest
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that X-ray CT based attenuation correction in myocardial SPECT imaging has the
potential to develop into a reliable clinical technique.

Additional studies are underway in our laboratory to test the usefulness of fusion
imaging between myocardial attenuation-corrected SPECT and coronary angiographic

MDCT images.



Table 1. Overall diagnostic accuracy for AC- and NC-images

Sensitivity Specificity Accuracy
AC 16/21 (76%) 64/69 (93%) 80/90 (89%)
NC 14/21 (67%) 59/69 (86%) 73/90 (81%)

Note. AC = attenuation correction, NC = non correction

Table 2. Diagnostic accuracy for AC- and NC-images in each of three vascular

territories.
(LAD)

Sensitivity Specificity Accuracy
AC 8/10 (80%) 18/20 (90%) 26/30 (87%)
NC 7/10 (70%) 19/20 (95%) 26/30 (87%)
(LCx)

Sensitivity Specificity Accuracy
AC 4/6 (67%) 23/24 (96%) 27/30 (90%)
NC 3/6 (50%) 23/24 (96%) 26/30 (87%)
(RCA)

Sensitivity Specificity Accuracy
AC 4/5 (80%) 23/25 (92%) 27/30 (90%)
NC 4/5 (80%) 17/25 (68%) 21/30 (73%)

Note. AC = attenuation correction, NC = non correction.
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Fig 1.

Short-axial images of a 63-year-old female with normal coronary artery. In

non-corrected images (upper), RCA territory shows decreased tracer uptake
artifact. In attenuation-corrected images (lower), RCA territory shows normal

perfusion.



Section 3. MDCT and QGS for the assessment of LV

function

Assessment of both myocardial perfusion and coronary arteries is essential for the
diagnosis, management, and follow-up of patients with CAD. Furthermore, the
ventricular volume is an independent predictor of morbidity and mortality in these
patients (41, 42), and the accurate determination of the LVEF is clinically important
(43).

For assessment of the LV function, left ventriculography is the modality of
reference, but it is invasive. Echocardiography is non-invasive method, but it may be
difficult to perform in obese patients or in those with pulmonary disease or may miss
the measurement. Gated cardiac SPECT imaging using thc quantitative gated SPECT
(QGS) software package is a non-invasive and well-established method for
simultaneously studying myocardial perfusion and LV function parameters (44-49). An
inherent problem in using QGS is the low spatial resolution (approximately 15 mm) that
results in overestimation of LVEF in small hearts (50, 51). MDCT with retrospective
clectrocardiogram (ECG) gating is a promising tool for coronary artery imaging (32,
52-54). Because data are acquired continuously throughout the entire cardiac cycle,
additional end-systolic (ES) and end-diastolic (ED) images can be reconstructed easily
from MDCT data sets to analyze cardiac function (55-59). Juergens et al (57)
demonstrated a reasonable correlation of LV parameters attained with both MDCT and
biplanar cineventriculography. The assessment of volumetric LV parameters based on

MDCT imaging appears feasible, however further analysis that compares MDCT and
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gated SPECT results seems warranted. Difficulties involve the quality of the data used
for comparison in the attempt to compare variables that may change interindividually,
and intraindividually from day to day, and to evaluate the interdependence of the
changing variables.

In a mechanical phantom, on the other hand, the LV parameters are given and
measurements can be repcated. The purpose of the present study was to compare MDCT
and QGS results with reference parameters in the assessments of the LV function using

an ECG-gated physical cardiac phantom.



MATERIALS AND METHODS
Configuration of the cardiac physical phantom

The design of the cardiac phantom used (Dynamic Cardiac Phantom; Data
Spectrum Corporation, Hillsborough, NC) is shown in Figs 1. A cardiac insert,
representing the LV, fitted into the adaptation of an anthropomorphic torso phantom. A
motor-driven cam moved a piston back and forth to vary LV volumes. The cardiac
phantom control unit supplied the power for the electric motor; at each volume cycle it
received a signal from the motor to generate a simulated ECG signal that was then
transferred to a standard ECG monitor of both the SPECT and MDCT scanners. The LV
motion of this cardiac phantom mimicked a clinical stroke volume curve. For each
volume cycle, a sensor viewing the motor started the generation of an ECG signal that
was synchronized with the cam rotation. The simulated ECG signal was used for gated
SPECT and MDCT acquisition. The cardiac phantom controller allowed for two
different cycle frequency settings of the motor motion (48 and 77 beats per minute
[bpm]), resulting in two different LV stroke volumes. The stroke volume was adjusted
and the fixed ESV produced two different volume combinations (Table 1). We actually
measured the phantom dimensions. The fixed ESV of the cardiac phantom was 42 ml;
this physical phantom simulated a small human heart with ESV of <50 mL. An
expansion membrane, incorporated into the base of the torso phantom, allowed for
expansion and contraction of the total volume within the anthropomorphic torso
phantom during each volume cycle. As this cardiac phantom featured no metal parts. it
could be scanned with both SPECT and CT scanners. The inner and outer walls of the
simulated LV consisted of two flexible rubber membranes. The compartment between

the inner and outer membrancs represented the myocardial wall: it was filled with



thallium-201 (0.05 MBg/ml). We chose thallium-201 for'our phantom study because
thallium-201 myocardial SPECT imaging was routinely used at our hospital to assess
myocardial perfusion. The volume within the inner membrane simulated the LV cavity;
it was filled with water. We chose water, not contrast media, within the simulated LV
cavity because we considered that contrast media potentially cause attenuation artifact
on SPECT images. Two radiologists consensually verified that the contrast between the
inner membrane and the water in the LV cavity was distinct on CT images and that they
could delineate the endocardial contour. One radiologist had 10 years and the other had
8 years of experience in CT imaging.
SPECT/CT

The combined SPECT/CT system incorporated a gantry-free SPECT scanner and a
MDCT scanner; both were commercial instruments. The gantry-free SPECT system was
a Skylight (ADAC Laboratories), the eight-row MDCT scanner a LightSpeed Ultra
(General Electric Medical System). Both commercial devices were juxtaposed so that
the CT table could move the cardiac phantom directly into the SPECT scanner prior to
CT scanning without the necessity of changing the position of the phantom.
SPECT imaging

Dual-head detectors were equipped with low-energy, general-purpose parallel-hole
collimators; the heads were at 90 degrees to each other. The 35% window was centered
at about 74 keV for the emission data; projections were digitized onto a 64 x 64 matrix,
zoom 1.42 (spatial resolution, 13mm). A total of 32 projections were sampled over 90
degrees for each detector; cach view was acquired for 60 sec. SPECT images were
reconstructed by filtered back projection, high-frequency noise levels were decreased

with post-reconstruction Butterworth filtering (cutoff = 0.50 cycle/pixel, order = 5) on a
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Pegasys workstation (ADAC Laboratories). Each R-R interval of the ECG signal was
divided into 16 equal time intervals. Thus, temporal resolution of QGS was
78msec/frame and 49mscc/frame, respectively, in settings 1 and 2.
CT imaging

The CT parameters for setting 1 (48bpm) were 0.5-sec rotation time, a helical pitch
of 0.275:1, 300 mA, and 120 kVp. The CT parameters for setting 2 (77bpm) were
(0.6-sec rotation time, a helical pitch of 0.3:1, 300mA, and 120 kVp. Two scans were
performed for each setting. One scan was performed with 8 x 1.25-mm collimation, and
reconstructed with 2.5-mm slice thickness and 2.5-mm increment. Another scan was
performed with 8 x 2.5-mm collimation, and reconstructed with 5.0-mm slice thickness
and 5.0-mm increment. CT images were reconstructed using a standard convolution
kernel (STD) with a 512 x 512 matrix; the field-of-view was 360 mm; the in-plane
spatial resolution was 0.70 mm in each setting. A half reconstruction and a segmental
reconstruction algorithm were applicd, respectively. in settings | and 2. As the use of a
segmental reconstruction algorithm was clinically important for cardiac CT imaging in
patients with a high heart rate (58, 60), the segment reconstruction algorithm was
chosen in setting 2 with the higher heart beat rate. The segment reconstruction algorithm
was not applied in setting 1. The temporal resolution was 330 msec and 210 msec,
respectively, in settings 1 and 2. Using the ECG trace, phase images were acquired
retrospectively starting from early systole (0% of the R-R interval) and cnding at the
end of diastole (95% of the R-R interval) by using 5%: thus, 20 heart phases were
obtained.
Volumetric analysis

For gated measurements with SPECT and MDCT imaging, the volume in the LV
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cavity was mcasured at two different settings (Table 1). To verify the inter-study
reproducibility and reliability of the phantom results, cach scan was repecated
three-times. The coefficient of variation (CoV) for volume measurements of QGS and
CT was calculated as the SD of the measured volumes divided by its mean value and
then multiplied by 100 to convert to a percentage.

In QGS analysis, the Cedars-Sinai program was used to calculate the EF, ED
volume (EDV), and ES volume (ESV) of the ventricle. The Cedars-Sinai method
identified myocardial boundaries by asymmetric Gaussian fitting to three-dimensional
count profiles of myocardial intensities (61). Using the automatic algorithm, the
endocardial and epicardial contours were identified as the points of 65% SD of the
count profiles for cach of the 16 sets of short-axis slices in the cardiac cycle to calculate
volume changes. The largest and smallest LV volumes corresponded to the EDV and
ESV. respectively. ED and ES short-axis and vertical long-axis images were displayed,
which the radiologist could accept or redraw as necessary. The radiologist had 20 years
experience in nuclear cardiology.

In MDCT ventriculography, measurements of the LV volume were performed
on images with different reconstructed slice thickness (2.5 mm and 5.0 mm); they are
designated CT-2.5 and CT-5.0, respectively. We performed a short-axial image series
including 20 heart phases through the entire cardiac cycle at the mid-ventricular level on
a dedicated workstation (Advantage Windows 4.0P, GE) in order to visually determine
the maximal systolic constriction phase and diastolic phase as the images showing the
largest and smallest LV cavity area, respectively. The LV boundaries of the transaxial
CT images in the ED and ES phases were delineated manually to yield

three-dimensional volume-rendered images by the same radiologist who had 9 years



experience in CT imaging. Then, EDV and ESV were calculated using a software tool
on a workstation by summarizing by Simpson method all LV cavities using the
manually delineated transaxial slices of ED and ES phascs. The EF was calculated from
EDV and ESV. The difference between true and measurcd volumes as a percentage of
the true volume was calculated according to the equation: 100 x (Vm - Vt) / Vt (%),
where Vm and Vt indicate the measured and true ventricular volume, respectively. Then,
the differences in the true and measured volumes were compared among CT-2.5, CT-5.0
and QGS volumetry.
Statistical analysis

One-way ANOVA was used to test the statistical significance of CoV for QGS.
CT-2.5, and CT-5.0 volumes. One-way ANOVA was used to test the statistical
significance of the difference betwcen the measured and true LV volumes for QGS,
CT-2.5, and CT-5.0 images. If there were statistically significant differences, the
Tukey-Kramer multiple comparisons test was then applied for post hoc analysis. P
values of less than 0.05 were considered to be statistically significant. All data are
presented as the mean + SD. Statistical analyses were performed with a statistical

software package (StatView, version 5.0: SAS Institute, Cary, NC).

RESULTS

The measured ventricular volumes and the differences in true and measured
volumes as a percentage of the true volume for ventricular volume settings 1 and 2 are
shown in Tables 2 and 3, respectively. Transaxial CT images and three-dimensional CT
ventriculograms in the ED and ES phases are shown in Fig 2. The three-dimensional

volume-rendered images obtained from the QGS program for a 16-frame gated SPECT
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study are presented in Fig 3. At each ventricular volume setting, the difference between
true and measured ESV and EF values was significantly different. Application of the
Tukey-Kramer test revealed that the differences in true and measured values for ESV
and EF obtained with QGS were significantly greater than those obtained by CT-2.5 and
CT-5.0 volumetry at each ventricular volume setting (Table 4). The difference between
true and measured EDV obtained with CT-2.5 was significantly greater than that
obtained with CT-5.0 volumetry at volume setting 2.

At ventricular volume settings 1 and 2, the CoV of EDV for QGS was 0.6% and
0.7%, respectively. The corrcsponding CoV of ESV for QGS was 8.8% and 1.9%. The
CoV of EDV for CT-2.5 was 2.8% and 1.6%, respectively at ventricular volume settings
1 and 2. The corresponding CoV of ESV for CT-2.5 was 1.6% and 5.8%. The CoV of
EDV for CT-5.0 was 5.2% and 3.9%, respectively, for ventricular volume settings 1 and
2. The corresponding CoV of ESV for CT-5.0 was 7.4% and 5.1%. The difference in the

CoV among QGS, CT-2.5, and CT-5.0 was not statistically significant (p=0.37).

DISCUSSION

Retrospective gated MDCT and myocardial SPECT imaging provide anatomical
and physiologic information, respectively. and both techniques can be used to estimate
LV function (55-59). The diagnostic and prognostic knowledge derived from an
understanding of LV function can be added to information gained from assessing
myocardial perfusion and coronary artery images. However, in clinical practice there is
often a discrepancy between LV volumes measured by MDCT and QGS techniques.
Most methods implemented on commercial SPECT systems usc edge-detection schemes

in the calculation of the EF. Edge-detection schemes are especially susceptible to



partial-volume effects, which become more severe in small hearts. Thus, we considered
that the analysis in a small heart was important and the small heart model (the fixed
ESV value of 42 mL) was adopted in the study. Our results show that functional and
temporal information yielded by coronary MDCT study can be used to obtain a correct
estimation of LV function. At an ESV of <50 mL, our cardiac physical phantom
produced an overestimation of the EF by QGS analysis of a small heart. Ventricular
volume estimations from both QGS and MDCT analyses were highly reproducible; the
CoV was 1-9%. We postulate that the artifactual EF increase is attributable to the low
spatial resolution (approximately 15 mm) in myocardial SPECT imaging. As the
endocardial edges at opposite sides of the LV cavity overlap in the QGS program, the
position of the calculated edge is closer to the center of the cavity. This presents a
problem for the configuration of ES, especially in cases where the heart is small,
because at that point the LV volumf: is at its lowest and the endocardial edges are at
their closest proximity.

Pratt et al. (62) reported that a significant problem when measured with the
QGS software lies in the partial-volume effect and the inaccurate determination of the
inner boundary at the apex on ES images. Ford et al. (63) found that QGS analysis
overestimated EF by 15-25% in simulated small hearts. As our results appear to support
their findings, it may be inadvisable to use QGS for monitoring the EF in patients with
small hearts. Our data suggest that a mildly decreased EF may appear to be in the
normal range when measured by QGS software. On the other hand, MDCT volumetric
measurements were highly accurate and reproducible even in small hearts because of
the higher spatial resolution (60). Vera et al. (64) reported that QGS underestimated EF

by underestimating EDV in patients with large myocardial infarcts: using regression

48



analysis, they demonstrated that the difference between the results of left
ventriculography and QGS volumes was correlated with the size of the infarct. We
postulate that the MDCT volume is accurate in patients with myocardial infarction,
although further studies are required. We note a tendency of the CT-2.5 volumetry to
overestimate the LV volumes as well as a tendency of the CT-5.0 volumetry to
underestimate the LV volumes at the higher heart rate setting. We posit that the partial
volume effect and the higher heart rate decrease the accuracy of manual tracing of the
endocardial contours. Although we found no significant difference in reproducibility
between CT-2.5 and CT-5.0 volumetries, the CoV of CT-2.5 volumetry tended to be
smaller than of CT-5.0 volumetry. Thus, thin-section image thickness may be preferable
for MDCT volumetry.

Myocardial function is widely assessed with the use of echocardiography which is
operator- and acoustics-dependent; volumetric assessment is based on gecometric
assumptions (65, 66). Yamamuro et al. (58) reported that functional analysis with
MDCT was more accurate than with two-dimensional echocardiography. Radionuclide
ventriculography is flawed due to its low spatial resolution (67, 68), and other
parameters that pertain to the myocardial wall are not considered. Therefore, this
technique is not widely used. Due its high accuracy and reproducibility cardiac cine
MRI with steadyv-state free precession acquisition is nowadays judged as the
state-of-the-art method for assessing the LV function as well as the myocardial
perfusion (69, 70). Further improvements are achieved by MR-tagging (71). However,
cardiac MRI is a more complex technique and therefore acquisition time is usually
longer in comparison to cardiac MDCT. Images acquircd with both techniques must be

analyzed in postprocessing procedures to attain the LV parameters. Retrospective gated



MDCT is a widely available, accurate and reproducible approach to comprehensively
assess the coronary arteries as well as the LV function (52, 58, 72, 73). Our imaging
system that combines a gantry-frec gamma camera with a MDCT scanner allows for
accurate registration between SPECT and high-quality CT images. Image fusion of
myocardial perfusion SPECT and coronary CT angiographic images will be important
in future cardiology because it features both non-uniform attenuation correction and
image fusion functions (8, 74). We believe that the combination of noninvasive
coronary artery imaging and the assessment of LV myocardial perfusion and function is
an interesting approach to a comprehensive cardiac workup.

There are some limitations in our study. First, as the cardiac phantom was
confined to two settings (48 and 77 bpm), we were not able to evaluate the effect of
temporal resolution on our volumeltric analyses. In general, a beta-blocker is
administered orally one hour prior to cardiac CT scanning for patients with a heart rate
of greater than 65 beats per minute (75, 76). We considered that the frequency setting of
48 bpm (setting 1) was representative of a patient in whom a beta-blocker was
administered, and the frequency setting of 77 bpm (setting 2) was representative of a
patient in whom a beta-blocker was contraindicated. However, our phantom study was
not designed with the case of heart rate fluctuation during scan. Second, the phantom
resembled the human heart’s anatomy, but had some deficits of its anatomical specifics,
e.g. the papillary muscles and the moving mitral and aortic valve. In the previous report
(57). papillary muscles were included in the LV cavity in LV functional analysis. We
believe that the measurement error due to some deficits of the anatomical specifics may
be small, and our experimental results may be similar to those of a human heart. Third,

we did not perform comparisons between combinations of tracer and processing



algorithms. We chose thallium-201 for our phantom study because thallium-201
myocardial SPECT imaging is routinely used at our hospital to assess myocardial
perfusion. Earlier validation studies (77, 78) found a good correlation with EF that was
independcnt of the combination of tracer and processing-algorithms. We suggest that
our results will not be affected in a major way by other combinations of tracer and
processing-algorithms. Fourth, 1.25-mm thin sections were not used for MDCT
ventriculographv. Grude et al (79) adopted 1.25-mm thin sections for the functional
analysis. The use of thin sections may be preferable. However, automated software for
cardiac functional analysis has not been optimized, and the manual delineation of LV
cavities should be performed. Thus, we considered the use of 1.25-mm thin sections was
time-consuming and might limit the clinical use of this technique. Thus, we chose the
2.5-mm and 5.0-mm reconstructed images for the study. Improved software algorithms
are imperative to enable automatic and accurate functional analysis.

In conclusion, we found that MDCT provides for good visualization of the morphology
and a good estimation of LV function parameters, and that QGS overestimates EF for
the small heart model with an ESV of <50 mL as well as normal or near normal LV
function. These data argue against using QGS EF for monitoring the EF in patient with

small hearts.



Table 1. The two different volume settings used for the true left ventricular volumes in

the cardiac physical phantom.

Cycle frequency (bpm) EDV(ml) ESV (ml) EF (%)
Setting 1 48 100 42 S5
Setting2 77 87 42 5

o 00

Table 2. Measured ventricular volumes and difference between true and measured
volumes as a percentage of the true volume with SPECT and MDCT volumetry at
volume setting 1 (EDV = 100mL; ESV = 42mL; EF = 58%)

Measurement  EDV (ml) ESV (ml) EF (%)
QGS 1 101 (1.0) 28 (-33.3) 72 (24.6)

2 101 (1.0) 29 (-31.0) 71 (22.9)

3 100 (0.0) 33 (21.4) 67 (15.5)

Mean + SD 101 *+ 1(0.7+0.6) 30 £3(-28.6£6.3) 70 +3(21.0+4.8)
CT-25 1 109 (8.9) 43 (1.6) 61 4.9)

2 104 (4.3) 41 (-1.4) 61 (3.9)

3 103 (3.4) 42 (-1.0) 60 (3.1)

Mean £ SD 106 3 (5.5%£2.9) 42+ 1 (-0.3%1.6) 60 + 1 (4.0+0.9)
CT-5.0 1 107 (7.0) 43 (2.9) 60 (2.8)

2 97 (-2.9) 40 (-5.3) 59 (1.8)

3 106 (5.6) 37 (-11.2) 65 (11.5)

Mean =+ SD 103 +5(3.245.4)  40+3(-45+7.1) 61 +3(5.4+5.4)

Note__ Three measurements were performed for each method. Data are presented by
the measured value (difference between true and measured volumes as a percentage of
the true volume [%]).

CT-2.5 = MDCT volumetry with 2.5-mm reconstructed slice thickness, CT-5.0 = MDCT

volumetry with 5.0-mm reconstructed slice thickness.
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Table 3. Measured ventricular volumes and difference between true and measured
volumes as a percentage of the true volume with SPECT and MDCT volumetry at
volume setting 2 (EDV = 87mL, ESV = 42mL. EF = 52%)

Measurement NoEDV (ml) ESV (ml) EF (%)
QGS 1 87 (0.0) 31 (-26.2) 64 (24.5)

2 86 (-1.1) 31 (-26.2) 64 (23.7)

3 86 (-1.1) 30 (-28.6) 65 (26.0)

Mean = SD 86 * 1 (-0.8+0.7) 30+ 1(-27.0x1.4) 641 (24.7+1.1)
CT-25 1 91 (4.9 44 (3.9) 52 (0.9)

2 89 (2.4) 43 (2.0) 52 (0.4)

3 92 (5.7) 39 (-6.9) 57 (11.1)

Mean +SD 91 +2 (4.3+1.7) 42 £2 (-0.3%5.7) 54 +3(4.2+6.1)
CT-5.0 1 83 (-4.9 41 (-1.5) 50 (-3.3)

2 89 (1.8) 37 (-1L.1) 58 (11.9)

3 83 (-4.5) 40 (-5.7) 52 (1.2)

Mean £ SD 85 + 3 (-2.5+3.8) 39 £2(-6.1+4.8) 53 +4(3.3£7.8)

Note__ Three measurements were performed for each method. Data are presented by

the measured value (difference between true and measured volumes as a percentage of

the true volume [%]).

CT-2.5 = MDCT volumetry with 2.5-mm reconstructed slice thickness, CT-5.0 = MDCT

volumetry with 5.0-mm reconstructed slice thickness.



Table 4. Intcrmodality comparisons of the EDV, ESV. and EF volumetry using MDCT

and SPECT at the volume setting 1 and 2.

Setting 1 Setting 2

EDV EDV ESV  EF
CT-25vs CT-50 NS S NS NS
CT-2.5 vs QGS NS NS S S
CT-5.0 vs QGS NS NS S S

Note CT-2.5 = MDCT volumetry with 2.5-mm image thickness, CT-5.0 = MDCT
volumetry with 5.0-mm image thickness, NS = not significant. S = significant (p<0.05

for multiple comparisons)
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Fig 2. a, b: Transaxial CT images of the cardiac physical phantom in the ED (a) and
ES phases (b). ¢, d: Three-dimensional CT ventriculograms in the ED (c) and ES
phases (d).

Fig.3. Three-dimensional volume-rendered images obtained from the QGS

program.
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