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resolution recovery. Polar maps were generated and defect 
sizes were calculated with variable thresholds (40–60%, in 
5% steps). The threshold yielding the best correlation and 
the lowest mean deviation from the true extents was consid-
ered optimal.
Results AC data showed accurate estimation of transmu-
ral defect extents with an optimal threshold of 50% [non 
attenuation correction (NAC): 40%]. For the simulation 
of non-transmural defects, a threshold of 55% for AC was 
found to yield the best results (NAC: 45%). The variability 
in defect size due to the location (anterior versus inferior) of 
the defect was reduced by 50% when using AC data indicat-
ing the benefit from using AC. No difference in the optimal 
threshold was observed between the different orbits.
Conclusion Cardiac SPECT/CT shows an improved capa-
bility for quantitative defect size assessment in phantom 
studies due to the positive effects of attenuation correction.

Keywords Attenuation correction · Cardiac SPECT · 
Infarct size · SPECT/CT

Introduction

To reduce mortality in patients suffering from acute myocar-
dial infarction, coronary reperfusion is commonly attempted 
[1]. The principal mechanism by which patients with acute 
myocardial infarction benefit from coronary artery reperfu-
sion therapies is myocardial salvage [2], which can be reli-
ably assessed by 99mTc-sestamibi imaging [1, 3]. Sequential 
myocardial imaging with 99mTc-sestamibi performed early 
after onset of symptoms and within a few days after primary 
reperfusion treatment allows identification of areas at risk, 
final infarct size and salvage index [2], or the proportion of 
area at risk that is salvaged by reperfusion therapy [1, 4, 5]. 

Abstract 
Rationale Myocardial perfusion SPECT is a commonly 
performed, well established, clinically useful procedure for 
the management of patients with coronary artery disease. 
However, the attenuation of photons from myocardium 
impacts the quantification of infarct sizes. CT-Attenuation 
Correction (AC) potentially resolves this problem. This con-
tention was investigated by analyzing various parameters for 
infarct size delineation in a cardiac phantom model.
Methods A thorax phantom with a left ventricle (LV), fill-
able defects, lungs, spine and liver was used. The defects 
were combined to simulate 6 infarct sizes (5–20% LV). The 
LV walls were filled with 100120 kBq/ml 99mTc and the 
liver with 10–12 kBq/ml 99mTc. The defects were filled with 
water of 50% LV activity to simulate transmural and non-
transmural infarction, respectively. Imaging of the phantom 
was repeated for each configuration in a SPECT/CT system. 
The defects were positioned in the anterior as well as in the 
inferior wall. Data were acquired in two modes: 32 views, 
30 s/view, 180° and 64 views, 15 s/view, 360° orbit. Images 
were reconstructed iteratively with scatter correction and 
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Thus, new therapies [2] in the treatment of coronary artery 
disease (CAD) are evaluated by their effects on surrogate 
endpoints using SPECT myocardial perfusion imaging, and 
ultimately on their reduction in patient mortality.

As detailed by Fleming and DeMets [6], such surrogate 
endpoints can only be effective substitutes for clinical out-
comes if the effects of intervention [7, 8] on the surrogate 
are reliable predictors for clinical outcome. Comparing stent 
versus thrombolysis, studies have shown a beneficial clinical 
outcome by reducing infarct size [9, 10].

However, in conventional cardiac SPECT, non-uniform 
attenuation artifacts can reduce the diagnostic accuracy [11, 
12]. The goal of SPECT attenuation correction (AC) is to 
more precisely define the actual distribution of tracer within 
the heart by compensating for the effects of attenuating tis-
sue [13].

Previous studies reported recent advances in SPECT/
CT imaging [14–18] and investigated the efficacy of AC 
[19–22]. New hardware designs and novel implementation 
of CT-based attenuation correction [23–26] were devel-
oped to resolve the problem of breast, diaphragmatic and 
thoracic wall attenuation. Without attenuation correction, 
infarction may be difficult to distinguish from the effects of 
attenuation. This was investigated by Christian et al. [27] 
and location dependent thresholds were suggested. However, 
the location of the attenuation artifact or even artifacts can 
only be estimated, and inter-individual variability limits this 
approach. Therefore, in this study we focused on a location 
independent infarct size delineation using a cardiac phantom 
to determine the optimal threshold in both transmural and 
non-transmural infarction. This was performed by compar-
ing measured defect sizes to true defect sizes [28–31] using 
both CT-based AC and nonattenuation correction (NAC) 
image data.

Materials and methods

A cardiac phantom model that consisted of a left ventricle 
(LV) with separate compartments for blood pool (60 ml) 
and myocardium (121 ml) was used (Fig. 1). The myocar-
dial wall thickness was 10 mm. The LV walls were filled 
with 100–120 kBq/ml 99mTc-sestamibi. For this study, three 
inserts [28] for simulating transmural and non-transmural 
infarction were evaluated, using defects with different vol-
ume sizes. The volumes of the defect sizes were determined 
by using a precision balance mass. They marginally differ 
from phantom specifications and well established data stated 
in the literature [32]. In this study, we used volume sizes 
of 4.9 cm3 (small, 4.1% LV), 9.8 cm3 (medium, 8.1% LV), 
19.5 cm3 (large, 16.1% LV) and 24.4 cm3, (20.1% LV; a 
combination of small and large defects). Defects were filled 
with water for simulating transmural infarction (Fig.  1, 

arrow) and with 50% LV activity for simulating non-trans-
mural infarction.

These defect sizes were measured in six basic configu-
rations (two small, two medium, one large, one small and 
large), where the small and medium defects were mounted 
once more apically, and once more basally. Each of those 
configurations was once installed in the anterior and once in 
the inferior wall, yielding 12 configurations in total. In addi-
tion, a complete set of lungs that consisted of polystyrene 
spheres were filled with water to achieve physiologic tissue 
density and placed into an anthropomorphic torso phantom 
without arms (Model 7474, DATA Spectrum, Hillsborough, 
NC, USA) [25, 28–31] together with a Teflon rod, simulating 
the spine, and a fillable liver insert. The purpose of the lung, 
liver and spine inserts was to create a phantom with non-
uniform attenuation. The same isotope used for the heart 
was also used for the liver with only 10–12 kBq/ml, simulat-
ing the background activity. For all investigations, care was 
taken to ensure that activity was well mixed and that no air 
bubbles were present in the myocardium. Then the phan-
tom was filled with water to achieve maximum attenuation. 
Phantom arms were not used due to “arms up” positioning 
in the clinical protocol. In this configuration, the torso was 
positioned in the scanner, putting the phantom heart in the 
center of the field of view (FOV) to acquire data for both 
180 and 360 degree rotations. No breast attachments were 
used in our studies.

Data acquisition

Before the start of the study both AC and NAC acquisi-
tions were performed without defect components to ensure 
homogenous count distribution throughout the myocar-
dium. Acquisitions were performed with two different pro-
tocols for all defect configurations. Based on the standard 
patient protocol [24], all studies were performed with a 

Fig. 1  Axial view of the data spectrum phantom containing a heart, 
a spine, a complete set of lungs and a liver. The black arrow shows a 
fixed defect size for simulating transmural infarction
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SPECT/CT dual head system equipped with parallel-hole, 
low-energy, high resolution collimators (Siemens Symbia 
T6, Siemens Healthcare, Erlangen, Germany) [14, 18].

First, the CT transmission scan was performed with a 
low tube current. A slice thickness of 5 mm was used; 
other fixed parameters were 130 kV voltage, X-ray tube 
current 15 mA. The  CTDIvol was 7.0 mGy, resulting in a 
DLP of 108 mGy cm for an average patient. The SPECT 
scan was first performed for 180° orbit acquisition (90° 
head configuration), followed by the 360° orbit acquisition 
(180° head configuration).

For the first (standard) protocol, SPECT projections 
were acquired over 32 views for 30 s/view into a 64 × 64 
matrix. Data were acquired with the gantry in 90° con-
figuration (“L-mode”), over 180°, beginning at the 45° 
left anterior oblique (LAO) view and ending at the 45° 
right anterior oblique (RAO) view. In the second protocol, 
SPECT images were acquired over 64 views for 15 s/view 
for the same matrix size and angular step size (yielding a 
360° orbit). The gantry was in 180° configuration for this 
acquisition (“H-mode”).

Image reconstruction and evaluation

Transaxial images of 64 × 64 pixels were reconstructed 
using an ordered subset expectation maximization algo-
rithm (OSEM) with 8 iterations and 4 subsets and with 
depth dependent recovery (FLASH3D™, Siemens Symbia 
T6, Erlangen, Germany) and a Butterworth filter (cutoff 
frequency: 0.5 Nyquist, 5th order). Scatter correction [28] 
was applied through the use of a second energy window in 
the Compton area of the 99mTc photo peak.

Attenuation correction was performed by incorporating 
the smoothed CT (kernel B08s) into the iterative reconstruc-
tion method [18, 33–35].

Data were reconstructed using the manufacturer’s 3D 
algebraic reconstruction algorithm (FLASH3D™, Siemens 
Symbia T6, Erlangen, Germany). This algorithm uses a 
measured 3D beam model for the system matrix and there-
fore provides intrinsic resolution recovery as well as reduced 
distortion due to activity from different planes of reconstruc-
tion. The images are postfiltered with a FWMH Gaussian 
filter for noise reduction. Standard reconstruction settings 
as provided by the manufacturer were applied.

Image analysis was performed with the “MunichHeart” 
software [36]. Polar maps of the left ventricle were created. 
The normalization applied before defect evaluation deter-
mined the maximum myocardial uptake as the maximum 
of means of six adjacent polar map elements. From this 
maximum, transmural and non-transmural infarction were 
determined by means of threshold.

Measured defect size was given as a percentage of the 
LV. Figure 2 shows the method of defect evaluation, using 
the “MunichHeart” software, which was performed for both 
AC and NAC data.

Statistical analysis

After extent evaluation for either anterior or inferior loca-
tions, the measured defect sizes were correlated with the 
true defect size by linear regression analysis including 
Bland–Altman analysis. The difference between true and 
measured defect size was used to determine the optimum 
threshold value while varying the threshold from 40 to 
60% in 5% increments. For each threshold value, the mean 
value and standard deviation (SD), slope and offset of the 

Fig. 2  Defect evaluation in 
polar maps with a small trans-
mural defect in the inferior wall. 
Left, the normalized polar map 
is shown and right, the result of 
a 50% threshold which yields a 
defect extent of 4.1% LV shown 
in blue. Polar maps were cre-
ated with the “MunichHeart” 
software
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regression line and the correlation coefficient were deter-
mined. The threshold yielding both the best correlation 
and lowest standard deviation from the true extents was 
considered as optimal. Continuous data were expressed as 
mean ± SD. The defects were given as a percentage of the 
left ventricle (Tables 1, 2, 3 and 4).

For the comparison of the measured defect sizes, non-
parametric test statistics was used because of the non-normal 
distributed data, which was tested with a type I level of 5% 
using the Kolmogorov-Smirinov and the Shapiro–Wilk test 
[37]. The two sided Wilcoxon rank sum test was used for all 
two-class cases and the Friedman Test for multiclass cases, 
both with a type I level of 5%. For the remainder of the 
experiments the data-subsets yielding the optimal thresholds 
values were selected for analysis. Values of p < 0.05 were 
regarded as statistically significant.

Results

All defects were visible at all applied thresholds for all 
acquisition and reconstruction methods. The relationships 
between true and measured defect size are shown in Fig. 3a, 
b. The dependency of the mean lesion size on threshold is 
given in Fig. 4a, b. The thresholds yielding best fit did not 
depend on angular acquisition (180° versus 360°, Tables 1, 
2).

Transmural defects

Regarding the dependency of measured (y) and true defect 
sizes (x) (unit: % LV), linear regression was y = 1.13 

x − 1.30 (R = 0.99) for the 180° acquisition and y = 1.10 
x − 1.61 (R = 0.99) for the 360° acquisition reconstructed 
AC data, respectively. Linear regression between meas-
ured (y) and real defect size (x) in units of % LV was 
y = 1.10 x − 1.33 (R = 0.98) for the 180° acquisition, and 
y = 1.13x − 1.16 (R = 0.97) for the 360° acquisition recon-
structed NAC data, respectively. The evaluated thresh-
olds for transmural defects did not depend on acquisi-
tion angle and are 50% for AC reconstruction and 40% 
for NAC reconstruction, respectively (Table 1; Fig. 4a). 
Furthermore, the mean values of the two different posi-
tioning options (anterior wall versus inferior wall) were 
compared for AC and NAC measurements (12 per cat-
egory, 6 in 180° and 6 in the 360° data acquisition mode). 
A significant difference between AC/anterior wall and 
NAC/inferior wall was found (p = 0.037). Depending on 
the location the transmural defect size was reduced by 50% 
comparing AC data of anterior wall to NAC data of infe-
rior wall. A pair-wise dissimilarity of the two categories, 
AC/anterior wall and NAC/anterior wall was determined 
(p = 0.007) (Table 3). In contrast, the AC and the NAC 
mode performed equally well at the inferior wall. Further-
more, the dissimilarity between the categories AC/ante-
rior wall and AC/inferior wall, was statistically significant 
(p = 0.028). The Bland–Altman analysis at the optimum 
threshold (Fig. 3b) showed that not only does the devia-
tion of detected lesion size versus real lesion size improve 
overall for the application of AC but even for each of the 
different lesion sizes.
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Fig. 3  Correlation of true defect size to measured defect size by 
linear regression analysis (a) and Bland–Altman analysis (b). The 
example is given for 50% threshold value, and an acquisition orbit of 
360° for transmural defects. In a the dotted line represents the line 

of identity, while the colored lines give the linear regression for the 
respective data. In b, the dotted lines represent the bias and the 95% 
confidence intervals
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Non-transmural defects

Regarding the dependency of measured (y) and true 
(x) defect sizes (unit: % LV) linear regression was 

y = 1.38x − 2.25 (R = 0.98) for the 180° acquisition and 
y = 1.26x − 1.40 (R = 0.97) for the 360° acquisition when 
reconstructed with AC. For the NAC reconstruction the lin-
ear regression between measured (y) and real defect sizes 
(x) in units of % LV was y = 1.23x − 0.48 (R = 0.95) for the 
180° acquisition, and y = 1.20x − 0.75 (R = 0.91) for the 360° 
acquisition.

The optimal thresholds for transmural defects did not 
depend on acquisition angle and were 55% for AC and 45% 
for NAC reconstruction (Table 2; Fig. 4b). Again, no sig-
nificant dissimilarity was found between the values obtained 
by the four techniques and the true sizes. A comparison of 
the mean values of these four categories did not disclose 
any significant difference between the four categories. As 
with the transmural data, a comparison of the absolute mean 
values of the two different positioning options (anterior 
versus inferior) and the two techniques AC and NAC were 
performed (12 measurements per category, 6 in 180° and 
6 in 360° data acquisition mode). A significant difference 
between AC/anterior wall and NAC/inferior wall was found 
(p = 0.025). Again, the categories AC/anterior wall and AC/
inferior wall differed significantly (p = 0.045). In contrast to 
transmural defects, where the delineation of infarct extent 
performed better at the anterior position, non-transmural 
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Fig. 4  Influence of the threshold in the estimation of transmural (a) 
and non-transmural (b) defects for 180° and 360° acquisitions. The 
mean value represents the difference (Δ) of true and measured defect 
size, as shown in the ordinate. Corresponding threshold values have 

been offset by − 0.4 to + 0.6 to improve visibility of error bars. To 
enhance visibility, all four mean values per threshold were plotted 
with a slight offset along the x-axis

Table 1  Transmural defects (%) measured with different acquisition 
modes

AC attenuation correction, NAC non attenuation correction

AC/180° NAC/180° AC/360° NAC/360°

Mean value 1.0 1.2 1.0 2.0
Standard deviation 1.0 1.1 0.8 1.3
Threshold (%) 50 40 50 40

Table 2  Non-transmural defects (%) measured with different acquisi-
tion modes

AC/180° NAC/180° AC/360° NAC/360°

Mean value 1.9 1.8 1.4 2.3
Standard deviation 1.2 0.7 1.3 1.4
Threshold (%) 55 45 55 45

Table 3  Transmural defects (%) for AC and NAC at different posi-
tions

AW anterior wall, IW inferior all

AC/AW NAC/AW AC/IW NAC/IW

Mean value 0.6 1.7 1.5 1.5
Standard deviation 0.4 1.2 1.1 1.3
Threshold (%) 50 40 50 40

Table 4  Non-transmural defects (%) for AC and NAC at different 
positions

AC/AW NAC/AW AC/IW NAC/IW

Mean value 2.2 1.8 1.1 2.2
Standard deviation 1.3 0.8 0.8 1.3
Threshold (%) 55 45 55 45
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defects measured in the inferior wall performed best. Non-
transmural defect size was reduced by 50% for inferior defect 
location of AC compared to NAC. Moreover, the pair-wise 
dissimilarity of the 2 categories, AC/inferior wall and NAC/
inferior wall (p = 0.008) was significant (Table 4).

For both transmural and non-transmural defects, the mean 
values were calculated from 12 measurements each, six from 
the anterior and six from the inferior position. The optimal 
thresholds both for AC and NAC were evaluated, showing 
accurate estimation of defect sizes in both 180° and 360° 
acquisitions. Throughout the parameter range selected, the 
NAC data showed higher SD than the AC data (Fig. 4a, 
b), the exception being SD for non-transmural data below 
a threshold of 50%. Figure 4a (orbit 360°, threshold 50%, 
transmural data) shows the bias of AC to be close to zero, 
while the bias for NAC is 2.5–3.0% LV. Furthermore, the 
95% confidence interval of AC is less than half than that 
of NAC. Applying the optimal value of 50% as derived for 

transmural data to non-transmural defects yields only an 
underestimation of about 2% for both NAC and AC indicat-
ing the stability of the method. Figure 5 summarizes the 
results in a graphical way for typical circumferential profiles 
and inferior and anterior infarctions.

Discussion

We were able to show excellent correlation between the 
actual transmural defect size and the defect size determined 
using SPECT/CT. In addition, the accurate estimation of 
non-transmural infarction—which was previously described 
as a limit of the resolution of SPECT imaging [4]—was opti-
mized. This could potentially improve the use of SPECT/
CT in assessing infarct sizes of surrogate endpoints [1, 
3–6, 8], in quantifying the effects of successful coronary 

Fig. 5  Schematic course of remote (solid line) and defect (dashed 
line) circumferential profiles without and with attenuation correction 
(AC) for an inferior (top) and an anterior (bottom) defect. In addi-
tion, three thresholds (40, 50, and 60%) are shown. The arrows illus-

trate the correct delineation of defect extent when using the optimal 
threshold. Due to photon attenuation, the optimal threshold differs for 
non AC data. The term remote (myocardium) is used to identify “nor-
mal” tissue; hence it is set to 100%
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revascularization, and in predicting myocardial salvage and 
functional recovery [38].

A priori, it is not known whether an infarct is transmu-
ral or not. In this context it has to be mentioned that both, 
manifestation and location of transmural and non-transmural 
infarction cannot be predicted in the clinical setting. There-
fore, the authors formed the concept of simulating transmu-
ral and non-transmural infarction under preclinical condi-
tions with the use of a cardiac phantom. Thus, the question 
arises which threshold to use [27]. O´Connor et al. in their 
multicenter study [28] used a 60% threshold for accurate 
estimation of transmural size, whereas our results showed an 
optimal threshold of 40% for NAC data. However, the phan-
tom in their study showed a minimal uptake value of 80% 
whereas the phantom used in our study revealed minimal 
values of 50%, reflecting a more realistic setting as known 
from human normal databases [39].

Matsunari et al. [20] compared AC and NAC SPECT 
imaging to 18F-FDG PET in patients with coronary artery 
disease using a 241Am line source for attenuation correction. 
Their aim was to assess the efficacy of resting 99mTc-tetro-
fosmin AC-SPECT for the detection of viable myocardium 
using 18F-FDG PET as the reference method for assessing 
tissue viability. Consistent with our findings for CT-based 
AC and transmural defects, using semi-quantitative polar 
map analysis and a 50% threshold for SPECT imaging—a 
cutoff value that was derived from the previous literature 
[40]—SPECT AC improved the concordance of viability 
between resting 99mTctetrofosmin and 18F-FDG and—in 
addition-decreased the underestimation of viability by 
99mTc-tetrofosmin in the inferior-septal region. Both AC and 
NAC data have to be interpreted carefully in order to avoid 
misinterpretation of the apical region.

Fricke et al. [23] compared the concordance of SPECT 
and PET studies in patients with suspected or known coro-
nary artery disease. Their results showed SPECT images 
with X-ray derived attenuation correction (Hawkeye, Gen-
eral Electrics Medical Systems) to be more accurate than 
with SPECT alone. This finding is in agreement with the 
results of other studies using various systems for attenuation 
correction [19, 26].

Previous studies focused on the performance of exter-
nal radionuclide source systems and CT-based systems in 
cardiac SPECT using phantom models [31] and the clini-
cal validation of SPECT AC with CT [25]. In their evalua-
tion of different AC methods in phantoms, O´Connor et al. 
found that maps obtained with radioactive sources (line or 
point sources) were generally of poorer quality than those 
obtained with a radiographic source [31], concluding that a 
high-quality attenuation map is an important determinant 
of image quality. This is of high relevance because image 
noise may affect defect quantification to a lesser degree as 
observed for AC in our study.

Our phantom study did not account for misregistration 
between CT transmission and SPECT emission data. How-
ever, this is a common issue in patient studies, as the emis-
sion and transmission scans were obtained sequentially [11]. 
Consequently, strict quality control and attention to patient 
motion are crucial for reproducible results.

No significant difference between the orbits, using 180° 
and 360° acquisition [41] was observed for the optimal 
threshold. Guidelines published by the American Society 
of Nuclear Cardiology state that for cardiac SPECT imag-
ing, the use of a circular orbit and an anterior 180° (right 
anterior oblique to left posterior oblique) acquisition orbit 
is standard [42]. The guidelines state specifically that the 
180° orbit yields higher image contrast than the 360° orbit. 
This guideline appears to be a continuation of the practice 
with 201Tl SPECT in the 1980s. Present-day 99mTc-labeled 
radiotracers have better imaging characteristics than 201Tl, 
and modern multihead gamma cameras have better electron-
ics, collimators, and gantries that allow for 360° SPECT 
acquisition orbits without a significant increase in imaging 
time, as Liu et al. [41] reported.

This study had some limitations: The maximal defect 
size was 20.1% LV as the defect compartments could not 
be placed in the curved, apical section of the LV. It has to 
be mentioned that cardiac components larger than the above 
mentioned defect size, placed in more than one myocardial 
region (e.g., anteroseptal or inferolateral), were not used in 
this study. Thus, the threshold evaluation for both, transmu-
ral and non-transmural infarction focused on the anterior 
and inferior wall of the cardiac phantom. We avoided non-
physiological “circumferential” defects by mixing different 
degrees of attenuation to allow a clear separation of ante-
rior and inferior defects. Furthermore, we did not use breast 
attachments in the phantom.

Further limitations were related to the heart model as the 
thickness of the myocardial wall was consistent through-
out the myocardium. Thus, apical thinning phenomena due 
to physiological or non-physiological phenomena were not 
investigated. A phantom showing those characteristics, par-
ticularly in view of the unexpected result that AC performs 
better in the anterior than inferior wall, might be useful for 
further investigation. It is possible that addressing these 
limitations might reduce the error margins of our study. In 
addition, our phantom studies were not compared to human 
studies. Thus, the influence of motion on myocardial perfu-
sion imaging could not be investigated.

Conclusion

Our results showed an excellent correlation between 
true and measured defect sizes for the simulation of both 
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transmural and non-transmural infarction observed in a car-
diac phantom.

SPECT/CT AC not only reduced the overall variability 
in defect sizes, but also reduced the size-dependency of the 
optimum threshold. These findings indicate the feasibility 
of quantitative myocardial SPECT/CT imaging as a useful 
tool for infarct size assessment in both transmural and non-
transmural infarction, confirming the usefulness of SPECT/
CT imaging as a surrogate endpoint in clinical trials.
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