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INTRODUCTION

ELECTROCARDIOGRAPHIC (ECG) gated acquisition of tech-
netium 99m (Tc-99m)-labeled flow tracers single-photon

emission computed tomography (SPECT) offers the pos-
sibility of simultaneously assessing myocardial perfusion
and left ventricular function within a single study, and fast
microcomputers have made gated SPECT available as a
routine clinical study.1 In addition to left ventricular
function (global ejection fraction) as an important deter-
minant of prognosis in patients with coronary artery
disease (CAD), regional wall thickening (WT) has been
shown to be an important parameter as it may indicate
viable myocardium.2 Tc-99m-tetrofosmin (TF) is a cat-
ionic diphosphine which compares well with Tl-201 in
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the assessment of myocardial perfusion, and it has been
used in evaluating left ventricular function as described
above.3,4

In contrast, F-18 fluorodeoxyglucose (FDG)-PET has
been shown to identify viable tissue in ischemic myocar-
dium.5–9 Glucose metabolism assessed by loading FDG-
PET was demonstrated to be preserved in some areas of
resting perfusion defect by Tc-99m-labeled flow tracers
in CAD patients. Therefore, the use of Tc-99m-labeled
flow tracers at rest underestimates the extent of viable
myocardium in CAD.10,11 Furthermore, it was demon-
strated that visual (semiquantitative) analysis of resting
WT by means of ECG-gated SPECT Tc-99m myocardial
imaging accurately predicts the reversibility of stress-
induced perfusion defects.12 Nevertheless, the relation-
ships among the amount of regional myocardial TF up-
take, myocardial WT and myocardial viability as assessed
by metabolic PET imaging have not yet been elucidated.
This study was therefore undertaken to assess the addi-
tional value of gated SPECT Tc-99m TF WT in addition
to TF exercise (Ex)/rest myocardial SPECT, in compari-
son with FDG-PET.

MATERIALS AND METHODS

Study population
Thirty-three patients (27 male and 6 female; mean age, 62
± 8 years) were included in this study. They had historic
or ECG evidence of previous myocardial infarction and
angiographically proven CAD. There were 13 patients
with single-vessel, 12 with two-vessel and 8 with triple-
vessel disease. All patients underwent ECG-gated techne-
tium-99m TF Ex/rest SPECT and FDG-PET. ECG-gated
SPECT, and FDG-PET studies were performed within 7
days. Exclusion criteria included left bundle branch block,
unstable angina and recent myocardial infarction (within
4 weeks prior to the studies).

Technetium-99m tetrofosmin myocardial SPECT
After an overnight fast, each patient underwent an exer-
cise stress protocol based on clinical status. At an appro-
priate symptom-limited treadmill end-point (chest pain,
shortness of breath, significant ST-T change, blood-pres-
sure depression and leg fatigue at an adequate workload),
370 MBq of Tc-99m TF (Myoview, Nihon Medi-Phisics,
Tokyo, Japan) was injected, followed by flushing with 20
ml of saline. After intravenous injection, patients were
given 200 ml of whole milk to increase biliary elimina-
tion. ECG-gated myocardial SPECT was performed 1
hour after administration. SPECT imaging was performed
with a triple-headed rotating gamma camera [GCA9300A/
HG, Toshiba Medical Co., Tokyo, Japan].13 Full-width at
half-maximum (FWHM) of this camera was about 10
mm. Acquisition parameters were as follows: matrix 64 ×
64 (pixel size 6.4 mm), triple-head with clockwise rota-
tions of 120 degrees each (total 360 degrees), 20 views per
head and 90,000 ms/view resulting in an acquisition time
of 35 min. Gating was performed with 10 frames per R-R
interval in the ECG. R-R interval allowable change was
20%.

At 1.5 hours after completion of the exercise image
acquisition, the patients were injected with 740 MBq of
Tc-99m TF followed by flushing with 20 ml of saline.
SPECT imaging was subsequently performed 1 hour after
the resting administration according to the SPECT acqui-
sition protocol as described above. The raw Tc-99m TF
data from the stress and rest acquisition were recon-
structed by using a Butterworth filter with a 0.28 cycle/
pixel cut-off.

F-18 fluorodeoxyglucose PET
After an overnight fast, attenuation corrected, ungated
PET scans were obtained with a whole-body PET camera
(SET-2400W [Headtome V], Shimadzu Medical Co.,
Kyoto, Japan) with a field-of-view of 590 mm within 7

No. of segment Mean ± SD No. of segment Mean ± SD

1 30.5 ± 8.4 13 32.4 ± 9.7
2 33.6 ± 9.7 14 37.1 ± 9.1
3 45.3 ± 13.2 15 49.3 ± 12.3
4 32.8 ± 8.4 16 28.7 ± 10.0
5 34.9 ± 8.8 17 31.6 ± 9.8
6 47.3 ± 12.7 18 42.5 ± 11.0
7 43.1 ± 19.8 19 26.1 ± 8.0
8 39.7 ± 12.3 20 30.8 ± 9.3
9 49.7 ± 12.8 21 42.1 ± 13.4

10 38.7 ± 13.7 22 28.3 ± 10.0
11 38.7 ± 12.5 23 35.5 ± 11.0
12 51.9 ± 13.6 24 46.1 ± 14.2

Fig. 1   Left, polar maps of the left ventricular wall from the apex to the base divided into 24 segments:
3 short-axis slices from the apical, middle and basal ventricular levels divided into 8 segments. Right,
table showing normal values (Mean ± SD) of % wall thickening in each of the 24 segments.
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days before or after SPECT imaging. The camera had a
resolution of about 4 mm FWHM. Attenuation correction
was performed by measuring a transmission scan with a
germanium-68 ring source. One block ring configuration
provides 63 transaxial image planes over 20 cm in axial
width, and each slice width was 3.125 mm. Sixty minutes
before injection of approximately 370 MBq of FDG, the
patients received 75 g of glucose orally over 30 mins, and
were then given lunch. Ten-minute emission scans were
then acquired. PET scans were reconstructed by means of
a Ramp and Butterworth convolution filter with a cut-off
frequency of 0.0625 cycle/mm and a defined zoom factor.
To obtain the same in-plane pixel size as the SPECT
imagings (6.4 × 6.4 mm), two PET slices were added to
obtain a comparable axial pixel size for PET (6.25 × 6.25
mm) and SPECT (6.4 × 6.4 mm).

Quantitative analysis of myocardial PET and SPECT
All patients underwent Ex/rest TF gated SPECT and
glucose loading FDG-PET. In each patient, polar maps of
Ex/rest TF were generated and divided into 24 segments
for further analysis: 3 short-axis slices from the apical,
middle and basal ventricular levels were chosen. The
basal and middle ventricular short slices were divided into
8 segments, and the apical ventricular short-axis slice was
also divided into 8 segments (Fig. 1).

 For analysis of Ex/rest TF uptake, the frames of the raw
tomographic data were summed and non-gated tomograms
were reconstructed. TF uptake on summed images was
calculated and expressed as % of maximum uptake. %WT
(% wall thickening) was calculated according to the
standard method: {(counts ES − counts ED)/counts ED}
× 100. A polar map of FDG-PET was generated and also
divided into 24 segments, as described above.

Fig. 2   Flow diagram depicting the presence or absence of stress
defect reversibility on analysis of Ex/rest summed SPECT Tc-
99m TF image pairs, and the prevalence of quantitative regional
wall thickening on analysis of gated images for each category of
irreversible defect. WT, Wall thickening. (%), Percentage of
total PET-viable segments.

Fig. 3   Flow diagram depicting the presence or absence of stress
defect reversibility on analysis of Ex/rest summed SPECT Tc-
99m TF image pairs, and the prevalence of quantitative regional
wall thickening on analysis of gated images for each category of
irreversible defect. WT, Wall thickening. (%), Percentage of
total PET non-viable segments.

Definition of myocardial viability
We classified LV segments according to the exercise-rest
perfusion scintigraphy. LV segments with less than 70%
of the maximum TF activity on the exercise image were
defined as stress-induced defects. Among these, the seg-
ments whose TF activity increased by 10% from exercise
to rest images or exceeded 70% of the maximum uptake
on the rest image were defined as viable defects.14,15 The
remaining defects were non-viable defect segments, and
were considered for viability study on the basis of %WT.
A viable segment on gated SPECT was defined as a
segment whose %WT exceeded the lower limit of the
normal value (mean − SD), which was estimated from 20
age and gender matched healthy persons. PET viability
was defined as FDG uptake exceeding 50% of the maxi-
mum count.10,11,16

Statistical analysis
Mean values of continuous variables were compared by
means of an unpaired t-test. A value of p < 0.05 was
accepted as the minimal level of significance. Sensitivity,
specificity, positive predictive values and negative pre-
dictive values were calculated in the standard fashion,
considering FDG-PET as a gold standard.

RESULTS

Among the 792 segments evaluated in the 33 patients
studied, there were 689 PET viable segments and 103 PET
non-viable segments. The results for the Ex/rest imaging
and the corresponding WT data from the gated SPECT TF
images are presented in Figure 2 and Figure 3.

Of the 689 PET viable segments analyzed, 491 (71%)
segments were identified as viable and 198 (29%) as
defects on Ex images. As to the defects, 55 (8%) of 689
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segments were reversible or partially reversible defects, as
shown by rest images, and 143 (21%) were irreversible. Of
the 143 irreversible defects on Ex/rest images, 106 (15%)
demonstrated no apparent WT on gated TF imaging; 37
(6%) of the irreversible defects demonstrated apparent
WT. Overall, the sensitivity of Ex/rest TF perfusion imag-
ing was 79%. Sensitivity was improved from 79% to 85%
by combining %WT and perfusion data (Fig. 2).

 On the other hand, of the 103 PET non-viable segments
analyzed, 83 (81%) were identified as having defects on
Ex images. Among these defects, 11 (11%) were revers-
ible or partially reversible, as evidenced by rest images,
and 72 (70%) were irreversible. Of the irreversible seg-
ments on Ex/rest images, 14 (14%) demonstrated apparent
WT on gated TF SPECT, whereas 58 (56%) segments
with irreversible defects had no apparent WT. Overall, the
specificity of Ex/rest TF perfusion imaging was 70%.
Specificity was reduced from 70% to 56% when %WT and
perfusion data were combined (Fig. 3). The sensitivity and
specificity of %WT alone were 31% and 83%, respec-
tively (Fig. 4).

 Case 1 (Fig. 5) was a 72-year-old female suffering from
anterior myocardial infarction. Percent uptake of TF in the
antero-septal region on an Ex image was less than 70%.
There was no increase in antero-septal TF activity in the
rest image as compared to the Ex image, but WT was
preserved in the antero-septal region. Furthermore, the
antero-septal region was also viable on the FDG image. In
this case, viable myocardium was underestimated by Ex/
rest TF as compared to FDG-PET, but %WT showed
additional value in the viability assessment.

Case 2 (Fig. 6) was a 67-year-old male suffering from
posterior myocardial infarction. Percent uptake of TF in
the postero-lateral region on an Ex image was less than
70%. There was no increase in postero-lateral TF activity
in the rest image as compared to the Ex image. WT was not
preserved in the postero-lateral region. The postero-lat-
eral region was non-viable on the FDG image. Non-viable

myocardium was assessed by Ex/rest TF and additional
%WT, for comparison with FDG-PET.

DISCUSSION

Our data demonstrate that when wall thickening is ap-
parent on gated SPECT imaging within the region of an
Ex/rest perfusion defect, this finding is associated with
reversibility of the stress defect on the rest image in
comparison with FDG-PET. Sensitivity improved from
79% to 85% when %WT and perfusion data were com-
bined.

Several authors have used quantitative and semi-quan-
titative analysis of WT on gated Tc-99m sestamibi images
to assess viability, as a means of predicting Ex defect
reversibility. Ziffer et al.17 used quantitative analysis and
obtained results similar to those of the current study,
demonstrating that regional systolic WT in the region of
an Ex defect can predict the defect on a rest image.
Snapper et al.12 and Chua et al.,18 employing rest Tc-99m
sestamibi and Tl imaging respectively, used semi-quanti-
tative visual analysis and found that the presence of
visually apparent WT on gated Tc-99m sestamibi imag-
ing correlated with stress defect reversibility.

As in our group of patients with proven CAD, Williams
et al.19 demonstrated high sensitivity but modest specificity
and positive predictive value with quantitative analysis of
gated SPECT WT as a means of predicting rest reversibility
of severe stress defects. As our data and those of oth-
ers12,18,20 have demonstrated, the correlation of WT data
with stress defect reversibility may be less than optimal in
patients with CAD or stress defects of severe magnitude.

Gated SPECT imaging has been validated by compari-
son with echocardiography18,21,22 and cine MRI.23,24

Tischler et al.22 found much better agreement between
gated planar sestamibi imaging and echocardiography,
while Chua et al.18 and Anagnostopoulos et al.23 found
that in well-perfused segments gated sestamibi SPECT

Fig. 4   Myocardial viability assessment by Ex/rest TF SPECT: FDG-PET was defined as the gold
standard for myocardial viability; sensitivity (Sn), specificity (Sp), positive predictive value (P.P.V.)
and negative predictive value (N.P.V.).
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Fig. 5   A 72-year-old female patient with previous anterior wall myocardial infarction (see text).
Left, polar map of % uptake of Ex/rest TF. Right upper, polar map of %WT. Right lower, polar map of
% uptake of FDG.

Fig. 6   A 67-year-old male patient with previous posterior wall myocardial infarction (see text).
Left, polar map of % uptake of Ex/rest TF. Right upper, polar map of %WT. Right lower, polar map of
% uptake of FDG.
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results agreed well with those of echocardiography and
MRI, respectively. Furthermore, Stollfuss et al.25 demon-
strated that gated SPECT provided reliable estimates of
regional WT and global function in patients with low
angiographic LVEF. Gunning et al.24 found gated Tc-
99m TF imaging to provide an accurate assessment of
myocardial wall motion and thickening.

Although previous studies demonstrated WT to play an
important role in myocardial viability assessment, the
normal range of %WT has not been precisely evalu-
ated.2,12,17–26 Therefore, in our study, 20 age and gender
matched volunteers underwent gated TF SPECT, and we
calculated the normal range of %WT for each segment as
previously described. The normal value for each segment
varied from 26.1 ± 8.0% (basal septal, segment 19 of
Fig. 1) to 51.9 ± 13.6% (apex, segment 12). We defined an
apparent WT segment (viable segment) by gated TF as a
segment with a value exceeding the normal value (mean
− 1 SD).

Myocardial FDG uptake has been accepted as a means
of noninvasively estimating myocardial viability in is-
chemic heart disease5,6,27–34 and has been shown to be a
predictor of outcome in bypass surgery patients.5,6

Altehoefer et al.10,11 demonstrated that segments could be
categorized as PET viable (corresponding F-18 FDG
uptake > 70%), PET non-viable (FDG uptake < 50%) and
“intermediate” (FDG uptake 50%–70%). “Intermediate”
FDG uptake may represent a mixture of viable and ne-
crotic myocardium. One histopathologic study showed a
wide range of areas with muscle loss and fibrosis in
portions of the myocardium with wall motion abnormali-
ties, and the percentage of muscle loss varied between
<10% and >75%, indicating a wide range of myocardial
damage in patients with CAD.16 Therefore, in our study,
PET viability was defined as FDG uptake exceeding 50%
of that in the normal region.

We therefore considered FDG-PET to be the gold
standard for assessing myocardial viability and compared
this method with the combination of perfusion imaging
and WT in the same patient group. This is the first study
to use quantitative analysis of WT on gated TF in refer-
ence to FDG-PET. Nevertheless, additional assessment
of %WT by TF myocardial gated SPECT improved the
estimation of myocardial viability, which is generally
underestimated by TF Ex/rest myocardial SPECT, as
compared with FDG-PET. Sensitivity improved from
79% to 85% when %WT and perfusion data were com-
bined.

On the other hand, specificity was reduced from 70% to
56% when %WT and perfusion data were combined. The
decrease in specificity might be explained as follows.
Although we defined %WT as {(counts ES − counts ED)/
counts ED} × 100, this formula is actually the percent
count increase (%CI). As to current understanding of the
relationship between wall thickening and count increase,
Hoffman et al. showed, that for an object smaller than the

resolution of the imaging system, the reconstructed count
density is related to the size of the object,35 that is, due to
partial volume effect, the ED count in the region of the
thin myocardium is apt to be underestimated, resulting in
an overestimation of %CI, which was taken as a measure
of %WT in the present study. This overestimation of
myocardial viability might cause the decrease in specific-
ity. But one study showed, in ECG-gated SPECT, that the
%CI was a reliable index of wall thickness because the
values for baseline myocardial thickness were generally
up to 10 mm in normal subjects.36

Technical limitations of direct SPECT and PET com-
parisons are due to inherent differences in tomographic
systems with and without attenuation correction.10,11,37

PET data are corrected for photon attenuation, but SPECT
data are not. Nevertheless, the myocardial SPECT imag-
ing method is well established as a means of viability
evaluation in ischemic heart disease despite photon at-
tenuation. In a comparison of the quantification of SPECT
and PET, no attenuation correction for SPECT need be
taken into consideration for SPECT and PET uptake ratios
in regard to myocardial viability from scar to ischemic
tissues. Uptake ratios vary among anatomical areas and
according to myocardial viability. In addition, uptake
ratios are influenced by the partial volume effect. The
underestimation of true tracer activity increases as WT
increases and depends on the spatial resolution,37 which is
different for SPECT and PET. FWHM of this SPECT
system was two and a half times as wide as that of this PET
system, as described above.

Nevertheless, we have used very similar slice thickness
for SPECT and PET, 6.4 mm and 6.25 mm, respectively.
These thicknesses are also accepted for adequate com-
parison, as Altehoefer et al.10,11 used slice thicknesses of
6.25 mm for SPECT and 6.75 mm for PET.

Many previous studies used a 50% threshold for myo-
cardial viability,11,38–40 but we used a 70% threshold for
normal activity based on previous studies as follows.14,15

Cuocolo et al.14 indicated that in patients with chronic
myocardial infarction and impaired LV function, quanti-
tative analysis of Tl-201 and MIBI SPECT activity at rest
predicts recovery of regional and global ventricular dys-
function after revascularization, and when all dysfunction
segments were considered, the best cutoff point in the
identification of reversible LV dysfunction for both Tl-
201 and MIBI SPECT activity was 67%. Udelson et al.,15

with a threshold of 60%, also suggested that quantitative
analysis of regional activities of both Tl-201 and MIBI
after rest injection can differentiate viable from non-viable
myocardium in patients with coronary artery disease.

There are also certain limitations in differentiating
between attenuation artifacts and true regional infarction.
The presence of visual apparent WT on gated SPECT
Tc-99m MIBI imaging, in a segment with an irreversible
stress defect, reportedly assists in differentiating attenua-
tion artifacts from true regional infarction.41 In another
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study,12 however, the finding of an irreversible defect on
stress and rest imaging with preserved WT by ECG-gated
imaging was uncommon, occurring in <1% of all seg-
ments studied and <3% of all segments with stress-
associated defects. In our investigation, however, such
defects were seen in 4.7% of all 792 segments studied and
in 19% of stress defects (Fig. 2). The prevalence of this
kind of abnormality will be affected by the population
studied, that is, this finding would be expected more often
among obese and large-breasted subjects.

CONCLUSIONS

In conclusion, additional assessment of % wall thickening
by Tc-99m TF myocardial gated SPECT improved esti-
mation of myocardial viability, which is usually underes-
timated by TF Ex/rest myocardial SPECT, in comparison
with FDG-PET. The major advantage of our study is that
we used matched tomographic planes, allowing com-
parative quantitative evaluation of FDG-PET, Ex/rest
regional perfusion imaging by Tc-99m TF SPECT and
regional %WT as assessed with gated SPECT. Our ap-
proach is useful for assessing myocardial viability in
patients with CAD and reduces the underestimation of
myocardial viability which is a limitation of TF myocar-
dial gated SPECT.
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