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Abstract
There are no reports indicating a prognostic difference based on normalization of left ventricular (LV) mechanical dyssyn-
chrony after revascularization in patients with coronary artery disease (CAD). We retrospectively investigated 596 patients 
who underwent rest 201Tl and stress 99mTc-tetrofosmin electrocardiogram-gated single-photon emission computed tomography 
(SPECT) myocardial perfusion imaging. All patients had significant stenosis with ≥ 75% narrowing of the coronary arterial 
diameter detected by coronary angiography performed after confirmation of ≥ 5% ischemia by the SPECT. Patients under-
went revascularization and thereafter were re-evaluated by the SPECT during a chronic phase, and followed-up to confirm 
their prognosis for ≥ 1 year. The composite endpoint was the onset of major cardiac events (MCEs) consisting of cardiac 
death, non-fatal myocardial infarction (MI), unstable angina pectoris (UAP), and severe heart failure requiring hospitaliza-
tion. The stress phase bandwidth (SPBW) was calculated by phase analysis with the Heart Risk View-F software and its 
normal upper limit was set to 38°. During the follow-up, 64 patients experienced MCEs: Cardiac death (n = 11), non-fatal 
MI (n = 5), UAP (n = 26), and severe heart failure (n = 22). The results of the multivariate analysis showed the ∆summed 
difference score %, ∆stress LV ejection fraction, and stress SPBW after revascularization to be independent predictors of 
MCEs. Additionally, the results of the multivariate logistic regression analysis showed the summed rest score%, summed 
difference score%, stress LV ejection fraction, and perfusion defects in the left circumflex artery region before revasculariza-
tion to be independent predictors for normalized SPBW after revascularization. The prognosis of patients who normalized 
SPBW after revascularization was similar to that of patients with a normal SPBW before revascularization, while patients 
who did not normalize after revascularization had the worst prognosis. In conclusion, normalization of LV dyssynchrony after 
revascularization assessed with nuclear cardiology may help predict future MCEs and thus a useful indicator for predicting 
improved prognosis in patients with CAD.

Keywords  Prognosis · Revascularization · Left ventricular mechanical dyssynchrony · Gated single-photon emission 
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Introduction

Left ventricular (LV) mechanical dyssynchrony, which is 
frequently observed in patients with cardiac dysfunction, is 
a very important prognostic factor in patients with cardiac 

disease. Recently, LV mechanical dyssynchrony indices were 
reportedly derived from a phase analysis with the electrocar-
diogram (ECG)-gated myocardial perfusion single-photon 
emission computed tomography (SPECT) [1–3]. The LV 
mechanical dyssynchrony indices derived from the phase 
analysis were found to show prognostic value in patients 
with non-ischemic cardiomyopathy [4–6]. However, few 
reports have described the prognostic value of LV mechani-
cal dyssynchrony in patients with coronary artery disease 
(CAD) [7], and in particular, reports investigating Japanese 
patients with CAD are rare.

 *	 Shunichi Yoda 
	 masteryoda@mf.point.ne.jp

1	 Department of Cardiology, Nihon University School 
of Medicine, 30‑1 Oyaguchi‑Kamicho, Itabashi‑Ku, 
Tokyo 173‑8610, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s00380-022-02045-8&domain=pdf


1396	 Heart and Vessels (2022) 37:1395–1410

1 3

Therefore, we reported that the LV mechanical dyssyn-
chrony index stress phase bandwidth (SPBW) was a pre-
dictor independent of the ischemic volume evaluated with 
SPECT in the previous study [8]. This index was shown 
to be useful in stratifying the risk of major cardiac events 
(MCEs) in patients with known or suspected stable CAD 
who had a preserved LV ejection fraction (LVEF) and were 
indicated for optimal medical therapy. We previously inves-
tigated the prediction and risk stratification of MCEs after 
treatment in Japanese CAD patients who underwent revas-
cularization [9]. In this report, we concluded that patients 
with high SPBW before revascularization had a high MCE 
incidence, and suggested that SPBW assessed by ECG-gated 
SPECT was useful to predict future MCEs after revascu-
larization. Our research results showed the prognostic value 
of SPBW in Japanese CAD patients [8, 9]. However, in the 
aspect of the prediction of MCEs in CAD patients undergo-
ing revascularization, previous studies have suggested that 
ischemic reduction after revascularization evaluated with 
SPECT was an important prognostic predictor [10–12]. Sim-
ilarly, improvement in LV mechanical dyssynchrony indices 
by revascularization is expected to improve prognosis, but 
no such study has been reported.

Fudim et al. examined the prognostic value of diastolic 
and systolic mechanical LV dyssynchrony among patients 
with CAD and reported that patients with normal LV 
mechanical dyssynchrony indices showed good long-term 
prognosis [13]. Therefore, we hypothesized that normaliza-
tion of the SPBW after revascularization could be a predic-
tive factor for prognosis in CAD patients who have under-
gone revascularization.

Given the above, we conducted a retrospective study to 
evaluate the aim as a hypothesis in patients with stable CAD, 
and to clarify the factors predicting normalization of SPBW 
after revascularization.

Method

Patient population

First, the study subjects were 596 patients who underwent 
rest 201Tl and stress 99mTc-tetrofosmin ECG-gated SPECT 
myocardial perfusion imaging (MPI) [8, 12, 14–16] at 
Nihon University Itabashi Hospital between April 2004 
and November 2016. Second, after confirmation of ≥ 5% 
ischemia by the SPECT, a coronary angiography (CAG) 
was performed to detect the culprit stenotic lesion of the 
coronary artery. Significant stenosis was defined as ≥ 75% 
narrowing of the coronary arterial diameter according to 
the classification by the American Heart Association. Third, 
the patients underwent revascularization and, subsequently, 
were re-evaluated by the SPECT during a chronic phase.

The patients were followed-up to confirm their progno-
ses for at least 1 year after the second SPECT procedure. 
The mean intervals between each procedure were as fol-
lows: the first SPECT and the CAG: 1.4 ± 3.0 months, the 
CAG and revascularization: 0.8 ± 3.7 months, revasculari-
zation and the second SPECT: 11.6 ± 9.9 months. The sec-
ond SPECT procedure was performed 13.8 ± 11.1 months 
after the first SPECT procedure. Performing revasculariza-
tion on all coronary vessels with ischemia evidenced by 
SPECT was defined as complete revascularization.

We excluded patients ≤ 20 years old, those with hyper-
trophic or dilated cardiomyopathy, those with serious 
valvular heart disease, those with an onset of acute coro-
nary syndromes within 3 months, those with a non-sinus 
rhythm, those with left bundle branch block, those with 
pacemakers or implantable cardioverter-defibrillator 
implantation, and those with a history of cardiac resyn-
chronization therapy.

Follow-up data were collected via medical records and 
retrospectively analyzed for 572 patients (96%). This study 
was approved by the institutional review board of Nihon 
University Itabashi Hospital.

ECG‑gated SPECT MPI

The procedure of rest 201Tl and stress 99mTc-tetrofosmin 
ECG-gated SPECT MPI was performed according to a 
previously reported protocol [8, 12, 14–16]. All patients 
received an intravenous (i.v.) injection of 201Tl (111 MBq), 
and a 16-frame gated SPECT MPI was initiated 10 min after 
injection during rest. The i.v. injection of 99mTc-tetrofos-
min (740 MBq) was then performed under stress induced 
by ergometer exercise in 23% of patients and by adenosine 
triphosphate in 77% of patients. Sixteen-frame gated SPECT 
MPI acquisition was initiated 30  min after exercise or 
30–60 min after adenosine stress. The acquisition was per-
formed first in a supine position and subsequently in a prone 
position. No attenuation or scatter correction was used. A 
12-lead ECG was monitored continuously during the stress 
tests. The heart rate and blood pressure were recorded at 
baseline and every minute for at least 3 min after the stress 
test.

The projection data over 360° were obtained with 64 × 64 
matrices and a circular orbit. A triple-detector SPECT MPI 
system equipped with low-energy high-resolution collima-
tors was used (GCA9300A; Canon Medical Systems Corp., 
Tokyo, Japan). SPECT MPI scans were reconstructed from 
the data with a data processor (JETStream Workspace 3.0; 
Philips North America, Milpitas, CA, USA) combined with 
a Butterworth filter of 201Tl (order 5; cut-off frequency 0.42 
cycles/cm), another of 99mTc (order 5; cut-off frequency 0.44 
cycles/cm), and a ramp filter.
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SPECT MPI interpretation

The SPECT MPI data were analyzed with the quantitative 
perfusion SPECT software program (Cedars-Sinai Medical 
Center, Los Angeles, CA, USA). The SPECT MPI scans 
were divided into 20 segments [14] on 3 short-axis slices 
(distal, mid, basal) and 1 vertical long-axis (mid) slice and 
the tracer uptake of each segment was visually scored using 
a 5-point scale (0: normal; 1: slight reduction in the uptake; 
2: moderate reduction in the uptake; 3: severe reduction 
in the uptake; and 4: absence of the uptake). The sum of 
the scores of 20 segments in the stress and rest images pro-
vided the summed stress score (SSS) and summed rest score 
(SRS), respectively. The summed difference score (SDS) 
was calculated as the difference between the SSS and SRS. 
The respective summed scores were converted to a percent-
age of the total myocardium (visual % myocardium). The 
visual % myocardium was derived from the summed score 
divided by the maximum potential score (4 × 20) and mul-
tiplied by 100. When the SDS was 8, the visual ischemic 
% myocardium was 10% [17]. A difference between SDS% 
derived from the first and second SPECT (∆SDS%) was 
used for evaluation of improvement in ischemia. The visual 
semi-quantitative scoring was performed by two independ-
ent expert interpreters who were not provided with patient 
clinical information.

The determination of coronary arterial territories involved 
with perfusion defects on a polar map of SPECT MPI was 
based on the standard model recommended by the SPECT 
MPI guidelines of the American Society of Nuclear Cardi-
ology [18].

The LV functional analysis with ECG‑gated SPECT 
MPI

Sixteen-frame quantitative gated SPECT data were ana-
lyzed with the Heart Risk View-F software program (Nihon 
Medi-Physics, Tokyo, Japan) to calculate the LVEF (%), LV 
end-diastolic volume (LVEDV, mL), and LV end-systolic 
volume (LVESV, mL) [19]. LV mechanical dyssynchrony 
was evaluated with the phase histogram and phase map of 
the onset of myocardial contraction derived from the phase 
analysis of the Heart Risk View-F software program. The 
histogram analysis provided the standard deviation of the 
phase distribution (phase SD) and the 95% width of the his-
togram (phase bandwidth).

In this study, the normal upper limit of phase band-
width assessed with 99mTc-tetrofosmin was defined as 38° 
based on the mean + 2SDs of the normal value, which was 
reported in the Japanese Society of Nuclear Medicine work-
ing group normal database [20]. The LV mechanical dys-
synchrony indices were estimated by two independent expert 

cardiologists who were not provided with patient clinical 
information.

Figure  1 shows representative phase histograms and 
phase map images in patients with no LV mechanical dys-
synchrony (a) and severe LV mechanical dyssynchrony 
(b). The phase bandwidth and SD were 23.0° and 6.2 in 
patients without LV mechanical dyssynchrony, and 130.0° 
and 37.6, respectively, in patients with severe LV mechani-
cal dyssynchrony.

Patient follow‑up

The average follow-up period for all 572 analyzed patients 
was 29.5 ± 12.1 months after the second SPECT procedure. 
The primary endpoint was the onset of MCEs, which was 
a composite of cardiovascular death, non-fatal myocardial 
infarction (MI), unstable angina pectoris (UAP), and severe 
heart failure requiring hospitalization during follow-up.

Cardiac death was defined as death due to any cardiac 
cause, including fatal MI, heart failure, and sudden cardiac 
death. A diagnosis of UAP was provided for patients who 
required unscheduled hospitalization for the management 
of UAP occurring within 24 h of the most recent symptoms, 
and who had worsening ischemic discomfort, ischemic ECG 
changes without ST elevation, and negative troponins. A 
diagnosis of severe heart failure requiring hospitalization 
was provided for patients who required unscheduled hos-
pitalization for the management of acute heart failure, and 
who had chest X-ray findings attributable to cardiac dys-
function (e.g. pulmonary edema) and respiratory distress. A 
patient who had insufficient data indicating the occurrence 
of MCEs was regarded as a non-event case. When a patient 
had several MCEs, only the first event was set as the follow-
up endpoint.

Statistical analyses

All continuous variables were calculated as the means and 
standard deviations. Intergroup comparisons of continu-
ous variables were performed with an independent t test. 
Intergroup comparisons of categorical variables were per-
formed with the chi-square test. Cohen’s kappa (κ) was 
used to determine the inter-observer variability for the 
visual semi-quantitative scoring and LV mechanical dys-
synchrony indices. A logistic regression model was used 
for univariate analyses to identify significant predictors 
for the abnormal SPBW (> 38°) and normalized SPBW 
after revascularization. A stepwise logistic regression 
model was employed for multivariate analyses with sig-
nificant predictors as variables to determine independent 
predictors. A Cox proportional hazards model was used 
for univariate analyses to identify significant predictors of 
MCEs. A stepwise Cox proportional hazards model was 
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performed for multivariate analyses with significant pre-
dictors as variables to determine independent predictors 
of MCEs. The Kaplan–Meier survival analysis was used 
to estimate the MCE-free survival rate in patients grouped 
according to normal or abnormal SPBW before and after 
revascularization. In the comparison of receiver operating 
characteristic (ROC) curves for detection of normalized 
SPBW after revascularization, DeLong’s test was used to 
compare the statistical difference in the area under the 
curve (AUC) of each parameter. Additionally, the optimal 
cut-off value of each parameter was calculated using the 
Youden index.

All data were analyzed using the MedCalc Statistical 
software program, version 19.7.1 (Mariakerke, Belgium). 
A P value of < 0.05 was considered statistically significant.

Results

Reproducibility of visual semi‑quantitative scoring 
and LV mechanical dyssynchrony indices

Cohen’s kappa (κ) was 0.90 for the summed defect score in the 
visual semi-quantitative scoring and 0.96 for phase bandwidth 
in the LV mechanical dyssynchrony indices, indicating very 
good reproducibility.

Fig. 1   A representative phase histogram and phase polar map in a patient with no LV mechanical dyssynchrony (a) and severe LV mechanical 
dyssynchrony (b). SD standard deviation, LV left ventricular
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Cardiac event rates and SPBW 
after revascularization with and without MCEs

During follow-up, 64 of 572 patients (11.2%) experienced 
MCEs consisting of cardiovascular death (11, 1.9%), non-
fatal MI (5, 0.9%), UAP (26, 4.5%), and severe heart fail-
ure requiring hospitalization (22, 3.8%). The patients who 
developed MCEs had a significantly higher SPBW after 
revascularization than those without MCEs (61.0° ± 33.3° 

vs 41.3° ± 23.3°, P < 0.0001). From the comparison of each 
category, the SPBW after revascularization in patients who 
had cardiovascular death, non-fatal MI, and severe heart fail-
ure requiring hospitalization was significantly higher than in 
those without MCEs (Table 1).

Baseline characteristics of patients

Table  2 summarizes the baseline characteristics of the 
patients, divided into two groups according to normal or 
abnormal SPBW after revascularization. The proportion 
of male patients, patients with a history of MI or revascu-
larization, and diabetes mellitus were significantly higher in 
the group with an abnormal SPBW after revascularization. 
Patients with an abnormal SPBW after revascularization had 
a significantly larger QRS width than those with a normal 
value (103.7 ± 18.6 vs. 97.2 ± 16.1 ms; P < 0.0001).

The inter‑group comparison of the visual % 
myocardium, cardiac functions, angiographic 
findings, and MCE rates

Table 3 summarizes the visual % myocardium, cardiac func-
tions, angiographic findings, and MCE rates in patients with 
normal or abnormal SPBW after revascularization. Patients 
with an abnormal SPBW after revascularization had sig-
nificantly higher values for the SSS% and SRS% before and 

Table 1   Stress phase bandwidth after revascularization with and 
without MCEs

MCE major cardiac event, MI myocardial infarction, UAP unstable 
angina pectoris

MCE rates 
(n = 572)

Stress phase bandwidth 
after revascularization 
(º)

P value

MCE(+) MCE (−)

Cardiovascular 
death

11 1.9% 73.0 ± 25.3 42.9 ± 25.1 0.0001

Non-fatal MI 5 0.9% 65.6 ± 12.1 42.7 ± 25.1 0.0484
UAP 26 4.5% 44.8 ± 20.0 43.4 ± 25.6 0.7776
Severe heart failure 

requiring hospi-
talization

22 3.8% 73.1 ± 44.4 42.3 ± 23.6  < 0.0001

Total 64 11.2% 61.0 ± 33.3 41.3 ± 23.3  < 0.0001

Table 2   Baseline characteristics 
of patients with normal 
(≤ 38°) or abnormal (> 38°) 
stress phase bandwidth after 
revascularization

SPBW stress phase bandwidth, Revasc revascularization, MI myocardial infarction, ARB angiotensin recep-
tor blocker, ACE angiotensin converting enzyme, eGFR estimated glomerular filtration rate

Normal SPBW after revasc Abnormal SPBW after revasc P value

n = 322 n = 250

Male patients 246 76% 211 84% 0.0179
Age 68 ± 10 67 ± 10 0.1550
History of MI 80 25% 112 45%  < 0.0001
History of revascularization 116 36% 134 54%  < 0.0001
Hypertension 258 80% 214 86% 0.0875
Diabetes mellitus 134 42% 129 52% 0.0176
Hyperlipidemia 267 83% 201 80% 0.4388
Smoking 101 31% 97 39% 0.0640
Aspirin 310 96% 242 97% 0.7340
Thienopyridines 295 92% 222 89% 0.2577
Statins 247 77% 191 76% 0.9313
β-blockers 126 39% 125 50% 0.0094
Calcium channel blockers 192 60% 130 52% 0.0684
Nitrates 109 34% 88 35% 0.7365
ARB 168 52% 134 54% 0.7349
ACE Inhibitors 28 9% 35 14% 0.0446
Insulin users 22 7% 24 10% 0.2277
eGFR (mL/min/1.73 m2) 62.5 ± 21.3 56.6 ± 25.8 0.0029
QRS width (ms) 97.2 ± 16.1 103.7 ± 18.6  < 0.0001
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Table 3   Comparison of 
visual % myocardium, cardiac 
functions, angiographic 
findings, and MCE rates 
in patients with normal 
(≤ 38°) or abnormal (> 38°) 
stress phase bandwidth after 
revascularization

Normal SPBW 
after revasc

Abnormal SPBW 
after revasc

P value

n = 322 n = 250

SSS% before revasc 16.2 ± 8.9 22.4 ± 11.8  < 0.0001
SRS% before revasc 2.0 ± 4.2 8.4 ± 9.3  < 0.0001
SDS% before revasc 14.1 ± 7.6 14.0 ± 7.5 0.8058
SSS% after revasc 5.1 ± 6.1 16.7 ± 11.9  < 0.0001
SRS% after revasc 1.6 ± 3.7 9.5 ± 10.7  < 0.0001
SDS% after revasc 3.5 ± 4.6 7.1 ± 6.5  < 0.0001
∆SDS% 10.6 ± 8.7 6.9 ± 8.4  < 0.0001
Rest LVEF before revasc (%) 69.5 ± 8.8 57.0 ± 12.9  < 0.0001
Rest LVEDV before revasc (ml) 81.7 ± 28.5 127.0 ± 53.7  < 0.0001
Rest LVESV before revasc (ml) 26.2 ± 17.4 59.4 ± 40.4  < 0.0001
Stress LVEF before revasc (%) 62.8 ± 9.2 49.6 ± 11.7  < 0.0001
Stress LVEDV before revasc (ml) 89.8 ± 31.4 137.6 ± 57.6  < 0.0001
Stress LVESV before revasc (ml) 35.3 ± 21.7 74.1 ± 45.9  < 0.0001
Rest LVEF after revasc (%) 71.1 ± 7.5 57.0 ± 13.1  < 0.0001
Rest LVEDV after revasc (ml) 77.7 ± 25.8 123.2 ± 54.6  < 0.0001
Rest LVESV after revasc (ml) 23.1 ± 13.6 57.5 ± 40.8  < 0.0001
Stress LVEF after revasc (%) 66.6 ± 7.4 50.4 ± 11.3  < 0.0001
Stress LVEDV after revasc (ml) 82.5 ± 26.1 131.5 ± 55.4  < 0.0001
Stress LVESV after revasc (ml) 28.7 ± 15.5 69.6 ± 43.7  < 0.0001
∆Stress LVEF (%) 3.8 ± 7.0 0.8 ± 7.8  < 0.0001
Rest phase SD before revasc (º) 13.0 ± 6.3 23.2 ± 12.1  < 0.0001
Rest phase bandwidth before revasc (º) 45.7 ± 19.0 75.5 ± 32.0  < 0.0001
Stress phase SD before revasc (º) 10.7 ± 5.6 19.7 ± 10.2  < 0.0001
Stress phase bandwidth before revasc (º) 37.8 ± 18.2 65.6 ± 27.4  < 0.0001
Rest phase SD after revasc (º) 10.9 ± 5.5 22.4 ± 10.8  < 0.0001
Rest phase bandwidth after revasc (º) 39.3 ± 16.0 72.3 ± 27.9  < 0.0001
Stress phase SD after revasc (º) 7.4 ± 2.1 19.4 ± 9.5  < 0.0001
Stress phase bandwidth after revasc (º) 26.7 ± 6.8 65.1 ± 24.2  < 0.0001
Perfusion defects in the LAD region before revasc 188 58% 163 65% 0.0971
Perfusion defects in the RCA region before revasc 150 47% 135 54% 0.0787
Perfusion defects in the LCX region before revasc 89 28% 129 52%  < 0.0001
Angiographic CAD and revasc
1-vessel CAD 110 34% 66 26% 0.0462
2-vessels CAD 117 36% 82 33% 0.3790
3-vessels CAD 95 30% 102 41% 0.0048
CTO vessels 98 39% 113 45% 0.0003
Revascularization
 PCI 295 92% 220 88% 0.1526
 POBA 15 5% 13 5% 0.7661
 BMS 35 11% 30 12% 0.6729
 DES 245 76% 177 71% 0.1542
 Multivessel PCI 77 24% 48 19% 0.1764
 CABG 27 8% 30 12% 0.1526
 Complete revasc 294 91% 191 76%  < 0.0001

Incomplete revasc vessels
 LAD 3 1% 11 4% 0.0078
 RCA​ 12 4% 21 8% 0.0175
 LCX 14 4% 34 14% 0.0001
 Repeat revasc 22 7% 31 12% 0.1915
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after revascularization, and SDS% after revascularization. 
The rest and stress LVEF before and after revasculariza-
tion were significantly lower in patients with an abnormal 
SPBW after revascularization. The ΔSDS% and the differ-
ence between the stress LVEF derived from the first and sec-
ond SPECT procedures (Δstress LVEF) were significantly 
higher in patients with a normal SPBW after revasculariza-
tion. The proportion of patients with perfusion defects in 
the left circumflex artery (LCX) region was significantly 
higher in the group with an abnormal SPBW after revas-
cularization than that with a normal value (52% vs. 28%). 
Regarding revascularization, there was no significant dif-
ference in the proportion of patients who underwent per-
cutaneous coronary intervention (PCI) or coronary artery 
bypass grafting (CABG) between the groups. The propor-
tion of patients who underwent complete revascularization 
was significantly higher in patients with a normal SPBW 
after revascularization. There was a significant difference 
in the MCE rates between patients with normal and abnor-
mal SPBW after revascularization (6% vs. 14%; P < 0.0001). 
Among the overall MCEs, the incidence of cardiac death, 
non-fatal MI, or severe heart failure was significantly higher 
in patients with an abnormal SPBW after revascularization.

Predictors for MCEs

Table 4 summarizes the results of univariate and multivari-
ate Cox proportional hazards regression analyses used to 
identify a predictor of MCEs. Univariate significant varia-
bles were a history of MI or revascularization, diabetes mel-
litus, eGFR, β-blockers, SSS% and SRS% before and after 
revascularization, SDS% after revascularization, ∆SDS%, 
∆stress LVEF, rest and stress LVEF, LVEDV, LVESV, phase 

SD, and phase bandwidth before and after revascularization. 
Among those variables, ∆SDS%, ∆stress LVEF, and SPBW 
after revascularization were identified as multivariate inde-
pendent predictors of MCEs.

Predictor of an abnormal SPBW 
after revascularization (> 38°)

Table 5 summarizes the results of a univariate and multivari-
ate logistic regression analysis for evaluating predictors of an 
abnormal SPBW after revascularization (> 38°). The main 
significant predictors of an abnormal SPBW after revascu-
larization were a history of MI or revascularization, diabe-
tes mellitus, eGFR, SSS%, SRS%, ∆SDS%, rest and stress 
LVEF, LVEDV, and LVESV before and after revasculariza-
tion, phase SD, and phase bandwidth before revasculariza-
tion, ∆stress LVEF, perfusion defects in the LCX regions, 
CTO vessels, and complete revascularization. Among those 
variables, the multivariate analysis showed that the SSS% 
and stress LVEF after revascularization, ∆SDS%, and 
SBPW before revascularization were independent predic-
tors of an abnormal SPBW after revascularization (> 38°).

Prediction of MCEs based on SPBW 
after revascularization

Figure 2 shows the Kaplan–Meier curves of the MCE-free 
survival in patients with a normal (≤ 38°) or abnormal 
(> 38°) SPBW after revascularization. The patients with an 
abnormal SPBW had a significantly worse prognosis than 
those with a normal SPBW.

Figure 3 shows the Kaplan–Meier curves of the MCE-
free survival in patients with a normal SPBW before 

MCE major cardiac event, SPBW stress phase bandwidth, revasc revascularization, SSS summed stress 
score, SRS summed rest score, SDS summed difference score, ∆SDS% a difference between summed dif-
ference scores converted to the percentage of the total myocardium derived from the first and second sin-
gle photon emission computed tomography, LVEF left ventricular ejection fraction, LVEDV left ventricu-
lar end-diastolic volume, LVESV left ventricular end-systolic volume, ∆Stress LVEF a difference between 
stress left ventricular ejection fraction derived from the first and second single photon emission computed 
tomography procedures, SD standard deviation, LAD left anterior descending artery, RCA​ right coronary 
artery, LCX left circumflex artery, CAD coronary artery disease, CTO chronic total occlusion, PCI percu-
taneous coronary intervention, POBA percutaneous old balloon angioplasty, BMS bare-metal stent, DES 
drug-eluting stent, CABG coronary artery bypass grafting, MI myocardial infarction, UAP unstable angina 
pectoris

Table 3   (continued) Normal SPBW 
after revasc

Abnormal SPBW 
after revasc

P value

n = 322 n = 250

 MCE rates 19 6% 45 14%  < 0.0001
 Cardiac death 1 1% 10 4% 0.0014
 Non-fatal MI 0 0% 5 2% 0.0106
 UAP 13 4% 13 5% 0.4943
 Severe heart failure 5 2% 17 7% 0.0011



1402	 Heart and Vessels (2022) 37:1395–1410

1 3

revascularization, normalized SPBW after revasculariza-
tion, and abnormal SPBW before and after revasculariza-
tion. The prognosis of patients who normalized SPBW 
after revascularization was as good as that of patients 

with a normal SPBW before revascularization, while 
patients who did not normalize after revascularization 
had the worst prognosis.

Table 4   Univariate and multivariate predictors for MCEs

MCE major cardiac event, CI confidence interval, MI myocardial infarction, Revasc revascularization, eGFR estimated glomerular filtration rate, 
SSS summed stress score, SRS summed rest score, SDS summed difference score, ∆SDS% a difference between summed difference scores con-
verted to the percentage of the total myocardium derived from the first and second single photon emission computed tomography, LVEF left 
ventricular ejection fraction, LVEDV left ventricular end diastolic volume, LVESV left ventricular end-systolic volume, ∆Stress LVEF a differ-
ence between stress left ventricular ejection fraction derived from the first and second single photon emission computed tomography, SD stand-
ard deviation, LAD Left anterior descending artery, RCA​ right coronary artery, LCX left circumflex artery, CAD coronary artery disease, CTO 
chronic total occlusion

Univariate analysis Multivariate analysis

Hazard ratio 95% CI P value Hazard ratio 95% CI P value

Age 1.008 0.983–1.034 0.5150
Male sex 1.041 0.565–1.912 0.8996
History of MI 2.174 1.331–3.551 0.0019
History of Revasc 3.111 1.833–5.281  < 0.0001
Hypertension 1.281 0.633–2.593 0.4901
Diabetes mellitus 1.788 1.085–2.945 0.0224
Hyperlipidemia 0.647 0.396–1.057 0.0823
eGFR 0.983 0.974–0.993 0.0009
Statins 0.624 0.378–1.032 0.0662
β-blockers 1.897 1.152–3.124 0.0119
SSS% before Revasc 1.021 1.001–1.043 0.0444
SRS% before Revasc 1.052 1.032–1.072  < 0.0001
SDS% before Revasc 0.971 0.935–1.007 0.1189
SSS% after Revasc 1.048 1.031–1.065  < 0.0001
SRS% after Revasc 1.052 1.032–1.072  < 0.0001
SDS% after Revasc 1.054 1.015–1.095 0.0056
∆SDS% 0.950 0.921–0.981 0.0017 0.965 0.935–0.997 0.0332
Rest LVEF after Revasc 0.944 0.929–0.960  < 0.0001
Rest LVEDV after Revasc 1.008 1.005–1.012  < 0.0001
Rest LVESV after Revasc 1.013 1.009–1.017  < 0.0001
Stress LVEF after Revasc 0.933 0.917–0.949  < 0.0001
Stress LVEDV after Revasc 1.010 1.007–1.013  < 0.0001
Stress LVESV after Revasc 1.013 1.009–1.017  < 0.0001
∆Stress LVEF 0.932 0.908–0.966  < 0.0001 0.961 0.932–0.992 0.0152
Rest phase SD before revasc 1.034 1.018–1.051  < 0.0001
Rest phase bandwidth before revasc 1.013 1.006–1.019 0.0001
Stress phase SD before revasc 1.046 1.028–1.046  < 0.0001
Stress phase bandwidth before revasc 1.018 1.011–1.024  < 0.0001
Rest phase SD after revasc 1.046 1.028–1.064  < 0.0001
Rest phase bandwidth after revasc 1.016 1.009–1.023  < 0.0001
Stress phase SD after revasc 1.058 1.039–1.078  < 0.0001
Stress phase bandwidth after revasc 1.020 1.013–1.027  < 0.0001 1.017 1.011–1.024  < 0.0001
Perfusion defects in the LAD region before revasc 1.684 0.976–2.904 0.0609
Perfusion defects in the RCA region before revasc 1.163 0.712–1.901 0.5453
Perfusion defects in the LCX region before revasc 1.328 0.811–2.178 0.2596
3-vessel CAD 1.346 0.812–2.234 0.2490
CTO vessels 0.889 0.531–1.490 0.6577
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Table 5   Univariate and multivariate predictors for abnormal (> 38°) stress phase bandwidth after revascularization

CI confidence interval, MI myocardial infarction, revasc revascularization, eGFR estimated glomerular filtration rate, SSS summed stress score, 
SRS summed rest score, SDS summed difference score, ∆SDS% a difference between summed difference scores converted to the percentage of 
the total myocardium derived from the first and second single photon emission computed tomography, LVEF left ventricular ejection fraction, 
LVEDV left ventricular end-diastolic volume, LVESV left ventricular end-systolic volume, ∆Stress LVEF a difference between stress left ventric-
ular ejection fraction derived from the first and second single photon emission computed tomography, SD standard deviation, LAD left anterior 
descending artery, RCA right coronary artery, LCX left circumflex artery, CAD coronary artery disease, CTO chronic total occlusion

Univariate analysis Multivariate analysis

Odds ratio 95% CI P value Odds ratio 95% CI P value

Age 0.988 0.971–1.004 0.1553
Male patients 1.671 1.089–2.563 0.0186
History of MI 2.455 1.721–3.501  < 0.0001
History of revasc 2.051 1.464–2.873  < 0.0001
Hypertension 1.474 0.943–2.305 0.0884
Diabetes mellitus 1.495 1.072–2.086 0.0177
Hyperlipidemia 1.080 0.767–1.520 0.6593
Smoking 1.387 0.980–1.961 0.0642
eGFR 0.989 0.982–0.996 0.0032
SSS% before revasc 1.060 1.041–1.078  < 0.0001
SRS% before revasc 1.175 1.132–1.220  < 0.0001
SDS% before revasc 0.997 0.975–1.019 0.8054
SSS% after revasc 1.169 1.137–1.202  < 0.0001 1.068 1.030–1.108 0.0003
SRS% after revasc 1.204 1.157–1.254  < 0.0001
SDS% after revasc 1.127 1.090–1.166  < 0.0001
∆SDS% 0.947 0.927–0.967  < 0.0001 0.965 0.935–0.996 0.0303
Rest LVEF before revasc 0.901 0.882–0.918  < 0.0001
Rest LVEDV before revasc 1.033 1.026–1.039  < 0.0001
Rest LVESV before revasc 1.056 1.045–1.068  < 0.0001
Stress LVEF before revasc 0.888 0.869–0.907  < 0.0001
Stress LVEDV before revasc 1.029 1.023–1.035  < 0.0001
Stress LVESV before revasc 1.044 1.035–1.054  < 0.0001
Rest LVEF after revasc 0.874 0.853–0.895  < 0.0001
Rest LVEDV after revasc 1.035 1.028–1.042  < 0.0001
Rest LVESV after revasc 1.076 1.060–1.091  < 0.0001
Stress LVEF after revasc 0.820 0.793–0.847  < 0.0001 0.869 0.838–0.901  < 0.0001
Stress LVEDV after revasc 1.037 1.030–1.044  < 0.0001
Stress LVESV after revasc 1.078 1.063–1.093  < 0.0001
∆Stress LVEF 0.943 0.920–0.967  < 0.0001
Rest phase SD before revasc 1.163 1.128–1.198  < 0.0001
Rest phase bandwidth before revasc 1.052 1.042–1.062  < 0.0001
Stress phase SD before revasc 1.188 1.148–1.229  < 0.0001
Stress phase bandwidth before revasc 1.058 1.047–1.069  < 0.0001 1.031 1.018–1.043  < 0.0001
Perfusion defects in the LAD region before revasc 1.335 0.948–1.879 0.0972
Perfusion defects in the RCA region before revasc 1.346 0.966–1.874 0.0788
Perfusion defects in the LCX region before revasc 2.791 1.970–3.953  < 0.0001
3-vessel CAD 1.796 1.258–2.563 0.0013
CTO vessels 1.885 1.336–2.659 0.0003
Complete revasc 0.308 0.189–0.501  < 0.0001
Repeat revasc 0.716 0.463–1.108 0.1345
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Predictor of the normalized SPBW 
after revascularization

After excluding patients with normal SPBW before revas-
cularization, 328 patients with abnormal SPBW were exam-
ined using a univariate and multivariate logistic regression 
analysis for factors predicting SPBW normalization after 
revascularization. The result is shown in Table 6. The main 
significant predictors of the normalized SPBW after revascu-
larization were a history of MI or revascularization, diabetes 
mellitus, eGFR, SSS%, SDS%, SRS%, rest and stress LVEF, 
LVEDV and LVESV, perfusion defects in the right coro-
nary artery (RCA) or LCX region before revascularization, 

three-vessel CAD, CTO vessels, and complete revascu-
larization. Among those variables, the multivariate analy-
sis showed that the SRS%, SDS%, stress LVEF, and per-
fusion defects in the LCX region before revascularization 
were independent predictors of the normalized SPBW after 
revascularization.

Detection of normalized SPBW 
after revascularization

ROC curve analysis was used to determine the relative 
strengths of the association between the predictor variables 
and normalized SPBW after revascularization (Fig.  4). 
Stress LVEF before revascularization had the highest AUC 
0.764 (95% confidence interval [CI] 0.714–0.809) followed 
by SRS% before revascularization (AUC 0.743, 95% CI 
0.692–0.790), perfusion defects in the LCX region before 
revascularization (AUC 0.596, 95% CI 0.541–0.650), 
and SDS% before revascularization (AUC 0.566, 95% CI 
0.510–0.620). Using the Youden index, optimal cut-off val-
ues of each variable before revascularization were shown 
in Fig. 4.

Representative case images

Figure 5 shows two cases of representative images. Both 
patients showed abnormal SPBW before treatment. In 
Patient A, the SPBW normalized after revascularization, 
which resulted in a good prognosis; however, in Patient B, 
the SPBW did not normalize and the prognosis was poor.

Patient A was a 65-year-old female with congestive heart 
failure. She underwent CAG, which revealed 99% stenosis 
in the proximal region of the LAD (left anterior descend-
ing artery), 90% stenosis in the mid-region of the LCX (a), 
and 50% stenosis in the mid-region of the RCA (b). The 
first SPECT demonstrated an MI with extensive ischemia 
in the region of the LAD and her SPBW was 105°(c). She 
underwent PCI for the stenosis in the LAD and LCX by 
drug-eluting stent (DES) implantation (red dotted line). The 
second SPECT showed a significant reduction of infarct and 
ischemic size, with the SPBW normalization (105° → 30°) 
(d). LVEF improved from 33 to 66% after revascularization, 
and she had a good prognosis without cardiac events.

Patient B was a 63-year-old male with congestive heart 
failure and a history of CABG: Left internal thoracic artery 
(LITA)-LAD, radial artery (RA)-RCA. CAG revealed 90% 
stenosis in the mid-region of the LAD (a). The mid-region 
of the LCX, LITA graft, and proximal region of the RCA 
all had chronic total occlusion (a–c). The RA graft was pat-
ent (d). The first SPECT demonstrated small ischemia in 
the LAD region and large infarction with peri-infarction 
ischemia in the LCX region, and his SPBW was 86° (e). 
He underwent PCI for the stenosis in the LAD by DES 

Fig. 2   Kaplan–Meier curves of the MCE-free survival in patients 
with a normal or abnormal SPBW after revascularization. MCE major 
cardiac event, SPBW stress phase bandwidth, revasc revascularization

Fig. 3   Kaplan–Meier curves of the MCE-free survival in patients 
with a normal SPBW before revascularization, normalized SPBW 
after revascularization, and abnormal SPBW before and after revascu-
larization. MCE major cardiac event, SPBW: stress phase bandwidth, 
revasc revascularization
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Table 6   Univariate and multivariate predictors for normalized stress phase bandwidth after revascularization

CI confidence interval, MI myocardial infarction, revasc revascularization, eGFR estimated glomerular filtration rate, SSS summed stress score, 
SRS summed rest score, SDS summed difference score, LVEF left ventricular ejection fraction, LVEDV left ventricular end-diastolic volume, 
LVESV left ventricular end-systolic volume, LAD Left anterior descending artery, RCA​ right coronary artery, LCX left circumflex artery, CAD 
coronary artery disease, CTO chronic total occlusion

Univariate analysis Multivariate analysis

Odds ratio 95% CI P value Odds ratio 95% CI P value

Age 1.005 0.984–1.028 0.6068
Male patients 0.688 0.374–1.262 0.2275
History of MI 0.375 0.228–0.616 0.0001
History of revasc 0.364 0.225–0.586  < 0.0001
Hypertension 0.642 0.355–1.161 0.1428
Diabetes mellitus 0.580 0.367–0.917 0.0198
Hyperlipidemia 0.833 0.522–1.329 0.4447
Smoking 0.607 0.374–0.986 0.0437
eGFR 1.010 1.001–1.019 0.0336
SSS% before revasc 0.962 0.941–0.983 0.0005
SRS% before revasc 0.874 0.835–0.914  < 0.0001 0.920 0.878–0.964 0.0006
SDS% before revasc 1.030 1.030–1.059 0.0387 1.044 1.010–1.079 0.0094
Rest LVEF before revasc 1.091 1.065–1.119  < 0.0001
Rest LVEDV before revasc 0.978 0.971–0.985  < 0.0001
Rest LVESV before revasc 0.962 0.951–0.973  < 0.0001
Stress LVEF before revasc 1.104 1.074–1.134  < 0.0001 1.083 1.052–1.116  < 0.0001
Stress LVEDV before revasc 0.981 0.975–0.987  < 0.0001
Stress LVESV before revasc 0.971 0.962–0.980  < 0.0001
Perfusion defects in the LAD region before revasc 1.083 0.657–1.784 0.7527
Perfusion defects in the RCA region before revasc 0.511 0.322–0.811 0.0044
Perfusion defects in the LCX region before revasc 0.450 0.281–0.720 0.0009 0.530 0.307–0.914 0.0226
1-vessel CAD 1.106 0.670–1.827 0.6919
2-vessels CAD 1.556 0.978–2.476 0.0619
3-vessel CAD 0.536 0.328–0.876 0.0128
CTO vessels 0.610 0.382–0.972 0.0379
Complete revasc 3.232 1.614–6.473 0.0009
Repeat revasc 1.465 0.822–2.611 0.1943

Fig. 4   ROC curves for detec-
tion of normalized SPBW after 
revascularization. LVEF left 
ventricular ejection fraction, 
revasc revascularization, SRS 
summed rest score, LCX left 
circumflex artery, SDS summed 
difference score, AUC​ area 
under the curve, CI confidence 
interval, Sens. sensitivity, Spec. 
specificity, ROC Receiver oper-
ating characteristic
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implantation (red dotted line). The LCX lesion was deferred 
due to the challenges of PCI requiring complex techniques 
and severely reduced tracer uptake in this lesion. The sec-
ond SPECT showed no significant reduction of infarct and 
ischemic size, without SPBW normalization (86° → 94°) (f). 
LVEF showed no significant change from 26 to 28% after 
revascularization, and he experienced heart failure readmis-
sion after revascularization.

Discussion

Clinically useful and new findings

This is the first report to clarify that normalization of the 
SPBW can be a predictor of prognosis improvement and 
to determine the predictors of SPBW normalization after 
revascularization. As a result, patients with abnormal 
SPBW after revascularization had a significantly higher 
incidence of MCE after revascularization. Furthermore, the 
Kaplan–Meier analysis showed that the prognosis of patients 
in which the SPBW normalized after revascularization was 
similar to that of patients in which the SPBW was normal 
before revascularization. Additionally, patients in which the 
SPBW was abnormal before and after revascularization had 
the worst prognosis.

From the results of a multivariate logistic regression anal-
ysis (Table 6), the factors of lower SRS%, absence of perfu-
sion defects in the LCX region, higher SDS%, and higher 
stress LVEF before revascularization were shown to be inde-
pendent predictors that led to normalization of the SPBW 
after treatment. Therefore, the clinical course of high-risk 
patients with multiple abnormal predictors before revascu-
larization should be monitored carefully in the chronic phase 
after treatment to reduce the onset of MCEs. Such precise 
management will surely benefit patients.

Mechanism of improvement of LV dyssynchrony 
index after revascularization

In this study, 57% of patients had an abnormal SPBW before 
treatment (328/572), which indicated that Japanese CAD 
patients targeted for revascularization had a high prevalence 
of LV mechanical dyssynchrony. From the results of our 
previous study of patients with known or suspected stable 
CAD with preserved LVEF [8], patients with a higher SPBW 

value had a poor prognosis. In these patients, revasculariza-
tion is strongly recommended because an improvement of 
prognosis is expected. However, from the present study, only 
36% of patients had a normalized SPBW after revasculariza-
tion. The reasons for this result were that patients with a high 
SPBW before treatment, low stress LVEF after treatment, 
high SSS after treatment, and a small amount of ischemic 
reduction were indicated to have an abnormal SPBW after 
revascularization, which was suggested by the multivariate 
logistic regression analysis (Table 5). Therefore, not only 
improving ischemia but also the improvement of LVEF is 
particularly important for improving SPBW after revascu-
larization. Sillanmäki et al. reported that LV mechanical dys-
synchrony measured by SPECT was strongly associated with 
LV systolic dysfunction, and LVEF was the most powerful 
predictor of abnormal phase bandwidth [21].

Additionally, the normalization of SPBW after revascu-
larization was compared using a ROC analysis in patients 
with an abnormal SPBW before treatment in this study. As a 
result, stress LVEF before treatment had the highest predic-
tion accuracy for normalization of SPBW after revasculari-
zation. This result was similar to the previous study [21]. 
Improvement of ischemia and improvement of LVEF by 
revascularization were independent factors, and it was con-
sidered that there were limits to the improvement of SPBW 
after revascularization in patients with a large infarct size 
before treatment and low LVEF. Therefore, to avoid MCEs 
after revascularization, and especially the onset of heart 
failure, it is important to strengthen and continue optimal 
medical treatment.

Association between revascularized coronary artery 
lesions and SPBW

In the present study, the results of the multivariate logistic 
regression analysis showed perfusion defects in the region 
of LCX before revascularization to be an independent 
predictor for a normalized SPBW after revascularization. 
Also, complete revascularization and CTO vessels were a 
significant univariate predictor for a normalized SPBW after 
revascularization.

In the multicenter CTO PCI registry, which examined PCI 
and procedural outcomes for CTO lesions, Christophoulos 
et al. reported that LCX was a common target vessel with 
incomplete revascularization. They assessed that LCX CTOs 
were technically difficult to revascularize due to anatomical 
features such as tortuosity, the steep angle of the LCX origin 
from LMT, and ipsilateral collateral [22], therefore, result-
ing in a lower rate of procedural success, less efficiency, 
and higher rates of complications compared with LAD or 
RCA CTOs. In the present study, 90% of revasculariza-
tions were performed by PCI, and many CTO patients were 

Fig. 5   CAG, polar map of SPECT MPI, and phase analysis in repre-
sentative cases. Each picture shows a coronary angiographic image, 
polar map images, and phase histogram images from representative 
patients with normalized SPBW (A) and without normalized SPBW 
(B) after revascularization. SPBW stress phase bandwidth, CAG​ coro-
nary angiography, SPECT single-photon emission computed tomog-
raphy, MPI myocardial perfusion imaging

◂
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also included. Therefore, the LCX was considered to be an 
important vessel causing incomplete revascularization.

On the other hand, it has been reported in the Japanese 
CTO registry that PCI for LCX CTO lesions did not affect 
long-term cardiac mortality [23]. Our previous study has 
also shown that perfusion defects in the region of LCX was 
not a predictor of MCEs after revascularization, and was not 
associated with prognosis [9].

Regarding the correlation between coronary lesions and 
LV dyssynchrony, Ng et al. reported that the presence of 
proximal LCX stenosis might delay mechanical activation 
of the LV free wall and induce LV dyssynchrony, because 
the LCX normally supplies the LV lateral and posterior free 
walls that are finally activated by the cardiac conduction 
system [24].

LCX is also known to affect LV mechanical dyssynchrony 
and LVEF due to its wide perfusion area [25]. The previous 
study has shown that functional complete revascularization 
improved the prognosis of CAD patients [26]. Therefore, in 
patients with multivessel lesions including LCX with high 
SPBW, complete revascularization including LCX should 
be considered to improve cardiac function and prevent heart 
failure.

For the representative case B in which PCI was expected 
to be difficult due to a long LCX CTO lesion, it is important 
to perform complete revascularization by CABG as recom-
mended by ESC/EACTS Guidelines [27]. This will not only 
lead to the significant reduction of infarct and ischemic size 
but also normalization of the SPBW. As a result, such a 
therapeutic strategy will lead to an improvement in the long-
term outcome after revascularization and is expected to be 
extremely important for clinical management [28–30].

Limitations

This observational study has several limitations. First, the 
study design was a retrospective, single-center, and rela-
tively small sample size investigation. In particular, the type 
of MCEs may bias due to the small sample size. Second, the 
study subjects included many patients (68%) with multi-ves-
sel disease in whom perfusion defects existed in two or more 
coronary arterial stenoses. Therefore, direct comparison 
by SPBW estimated in each region of the coronary artery 
between LAD, RCA, and LCX was difficult. Third, there was 
also the potential for institutional bias in optimal treatment 
with medicine to prevent cardiovascular events, because this 
was an observational single center study.

Furthermore, 201Tl + 99mTc-tetrofosmin dual-isotope 
SPECT was utilized in the present study for improvement on 
throughput similar to the preceding studies [8, 12, 14–16]. 
The dual-isotope SPECT leads to higher radiation exposure 

than 1-day 99mTc-tetrofosmin low dose–high dose SPECT 
[31].

Finally, in this study, a direct comparison with the LV 
mechanical dyssynchrony index at rest and stress could not 
be performed due to the difference in tracers between the 
two conditions. However, in assessments of LV mechanical 
dyssynchrony, the low dose 99mTc has been reported to have 
a significantly higher phase SD than the high dose [31]. For 
this reason, the high dose tracer was used only at stress in 
the present study. The differences in protocols do not appear 
to affect the results of this study.

Conclusion

In conclusion, normalization of LV dyssynchrony after 
revascularization assessed with nuclear cardiology may help 
predict future MCEs and thus a useful indicator for predict-
ing improved prognosis in patients with CAD.
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