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p = 0.001). Feasibility and reproducibility were higher for 
GMPS.
Conclusion Acute phase modifications after CRT acti-
vation may predict response to CRT immediately after 
implantation, but not at baseline, even when adjusted to 
perfusion data.

Keywords Cardiac resynchronization therapy · Left 
ventricular dyssynchrony · Heart failure · Gated single-
photon emission computed tomography

Abbreviations
β  Bandwidth
Ә  Entropy
ε  Strain
CRT  Cardiac resynchronization therapy
GMPS  Gated myocardial perfusion SPECT
HF  Heart failure
ICC  Intraclass correlation
ICM  Ischemic cardiomyopathy
IVMD  Interventricular mechanical delay
LLWC  Left lateral wall contraction
LV  Left ventricle
LVEF  Left ventricular ejection fraction
LVEDV  Left ventricular end-diastolic volume
LVESV  Left ventricular end-systolic volume
LVFT  Left ventricular filling time
LWMP  Lateral wall myocardial perfusion
NYHA  New York Heart Association
TTE  Trans-thoracic echocardiography
SD  Standard deviation
SPECT  Single-photon emission computed tomography
SPWMD  Septal-posterior wall motion delay

Abstract 
Background Cardiac resynchronization therapy (CRT) 
reduces morbidity and mortality in chronic systolic heart 
failure. About 20% of implanted patients are considered as 
“non-responders”. This study aimed to evaluate gated myo-
cardial perfusion single-photon emission computed tomog-
raphy (GMPS) phase parameters as compared to echocar-
diography in the assessment of predictors for response to 
CRT before and after CRT activation.
Methods Forty-two patients were prospectively included 
during 15 months. A single injection of 99mTc-tetrofosmin 
was used to acquire GMPS phase pre- and post-CRT acti-
vation. Indicators of positive CRT response were improve-
ment of functional status and 15% reduction in left ventric-
ular end-systolic volume at 3 months.
Results Phase parameters at baseline were similar 
in the two groups with no influence of perfusion data. 
Phase parameters after CRT activation were signifi-
cantly improved in the responders’ group (Δ Bandwidth 
−19° ± 24° vs. 13° ± 31°, p = 0.001; Δ SD −20° ± 30° 
vs. 26° ± 46°, p = 0.001; Δ Entropy −11 ± 12 vs. 2 ± 6%, 

 * Rémy Gendre 
 remygendre@hotmail.com

1 Department of Cardiology, Toulouse University Hospital, 
Toulouse, France

2 Department of Nuclear Medicine, Toulouse University 
Hospital, Toulouse, France

3 Cardiac Imaging Center, Toulouse University Hospital, 
Toulouse, France

4 Medical School of Rangueil, University Paul Sabatier, 
Toulouse, France

5 Medical School of Purpan, University Paul Sabatier, 
Toulouse, France

http://crossmark.crossref.org/dialog/?doi=10.1007/s12149-017-1148-5&domain=pdf


219Ann Nucl Med (2017) 31:218–226 

1 3

Introduction

The treatment of cardiac heart failure (HF) took a major 
step forward with the development of cardiac biventricu-
lar pacing, or cardiac resynchronization therapy (CRT). 
Several studies showed that CRT improves quality of life, 
symptoms of heart failure (HF), exercise capacity and 
survival rate [1, 2]. CRT results in reverse remodeling by 
reducing left ventricular (LV) volumes, and improvement 
of left ventricular ejection fraction (LVEF) [3]. Current 
selection criteria for implantation, supported by interna-
tional practice guidelines, are limited to symptoms, QRS 
duration, and LVEF <35% [4].

However, about one-fifth of the patients meet these 
criteria but do not respond to this invasive therapy (non-
responders) [1, 5, 6]. For more than 10  years, cardiac 
mechanical dyssynchrony assessed by different imaging 
modalities has been studied to improve the selection of 
patients who would benefit from CRT. Despite many stud-
ies and several criteria based on 2D, 3D, Doppler tissue 
imaging or speckle-tracking [7–9], trans-thoracic echo-
cardiography (TTE) is still not able to define predictors of 
response to CRT, accurately. This is mostly due to the poor 
reproducibility and feasibility of these parameters. How-
ever, since the PROSPECT [10] and EchoCRT [11] trials, 
new dyssynchrony parameters were found and seem to be 
more accurate [8, 12].

Gated myocardial perfusion single-photon emission 
computed tomography (SPECT) (GMPS) is used to assess 
myocardial perfusion but also provides information on 
regional wall thickening. Phase analysis derived from 
GMPS can assess left ventricular mechanical dyssynchrony 
[13–15]. Using dedicated software, GMPS phase analysis 
may predict response to CRT but sensitivity and specific-
ity remain insufficient. Myocardial perfusion data explored 
by GMPS on the same exam were not studied as additional 
information to make phase analysis more accurate.

First, we investigated whether mechanical dyssynchrony 
parameters assessed by GMPS phase analysis, before and 
just after CRT activation, may predict response to CRT 
including perfusion data, as compared with TTE param-
eters. Then, we compared reproducibility and feasibility of 
SPECT with TTE to assess dyssynchrony.

Materials and methods

Population

During the study period, 142 patients were admitted in our 
center for CRT implantation; selection criteria for CRT 
implantation were those described in the 2013 European 
guidelines [4], and consisted in depressed LVEF <35%, 

NYHA class ≥2, and prolonged QRS duration (>120 ms). 
Patients with permanent right ventricle stimulation were 
also included. Exclusion criteria were permanent atrial 
fibrillation, non-ambulatory class 4 NYHA, and refusal of 
consent; 42 patients were finally included. All the patients 
gave their consent to participate in this study, approved by 
the local ethics committee (No. 80-1114).

Study protocol

Before CRT device implantation, all patients had a clini-
cal evaluation status using NYHA class and exercise testing 
(6 min test walk and ventilation gas exchange analysis on 
cycle ergometer). Then TTE was performed to assess left 
ventricle function and dyssynchrony parameters. At the end 
of the CRT implantation procedure, the left lead was left 
inactive deliberately. The day after, GMPS was performed 
and phase dyssynchrony parameters acquired before and 
after activation of the left lead (CRT activation), using a 
single injection of radiotracer. The response to CRT was 
evaluated 3 months after implantation with a new clinical 
evaluation status, exercise testing and TTE.

Echocardiography

Patients were imaged in the left lateral decubitus position 
with a commercially available system (Vivid E9 Gen-
eral Electric Healthcare). A 1.5–3.6  MHz transducer was 
used. Baseline TTE included standard gray-scale and color 
TDI in the parasternal (short and long axis) and apical (2, 
3, and 4 chambers) views with a high frame rate (at least 
35 frame/s). Patients with more than 2 non-analyzable seg-
ments were excluded from the TTE analysis. The TDI and 
speckle-tracking analysis were performed on a post-treat-
ment workstation (Echopac version 11, GE Vingemed). 
For each patient, atrioventricular, interventricular and 
intraventricular dyssynchrony was explored by TTE. Left 
ventricular end-systolic volume (LVESV) and left ventricu-
lar end-diastolic volume (LVEDV), septal-posterior wall 
motion delay (SPWMD, M mode measured by parasternal 
short-axis view), left ventricular filling time (LVFT) meas-
ured by trans-mitral Doppler, interventricular mechanical 
delay (IVMD) defined as the difference between left and 
right ventricular preejection intervals, and intraventricular 
dyssynchrony left lateral wall contraction (LLWC) defined 
as the presence of overlap between the end of lateral wall 
contraction (via M mode) and onset of LV filling were 
measured.

The TDI data were treated as described by Yu et al. [7] 
calculating the Ts-SD index, with the standard deviation of 
the time to peak velocity in 12 LV segments (mid and basal 
segments).
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According to Doltra et al. [12], septal flash was defined 
as a fast contraction and relaxation (inward/outward 
motion) of the septum occurring during the isovolumetric 
contraction period (within the QRS width), as visualized 
either in 2-dimensional or M-mode images in the paraster-
nal or 4-chamber views.

The strain delay index (SDI) was defined as described by 
Lim et al. [8] as the mean difference between end-systole 
strain (εES) and peak strain (εpeak) assessed by 2D speckle-
tracking analysis, which is supposed to estimate the wasted 
energy caused by dyssynchrony. For each of the 16 myo-
cardial segments, a strain curve was generated, the εES was 
defined as the ε value at the time of the end-systole (aortic 
valve closure), the εpeak was defined as the maximum nega-
tive value during cardiac cycle. For a segment that exhib-
ited positive strain or biphasic strain with a peak positive 
greater than the maximal absolute negative strain, the term 
(εpeak − εES) was entered as zero for the calculation of strain 
delay index. For non-analyzable segments the 0 value was 
entered. During this process the time-to-peak strain was 
used to be compared to the SPECT activation delays.

Gated myocardial perfusion SPECT

Assessment of myocardial dyssynchrony was performed 
for all patients by myocardial perfusion gated-SPECT after 
injection of a weight-adjusted dose of 300–400  MBq of 
99mTc-tetrofosmin. GMPS was acquired 20–30  min after 
radiotracer injection using a Symbia T6 (Siemens Health-
care, Erlangen, Germany) double-headed gamma camera 
equipped with IQ SPECT multifocal collimators. Data were 
acquired for 180° with 64 frames of 30- and 20-s durations 
at rest with a 20% window centered on the 140-keV photo 
peak of 99mTc. A single injection of 99mTc-tetrofosmin was 
needed to perform two rest GMPS acquisitions; the first was 
performed before CRT activation, and the second was real-
ized 15–30 min later. Images were analyzed with the Syngo 
MI Applications software (©Siemens Healthcare, Erlangen, 
Germany); phase analysis based on myocardial thickening 
was assessed on QGS 2009 Software (©Cedars-Sinai Med-
ical Center). The calculation process of phase parameters 
was described before [16, 17]; once timing parameters have 
been calculated for all sampling points, multiple global 
and regional LV synchrony measures are computed on 
the basis of whole-ventricle and used to build a histogram 
phase angle. The mean and standard deviation (SD) of the 
histogram are calculated in the standard manner. The band-
width, β, is defined as the smallest phase-angle range that 
encompasses 95% of the histogram samples. These differ-
ent time values were expressed in degrees (range 0°–360°) 
to compare the patients to each other as it is not influenced 
by heart rate; however, time values were also expressed in 
milliseconds to be compared with the TTE parameters, to 

be more clinically relevant. The entropy (Ә) is a measure 
of variability computed as previously described [18], nor-
malized to its maximum value for the number of histogram 
bins used and reported as a percentage. Based on the fact 
that patients with ischemic cardiomyopathy (ICM) are less 
improved by CRT [19], especially when the scar burden is 
high [20]. We made the hypothesis that localization of the 
ischemic scar could play a role in response to CRT. Indeed, 
the LV pacing lead used for CRT is generally inserted on 
the lateral wall of LV; if there is an ischemic scar on the 
lateral wall, the greater the extent of this scar, the more the 
myocardial contraction is impaired, and the more likely the 
response to CRT is to be impaired. The lateral wall myo-
cardial perfusion (LWMP) was calculated as the mean per-
fusion of the 5 lateral wall segments (2 basal segments, 2 
mid-segments and one apical segment of the lateral wall), 
and expressed as percentage of the maximum. In order 
to attempt to reach a better accuracy in prediction of the 
response to CRT, phase parameters were indexed to the 
perfusion of the lateral wall: bandwidth (°) × LWMP (%), 
standard deviation (°) × LWMP (%), mean (°) × LWMP (%), 
entropy (%) ×LWMP (%).

Response to CRT

Response to CRT was evaluated 3  months after device 
implantation by 2 different methods: functional status 
or LV remodeling by TTE. First, patients improved there 
functional status and were classified as “responders” if they 
improve peak VO2 of at least 10%. Then, LV remodeling 
after CRT, defined as a reduction in LVESV of ≥15% at 
3 months, also defined “responders”. All these criteria were 
defined in large previous trials [10, 17, 20–23].

Repeatability, reproducibility, feasibility 
of measurements

For TTE, variability was focused on SPWMD, Ts-SD, and 
SDI. For GMPS, variability was measured for all synchrony 
parameters (bandwidth, mean, SD and entropy). Intra-
observer and inter-observer variability was assessed on 15 
random patients in whom all TTE/GMPS measures could 
be performed. Feasibility was evaluated on all the patients 
enrolled in the study. For each parameter, we compared the 
number of myocardial segments interpretable and the num-
ber of patients in whom the criteria can be performed.

Statistical analysis

Results are presented as mean and standard deviation. Con-
tinuous data were compared using the paired or unpaired 
Student t test when appropriate. A receiver-operating 
characteristic (ROC) curve was analyzed to determine the 



221Ann Nucl Med (2017) 31:218–226 

1 3

optimal cutoff values of the acute modifications of histo-
gram bandwidth, phase SD and entropy to predict response 
to CRT. For all tests, a p value <0.05 was considered statis-
tically significant. An intraclass correlation (ICC) was used 
for both intra-observer and inter-observer variability.

Results

Study population

Baseline characteristics of the 42 patients (36 men, mean 
age of 65 ± 10 years) are detailed in Table 1. Patients were 
mainly in class 2 NYHA (48%) with 50% of ischemic car-
diomyopathy (ICM). Mean peak VO2 was 13 ± 4  mL/kg/
m² and mean distance walked in 6 min was 383 ± 110 m. 
QRS duration was 155 ± 22 ms. Mean LVEF was 28 ± 6%, 
with a mean LVESV of 93 ± 34 mL/m². Four patients were 
excluded from the final analysis (two patients died, one 
patient was explanted for material infection, one patient 
was lost to view during follow-up).

Repeatability, reproducibility, feasibility 
of measurements

Variability of dyssynchrony parameters continues in 
Tables  2 and 3; ICC was around 0.9 (p < 0.0001) for all 
phase parameters, including intra-observer and inter-
observer variability. TTE parameters showed a non-signif-
icant reproducibility for SPWMD and Ts-SD; SDI index 
showed significant ICC for intra-observer variability [0.75 
(0.41–0.91); p < 0.0001], and for inter-observer variability 
[0.66 (0.25–0.87); p = 0.03]. For GMPS phase analysis, all 
cardiac segments were analyzable. For TTE, SPWMD was 
feasible in all patients, Ts-SD permitting to analyze 96% of 
myocardial segments, and SDI index was feasible in 90% of 
myocardial segments studied, permitting to assess SDI in 
72% of the patients.

Dyssynchrony parameters and response to CRT 
(Table 4)

LV remodeling as response criteria

Twenty-four (63%) patients were considered as respond-
ers with a reduction of LVESV of at least 15%. Consider-
ing TTE parameters, only IVMD (p = 0.022) and LPEI 
(p = 0.048) were significantly associated with LV remod-
eling. For GMPS parameters, mean lateral wall perfusion 
was higher in responders (69 ± 10% vs. 62 ± 7%, p = 0.027). 
Before CRT activation, there was no difference in phase 
parameters between responders and non-responders. After 

CRT activation, β (p = 0.048) and SD (p = 0.007) were 
significantly lower in responders. Ә was not significantly 
lower (63 ± 9 vs. 70 ± 11%, p = 0.056). Decrease in β, SD 
and Ә was significantly associated with response to CRT 
(all p values <0.001).

When ROC curve analysis was applied (Fig.  1), acute 
reduction cut-off values of 10% of phase β (sensitivity of 
0.71 and specificity of 0.67), 1% of phase SD (sensitivity of 
0.64 and specificity of 0.99), and 1% of phase ә (sensitivity 

Table 1  Population baseline characteristics (n = 42)

ACE angiotensin-converting enzyme, BMI body mass index, LBBB 
left bundle branch block, LVEF left ventricular ejection fraction, 
NICD non-specific intraventricular conduction delay, NYHA New 
York Heart Association, RBBB right bundle branch block

Age (years) 65 ± 10
Gender (male) 36 (86%)
BMI (kg/m²) 25 ± 9
Ischemic cardiomyopathy (%) 21 (50%)
Cardiovascular risk factors
 Diabetes mellitus (%) 7 (17%)
 Hypertension (%) 15 (36%)
 Dyslipidemia (%) 19 (45%)
 Current smoking (%) 8 (19%)

NYHA functional class
 II 20 (48%)
 III 19 (45%)
 IV 3 (7%)

Functional state
 Peak VO2 (mL/kg/min) 13 ± 4
 Distance walked in 6 min 383 ± 110

Echocardiography
 LVEF (%) 28 ± 6
 Left ventricular end-diastolic volume (mL/m²) 128 ± 42
 Left ventricular end-systolic volume (mL/m²) 93 ± 34

Duration of the QRS interval (ms) 155 ± 22
QRS interval morphology
 LBBB 30 (71%)
 RBBB 1 (2%)
 NICD 3 (7%)
 Cardiac pacing 8 (19%)

Medications
 Diuretics, n (%) 38 (90%)
 Dose of diuretics (mg) 117 ± 153
 ACE inhibitors, n (%) 36 (86%)
 Antagonist of mineralocorticoid receptor, (%) 24 (57%)
 Β-blockers, n (%) 37 (88%)
 Amiodarone, n (%) 15 (36%)
 Ivabradine, n (%) 3 (7%)

Biology
 Creatinine (µmol/L) 128 ± 55
 NT pro BNP (pg/mL) 4138 ± 4945
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of 0.71 and specificity of 0.80) were needed to determine 
responders to CRT.

Peak VO2 improvement as response criteria

There was no difference between the two groups consider-
ing TTE dyssynchrony parameters, except for septal flash, 
which was more present at baseline in non-responders 
(p = 0.01). For GMPS parameters, only Ә decreased signifi-
cantly in responders (−8 ± 9 vs. 0 ± 8%, p = 0.013).

Influence of perfusion on GMPS phase analysis

Considering LV remodeling, LWMP was significantly 
higher in the responders’ group (69 ± 10 vs. 62 ± 7%, 

p = 0.027) and especially in the subgroup of ICM (64 ± 11 
vs. 58 ± 3; p = 0.009). None of the phase parameters 
showed at baseline, before CRT activation, a significant 
improvement when adjusted to perfusion data (β corrected 
by LWMP 89° ± 29° vs. 77° ± 21°, p = 0.17; SD corrected 
by LWMP 23° ± 8° vs. 21° ± 5°, p = 0.36; Ә corrected by 
LWMP 96 ± 30 vs. 85 ± 15%, p = 0.21). Similar results were 
found when considering functional status improvement (β 
corrected by LWMP 89° ± 24° vs. 82° ± 30°, p = 0.93; SD 
corrected by LWMP 24° ± 6° vs. 22° ± 8°, p = 0.67; Ә cor-
rected by LWMP 47 ± 8 vs. 42 ± 12%, p = 0.8).

Discussion

GMPS phase analysis

In this study, we confirmed that GMPS is a feasible and 
reproducible method to analyze LV mechanical dyssyn-
chrony. Acute improvement in GMPS phase parameters 
just after CRT activation was associated with response to 
CRT, based on LV remodeling, after a short follow-up of 3 
months.

Friehling et al. [23] have shown, in a monocentric trial 
with 44 patients and a follow-up of 20 months, a significant 
link between worsening GMPS phase parameters after CRT 
activation and adverse patient outcome (composite of HF 
hospitalizations, death, appropriate defibrillator discharges 
and device deactivation for worsening HF symptoms). 
Actually, LV remodeling is an objective parameter widely 
used in CRT trials to define responders and non-responders 
to CRT; it is well known that patients without LV remod-
eling have a worse prognosis. Acute changes in GMPS 

Table 2  Intra-observer and inter-observer variability for TTE and GMPS dyssynchrony parameters

ICC intraclass correlation index, LVESV left ventricular end-systolic volume, SPWMD septal-posterior wall motion delay, Ts-SD SD of time 
from QRS to peak systolic velocity in ejection phase for 12 left ventricular segments (6 basal and 6 middle), SDI strain delay index, gSPECT 
gated single-photon emission computed tomography

Intra-observer Inter-observer

Variability ICC p value Variability ICC p value
Mean (%) Mean (%)

 GMPS (CRT off)
 Bandwidth (°) 12 (10) 0.87 (0.66 to 0.95) <0.0001 14 (12) 0.89 (0.71 to 0.94) <0.0001
 Standard deviation (°) 3 (10) 0.87 (0.68 to 0.96) <0.0001 3 (10) 0.92 (0.77 to 0.97) <0.0001
 Mean (°) 3 (2) 0.99 (0.96 to 1.00) <0.0001 6 (4) 0.94 (0.84 to 0.98) <0.0001
 Entropy (%) 2 (3) 0.94 (0.84 to 0.98) <0.0001 2 (3) 0.91 (0.75 to 0.97) <0.0001

Echocardiography
 LVESV (mL/m²) 1 (2) 0.99 (0.97 to 0.99) <0.00001 3 (5) 0.97 (0.92 to 0.99) <0.00001
 SPWMD (ms) 86 (105) 0.03 (−0.55 to 0.55) 0.46 122 (117) 0.06 (−0.46 to 0.55) 0.42
 Ts-SD (ms) 11 (28) 0.27 (−0.13 to 0.65) 0.07 18 (34) 0.01 (−0.54 to 0.52) 0.49
 SDI (%) 9 (27) 0.75 (0.41 to 0.91) <0.0001 8 (26) 0.66 (0.25 to 0.87) 0.03

Table 3  GMPS and TTE dyssynchrony parameters feasibility

βbandwidth, Ə entropy, GMPS gated myocardial perfusion SPECT, 
M mean, SD standard deviation, SDI strain delay index, SPWMD sep-
tal-posterior wall motion delay, Ts-SD standard deviation of the time 
to peak velocity in 12 LV segments (mid and basal segments)

Feasibility
n/total (%)

Analyzed segments
n/total (%)

GMPS
 β 29/29 (100%) 493/493 (100%)
 SD 29/29 (100%) 493/493 (100%)
 M 29/29 (100%) 493/493 (100%)
 Ә 29/29 (100%) 493/493 (100%)

TTE
 SPWMD 29/29 (100%) –
 Ts-SD 29/29 (100%) 333/348 (96%)
 SDI 21/29 (72%) 419/464 (90%)
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Table 4  Dyssynchrony parameters according to LV remodeling and functional status after CRT

LV remodeling
LVESV reduced ≥15%

Functional status
Peak VO2 improved ≥10%

Total (n = 38) Responders (n = 24) Non-
responders 
(n = 14)

p Total (n = 29) Responders (n = 12) Non-
responders 
(n = 17)

p

Echocardiography
 Atrioventricular dyssynchrony
  LVFT (≤40%) Yes 12 9 3 0.304 9 5 4 0.298

No 26 15 11 20 7 13
 Interventricular dyssynchrony
  IVMD (≥40 ms) Yes 22 17 5 0.022 16 8 8 0.180

No 15 6 9 12 3 9
 Intraventricular dyssynchrony
  SPWMD 

(≥130 ms)
Yes 7 6 1 0.228 6 4 2 0.250
No 26 16 10 20 8 12

  LPEI (≥140 ms) Yes 24 18 6 0.048 17 9 8 0.132
No 14 6 8 12 3 9

  Aortic overlap Yes 24 14 10 0.420 21 8 13 0.561
No 14 10 4 8 4 4

  Mitral overlap Yes 6 3 3 0.467 6 2 4 0.653
No 32 21 11 23 10 13

  Ts-SD (≥32 ms) Yes 27 18 9 0.516 21 10 11 0.404
No 4 2 2 4 1 3

  Septal flash Yes 17 13 4 0.126 13 2 11 0.010
No 21 11 10 16 10 6

  SDI (>32%) Yes 25 18 7 0.058 20 7 13 0.184
No 12 6 6 8 5 3

SPECT
 LWMP 66 ± 10 69 ± 10 62 ± 7 0.027 65 ± 15 71 ± 9 64 ± 8 0.054
 CRT off
  β (°) 130 ± 42 137 ± 44 126 ± 39 0.456 132 ± 42 129 ± 39 134 ± 45 0.737
  M (°) 143 ± 25 145 ± 22 138 ± 27 0.386 144 ± 25 141 ± 23 145 ± 26 0.697
  SD (°) 35 ± 11 36 ± 12 34 ± 9 0.736 35 ± 11 35 ± 9 36 ± 12 0.812
  Ә (%) 69 ± 7 70 ± 6 68 ± 9 0.584 69 ± 7 67 ± 8 70 ± 6 0.430

 CRT on
  β (°) 124 ± 54 109 ± 47 146 ± 62 0.048 124 ± 54 106 ± 52 137 ± 52 0.124
  Δβ (°) −3 ± 36 −19 ± 24 13 ± 31 0.001 −6 ± 39 −18 ± 25 3 ± 31 0.058
  Δβ < 0 26 (68%) 20 (83%) 6 (42%) 0.010 19 (50%) 10 (83%) 9 (53%) 0.090
  SD (°) 34 ± 17 28 ± 13 44 ± 20 0.007 35 ± 18 29 ± 13 39 ± 19 0.116
  ΔSD (°) 1 ± 47 −20 ± 30 26 ± 46 0.001 0 ± 44 −13 ± 43 10 ± 43 0.167
  ΔSD <0 27 (71%) 22 (92%) 5 (35%) 0.000 20 (69%) 10 (83%) 10 (58%) 0.160
  Ә (%) 66 ± 10 63 ± 9 70 ± 11 0.056 68 ± 10 63 ± 10 69 ± 8 0.106
  ΔӘ (%) −5 ± 12 −11 ± 12 2 ± 6 0.001 −4 ± 9 −8 ± 9 0 ± 8 0.013
  ΔӘ <0 23 (60%) 19 (79%) 4 (28%) 0.002 16 (42%) 9 (75%) 7 (41%) 0.071
  M (°) 132 ± 30 138 ± 29 124 ± 28 0.147 133 ± 27 140 ± 20 132 ± 31 0.416
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phase analysis could be used to define non-responders 
immediately after CRT implantation, and therefore might 
be a potential tool to anticipate alternative therapeutics 
such as left ventricular assistance or cardiac transplantation 
with less delay.

In this trial, GMPS phase parameters obtained before 
CRT activation did not permit to predict response to 
CRT, and according to our results, GMPS phase analy-
sis should not be used in routine as a selection criteria 
for CRT implantation. These results are discordant with 
previous trials. Boogers et al. [17] (QGS software) found 
a larger bandwidth and standard deviation at baseline in 
the responders’ group, even if the patients’ characteristics 

were similar, the response criteria were NYHA class 
variation, and follow-up of 6 months, while Azizian 
et al. [22] showed similar results using a cut-off of 15% 
improvement in LVESV. Another trial based on Emory 
Cardiac Toolbox software [13] showed larger bandwidth 
and SD in the responders’ group before CRT activa-
tion, based on NYHA class improvement. This shows 
the importance of achieving a larger clinical trial based 
on various response criteria. Because of the difference 
between GMPS phase values we did not use cut-off val-
ues as defined by Boogers.

In this study, LWMP was significantly higher in 
the responders’ group and especially in the subgroup 
of patients with ICM. Adelstein et  al. [20] previously 
showed in over 620 patients that myocardial perfusion, 
representing the scar burden, is an important aspect to 
consider before CRT implantation. However, even after 
adjusting to perfusion data of the LV lateral wall, base-
line phase parameters did not influence response to CRT 
either.

This trial showed better reproducibility and feasibility 
of GMPS phase analysis comparatively to all TTE dyssyn-
chrony index. This result is attributable to automated pro-
cessing and weight-adjusted dose of the radiotracer, which 
allow usable data for all patients, whereas TTE is depend-
ent on the acoustic characteristics of the patients and expe-
rience of the operator.

TTE and dyssynchrony

Considering LV remodeling, SPWMD, LVFT, mitral and 
aortic overlap, Ts-SD did not permit predicting respond-
ers. These results are consistent with the previous, non-
conclusive PROSPECT trial. An SDI index >25% was 
more present in the responders’ group, but not significantly 
(18 vs. 7, p = 0.058), and was realizable in only 72% of 
the patients. Septal flash was not associated with response 

Ə entropy, β bandwidth, CRT cardiac resynchronization therapy, IVMD interventricular mechanical delay, M mean, LVESV left ventricular end-
systolic volume, LVFT left ventricular filling time, LPEI left ventricular preejection interval, LWMP lateral wall mean perfusion, SD standard 
deviation, SDI strain delay index, SPECT single-photon emission computed tomography, SPWMD septal-posterior wall motion delay, Ts-SD SD 
of time from QRS to peak systolic velocity in ejection phase for 12 left ventricular segments (6 basal and 6 middle)
Italics is used to distinguish results and p values
Bold is used for showing significant p values

Table 4  (continued)

LV remodeling
LVESV reduced ≥15%

Functional status
Peak VO2 improved ≥10%

Total (n = 38) Responders (n = 24) Non-
responders 
(n = 14)

p Total (n = 29) Responders (n = 12) Non-
responders 
(n = 17)

p

  ΔM (°) −6 ± 20 −5 ± 16 −8 ± 25 0.548 −4 ± 20 0 ± 15 −7 ± 23 0.311

Fig. 1  ROC curves’ analysis for acute reduction of histogram band-
width, phase SD and entropy after CRT activation. All showed a 
good predictive value of response to CRT with an AUC of 0.83 for 
Δentropy, 0.83 for ΔSD, and 0.80 for ΔBandwidth
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to CRT, and was significantly more present in the non-
responders’ group when peak VO2 improvement was used 
as response criteria.

Limits

This study has all the limitations associated with single-
site and small effective studies. The delay of 3 months to 
evaluate echocardiographic and clinical response to CRT 
may be too short as LV remodeling may occur up to 6 
months after device implantation.

GMPS does not analyze the right ventricle and can-
not be used for interventricular dyssynchrony assessment. 
Gated blood pool SPECT angiography is able to assess 
VG and VD functions and phase, and remain to be evalu-
ated in the prediction of response to CRT.

Using clinical evaluation to define response to CRT, 
TTE or phase analysis may not predict accurate response 
to CRT, even considering acute modifications of phase 
parameters after CRT activation. First, physical perfor-
mances used as response criteria require many patients 
to obtain a significant difference (in CONTAK [24] trial, 
490 patients were included to show an improvement of 
only 0.8  mL/kg/min of the peak VO2). Then, disruption 
of physical test in patients requiring CRT, as the conse-
quence of malnutrition, asthenia, osteo-articular disease, 
leads to missing data (statistical analysis on 29 patients 
who performed physical tests over 38).

Multivariate analysis comparing TTE and GMPS 
parameters was not performed as TTE considered param-
eters only before CRT activation and GMPS before and 
after.

New knowledge gained

We showed that GMPS phase analysis derived by QGS 
software is feasible with IQ SPECT collimators technol-
ogy, but did not permit, before CRT activation, to predict 
response to CRT. Phase modifications after CRT activa-
tion permit to predict LV remodeling but not physical 
improvement, which confirm that clinical response and 
echocardiographic response are not always linked. Phase 
parameters are not more accurate when adjusted to perfu-
sion data at baseline.

Conclusion

GMPS phase analysis obtained by QGS software showed 
excellent feasibility and reproducibility for the evaluation 
of cardiac dyssynchrony, higher than those obtained with 

TTE. Acute modifications of phase parameters immedi-
ately after CRT activation may predict response to CRT, 
but not at baseline, even when adjusted to perfusion data.
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