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Aims

Up to 30–45% of implanted patients are non-responders to CRT. We evaluated the role of a ‘CRT team’ using cardiac
magnetic resonance (CMR) and longitudinal myocardial strain to identify the target area defined as the most delayed
and viable region for LV pacing.
.....................................................................................................................................................................
Methods
A total of 100 heart failure patients candidates for CRT divided into two groups were enrolled. Group 1 consisted
and results
of 50 consecutive patients scheduled for CRT and prospectively included. Group 2 (control) consisted of 50 patients
with a CRT device implanted according to standard clinical practice and matched for age, sex, and LVEF with group 1.
Patients were evaluated at baseline and at 6-month follow-up. In group 1, patients underwent two-dimensional
speckle-tracking assessment of longitudinal myocardial strain and CMR imaging to identify the target area for LV
lead pacing. A positive response to CRT was defined as a reduction of ≥15% of the LV end-systolic volume at
6-month follow-up. A total of 39 (78%) patients of group 1 were classified as responders to CRT whilst in group 2,
only 28 (56%) were responders (P = 0.019). The ‘CRT team’ identified as target for LV pacing the lateral area in
30 (60%) patients, and the anterolateral or posterolateral areas in 12 (24%) patients. In 8 (16%) patients, the target
was far from the lateral area, in the anterior or posterior areas. The patients with concordant position exhibited the
highest positive response (93.1%) to CRT.
.....................................................................................................................................................................
Conclusions
Multimodality cardiac imaging as a guide for CRT implantation is useful to increase response rate.

..........................................................................................................
Heart failure •

Cardiac resynchronization therapy •

Introduction
Cardiac resynchronization therapy (CRT) for heart failure (HF)
patients improves symptoms, LV systolic function and survival.1,2
However, 30–45% of the patients do not benefit and are considered non-responder to CRT.3 The lack of response is explained
in terms of poor substrate to resynchronize (i.e. total scar burden, etc.) or of difficulties in the implant (i.e. LV pacing not
at the most delayed region or presence of scar at the LV pacing site).4,5 Factors related to age, gender, aetiology, or associated co-morbidities (severe ischaemic heart disease, renal failure,
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etc.) may also negatively influence the response to CRT. Some
of these factors may be modified, whereas others are unchangeable. Among modifiable factors, there is the issue of LV lead
placement. To overcome this problem, radial strain derived from
two-dimensional speckle-tracking echocardiography (2D-STE) was
used to place the LV lead in the most delayed myocardial
segment.6,7 However, even radial strain has limitations and was
restricted to basal and/or mid-ventricle myocardial segments.6,7
Other authors proposed a multimodality imaging approach, but
data are still scarce and not conclusive.8 Surprisingly, longitudinal myocardial strain, which allows an accurate and reproducible
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Methods
Study population and protocol
This is a single-centre proof of concept study.
The population consisted of two groups of a total of 100 HF
patients candidates for CRT, according to the European Society of
Cardiology (ESC) guidelines.9 Inclusion criteria were: NYHA functional class II–IV, LVEF ≤35%, or QRS duration >120 ms. Exclusion criteria were: age <18 years, pregnancy, upgrading of pacemaker
or cardioverter-defibrillator, recent (<3 months) acute coronary syndrome, percutaneous angioplasty or cardiac by-pass surgery, or heart
transplantation. The aetiology of HF was considered ischaemic in the
presence of significant CAD (>50% stenosis in ≥1 major epicardial
coronary artery) on coronary angiography and/or history of myocardial infarction or coronary revascularization.
Group 1 consisted of 50 consecutive HF patients scheduled for CRT
and prospectively included from April 2014 to June 2015. Group 2
(control) consisted of 50 HF patients with CRT implanted according
to standard clinical practice from January 2013 to March 2014 and
matched for age, sex, and LVEF with group 1.
Patients were evaluated at baseline (before implantation) and at
6-month follow-up. Baseline evaluations included: assessment of clinical
status (NYHA functional class) and laboratory evaluation of renal
function; as well as a comprehensive conventional echocardiography.
In group 1, patients also underwent 2D-STE assessment of longitudinal
myocardial strain and CMR imaging. All clinical and echocardiographic
evaluations were repeated after 6 months, except for CMR imaging.
The study was approved by the local Ethics Committee, and patients
signed informed consent.

Conventional and speckle-tracking
echocardiography
The 2D-STE protocol for image acquisition and analysis of longitudinal
myocardial strain has been described in detail in a previous study.10 A
complete transthoracic echocardiography examination was performed
using a commercially available ultrasound system (Vivid E9; GE Medical
Systems, Milwaukee, WI, USA) equipped with a 3.5 MHz phased-array
transducer. Image and Doppler acquisitions were obtained at held
end-expiration. For the 2D-STE image acquisition, sector size and
depth were adjusted to achieve optimal visualization of the whole
LV myocardium in the three standard apical views (four-chamber,
two-chamber, and long-axis view) with a frame rate between 60 and
100 fps. The LV longitudinal myocardial strain was assessed using a
commercially available software (EchoPAC PC 112; GE Medical Systems). End-systole was defined as aortic valve closure in the apical
long-axis view. The regions of interest (ROIs) were manually outlined
at end-systole by marking the endocardial borders in the apical views.
A manual adjustment was performed when the automated tracking was
suboptimal. Time-to-peak longitudinal myocardial strain was automatically calculated throughout the myocardium for each LV apical view
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measure of contraction of all myocardial segments, has never been
considered.
We evaluated the role of a ‘CRT team’ using cardiac magnetic
resonance (CMR) and longitudinal myocardial strain to identify the
target area defined as the most delayed and still viable region for
LV stimulation.
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and reported spatially—from base to apex and circumferentially—
in a polar plot map using a colour-coded parametric representation. A 16-segment model of the left ventricle was used for evaluation of time-to-peak longitudinal myocardial strain at a segmental
level.

Cardiac magnetic resonance
The CMR protocol for image acquisition and analysis has been
described in detail previously.10,11 All images were acquired using a
1.5-T magentic resonance imaging system optimized for cardiovascular applications (Signa HDX; GE Medical Systems). An 8-channel
phased-array surface coil was used. Localization was performed
using breath-hold single-phase steady-state free precession (SSFP)
images of true anatomical axes of the heart. Subsequently, cine
SSFP and delayed enhancement (DE) sequences were obtained. The
DE images (fast-gradient-echo inversion-recovery) were acquired
7–10 min after an i.v. bolus of 0.15 mmol/kg body weight of
gadolinium-diethylenetriamine penta-acetic acid (gadobutrol; Schering, Germany), followed by saline flush. The inversion time was
adapted individually to null normal myocardium. LV end-diastolic and
end-systolic volumes (EDV and ESV), stroke volume (SV), and EF
were calculated according to standard methods. For myocardial DE
analysis, CMR images were analysed using the software Segment CMR
(Medviso, Lund, Sweden).

Identification of the target area for left
ventricular lead placement
The identification of the target area was achieved in steps.
The first step consisted of the exclusion of the scar area, defined
as the area with delayed enhancement >75% of the myocardial wall,
identified by CMR. In patients with non-ischaemic cardiomyopathy, the
area with subepicardial fibrosis, even though non-transmural, was also
identified and discharged. The second step was aimed at establishing
(according to bull’s eye of global longitudinal strain timings) the most
delayed area between non-fibrotic segments (Figure 1). The target area
for LV lead position was then defined as the most delayed non-fibrotic
area. Consequently, the LV lead was placed there and its position was
confirmed using biplane fluoroscopy.

Cardiac resynchronization therapy
device implantation
All patients received a biventricular pacemaker with
cardioverter-defibrillator function (Boston Scientific, St. Paul, MN,
USA; Medtronic Inc., Minneapolis, MN, USA; Biotronik, Berlin, Germany; or St. Jude Medical, St. Paul, MN, USA). The right atrial and
ventricular leads were positioned conventionally. An extensive coronary sinus venogram documenting all collateral veins was obtained.
The use of a balloon catheter for coronary sinus venography was at
the physician’s discretion. After the venography, the insertion of the
LV pacing lead was performed. An 8-F guiding delivery catheter was
used to place the LV lead (Boston Scientific, Medtronic, Biotronik, or
St. Jude Medical) in the coronary sinus. All LV leads were implanted
transvenously, and positioned according to multimodality imaging
information, avoiding scar and subepicardial fibrotic segments and
targeting the most delayed non-fibrotic area whenever anatomy was
suitable.
© 2016 The Authors
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Figure 1 Example of identification of the target area for LV lead position. Cardiac magnetic resonance (CMR) shows scar transmurality in

Left ventricular lead position
The LV lead position was determined using biplane fluoroscopy
classification.12 In the right anterior oblique view, the distance between
the coronary sinus/mitral plane and the cardiac apex was divided into
three parts and the LV lead position was classified into three groups:
basal, mid-ventricular, and apical. In the left anterior oblique view, the
anterior, antero-lateral, lateral, postero-lateral, and posterior positions
were defined according to the literature.13 When a perfect match
between target area identified by multimodality imaging and LV lead
placement was achieved, the position was defined as being concordant;
when the LV lead was placed close to the target area identified by multimodality imaging (i.e. the segment at the border), the position was
defined as adjacent; finally, when the LV lead was placed far from the
target area identified by multimodality imaging (at least one segment
far away), the position was defined as discordant.

Response definition
A positive response to CRT was defined as a reduction of ≥15%
of the LV end-systolic volume (LVESV) at 6-month follow-up.14 – 16
The response was then further categorized into four different grades:
(1) super-responders (reduction of LVESV ≥30%); (2) responders
(reduction of LVESV between 30% and 15%); (3) non responders
(reduction of LVESV between 15% and 0%); and (4) negative responders (reduction of LVESV ≤0%).17,18 The interobserver variability for
LVESV was 5.7% (4.5 mL) as previously reported.19

Statistical analysis
All continuous variables had a normal distribution (as evaluated with
Kolmogorov–Smirnov tests). Summary statistics for these data are
therefore presented as means ± SD. Categorical data are presented

.........................................................................................

inferior, posterior, and postero-lateral areas, whereas the antero-lateral area is viable. Two-dimensional speckle tracking longitudinal strain
analysis of timings (2D-STE TIME TO PEAK) shows the most delayed segments in the antero-lateral mid-, and basal portion (red circle). The
LV lead was placed in the antero-lateral vein in the mid- and basal portion. AVC, aortic valve closure.
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as numbers and percentages. Paired and unpaired t-test and Fischer’s
exact tests were used for appropriate comparisons. 𝜒 2 test was used
to compare the percentage of responders to CRT between the two
groups, and to assess the differences in the prevalence of response to
CRT between the groups of patients with different LV lead positions.
All statistical tests were two-sided, and a P-value <0.05 was considered
significant. A statistical software program SPSS 20.0 (SPSS Inc., Chicago,
IL, USA) was used for statistical analysis.

Results
Baseline characteristics
Reliable speckle-tracking was obtained in 46 (92%) HF patients
of group 1, while CMR was reliable in 86% as 7 (14%) patients
could not perform CMR because of claustrophobia, severe renal
dysfunction, or contrast allergy. As shown in Tables 1 and 2 at
baseline, there were no differences in clinical, ECG, and echocardiographic characteristics between the two groups. Table 3 relates
to the electrical parameters. In group 1, the impedance of the
right ventricular lead was significantly lower than in group 2, with
no differences in right ventricular thresholds. The LV quadripolar
lead was used more often in group 1 than in group 2 (64% vs. 10%,
P < 0.001; Table 3).

Left ventricular lead position
Figure 2 reports the positioning of the LV lead. There was no difference between groups (P = 0.11). In particular, in group 1, the LV
lead was placed in anterior, antero-lateral, lateral, postero-lateral,
or posterior veins in 1 (2%), 7 (14%), 36 (72%), 6 (12%), and 0 (0%)
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Table 1 Clinical characteristics at baseline
Group 1
Group 2
P-value
(imaging guided)
(standard practice)
(n = 50)
(n = 50)
...........................................................................................................................................
Age (years)
Gender (male/female)
NYHA class
II
III
IV
6-min walking test (m)
QRS duration (ms)
LBBB
Aetiology
Non-ischaemic
Ischaemic
CABG
PCI
CrCl <60 mL/min
Hypertension
Dyslipidaemia
CAD family history
Smoking history
Diabetes
Medication
Antiplatelet
ACE inhibitors/ARBs
Beta-blockers
Statins
Diuretics
Oral anticoagulants

67.3 ± 9.7
37/13

65.6 ± 8.4
38/12

29 (58%)
17 (34%)
4 (8%)
275 ± 155
156 ± 24
27 (54%)

25 (50%)
24 (48%)
1 (2%)
255 ± 126
154 ± 30
26 (52%)

27 (54%)
23 (46%)
5 (10%)
21 (42%)
23 (46%)
41 (82%)
28 (56%)
11 (22%)
18 (36%)
12 (24%)

26 (52%)
24 (48%)
8 (16%)
15 (30%)
18 (36%)
35 (70%)
26 (52%)
14 (28%)
22 (44%)
17 (34%)

0.55
0.30
0.42
0.24
0.84
0.65
0.54
0.38

34 (68%)
46 (92%)
44 (88%)
32 (64%)
45 (90%)
10 (20%)

29 (58%)
47 (94%)
44 (88%)
30 (60%)
43 (86%)
16 (32%)

0.41
1
1
0.84
0.76
0.25

0.37
1
0.19

0.49
0.70
1
1

Table 2 Echocardiographic characteristics at baseline
Group 1
Group 2
P-value
(imaging
(standard
guided)
practice)
(n = 50)
(n = 50)
................................................................
LVEDV (ml)
LVESV (ml)
LVEF (%)
Mitral regurgitation
Non-severe (1–2+)
Severe (3–4+)
Left atrium area (cm2 )

197 ± 51
142 ± 47
29 ± 6

204 ± 60
148 ± 51
29 ± 6

33 (66%)
17 (34%)
25 ± 6

27 (54%)
23 (46%)
25 ± 6

0.49
0.54
0.44
0.30

1

LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic
volume.

patients, respectively; in group 2, it was placed in 1 (2%), 8 (16%),
24 (48%), 17 (34%), and 0 (0%) patients, respectively.

Follow-up
At 6-month follow-up, in group 1 there was a significant decrease
in (i) QRS duration (from 156 ± 24 to 142 ± 23 ms, P < 0.001);

.....................................................................

CABG, coronary artery by-pass graft; CrCl, creatinine clearance.

(ii) LVEDV (from 197 ± 51 to 167 ± 52 mL, P < 0.001); and
(iii) LVESV (from 142 ± 47 to 102 ± 45 mL, P < 0.001) with a
significant increase in LVEF (from 29 ± 6% to 42 ± 11%, P < 0.001)
and a significant increase of 6 min walking test distance (from
275 ± 155 to 348 ± 140 m, P < 0.001). In group 2, QRS duration also decreased, but not significantly, from 154 ± 30 to
145 ± 23 ms (P = 0.062), while LVEDV and LVESV were significantly reduced (from 204 ± 60 to 187 ± 60 mL, P = 0.026, and
from 148 ± 51 to 121 ± 55 mL, P < 0.001, respectively), resulting
in an increase of LVEF (from 29 ± 6% to 37 ± 9%, P < 0.001;
Figure 3). Finally, in group 2, the 6 min walking test distance
also significantly increased (from 255 ± 126 to 289 ± 112 m,
P = 0.002).
At 6-month follow-up, 39 (78%) patients of group 1 were
classified as responders to CRT. In group 2, there were only 28
(56%) CRT responders (P = 0.019; Figure 4). Categorizing the
response to CRT showed more super-responders and fewer
negative responders in group 1 than in group 2. In particular,
there were 27 (54%) super-responders in group 1 and 16 (32%) in
group 2 (P = 0.026), 12 (24%) responders in group 1 and 12 (24%)
in group 2 (P = 1.00), 6 (12%) non-responders in group 1 and 9
(18%) in group 2 (P = 0.40), and 5 (10%) negative responders in
group 1 and 13 (26%) in group 2 (P = 0.035; Figure 5).
© 2016 The Authors
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Table 3 Electrical parameters at cardiac
resynchronization therapy device implantation
Group 1
Group 2
P-value
(imaging
(standard
guided)
practice)
(n = 50)
(n = 50)
................................................................
Atrium
Sensing (mV)
Threshold (V)
Impedance (Ω)
Right ventricle
Sensing (mV)
Threshold (V)
Impedance (Ω)
Left ventricle
Sensing (mV)
Threshold (V)
Impedance (Ω)
Left ventricular lead
Monopolar
Bipolar
Quadripolar

3.3 ± 1.4
0.6 ± 0.4
523 ± 165

3.2 ± 1.7
0.8 ± 0.4
525 ± 142

0.67
0.11
0.95

16.1 ± 6.5
0.7 ± 0.5
635 ± 187

15.1 ± 6.5
0.7 ± 0.3
780 ± 270

0.48
0.89
0.002

14.4 ± 8.5
1.1 ± 0.8
843 ± 298

13.2 ± 7.1
1.2 ± 0.7
812 ± 305

0.52
0.36
0.60
<0.001

2 (4%)
16 (32%)
32 (64%)

11 (22%)
34 (68%)
5 (10%)

Target area
The ‘CRT team’ identified as target for LV pacing the lateral area
in 30 (60%) patients, and, more precisely, the basal lateral in 10
(20%) patients and the mid-lateral in 20 (40%) patients. In the
remaining 12 (24%) patients, the antero-lateral or postero-lateral
areas were considered the target, while in 8 (16%) patients the
target was far from the lateral area in the anterior or posterior
areas (Figure 6).
In 29 (58%) patients, the LV lead could be placed exactly at the
target area (concordant position), in 18 (36%) patients just close
to the target area (adjacent position), whereas in 3 (6%) patients it
was not possible to reach the target area (discordant position).
The patients with a concordant position exhibited the highest response rate compared with those with an adjacent and

....................................................................................................................

CRT guided by multimodality imaging

discordant position (93.1% vs. 61.1% vs. 33.3%, respectively,
P = 0.006). In particular, LV lead positioning in the target area
resulted in 17 (59%) super-responders, 10 (34%) responders,
2 (7%) non-responders, and no negative responders. Interestingly, failure to reach the target area resulted in less response:
adjacent positions resulted in 10 (56%) super-responders, 1
(5%) responder, 3 (17%) non-responders, and 4 (22%) negative responders; whereas for the discordant positions, there
were no super-responders, only 1 (33%) responder, 1 (33%)
non-responder, and 1 (33%) negative responder (𝜒 2 = 15.1,
P = 0.020; Figure 7).

Discussion
This study shows that when a CRT device is implanted following the
suggestions provided by a ‘CRT team’ using multimodality cardiac
imaging, it results in a higher percentage of favourable responses
with an increased number of super-responders. Furthermore, the
multimodality imaging used revealed that the LV target area for
stimulation may differ from patient to patient, with the need to be
a priori identified. Finally, the anatomy of the coronary sinus vein did
not allow the target area to be reached only in 6% of the patients.
Taken together, these data suggest that CRT device implantation
guided by a team using a multimodality approach is feasible and, if
the validity is confirmed in a randomized trial, may be performed
in routine practice. This approach can provide better results than
the standard CRT approach.

Multimodality cardiac imaging
and cardiac resynchronization therapy
response
Our study confirms the importance of targeting the most delayed
viable LV segment to improve CRT response.6,7 The TARGET
and STARTER trials showed that this can be achieved by using
2D-STE.6,7 However, the approach used in these trials is limited
as the analysis of radial strain is possible only at the mid-ventricle
level, and requires great expertise as the strain curves can be

Figure 2 Distribution of the left ventricular lead positions between the two groups.
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Figure 3 Changes in QRS duration, LV end-diastolic volume (LVEDV), LV end-systolic volume (LVESV), and LVEF from baseline to 6-month

Figure 4 Percentage of responders to CRT in groups 1 and 2.
LVESV, left ventricular end-systolic volume.

noisy, difficult to interpret, and represent the average value of
single segments. As a consequence, it has been recently shown
that identification of scar tissue by 2D-STE radial strain has a low
accuracy (sensitivity 33%, specificity 72%).8 To overcome these
limitations, we used a new multimodality cardiac imaging approach
based on the peculiarities of CMR and 2D-STE longitudinal strain
assessments.
Cardiac magnetic resonance imaging allows accurate identification of non-viable or fibrotic LV areas. In particular, CMR recognizes transmural scar myocardium and also identifies subepicardial
fibrosis, which cannot be detected by 2D-STE radial strain. This
is important as stimulation of subepicardial scar tissue could be
mechanically ineffective and also potentially pro-arrhythmogenic,
and should therefore be avoided. It follows that CMR could be
essential in the case of non-ischaemic cardiomyopathies.
Longitudinal strain assessment by 2D-STE offers advantages over
the radial strain. It is more reproducible,20 allows a comprehensive
assessment of the left ventricle (and not only of the mid-ventricle
portion), and can be displayed using polar plot maps which are easy
to interpret, avoiding measurements and facilitating communication
between members of the ‘CRT team’ (electrophysiologists and
imaging physicians).

............................................................................................................................

follow-up.

Figure 5 Percentage of super-responders, responders,
non-responders, and negative responders to CRT in groups 1
and group 2.

Relationship between cardiac
resynchronization therapy response
and target area
Our data highlight that the target area is not the same for all
patients. Thus, there is no an optimal LV pacing site for CRT
but an optimal pacing site for each patient. Stimulation from
the optimal area is ideal as the concordant or adjacent position
determined the highest percentage of super-responders (59% and
56%, respectively) without a single negative responder. We could
not reach the target area only in 6% of patients, suggesting that
non-favourable vein anatomy is a limitation for CRT implantation
in a small number of patients.
Finally, these findings underline the importance of a multidisciplinary approach to HF patients candidates for CRT.21 The current
method based on analysis of polar plots allows easy communication
between the imaging physician and electrophysiologist in order to
plan the optimal strategy for CRT device implant.
© 2016 The Authors
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Figure 6 Distribution of the target areas identified by multimodality imaging.

Figure 7 Number
of
super-responders,
responders,
non-responders, and negative-responders to CRT in the
concordant, adjacent, and discordant LV lead position.

Study limitations
One of the major limitation of our study is that the control group
was retrospectively acquired. However, group 1 was prospective
and these results represent the first step to be confirmed by a
proper randomized controlled trial.
A second limitation is the small number of patients enrolled.
The sample size chosen, however, was sufficient to highlight the
differences between the two different approaches to CRT.
A third limitation may be related to CMR feasibility that is limited
by claustrophobia or renal dysfunction.
A fourth limitation is that the use of multimodality imaging
increases the costs of CRT procedures. However, improving the
implantation strategy results in better benefit of CRT, which may
compensate the extra cost for multimodality imaging.
Finally, as specified in the Results, in group 1 more quadripolar
LV leads and fewer unipolar LV leads were used as compared with
group 2, and this could have influenced the results.22 It was not
possible to avoid this since group 1 patients were implanted more

........................................................................................................................................................................
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recently, when technological advancement meant that quadripolar
LV leads were available.

Conclusion
Multimodality cardiac imaging as a guide for CRT implantation is
useful to increase the response rate. In particular, the combination
of information derived from CMR imaging and 2D-STE discussed a
priori by a ‘CRT team’ allowed the identification of the optimal LV
pacing site.
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