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Aims Because benefits of cardiac resynchronization therapy (CRT) appear to be less favourable in non-left bundle branch
block (LBBB) patients, this prospective longitudinal study tested the hypothesis that QRS morphology and echocar-
diographic mechanical dyssynchrony were associated with long-term outcome after CRT.

Methods
and results

Two-hundred and seventy-eight consecutive New York Heart Association class III and IV CRT patients with QRS
≥120 ms and ejection fraction ≤35% were studied. The pre-specified primary endpoint was death, heart transplant,
or left ventricular assist device over 4 years. Dyssynchrony assessed before CRT included interventricular mechanical
delay (IVMD) and speckle-tracking radial strain using pre-specified cut-offs for each. Of 254 with baseline quantitative
echocardiographic data available, 128 had LBBB, 81 had intraventricular conduction delay (IVCD), and 45 had right
bundle branch block (RBBB). Radial dyssynchrony was observed in 85% of the patients with LBBB, 59% with IVCD*,
and 40% with RBBB* (*P , 0.01 vs. LBBB). Of 248 (98%) with follow-up, LBBB patients had a significantly more fa-
vourable long-term survival than non-LBBB patients. However, non-LBBB patients with dyssynchrony had a more fa-
vourable event-free survival than those without dyssynchrony: radial dyssynchrony hazard ratio 2.6, 95% confidence
interval (CI) 1.47–4.53 (P ¼ 0.0008) and IVMD hazard ratio 4.9, 95% CI 2.60–9.16 (P ¼ 0.0007). Right bundle branch
block patients who lacked dyssynchrony had the least favourable outcome.

Conclusion Non-LBBB patients with dyssynchrony had a more favourable long-term survival than non-LBBB patients who lacked
dyssynchrony. Mechanical dyssynchrony and QRS morphology are associated with outcome following CRT.
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Introduction
Cardiac resynchronization therapy (CRT) has been established as a
useful therapy for heart failure patients with prolonged QRS dur-
ation and low ejection fraction (EF).1– 4 However, clinical response
rate to CRT remains at approximately two-thirds using routine
guidelines and precise reasons for non-response are unclear. Al-
though QRS widening ≥120 ms is currently one of the selection
criteria for CRT, the specific QRS morphologies of left bundle
branch block (LBBB), intraventricular conduction delay (IVCD),
and right bundle branch block (RBBB) have been associated with

different outcomes following CRT.1,3,5,6 In particular, non-LBBB
patients have benefited less from CRT than those with LBBB.
Recent observations from the MADIT-CRT trial and others have
resulted in an expanded indication for CRT in less symptomatic
heart failure patients, but in those only with LBBB morphology.7

Mechanical dyssynchrony is widely believed to be the derangement
treated by CRT with QRS width as its surrogate. However, the
degree of mechanical dyssynchrony may not be reflected by
QRS width or morphology, and there is evidence to support
that response to CRT is related, at least in part, to the degree of
mechanical dyssynchrony.8– 13 Accordingly, the objective of this
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study was to test the hypotheses that patient outcome following
CRT is related to the degree of baseline mechanical dyssynchrony
when considering QRS morphology.

Methods
We prospectively studied 278 consecutive patients referred for CRT
with left ventricular (LV) EF ≤35%, QRS ≥120 ms, and symptomatic
New York Heart Association (NYHA) class III or IV heart failure,
despite the optimal pharmacological therapy. Patients with failed
CRT implantation or who had right ventricular (RV) paced rhythm
before CRT were not included. The protocol was approved by the In-
stitutional Review Board on Biomedical Research, and patients were
given informed consent consistent with this protocol. The mean age
was 65+12 years, EF was 24+6%, and QRS duration was 159+
27 ms. Eighty-one patients (29%) were female. One-hundred and
fifty-eight patients (57%) had ischaemic cardiomyopathy, defined by
coronary angiography. Cardiac resynchronization therapy was initiated
with implantation of routine CRT pacing defibrillators in all with LV
lead placement via the coronary sinus targeting the posterior or
lateral wall using angiographic and fluoroscopic guidance.

Electrocardiograms
Baseline 12-lead electrocardiograms (ECG) were recorded at a paper
speed of 25 mm/s. Left bundle branch block was defined as: (i) broad,
notched R-wave in lateral precordial leads (V5 and V6) and usually
leads _ and aVL, (ii) smaller or absent initial r waves in right precordial
leads (V1 and V2) followed by deep S-waves, and (iii) absent q waves in
left-sided leads. Right bundle branch block was defined as: (i) broad,
notched R waves (rsr′ , rsR′, or rSR′ patterns) in right precordial
leads (V1 and V2) and (ii) wide and deep S waves in the left precordial
leads (V5 and V6).

14 Intraventricular conduction delay was defined as a
conduction disturbance which does not meet the criteria of LBBB and

RBBB.15 Experienced observers who were blind to all other patient
data interpreted QRS morphology.

Echocardiography
Echocardiograms were performed with a GE Vivid 7 system
(GE-Vigmed, Horten, Norway), or Aplio 80 or Aplio Artida systems
(Toshiba Medical Systems Tokyo, Japan) before and �6 months
after the CRT implantation. Routine digital grey-scale two-dimensional
and tissue Doppler cineloops were obtained from standard apical and
mid-LV short-axis views.8,16,17 Quantitative analyses were performed
using off-line software (EchoPac, version BT09, GE-Vingmed or
Toshiba Medical Systems). Speckle-tracking radial dyssynchrony was
evaluated using mid-short-axis images as previously described in
detail.16 Briefly, a circular region of interest was traced on the endocar-
dial and epicardial borders and manually adjusted for time–strain
curves. Significant radial dyssynchrony was defined as the time differ-
ence between the peak strain in anterior-septum and posterior wall
segments predefined as ≥130 ms (Figure 1).16 Left ventricular and
RV pre-ejection delay (PED) was determined as the time from the
QRS onset to the onset of pulsed Doppler flow in the LV and RV
outflow tracts. Interventricular mechanical delay (IVMD) was calcu-
lated as the difference in LV and RV PED with a predefined cut-off
of ≥40 ms.18,19 Tissue Doppler longitudinal dyssynchrony was
defined as the maximum opposing wall time difference in peak systolic
velocities with the predefined cut-off of ≥65 ms.11,17,20 The Yu index
was calculated as the standard deviation (SD) of the 12 segments’
time-to-peak velocities with the predefined cut-off of ≥32 ms.21 Left
ventricular EF was assessed by biplane Simpson’s rule.

Analysis of effects of cardiac
resynchronization therapy on outcome
The pre-specified long-term outcome variable was the combined end-
point of death, cardiac transplant, or ventricular assist device (LVAD)
implantation. This combined endpoint was pre-determined because

Figure 1 Representative speckle-tracking radial strain curves in a heart failure patient with left bundle branch block. Segmental strain curves in
mid-left ventricular segments are shown in yellow (anterior septum), light blue (anterior), green (lateral), purple (posterior), dark blue (infer-
ior), and red (septum). Time difference in peak strain in the anterior septum to the peak strain in the posterior wall was used to measure radial
dyssynchrony.
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only patients with end-stage heart failure with a limited anticipated sur-
vival would undergo transplant or LVAD implantation in our institu-
tion. Follow-up was obtained from a combination of the patient’s
medical records, vital status registry, and when needed telephone
contact with the patient’s physicians. Analysis of effects of CRT on
LV function and reverse remodeling was assessed at �6 months in
the subgroup of patients who had quantitative echocardiographic
data available for EF and end-systolic volume (ESV).13,22,23

Statistical analysis
Statistical analyses were conducted using SPSS (version 17.0, SPSS Inc.,
Chicago, IL, USA). Group data were presented as means+ SD. Data
from all continuous variables were determined to have a normal distri-
bution and were compared using the two-sided Student’s t-test for
paired and unpaired data, where appropriate. One-way ANOVA fol-
lowed by the Tukey post hoc tests was used to compare parameters,
including LV volume and EF among patients with LBBB, IVCD, and
RBBB. Proportional differences were evaluated using Fisher’s exact
test and x2 was used for non-continuous variables. The Kaplan–
Meier survival curves were plotted to measure outcome and the
log-rank test used to compare survival between patients with or
without dyssynchrony. A Cox proportional hazard model was used
to assess for any potential influence of covariates. To test the appro-
priateness of the proportional hazards assumption in the Cox model,
we determined that differences in QRS width and incidence of ischae-
mic aetiology at baseline were potential confounding covariates.
Adjustments were made with the influence of these explanatory vari-
ables assumed to be constant over time. We verified the proportional
hazards assumption using graphical methods and the log-rank test and
observed the proportional hazards assumption to be appropriate. Data
were reported as mean+ SD with a P-value of ,0.05 considered as
significant.

Results

Clinical characteristics
Of 278 consecutive patients referred for CRT, 24 (9%) had base-
line echocardiographic images unsuitable for quantitative analysis
and were eliminated from all further study. Accordingly, the
study group consisted of 254 patients with the following QRS

morphologies: LBBB (n ¼ 128), IVCD (n ¼ 81), and RBBB (n ¼
45). There were no differences in age or gender among the
groups. Ischaemic disease was more prevalent in patients with
IVCD or RBBB compared with LBBB patients. Patients with
IVCD also had significantly narrower QRS duration than those
with either LBBB or RBBB (Table 1).

Baseline dyssynchrony analysis
Routine pulsed-Doppler, speckle-tracking radial strain, and tissue
Doppler dyssynchrony results are shown in Table 2. Left bundle
branch block patients overall had the most prevalent and significant
degree of dyssynchrony by speckle-tracking radial strain compared
with non-LBBB patients, and RBBB patients overall had the least.
Left bundle branch block patients had time-to-peak radial strain oc-
curred earlier in the anteroseptum and later in the posterior wall
than non-LBBB patients (Figure 2). Left bundle branch block
patients also had greater dyssynchrony by routine pulsed-Doppler
methods than non-LBBB patients. Specifically, the LV PED and
IVMD were greatest in LBBB patients and RV PED was greatest
in RBBB patients, while the IVMD was usually minimal in patients
with RBBB. However, there were no differences in the degree
or prevalence of tissue Doppler longitudinal dyssynchrony
between QRS morphology groups by opposing wall delay (at the
pre-specified cut-off of 65 ms) or the Yu index among groups.
Post hoc analysis of an opposing wall delay of ≥80 ms became stat-
istically significant (P , 0.05). Of IVCD patients, the QRS width
was 150+ 26 (range 120–216 ms) in the 47 with radial dyssyn-
chrony ≥130 ms and 142+ 20 (range 120–200 ms) in the 33
patients without radial dyssynchrony (P ¼ 0.117). Of 25 IVCD
patients with IVMD ≥40 ms, QRS width was 162+ 30 (range
120–216 ms) vs. 141+19 (range 120–214 ms) in the 51 with
no significant interventricular dyssynchrony (P ¼ 0.0007). Of
RBBB patients, the QRS width was 169+ 32 (range 122–
228 ms) in the 17 with radial dyssynchrony ≥130 ms vs. 160+
20 (range 120–200 ms) in the 26 without radial dyssynchrony
(P ¼ 0.240). Of the 6 RBBB patients with IVMD ≥40 ms, QRS
width was 183+31 (range 138–228 ms) vs. 159+ 21 (range
120–212 ms) in the 30 with no significant IVMD (P ¼ 0.027),
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Table 1 Baseline patient characteristics

LBBB (n 5 128) Non-LBBB (n 5 126) IVCD (n 5 81) RBBB (n 5 45) P-value

Age (years) 66+12 65+11 65+11 63+12 0.374

Male gender (n) 88 (69%) 92 (73%) 55 (68%) 37 (82%) 0.180

NYHA class III/IV (n) 113/15 114/12 73/8 41/4 0.839

Ischaemic cardiomyopathy (n) 63 (49%) 83 (66%)* 52 (64%)* 31 (69%)* 0.024

QRS duration (ms) 164+26 153+26* 148+25* 163+26† ,0.0001

QRS .150 ms (n) 90 (70%) 58 (46%)* 27 (36%)* 29 (64%)† ,0.0001

Atrial fibrillation (n) 13 (10%) 17 (13%) 12 (15%) 5 (11%) 0.589

Mitral regurgitation (1 to 4+) 1.5+1.2 1.7+1.1 1.7+1.1 1.6+1.2 0.711

LBBB, left bundle branch block; IVCD, non-specific intraventricular conduction disturbance; RBBB, right bundle branch block; NS, not significant. P-value indicates comparison
across LBBB, IVCD, and RBBB. Mitral regurgitation: 1+, mild; 2+, mild to moderate; 3+, moderate to severe; 4+, severe.
*P , 0.05 vs. LBBB.
†P , 0.05 vs. IVCD.
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supporting that significant IVMD occurred more often in non-LBBB
patients with wider QRS.

Since ischaemic cardiomyopathy was represented in patients
with non-LBBB more often than those with LBBB, the details
related to dyssynchrony were as follows: in the 47 IVCD patients
with radial dyssynchrony ≥130 ms, ischaemic aetiology was
observed in 27 (57%) vs. 25 in 33 patients (76%) without radial
dyssynchrony (P ¼ 0.146). Of the 25 IVCD patients with IVMD
≥40 ms, ischaemic aetiology was observed in 12 (48%) vs. 38 in
51 patients (75%) without significant IVMD (P ¼ 0.042). Of the

17 RBBB patients with radial dyssynchrony ≥130 ms, ischaemic
aetiology was observed in 12 (71%) vs. 17 in 26 patients (65%)
without significant radial dyssynchrony (P ¼ 0.982). Of the 6
RBBB patients with IVMD ≥40 ms, ischaemic aetiology was
observed in 3 (50%) vs. 20 in 50 patients (67%) without significant
IVMD (P ¼ 0.756).

Long-term clinical outcomes
Over a 4-year period, 75 outcome events occurred after CRT in-
cluding 56 deaths, 12 transplants, and 7 LVAD implantations. Six

Figure 2 (A–E) Five patient examples of different QRS morphology and radial strain dyssynchrony, with ejection fraction (EF) response and
long-term outcome following cardiac resynchronization therapy (CRT). LBBB, left bundle branch block; IVCD, interventricular conduction
delay; RBBB, right bundle branch block.
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patients (2%) who were lost to follow-up could not be included
in long-term analysis. Overall, patients with LBBB had the great-
est freedom from death, transplant, or LVAD, compared with
patients with IVCD with an intermediate outcome, and RBBB
patients with the least favourable outcome (Figure 3).
Non-LBBB patients with baseline dyssynchrony by radial strain
or IVMD had significantly more favourable long-term outcome,
which was similar to LBBB patients when compared with
non-LBBB patients who lacked dyssynchrony (Figure 4). Specific-
ally, in non-LBBB patients when associating dyssynchrony with
survival, the hazard ratio of radial dyssynchrony was 2.58, with
a 95% confidence interval (CI) of 1.47–4.53, P ¼ 0.0008, and
the hazard ratio of IVMD was 4.88, with a 95% CI of 2.60–
9.16, P ¼ 0.0007. When considered individually, both IVCD and
RBBB patients who lacked radial dyssynchrony or IVMD had a
significantly lower event-free survival following CRT than LBBB
patients (Figures 5 and 6). Specifically when associating dyssyn-
chrony with survival in IVCD patients, the hazard ratio of radial
dyssynchrony was 2.25, with a 95% CI of 1.02–4.95, P ¼ 0.03,
and the hazard ratio of IVMD was 6.33, with a 95% CI of
2.76–14.52, P ¼ 0.004. Finally when associating dyssynchrony
with survival in RBBB patients, the hazard ratio of radial dyssyn-
chrony was 2.75, with a 95% CI of 1.21–6.23, P ¼ 0.02, although
the hazard ratio of IVMD was not statistically significant. We then
adjusted for the covariates of ischaemic disease and baseline QRS
duration using a Cox proportional hazard model, and the pres-
ence of radial strain dyssynchrony remained independently asso-
ciated with event-free survival in combined non-LBBB patients
(adjusted hazard radio: 2.50, P ¼ 0.002) as well as IVCD
(adjusted hazard radio: 2.29, P ¼ 0.047) and RBBB patients
(adjusted hazard radio: 2.78, P ¼ 0.033). Interventricular

mechanical delay remained independently associated with event-
free survival in grouped non-LBBB patients (adjusted hazard
radio: 5.34, P ¼ 0.002) and IVCD patients (adjusted hazard
radio: 6.91, P ¼ 0.013) individually. We then assessed the poten-
tial influence of a combination of interventricular and intraventri-
cular dyssynchrony by examining IVMD and radial strain together
(Figure 7). Patients with both IVMD and radial dyssynchrony
appeared to have favourable outcome similar to LBBB after
CRT, whereas patients who lacked significant IVMD and radial
dyssynchrony had the least favourable outcome (Figure 7).

Subgroup results of ventricular volumes
and ejection fractions
Of 248 possible patients for near-term echocardiographic follow-
up, 24 reached a primary endpoint ,7 months after CRT as
follows: 8/124 (6%) in LBBB (5 deaths, 2 transplants, and 1
LVAD), 9/80 (11%) in IVCD (6 deaths, 1 transplant, and 2
LVAD), and 7/44 (16%) in RBBB (6 deaths and 1 transplant)
(not significant across groups, P ¼ 0.170). The sample for LV func-
tional analysis consisted of 204 out of 224 remaining patients
(91%) who returned for quantitative echocardiography 7+5
months after CRT. Baseline LV volumes and EFs were similar
when classified by QRS morphology (Table 3). After CRT, LBBB
patients were observed to have a significantly greater absolute in-
crease in EF and relative decrease in ESV than IVCD or RBBB
patients, P , 0.0001. Left bundle branch block patients had
greater improvements in EF (23+6–34+12%*, P , 0.001).
However, non-LBBB patients with dyssynchrony improved their
EFs (23+ 6–31+10%*, P , 0.001) compared with those
without dyssynchrony (25+6–27+ 8%, not significant P ¼

Figure 3 The Kaplan–Meier curves demonstrating the probability of freedom from death, transplant, or ventricular assist device after cardiac
resynchronization therapy (CRT) comparing patients with left bundle branch block (LBBB), interventricular conduction delay (IVCD), and right
bundle branch block (RBBB).
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0.151). Specifically, IVCD and RBBB patients with dyssynchrony
had improvements in EF and ESV following CRT, whereas those
who lacked dyssynchrony had no significant changes in EF or
ESV (Figure 8). Right bundle branch block patients who lacked dys-
synchrony had the least improvement in ESV or EF following CRT.

Discussion
This study of a large series of consecutive patients referred for
CRT with routine indications demonstrated significant differences
in long-term outcome when QRS morphology and mechanical dys-
synchrony were considered. Overall, patients with LBBB had the
most favourable outcome, patients with RBBB had the least

favourable outcome, and patients with IVCD and an intermediate
outcome.6 Subgroup analysis of LV functional response was sup-
portive in terms of EF increases and ESV decreases followed a
similar association with QRS morphology as did long-term survival
free from transplant or LVAD. Importantly, patients with non-LBBB
QRS morphology who demonstrated evidence of mechanical dys-
synchrony by speckle-tracking radial strain or IVMD appeared to
have a significantly greater benefit from CRT. Conversely, patients
with QRS morphologies of IVCD or RBBB who lacked mechanical
dyssynchrony had a comparatively less favourable outcome
following CRT.

Recent attention has focused on QRS morphology and outcome
following CRT after the MADIT-CRT randomized trial.7 Zareba

Figure 4 The Kaplan–Meier curves demonstrating the probability of freedom from death, transplant, or ventricular assist device after cardiac
resynchronization therapy (CRT) comparing patients with left bundle branch block (LBBB), to those with non-LBBB with or without significant
radial dyssynchrony (top panel) or with or without interventricular mechanical delay (IVMD) (bottom panel). Non-LBBB patients with dyssyn-
chrony had similar outcome as those with LBBB, whereas Non-LBBB patients without dyssynchrony had a less favourable outcome.
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et al.6 reported on 1817 patients with NYHA class I or II heart
failure, EF ≤30%, and QRS ≥120 ms of whom 70% were LBBB
and 30% were non-LBBB morphologies. The patients with LBBB
derived substantial clinical benefits from CRT with reduction in
heart failure hospitalizations, whereas patients with non-LBBB
QRS morphology did not appear to benefit overall. The LBBB
patients were more uniform in their favourable response to
CRT, whereas subgroup analysis of the non-LBBB patients sug-
gested a much wider variation in response as shown in their rela-
tive risk and hazard ratio analysis.6 Although we included only
NYHA class III or IV patients, our data add a potential explanation
for the variable response in non-LBBB patients in its association

with degree of dyssynchrony. Data from the RAFT trial suggested
similar results with more favourable benefit in the LBBB patients
vs. the non-LBBB patients.24 Since LBBB patients had the greatest
incidence and degree of dyssynchrony overall, our data suggest that
dyssynchrony by imaging may be of less predictive value in these
patients. However, patients with non-LBBB, including those with
RBBB, appear to show the greatest association of mechanical dys-
synchrony with LV functional improvements and overall survival.
Previous observations in the COMPANION trial3 were that
CRT benefited patients with LBBB the most by reducing death
or hospitalization from any cause compared with pharmacology
therapy. In the analysis of pooled data of RBBB patients in the

Figure 5 The Kaplan–Meier curves demonstrating the probability of freedom from death, transplant, or ventricular assist device after cardiac
resynchronization therapy (CRT) comparing patients with left bundle branch block (LBBB), to those with interventricular conduction delay
(IVCD) with or without significant radial dyssynchrony (top panel) or with or without interventricular mechanical delay (IVMD) (bottom
panel). Interventricular conduction delay patients with dyssynchrony had similar outcome as those with LBBB, whereas interventricular con-
duction delay patients without dyssynchrony had a less favourable outcome.
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MIRACLE and CONTAK CD trials, there were no demonstrable
benefits in any variables studied at follow-up, except NYHA func-
tional class.1,25 Other large retrospective CRT studies of patients
with different QRS morphologies also reported that improvements
in symptoms, LV function, and survival were comparatively lower
in patients with non-LBBB.5,26,27

Ventricular contraction abnormalities in LBBB patients are typic-
ally characterized as early septal contraction and lateral stretch, fol-
lowed by septum stretch and lateral contraction later in systole.27– 32

We observed similar dyssynchrony patterns using radial strain
where LBBB had an earlier anterior-septum peak radial strain
and later posterior wall peak radial strain than those of the

non-LBBB patients. Interventricular mechanical delay was also
greater in LBBB patients compared with IVCD or RBBB patients
associated with larger LV PED. Non-LBBB patients in contrast
showed later time-to-peak radial strain in the anterior-septal
region and earlier time-to-peak strain in the posterior region,
which resulted in lesser degrees of radial dyssynchrony, overall.
However, non-LBBB patients had a wide range of dyssynchrony
patterns associated with variable CRT response. Ventricular activa-
tion patterns in IVCD patients are more complex and heteroge-
neous than those of the LBBB patients.33– 35 Less data are
available on dyssynchrony in RBBB. An experimental study of
right bundle ablation showed less intraventricular dyssynchrony

Figure 6 The Kaplan–Meier curves demonstrating the probability of freedom from death, transplant, or ventricular assist device after cardiac
resynchronization therapy (CRT) comparing patients with left bundle branch block (LBBB), to those with right bundle branch block (RBBB) with
or without significant radial dyssynchrony (top panel) or with or without interventricular mechanical delay (IVMD) (bottom panel). Right bundle
branch block patients with dyssynchrony had similar outcome as those with left bundle branch block, whereas right bundle branch block
patients without dyssynchrony had a less favourable outcome.
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Table 2 Echocardiographic dyssynchrony

LBBB (n 5 128) Non-LBBB (n 5 126) IVCD (n 5 81) RBBB (n 5 45) P-value

Speckle-tracking radial strain

Time-to-peak strain

Anterior septum (ms) 232+115 310+123* 302+128* 325+112* ,0.0001

Posterior wall (ms) 484+84 449+80* 468+70 414+87*,† ,0.0001

Septal-posterior Wall (ms) 257+112 160+111* 176+117* 130+93* ,0.001

Septal-posterior Wall ≥130 ms (n) 105/124 (85%) 64/123 (52%)* 47/80 (59%)* 17/43 (40%)* ,0.0001

Pulsed Doppler

LV PED (ms) 156+32 134+33* 137+33* 131+33* ,0.0001

LV PED ≥140 ms (n) 84/115 (73%) 49/119 (41%)* 33/76 (43%)* 16/43 (37%)* ,0.0001

RV PED (ms) 112+22 118+26 105+22 135+22*,† ,0.0001

IVMD (ms) 46+22 21+35* 32+24* 23+42*,† ,0.0001

IVMD ≥40 ms (n) 73/109 (70%) 31/112 (28%)* 25/76 (33%)* 6/36 (17%)* ,0.0001

Tissue Doppler velocity

Opposing wall delay (ms) 95+36 86+40 90+39 77+42 0.065

Opposing wall ≥65 ms (n) 95/123 (77%) 71/102 (70%) 55/74 (74%) 16/28 (57%)* 0.092

Opposing wall ≥80 ms (n) 87/123 (71%) 59/102 (58%)* 46/74 (62%) 13/28 (46%)* 0.043

Yu index (ms) 41+17 38+17 39+17 34+17 0.120

Yu index ≥32 ms (n) 88/123 (72%) 61/102 (60%) 44/74 (59%) 17/28 (61%) 0.178

LBBB, left bundle branch block; IVCD, non-specific intraventricular conduction disturbance; RBBB, right bundle branch block; LV PED, left ventricular pre-ejection delay; RV PED,
right ventricular pre-ejection delay; IVMD, interventricular mechanical delay; NS, not significant. P-value indicates comparison across LBBB, IVCD, and RBBB.
*P , 0.05 vs. LBBB.
†P , 0.05 vs. IVCD.

Figure 7 The Kaplan–Meier curves demonstrating the probability of freedom from death, transplant, or ventricular assist device after cardiac
resynchronization therapy (CRT) comparing patients with left bundle branch block (LBBB), to those with non-LBBB with or without significant
dyssynchrony by a combined approach of interventricular mechanical delay (IVMD) and radial dyssynchrony by speckle-tracking strain. More
favourable outcome was observed in non-LBBB with both markers of dyssynchrony, and least favourable outcome in patients who lacked dys-
synchrony by either method. +, positive; 2, negative.
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and less haemodynamic response to CRT than LBBB.28 We
observed variable mechanical activation patterns in patients with
RBBB using radial strain analysis. Although RBBB patients had
similar QRS duration compared with those of the LBBB patients
(Table 1), the majority of the RBBB patients lacked significant dys-
synchrony. On the other hand, a subgroup showed left-sided acti-
vation delay similar to those of the LBBB patients associated with a
favourable response to CRT.33,35

Several earlier echocardiographic studies reported on the po-
tential utility of dyssynchrony as a means to predict response to
CRT.8,11,17,21 The PROSPECT multicentre study with a 6-month
follow-up suggested that dyssynchrony indices had an insufficient
predictive value to alter the current selection criteria for CRT.36

More recent data have demonstrated echocardiographic measures
of dyssynchrony to be associated with patient outcome including
heart failure hospitalization or long-term survival following CRT.
In particular, speckle-tracking echocardiography, which was not
studied in PROSPECT, is a promising newer method. The STAR
study of 132 CRT patients showed that dyssynchrony by speckle-
tracking radial or transverse strain was associated with EF response
and long-term event-free survival.12 Another study of 229 CRT
patients with routine indications demonstrated that dyssynchrony
measured by IVMD, tissue Doppler opposing wall delay, or Yu
Index and speckle-tracking radial strain were all significantly asso-
ciated with the long-term survival.10 Delgado et al.9 recently
reported a study of 397 CRT patients with ischaemic heart
disease that there was a significant association of radial strain dys-
synchrony with survival and heart failure hospitalization over 3
years. Furthermore, the VALIANT study suggested that dyssyn-
chrony may play a role in post-myocardial infarction prognosis of

death or heart failure using dyssynchrony by velocity vector
speckle tracking in 381 myocardial infarction patients with LV dys-
function, heart failure, or both.37 Most recently, dyssynchrony by
SD of speckle-tracking transverse strain from apical views was
associated with clinical outcomes in the MADIT-CRT trial.38,39

These previous studies along with our present study combine to
support the association of echocardiographic dyssynchrony with
patient outcome following CRT.

Study limitations
This study was not part of a randomized trial, and the relationship
of echocardiographic dyssynchrony to survival in those who do not
undergo CRT remains unknown. Although this study reports im-
portant associations of echocardiographic dyssynchrony with
patient outcome in QRS morphology subgroups, a direct recom-
mendation for patient selection for CRT would require further
study by a randomized controlled trial. Another limitation was
that dyssynchrony analysis could not be performed on �10% of
the patients and speckle tracking is operator-dependent and
requires user experience.16,20,40 However, IVMD requires no spe-
cialized equipment or training and was shown to have the greatest
feasibility and reproducibility in the PROSPECT study.36 Dyssyn-
chrony by the tissue Doppler longitudinal velocities was not asso-
ciated with long-term outcome in QRS morphology groups. The
reason for this observation is unclear, but longitudinal velocity
appears to measure different mechanical phenomena than radial
strain or IVMD and tissue Doppler velocities could not differenti-
ate between active and passive motion like speckle-tracking strain
imaging. Previous comparisons of tissue Doppler by QRS morph-
ology have not been made. A limitation was that not all patients

Figure 8 Bar graphs of subgroup analysis of absolute changes in ejection fraction (EF, %) and relative changes in end-systolic volume (ESV, %)
after cardiac resynchronization therapy. Patients with left bundle branch block (LBBB) are shown in comparison to patients with interventricular
conduction delay (IVCD) or right bundle branch block (RBBB) with or without significant radial dyssynchrony by speckle-tracking strain.
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had quantitative follow-up echo data available for near-term LV
functional analysis, but this was performed on a subgroup of
91%. Another limitation was that other CRT response markers
such as heart failure hospitalizations, 6 min walk distance, or
peak myocardial oxygen consumption were not part of the
present study. Also, specific LV lead positioning data were not
part of this study. It may be considered a limitation that ischaemic
aetiology may influence response to CRT from scar burden or lead
positioning and have confounding effects.41– 43 We demonstrated
that when adjusting specifically for ischaemic aetiology, IVMD
and speckle-tracking radial strain remained independently asso-
ciated with survival. Also, LBBB-like QRS morphology that is cate-
gorized as IVCD may be difficult to define. Future ECG methods of
quantifying ventricular activation might be considered instead of
QRS pattern recognition.44 This study concludes that mechanical
dyssynchrony and QRS morphology are associated with outcome
following CRT and future study is warranted.
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