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ABSTRACT
Aims: This study evaluates the relative importance of two components of QRS
prolongation, myocardial conduction velocity and travel distance of the electrical
wave front (i.e. path length), for the prediction of acute response to Cardiac
Resynchronization Therapy (CRT) in left bundle branch block (LBBB) patients.
Methods: Thirty‐two CRT candidates (ejection fraction <35%, LBBB) underwent
Cardiac Magnetic Resonance (CMR) imaging to provide detailed information on
left ventricular (LV) dimensions. LV end‐diastolic volume (LVEDV) was used as
primary measure for path length, subsequently QRSd was normalized to LV
dimension (i.e. QRSd divided by LVEDV) to adjust for conduction path length.
Invasive pressure‐volume loop analysis at baseline and during CRT was used to
assess acute pump function improvement, expressed as LV stroke work (SW)
change.
Results: During CRT, SW improved by +38±46% (p<0.001). Baseline LVEDV was
positively related to QRSd (R 0.36, p=0.044). Despite this association, a
paradoxical inverse relation was found between LVEDV and SW improvement
during CRT (R ‐0.40; p=0.025). Baseline unadjusted QRSd was found to be
unrelated to SW changes during CRT (R 0.16; p=0.383), whereas normalized
QRSd (QRSd/LVEDV) yielded a strong correlation with CRT response (R 0.49;
p=0.005). Other measures of LV dimension, including LV length, LV diameter and
LV end‐systolic volume, showed similar relations with normalized QRSd and SW
improvement.
Conclusion: Since normalized QRSd reflects myocardial conduction properties,
these findings suggest that myocardial conduction velocity rather than increased
path length mainly determines response to CRT. Normalizing QRSd to LV
dimension might provide a relatively simple method to improve patient selection
for CRT.

Normalization of QRSd to LV dimension – Proof of Principle

BACKGROUND
Current guidelines recommend Cardiac Resynchronization Therapy (CRT) for
patients with drug refractory symptomatic heart failure (HF), reduced ejection
fraction (EF) and left bundle branch block (LBBB). Using these criteria, patient
selection remains suboptimal with QRS duration (QRSd) being the strongest
predictor of CRT response.(1) In the presence of LBBB, prolongation of QRSd is
determined by both myocardial conduction velocity and travel distance of the
wave front over the left ventricle (LV).(2‐5) In HF patients, LV dilatation is
typically present causing increased conduction path length and thus QRS
lengthening. Increased QRSd is expected to result in improved CRT response. On
the other hand, however, progressive LV dilatation per se is known to limit CRT
response.(6‐9) We therefore hypothesize that decreased myocardial conduction
velocity rather than increased path length determines the response to CRT.
This study evaluates the relative importance of two components of QRS
prolongation, myocardial conduction velocity and travel distance of the electrical
wave front (i.e. conduction path length), for the prediction of acute response to
CRT in LBBB patients.

METHODS
Subjects
Data for this retrospective study were extracted from the Temporary
Biventricular Stimulation (TBS) database. The original TBS‐based studies
evaluated the acute hemodynamic effects of CRT using conductance catheter
measurements in heart failure patients. In brief, biventricular stimulation using
several temporary LV leads was applied to study effects of QRS duration, lead
location, scar size and location, and pacing configurations. The studies
corroborated the importance of QRS duration and scar evaluation in selection
for CRT (10,11) and showed that optimal LV lead placement should be guided by
late mechanical activation, which obviates the need for multisite LV
stimulation.(12) Moreover, it was clearly shown that acute pump function
improvement using stroke work (SW) assessment rather than dP/dt
measurements strongly predicts long term outcome.(13,14) Inclusion criteria
were sinus rhythm, drug refractory heart failure (NYHA class II‐III) and severely
depressed systolic LV function with EF ≤35%. In the original studies, patients with
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different QRSd and QRS morphologies were included. For the present analysis
additional inclusion criteria were 1. stable pressure‐volume (PV) loop
measurements at baseline and during conventional biventricular pacing with
pacing leads in the RV apex and located at the LV mid lateral/posterolateral wall
(for details see section on Temporary Biventricular Pacing); 2. complete LBBB as
judged by two independent specialists using the criteria for complete LBBB
according the ESC guidelines.(15) and 3. a pre‐implantation CMR examination
including delayed contrast enhancement (LGE) to evaluate scar tissue. All
subjects gave informed consent and the local medical ethics committee (VU
University Medical Center, Amsterdam) approved data collection and
management. The study conforms with the principles outlined in the Declaration
of Helsinki.(16)
Cardiac Magnetic Resonance Imaging
CMR imaging was performed on a 1.5T whole body system (Sonata, Siemens,
Erlangen, Germany) using a phased‐array cardiac receiver coil. Functional
imaging was performed using retrospectively ECG‐gated steady‐state free
precession cine imaging with breath‐holding. Per patient, 8‐12 contiguous short‐
axis slices were obtained every 10mm covering the entire LV. Endocardial and
epicardial borders were manually traced on the short axis cine images using
MASS software (version 5.1b, MEDIS, Leiden, the Netherlands). Papillary muscles
and trabeculae were included in the LV cavity, and LV volumes and mass were
calculated using the summation of disks method. LV length was determined from
the four chamber long‐axis view measuring the length between the apex and the
middle of the mitral valve annulus in end‐diastole. The LV diameter was
measured in the mid short‐axis slice in end‐diastole. Conduction path length is
derived from LV dimensions with left ventricular end‐diastolic volume (LVEDV)
as its primary measure. Secondary LV dimension indices are left ventricular end‐
systolic volume (LVESV), LV length, LV diameter and LV mass. QRSd was
normalized to LV dimension (i.e. QRSd divided by LV dimension) to adjust for
conduction path length. Myocardial scar territory was assessed by late
gadolinium enhancement (LGE) imaging using the full width at half maximum
method.(17) Patients were classified having an ischemic cardiomyopathy (ICMP)
in case of a history of myocardial infarction accompanied by associated LGE
findings.
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Temporary Biventricular Pacing
Within the same week of the CMR scan, all patients underwent temporary
biventricular stimulation as described previously.(11) In brief, biventricular
pacing was performed either in VDD mode or DDD mode with a lower rate set at
5‐10 beats per minute above the intrinsic rate. In case of arrhythmias interfering
with analyzable PV loops, atrial pacing was performed with a rate of 5‐10% above
the intrinsic rhythm (DDD mode). Patients were stimulated using a fixed
atrioventricular delay set to 100ms or lower ensuring full ventricular capture,
and a VV interval of 0 ms. AV‐ and VV‐optimization was not performed. Patients
were included in the present study when the LV lead was located at the mid‐
lateral or mid‐posterolateral segment. The anatomic position of the LV lead tip
was assessed on biplane fluoroscopy using LAO 40° and RAO 30° projections as
proposed by Boogaard et al.(18) In brief, in the LAO projection the heart contour
was divided into five equal parts of 40° from anterior to posterior with the LV
lead located at the lateral or posterolateral segment. In the RAO projection the
heart contour was divided into three equal parts from base to apex with the LV
lead positioned at the mid segment. A conductance catheter (CD Leycom,
Zoetermeer, The Netherlands) was placed in a stable position in the LV apex to
obtain a series of PV loops at baseline (no ventricular pacing) and during
biventricular pacing. PV loops were constructed using Conduct NT software
(version 3.18.1). Each measurement was obtained after a stabilization period of
30 seconds and consisted of a minimum of 30 representative cardiac cycles
disregarding all inappropriate beats (i.e. extra‐systoles and two subsequent
beats), which were subsequently averaged. By averaging PV loops throughout
multiple respiratory cycles, respiratory influences were minimized.(19) Baseline
measurements were taken before and after the pacing run. Prior to biventricular
stimulation, the initial series of baseline PV‐loops were calibrated to the CMR
derived LV volumes (LVEDV and LVESV) obtained by CMR examination the day
before. Subsequently, PV loops during biventricular stimulation and a post‐
pacing baseline measurement (no ventricular stimulation) were obtained. LV
pump function was quantified by Stroke work (SW), calculated as the area of the
PV loop.
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The effect of biventricular pacing was calculated as the relative SW change
compared with the mean of the two flanking baseline measurements.(11)
Patients with a SW increase of >20% compared with baseline were classified as
CRT responders as this cut‐off accurately predicted reverse remodeling at 6
months.(13)
Statistics
The commercially available Statistical Package for Social Sciences software (IBM
SPSS Statistics for Windows, Version 20.0. Armonk, NY, USA) was used for
statistical analysis. Continuous variables are expressed as mean ± SD. Categorical
variables are presented as absolute numbers and percentages. A Student t‐test
(independent or paired) or non‐parametric test was used to compare groups
when appropriate. Correlations were assessed using the Pearson’s correlation
coefficient or when normal distribution was absent, the Spearman’s Rho
correlation coefficient. Associations between baseline QRSd indices (unadjusted
QRSd and QRSd normalized to LV dimension) and hemodynamic response during
CRT were analyzed by linear regression analysis. Receiver Operating
Characteristics (ROC) curve analysis was used to determine the predictive value
of the parameters. Multivariate linear regression analysis was performed for the
primary measure, normalized QRSd, combined with gender and scar size being
determinants of response. A P‐value of <0.05 was considered statistically
significant.

RESULTS
Thirty‐two CRT candidates (age 66±9 years, 20 men, 16 IMCP) were included in
the present study. The original TBS database consists of 88 subjects. Fifteen
patients were excluded because of non‐analyzable PV loops at baseline, or
during conventional biventricular stimulation. Furthermore, 16 patients with
QRSd <120ms and 3 patients with right bundle branch block (RBBB) were
excluded. From the resulting 54 subjects, a total of 32 patients fulfilled the
requirements of CMR with LGE and ECG criteria for complete LBBB according the
ESC guidelines.(15) Baseline patient characteristics are listed in table 1.
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Table 1 Patient characteristics
Parameter

N = 32

Clinical
Age (years)
66 ± 9
Sex (male/female)
20/12
NYHA (II/III)
7/25
Aetiology (ICMP/NICMP)
16/16
Med: Ace‐inhibitors n (%)
28 (82%)
Med: aldosterone‐inhibitors n (%)
9 (28%)
Med: beta‐blockers n (%)
25 (78%)
Med: diuretics n (%)
21 (66%)
ECG
QRS duration (ms)
155 ± 18
CMR
LVEDV (ml)
291 ± 84
LVESV (ml)
223 ± 81
EF (%)
24 ± 9
LV length (mm)
104 ± 8
LV diameter (mm)
68 ± 10
LV mass (gr)
137 ± 38
Scar present n (%)
16 (50%)
Scar size (%)
12 ± 8
Hemodynamics
Heart rate (bpm)
81 ± 12
dP/dtmax (mmHg/s)
831 ± 180
‐832 ± 163
dP/dtmin (mmHg/s)
τ (ms)
43 ± 7
Maximal pressure (mmHg)
121 ± 23
Minimal pressure (mmHg)
10 ± 7
EDP (mmHg)
17 ± 9
SW (L • mmHg)
4.8 ± 2.3
ICMP, ischemic cardiomyopathy; NICMP, non‐ischemic cardiomyopathy; CMR, cardiac
magnetic resonance imaging; LVEDV, end‐diastolic volume; LVESV, end‐systolic volume; EF,
ejection fraction; τ, tau; EDP, end‐diastolic pressure; SW, stroke work.
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LV dimension and QRS duration
CMR derived volumetric parameters LVEDV and LVESV showed large variation
(LVEDV 291±84; LVESV 223±81). LVEDV was positively correlated with QRSd (R
0.36; p=0.044, figure 1A), whereas LVESV showed a positive trend (R 0.33;
p=0.064). LV length was not related to QRSd (R 0.23; p=0.213), while LV diameter
showed a positive correlation (R 0.36; p=0.046). Both LV mass and scar size were
not significantly related to QRSd (R 0.26; p=0.157 and R ‐0.21; p=0.911,
respectively).

Figure 1 shows scatter plots illustrating (A) the positive correlation between left ventricular
end‐diastolic volume (LVEDV) and baseline QRS duration; and (B) the negative correlation
between LVEDV and acute strokework (SW) changes during CRT.

LV dimension and acute response to CRT
During biventricular pacing overall LV pump function improved significantly (SW
change +38±46%; p<0.001). Based on the 20% cut‐off value, 20 patients (63%)
were classified as SW responder. Both LVEDV and LVESV were inversely related
to SW improvement during CRT (R ‐0.40; p=0.025 see figure 1B, and R ‐0.52;
p=0.002, respectively). LV length was not significantly related to SW
improvement (R ‐0.34; p=0.054), while LV diameter was inversely related (R ‐
0.40; p=0.025). LV mass was unrelated to SW changes during CRT (R ‐0.27;
p=0.143).
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QRS duration and acute response to CRT
Unadjusted baseline QRSd was unrelated to SW changes during CRT, as
illustrated in figure 2A, and yielded no predictive value for SW response (AUC
0.61; p=0.302). Although SW benefit was higher in patients with QRSd≥150ms
than with QRSd<150ms, this did not reach significance (+43±47% vs. +30±43%,
p=0.435). Normalizing baseline QRSd relative to the following measures of
conduction path length resulted in a significant correlation with SW change
during CRT: QRSd/LVEDV (R 0.49; p=0.005, see figure 2B); QRSd/LVESV (R 0.57;
p=0.001); QRSd/LV length (R 0.38; p=0.034) and QRSd/LV diameter (R 0.52;
p=0.002). Although QRSd/LV mass showed a positive trend with SW change, it
did not reach significance (R 0.33; p=0.063). ROC curve analysis revealed that all
adjusted measures were significant predictors of SW response. QRSd/LVEDV
(AUC 0.79; p=0.006), predicted SW response with a 80% sensitivity and 83%
specificity at a cut‐off value of 0.52.

Figure 2 shows scatter plots illustrating (A) no significant correlation between unadjusted QRS
duration and acute strokework (SW) changes during CRT; and (B) the positive correlation
between QRS duration normalized to left ventricular end‐diastolic volume (QRS/LVEDV), and
acute SW changes during CRT.

Determinants of CRT response
In the present study, NIMCP patients achieved a non‐significant higher SW
change compared to ICMP patients (+49±44% vs. +28±46%; p=0.206, figure 3A).
In seven (44%) ICMP patients scar was located in the posterolateral wall, these
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patients showed less SW gain compared to ICMP patients without posterolateral
scar although this did not reach significance in this small subgroup (+7±29% vs.
+45±51%, p=0.079). ICMP patients with posterolateral scar, however, showed
significantly less SW improvement compared to NICMP patients (+7±29% vs.
+49±44%, p=0.032). Furthermore, scar size was significantly correlated with
acute SW response (R ‐0.36; p=0.041, figure 3B). Subgroup analysis by gender
did show a statistically significant difference in acute response to CRT with a
higher SW gain in women compared to men (+62±49% vs. +24±38%; p=0.019,
figure 3C). Multivariate regression analysis including QRSd/LVEDV, aetiology,
scar size and gender in the model revealed QRSd/LVEDV to be the only
independent predictor of SW response. The same results were found for
QRSd/LVESV; QRSd/LV length and QRSd/LV diameter.

DISCUSSION
The present study demonstrates that in CRT candidates LV dimensions are
positively correlated with QRSd, but also inversely related to acute pump
function improvement during CRT (i.e. larger LV dimensions result in lower
response to CRT). Moreover, in the present study baseline QRSd was not found
to be related to acute response to CRT. Normalization of QRSd to LV dimension,
however, yielded a strong correlation with CRT response.
In line with previous reports, a large variation in LV size was found in our group
of CRT patients.(2‐4,6‐9,20) Chan and colleagues found several CMR‐derived LV
anatomical measurements (including LVEDV) to be positively related with QRSd,
both in LBBB and narrow QRS complex patients.(4) Their findings agree with
ours, showing that differences in LV size (i.e. differences in conduction path
length) significantly contribute to the variation in QRSd among HF patients with
LBBB. Despite this positive correlation, an inverse relation was found between
LV dimensions and acute response to CRT which is also in line with earlier
reports.(6,8,9) This paradox of dimension mediated increase in QRSd resulting in
decreased CRT response suggests conduction path length to be an important
confounder in the assessment of electrical dyssynchrony which should be
corrected for.

Figure 3 shows bar charts and scatter plot illustrating that (A) non‐ischemic cardiomyopathy (NICMP) patients achieve higher
SW changes compared to ischemic cardiomyopathy (ICMP) patients although this did not reach statistical significance; (B)
scar size itself was negatively correlated with acute strokework (SW) changes during CRT; (C) CRT results in significant more
strokework (SW) increase in women than in men.
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In contrast to unadjusted baseline QRSd, baseline QRSd normalized to LV
dimension (i.e. QRSd divided by LV dimension) strongly correlates with acute
pump function improvement by CRT. Similar outcomes were found irrespective
of the measure chosen for LV dimension (LV length, LV diameter, LVEDV, LVESV).
Normalization of QRSd for conduction path length results in a measure of
myocardial conduction velocity, with higher values indicating lower conduction
velocity. These findings therefore suggest that myocardial conduction velocity
rather than increased path length mainly determines response to CRT. Typically,
measures of conduction velocity are expressed as distance over time but we
chose time over distance to provide a modification of the traditional QRSd
marker and to overcome the issue of volume over time not being an actual
measure of velocity.
Several other parameters for prediction of response to CRT have been reported,
including scar size, etiology of CMP and gender.(21‐23) Although the present
study is fairly small, both scar size and gender were found to be significantly
related to CRT response, and NICMP patients showed a larger but not statistically
significant response to CRT compared to ICMP patients (figure 3). Scar size and
etiology of CMP might relate to the same mechanism of non‐recruitable tissue,
rendering patients with ICMP/larger scar size less amenable to the effects of
CRT.(21) Gender differences in response to CRT might also be partly attributed
to underlying etiology, since females included in CRT studies predominantly
suffer from NICMP whereas males more often have a history of ICMP.(24) This
was also found in the present study with 63% of patients in the NICMP group
being female, in contrast to only 13% in the ICMP group. However, conduction
velocity and conduction path length might also play a role since heart size is
generally smaller in females. Assuming a normal conduction velocity
independent of gender,(25) smaller (female) hearts will typically lead to shorter
QRS duration. In patients eligible for CRT, however, using an identical QRSd cut‐
off value (120 ms) for men and women will lead to selection of female hearts in
poorer conduction. In other words, female (smaller) hearts with a QRS duration
of >120 ms will have slower conduction velocity (i.e. those hearts are sicker)
compared to male hearts, and might therefore more amenable for successful
treatment with CRT. In the present study, analysis in a multivariate model of
aetiology, scar size and gender together with QRSd/LVEDV showed the latter to
be the only independent predictor of SW response. This finding suggests
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QRSd/LVEDV to be a rather robust marker, underlining the possible importance
of conduction velocity as a pivotal marker of CRT response.
There are several limitations that have to be considered. First, this is a
retrospective study with a small number of patients and future studies with
larger patient numbers and with standardized long‐term follow up will be
needed to confirm our present findings. Secondly, several measures of the LV
are used as surrogate markers for travel distance of the wave front over the LV.
Although these measures do not reflect actual travel distance, they all show
similar results suggesting the normalization to be rather robust. Further, for
definition of complete LBBB the criteria according to the ESC guidelines were
used whereas the stricter Strauss criteria for true‐LBBB currently receive
increasing interest.(26) In the present study 22 patients fulfilled the Strauss
criteria. This subset showed a trend towards higher SW increase compared to
non‐Strauss LBBB patients, and similar effects of normalizing QRSd were found
as for the entire study group. Finally, measuring pump function (SW) changes
during CRT using the conductance catheter warrants careful data acquisition as
extensively discussed elsewhere.(11) Nevertheless, using this technique acute
changes in SW have proven to be strongly related to long‐term outcome.(13)

CONCLUSION
In conclusion, the present study suggests that myocardial conduction velocity
rather than increased path length mainly determines response to CRT. Thus,
normalization of QRS duration for LV dimension might result in improved patient
selection for CRT. This hypothesis will have to be addressed in future studies,
including assessment of long term response to CRT.
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