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Abstract

Aims We tested the hypothesis that shortening of time-to-peak left ventricular pressure rise (Td) reflect resynchronization in
an animal model and that Td measured in patients will be helpful to identify long-term volumetric responders [end-systolic
volume (ESV) decrease >15%] in cardiac resynchronization therapy (CRT).
Methods Td was analysed in an animal study (n = 12) of left bundle-branch block (LBBB) with extensive instrumentation to
detect left ventricular myocardial deformation, electrical activation, and pressures during pacing. The sum of electrical delays
from the onset of pacing to four intracardiac electrodes formed a synchronicity index (SI). Pacing was performed at baseline,
with LBBB, right and left ventricular pacing and finally with biventricular pacing (BIVP). We then studied Td at baseline and
with BIVP in a clinical observational study in 45 patients during the implantation of CRT and followed up for up to 88 months.
Results We found a strong relationship between Td and SI in the animals (R = 0.84, P < 0.01). Td and SI increased from nar-
row QRS at baseline (Td = 95 ± 2 ms, SI = 141 ± 8 ms) to LBBB (Td = 125 ± 2 ms, SI = 247 ± 9 ms, P < 0.01), and shortened with
biventricular pacing (BIVP) (Td = 113 ± 2 ms and SI = 192 ± 7 ms, P < 0.01). Prolongation of Td was associated with more
wasted deformation during the preejection period (R = 0.77, P < 0.01). Six patients increased ESV by 2.5 ± 18%, while 37 re-
sponders (85%) had a mean ESV decrease of 40 ± 15% after more than 6 months of follow-up. Responders presented with a
higher Td at baseline than non-responders (163 ± 26 ms vs. 121 ± 19 ms, P < 0.01). Td decreased to 156 ± 16 ms (P = 0.02)
with CRT in responders, while in non-responders, Td increased to 148 ± 21 ms (P < 0.01). A decrease in Td with BIVP to values
similar or below what was found at baseline accurately identified responders to therapy (AUC 0.98, P < 0.01). Td at baseline
and change in Td from baseline was linear related to the decrease in ESV at follow-up. All-cause mortality was high among six
non-responders (n = 4), while no patients died in the responder group during follow-up.
Conclusions Prolongation of Td is associated with cardiac dyssynchrony and more wasted deformation during the
preejection period. Shortening of a prolonged Td with CRT in patients accurately identifies volumetric responders to CRT with
incremental value on top of current guidelines and practices. Thus, Td carries the potential to become a biomarker to predict
long-term volumetric response in CRT candidates.
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Introduction

Cardiac resynchronization therapy (CRT) is beneficial to se-
lected patients with a wide QRS complex and heart failure
with improving survival rates, yet underutilized.1–3 Left bun-
dle branch block in non-ischaemic cardiomyopathy is typically

associated with better response, while unspecific conduction
delay and ischaemic cardiomyopathy are associated with less
beneficial effects,4 and CRT may increase and decrease mor-
tality in different subpopulations.5,6 Only targeting subgroups
with a higher likelihood of response may come at the cost of
not treating patients with potential benefit, and targeting all
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patients with widened QRS complex will likely burden pa-
tients with detrimental effects.7,8 Therefore, it is of utmost
importance to find selection criteria with incremental value
beyond current guidelines to select suitable patients for
CRT.9 We aimed to analyse time-to-peak left ventricle (LV)
dP/dt, and Td in animals and patients. We used the animal
model to test how the left ventricle (LV) regional mechanical
deformation and the LV electrical activation sequences affect
Td. Td was then tested in an observational study in 45 pa-
tients to analyse the incremental value of Td on top of cur-
rent selection criteria to detect patients with a beneficial
response to CRT. With the data presented, we suggest that
shortening of time-to-peak-LV dP/dt, Td, reflect disease mod-
ification in dyssynchronous heart failure (dysHF) and that Td
has the potential to serve as a biomarker for the selection
of patients amenable to CRT. One part presents animal data,
and one part presents acute and long-term follow-up data on
45 patients with Td measurements before and after receiving
a CRT device.

Methods

The experimental large animal study

Animal preparation
Twelve mongrel dogs of either sex were anaesthetized (single-
dose methadone, 0.2 mg/kg; followed by propofol, 3 to 4 mg/
kg, and a bolus of fentanyl, 2 to 3 mg/kg; thereafter, continu-
ous infusion of propofol, 0.2 to 1 mg/kg/min, and fentanyl, 5
to 40 mg/kg/h). The animals were ventilated and surgically
prepared with an open chest, as previously described.10 We
placed pacing electrodes in the right atrium and the endocar-
dial RV septum/apex (RVapex). We placed LV pacing electrodes
on the epicardial free wall in apical, anterior, and lateral
areas. A cardiac pressure catheter and a catheter for
radiofrequency ablation were introduced through peripheral
vessel incisions. LV pressure was measured using a 5F
micromanometer-tipped catheter (model MPC 500, Millar In-
struments, Inc., Houston, Texas, USA). Radiofrequency abla-
tion was performed with a standard ablation catheter
(Celsius, Biosense Webster Inc., California, USA), targeting left
bundle branch potentials to split the QRS complex and extend
QRSd to above 100 ms.11 LV dimensions and intramyocardial
electrograms (EGM) were measured and collected using
2-mm sonomicrometric crystals. The crystals included elec-
trodes (Sonometrics Corp., London, Ontario, Canada) and
were implanted subendocardial in the equatorial plane in
the interventricular septum, posterior, anterior, and lateral
LV walls. Combined crystals with electrodes enabled the si-
multaneous evaluation of myocardial electrical and mechani-
cal activation. We sampled data at 1 kHz and analysed
recorded data in the LabChart Pro 8.0 software

(ADInstruments LTD, Oxford, UK). The Norwegian Food Safety
Authority approved the study. The Center for Comparative
Medicine (Oslo University Hospital, Rikshospitalet, Oslo,
Norway) supplied the animals.

Pacing interventions
Atrial pacing (AP) was performed at a rate 10% above sinus
rhythm at baseline with narrow QRS and after ablation with
the induction of LBBB. Sequential biventricular pacing was
then delivered with a paced AV-delay set between 30 and
60 ms to avoid fusion with intrinsic RV conduction. Pacing
was performed from the right ventricle (RV), left ventricle
(LV), and combined as biventricular (BiV) pacing in random
order resulting in repeated measurements. Four measure-
ments were excluded due to incomplete LBBB at baseline
and LBBB-capture with RV septal pacing.

Wasted deformation and synchronicity index
Deformation was measured as the sum of absolute length
changes in septal-lateral and anterior–posterior electrode
pairs, both shortening and lengthening, from the onset of
QRS complex or ventricular pacing until peak LV dP/dt (Figure
1A and B). We regarded deformations during this ideally iso
(volu)metric period as wasted, representing dyssynergistic
contractions.12 We calculated the Synchronicity index (SI) as
the sum of all intervals from pacing onset to local EGMs in
the four equatorial electrodes (Figure 1D).

Pacing stimulus to ventricular capture latency
We aligned EGMs and QRS complexes from two representa-
tive beats, with similar QRS morphology and EGMs (intrinsic
left bundle branch block (LBBB) and RV paced), in the animals
to analyse the delay from ventricular pacing to ventricular
capture (onset of QRS). We found a 15 ms delay from the be-
ginning of the pacing spike to the start of QRS, consistent
with the individual delays measured throughout the experi-
ments. For comparison of activation timing between paced
and native conduction, we added 15 ms to native conduction.

Clinical observational study

Study population
Forty-five heart failure patients admitted for CRT implanta-
tion according to 2013 ESC guidelines were included in two
different acute observational studies approved by the Re-
gional Committees for Medical and Health Research Ethics
in Norway and conducted following the principles of the Dec-
laration of Helsinki. We obtained written, informed consent
from all patients. Inclusion criteria were sinus rhythm, New
York Heart Association functional class II and III heart failure
on optimal medical therapy, left bundle branch block
morphology,13 QRS duration (QRSd) larger than 130 ms, and
a left ventricular ejection fraction <35%. Exclusion criteria
were age <18 years and above 80 years, ongoing atrial
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fibrillation and complete atrioventricular block. All patients
had de novo implants. An echocardiogram was performed
in all patients prior to implantation and after more than
6 months of follow up. Biplane Simpson auto EF (Echopac,
GE Healthcare, Horten, Norway) was used for intracardiac
systolic and diastolic volumes and EF.

Device implantation and intervention
Device implantation (CRT devices from Medtronic Inc. Fridley,
Minnesota, USA) followed a standard left subclavian ap-
proach with a subcutaneous pocket. The RV lead was posi-
tioned in the apical endocardial portion of the right
ventricle, while the LV lead (Attain Performa [4298, 4398,
4598], Medtronic Inc. Fridley, Minnesota, USA) was placed
epicardial in a (postero-)lateral branch of the coronary vein
in all patients. All positions were confirmed by biplane fluoro-
scopic imaging and later cross-registered on a fitted generic
heart model. Bipolar pacing was performed in an

atrioventricular synchronized fashion with a fixed AV-delay
for each patient to ensure proper biventricular stimulation.
Confirmation of capture was carried out by visual inspection
of the surface ECG. The heart rate was set at 10% above
the intrinsic rate in sinus rhythm, and intrinsic AV-delay was
measured. The paced AV-delay was set to <80% of the intrin-
sic AV-interval. Sequential biventricular pacing (BIVP) was
performed with the EPS 320 cardiac stimulator (Micropace
EP Inc., Santa Ana, CA, USA) connected to the implanted
leads with alligator clips. A 3.5 Fr pressure sensor catheter
(Micro-Cath™, Millar Instruments Inc., Houston, Texas, USA)
was positioned through a 6 Fr delivery catheter from the right
femoral artery to the left ventricular cavity. Heparin was
given as a bolus of 100 IE/kg IV.

Data acquisition
Electrophysiology signals and ECGs were collected with the
BARD Pro EP recording system and the Clearsign Amplifier

Figure 1 Regional myocardial deformation, relationship towards time-to-peak LV dP/dt, Td, and synchronicity index (SI). (A) Regional myocardial de-
formation with right ventricular (RV) free wall pacing. The electrical activation sequence is early in the septal electrode and last in the lateral. Length-
ening occurs between anterior–posterior crystals and shortening between the septal and lateral crystals (septal beaking). This deformation represents
a transfer of forces from one region to the other and indicates dyssynergy of contraction. Hence, more deformation equals more dyssynergy of con-
traction. Tension builds up with completion of electrical activation with rebound lengthening in the septal-lateral crystal pair before peak LV dP/dt and
aortic valve opening. Total deformation is calculated as the sum of absolute maximum deformation values measured from the onset of pacing to peak
LV dP/dt (A and B) and is limited to the isovolumetric period. (B) BIVP with RV apex and left ventricular (LV) lateral electrodes. The activation sequence
is early lateral and late septal. Only minimal deformations occur (less dyssynergy) while tension increases towards the end of electrical activation up to
peak LV dP/dt that occur early due to improved synergy from stimulation. (C) We found a linear relationship between Td and the total deformation, as
measured between each pair of crystals (panel A and panel B), indicating that more deformation delays Td. (D) Synchronicity index (SI, ms) was con-
structed based on the sum of the four intervals 1–4 from the onset of pacing to the deflections in the respective equatorial EGMs (absolute dV/dt).
BIVP, biventricular pacing; RV, right ventricle; dP/dt, left ventricular pressure derivative.
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(Boston Scientific Inc., Marlborough, Massachusetts, USA).
The left ventricle’s pressure was measured with the
Micro-cath pressure catheter and the PCU-2000 Pressure
Control Unit (Millar Instruments Inc., Houston, Texas, USA).
All signals were transferred in real-time from the recording
system to a data acquisition unit (PowerLab, ADInstruments
LTD, Oxford, UK), with each event logged for later analyses
in the LabChart Pro 8.0 software (ADInstruments LTD, Oxford,
UK). Pressures were then filtered with a low-pass filter of
15 Hz to remove noise. Time was given for the pressures to
stabilize when pacing was performed before recording the
data. QRS onset was marked as the first fluctuation above
the isoelectric line, resulting in a complete QRS complex. Td
was measured as the average of the time interval between
QRS onset or pacing onset and peak of dP/dt on 6–8 subse-
quent beats after full capture of both atrium and ventricle.
We used the leading edge of the first deflection of the stim-
ulus artefact as a reference for pacing. The stimulus to cap-
ture latency creates a bias when comparing time from QRS
onset and time from pacing spike to peak dP/dt. We
corrected Td measured at baseline by adding the 15 ms delay
seen from pacing stimulus to myocardial activation. We sub-
sequently analysed latency from pacing to QRS onset in all
patients and found a mean of 14.0 ± 2.1 ms. A corrected
change from baseline (Td) was then calculated as the differ-
ence between the measured value with BIVP and the
corrected baseline value of Td. When not presented as
corrected, Td is presented without correction. We measured
beat to beat variation in Td with pacing in one patient and
found a standard deviation from 18 beats within each pacing
mode between 4 and 7 ms.

Follow-up
Programming of the device, including selecting the LV pacing
electrode, was carried out at the physicians’ discretion. At a
follow-up of more than 6 months, patients were classified
as volumetric responders or volumetric non-responders with
a cut-off at a 15% reduction in ESV.

Statistical analysis
Linear mixed models (IBM SPSS 26.0, Armonk, New York)
were used for the repeated measurements with compound
symmetry as covariance type for both fixed and random ef-
fects, with each subject selected as random effects in both
the animal and clinical studies.14 We used the Hotelling
Lawley Test and the GLIMMPSE sample size calculator
(Glimmpse 3.0.0 (samplesizeshop.org)) to confirm power
>80% for a Type I error of 5%. This statistical model takes in-
dividual differences into account for repeated measure-
ments. The model with the lowest Akaike’s information
criteria was chosen when covariates were added to the
models. The model output gives estimated marginal means
for each fixed effect group when random effects and covari-
ates are considered. A comparison was performed between

each group or combinations of them and a reference. Num-
bers from comparisons with mixed or general linear statistical
models are estimated marginal mean ± SEM, and those from
descriptive statistics are mean ± SD. A P-value of <0.05 was
considered statistically significant. Receiver-operating charac-
teristics curves were generated.

Results

Experimental study

QRSd, SI, and Td increased with AP-LBBB, RVP, and LVP com-
pared with AP with normal conduction (Table 1). QRSd, SI and
Td shortened with BIVP compared with AP-LBBB and RVP,
and QRSd and Td shortened with BIVP compared with LVP
(Table 1). We observed dyssynergistic deformations during
the isovolumetric period as well as a delay in Td with RVP
(Figure 1A). Resynchronization reduced dyssynergy and short-
ened Td (Figure 1B). Figure 1C shows the relationship be-
tween Td and the equatorial plane deformation with LBBB,
RVP, and BIVP and confirmed the relationship between
dyssynergy and Td. Figure 2 displays pressures, segment
lengths, EGMs, and ECGs with intrinsic LBBB conduction and
BIVP, as acquired in the experiments. It can be seen how
EGMs become synchronous, deformation is reduced, and Td
shortens with BIVP. Lastly, a strong, linear relationship was
found both between QRSd and SI (β = 0.27, R = 0.86,
P < 0.01) and between Td and SI (Figure 3A), with good
agreement between the two (Figure 3B), while there was a
relatively weak relationship between LV dP/dtmax and SI
(Figure 3C). Td was associated with left ventricular electrical
delay (Q-LV) to the lateral electrode (Q-LV lateral) when mea-
sured with narrow QRS, with LBBB and RV pace combined
(Figure 3D).

Table 1 Animal experiments (n = 12)

Mode of
pacing

QRSd
(ms) SI (ms)

LV dP/dtmax
(mmHg/s) Td (ms)

AAI (narrow
QRS)

70 ± 2† 141 ± 8† 1483 ± 85† 95 ± 2†

AAI (LBBB) 110 ± 3 247 ± 9‡, § 1115 ± 95 125 ± 2
DDD (RV) 110 ± 3 265 ± 10‡, § 1103 ± 99 129 ± 2‡

DDD (LV) 103 ± 2 214 ± 6 1161 ± 78 119 ± 2
DDD (BIV) 87 ± 2† 192 ± 7 1232 ± 84

(P = 0.08)
113 ± 2†

AP, atrial pace; AP-LBBB, atrial pace with left bundle branch block;
BIVP, biventricular pace; LVP, left ventricular pace; QRSd, QRS dura-
tion; RVP, right ventricular pace; SI, synchronicity Index; Td, time-
to-peak LV dP/dt.
Electrophysiological and mechanical characteristics. The top five
rows are compared (n = 12).
†P < 0.05 compared with all.
‡P < 0.05 compared with LVP.
§P < 0.05 compared with BIVP.
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Clinical observational study

A lateral vein was targeted in all patients for LV stimulation
(Supporting Information, Figure S1A), and anterolateral, lat-
eral and posterolateral (mid and basal) segments were final
LV lead positions Supporting Information, Figure S1B). All pa-
tients received maximal tolerated optimal medical therapy
with either ACE inhibitor/ARB and/or beta-blocker with no
significant differences between the groups (Table 2).

Synergy from biventricular stimulation
Figure 4 shows how Td prolongs with RV pace and shortens
with LV pace compared with baseline AP; however, pacing
from the RV and the LV combined shorten Td beyond what
is seen with pacing from either of the electrodes (synergy
from biventricular stimulation).

Follow-up
During the study period with up to 88 months (range 16–
88 months) follow-up, four patients (non-responders) died
(one after heart transplant), and one patient (responder) with
familial dilated cardiomyopathy underwent heart transplan-
tation. The overall survival was estimated to 81 ± 3 months
with a significant difference in estimated survival between
the non-responders at 35 ± 7 months and responders
86 ± 1 months (P < 0.01) (Kaplan–Meier curve in Supporting
Information, Figure S1C).

Cardiac resynchronization therapy response
We found six non-responders with an ESV reduction <15% at
follow-up with a mean ESV increase of 2.5 ± 7%. The remain-
ing 37 responders had a mean ESV decrease of 40 ± 15%. A
comparison of volumes and ejection fraction between the
groups is found in Table 3.

Figure 2 Demonstration of shortening of time-to-peak dP/dt (Td) with biventricular pacing and myocardial synergy with simultaneous pacing of the RV
and the LV (resynchronization). (A) Left bundle branch block (LBBB) with electrical activation patterns showing a sequence of septal-anterior–posterior-
lateral activation with dyssynergistic septal and lateral wall contraction patterns with pressure rise reaching its peak just before aortic valve opening.
Red arrow: Septal beaking. Grey arrow: shortening of the lateral segment. Green arrow: onset of ejection. (B) Biventricular pacing from an apical po-
sitioned left ventricular epicardial electrode demonstrates a simultaneous sequence of activation with synergistic septal and lateral wall contraction
patterns and peak left ventricular pressure rise (that occur before aortic valve opening). Grey arrow: shortening of the lateral segment. Green arrow:
onset of ejection. V1, ECG lead; RV, right ventricle; LV, left ventricle; LVP, left ventricular pressure; LV dP/dt, LV pressure derivative; Td, time-to-peak LV
dP/dt.
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Figure 3 Correlations between Td and synchronicity index (SI) with Bland–Altman plot and Td and LV dP/dtmax. (A) A strong positive relationship was
found between Td and SI in the animals with all pacing modes and intrinsic conduction with narrow QRS and LBBB pooled. (B) We divided SI by four
since it is made up of four numbers to avoid a bias with higher numbers for the creation of the Bland–Altman plot against Td with limits of agreement.
The plot indicates that the two methods reflect the same underlying pathology within limits of agreement with a bias of 64.45 ms with consistent
variability and no trend. The correlation between Td and SI/4 was good with β = 0.9, R = 0.84, P < 0.01 with no visual bias in the residual plot. (C)
LV dP/dtmax was only weakly correlated with SI. (D) A significant relationship between the left ventricular electrical delay (Q-LV) measured from onset
of Q to the lateral electrode, at baseline, with LBBB and with RV pace. Td, time-to-peak LV dP/dt; SI, synchronicity index; LBBB, left bundle branch
block; LV dP/dtmax, maximum left ventricular first-order pressure derivative.

Table 2 Baseline characteristics

All patients (n = 45) Responders (n = 37) Non-responders (n = 6) P-value

Age (years) 63 ± 10 years 62 ± 9 years 72 ± 10 years 0.02
Gender (%)

Male 32 (71) 25 (68) 5 (83) 0.45
Weight (kg) 89 ± 18 kg 90 ± 19 kg 82 ± 7 kg 0.36
Height (cm) 164 ± 7 cm 174 ± 6 cm 178 ± 2 cm 0.22
Heart failure aetiology (%)

Non-ischaemic 22 (49) 22 (59) 0%
Ischaemic 23 (51) 15 (41) 100% <0.01

Medication (%)
ACE inhibitor/ARB 42 (93) 35 (95) 5 (83) 0.33
Beta-blocker 40 (89) 32 (87) 6 (100) 0.40
Aldosterone antagonists 28 (63) 21 (57) 4 (67) 0.71
Diuretics 28 (62) 22 (60) 5 (83) 0.30

QRS configuration (%)
LBBB 39 (87) 35 (95) 3 (50) <0.01
IVCD 2 (5) 3 (50)

QRS duration 173 ± 15 ms 176 ± 15 ms 157 ± 11 ms <0.01
NYHA class 2.5 ± 0.5 2.5 ± 0.5 2.8 ± 0.4 0.09
NYHA class II (%) 23 (51) 20 (54) 1 (17) 0.09
NYHA class III (%) 22 (49) 17 (46) 5 (83) 0.09

ACE inhibitor, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; IVCD, intraventricular conduction disease;
LBBB, left bundle branch block; NYHA, New York Heart Association.
Two patients were lost to follow-up and not included in the stratification. The P-values for comparison of responders versus
non-responders are based on general linear models. Continuous variables are given as mean ± SD.
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Acute correction of QRS duration and time-to-peak dP/dt
(Td)
QRSd and Td were significantly lower in the non-responder
group than in the responder group at implantation
(Table 4). QRSd decreased in responders with BIVP, while
Td increased with BIVP in non-responders. The corrected Td
with BIVP increased by +12 ± 8 ms from baseline in non-re-
sponders, while it decreased by �22 ± 3 ms in responders
(P < 0.01).

Relationship between time-to-peak dP/dt (Td), QRS dura-
tion, left ventricular electrical delay (Q-LV), and reverse
remodelling
We found significant linear relationships between both Td at
baseline (Figure 5A) and the change in Td from baseline
(Figure 5B) with the decrease in ESV at long-term (volumetric
response). There was no linear relationship between QRSd at
baseline and volumetric response. A significant linear rela-
tionship was found between QRSd and Td at baseline

Figure 4 Synergy from biventricular resynchronization on the timing of peak dP/dt. The panel shows atrial, RV, LV and biventricular pacing with pacing
electrode EGMs, LV pressure, LV pressure derivative, and femoral artery pressure from one patient. Td is longer with RV pace than with LV pace, and
without myocardial synergy between RV pace and LV pace, one would expect Td with BIV pace (which includes the two pacing electrodes) to be similar
to the shorter of that from RV or LV pace; however, BIV pace shortens by 10 ms compared with LV pace demonstrating the presence of myocardial
synergy resulting in an earlier pressure increase with BIV pace. Note that a long Q-LV, RV pace to LV sensed interval, and LV pace to RV sensed interval,
confirming the placement of the LV electrode in a late activated region of the LV electrically distant from the RV electrode. Asterisk denotes a pacing
artefact. V1, ECG lead; RV, right ventricle; LV, left ventricle; LVP, left ventricular pressure; LV dP/dt, LV pressure derivative; Td, time-to-peak LV dP/dt.
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(β = 0.33, R = 0.60, P< 0.01) and after CRT (β = 0.26, R = 0.34,
P = 0.02). The ratio between Td at baseline and QRSd was lin-
ear related to Td at baseline (β = 0.004, R = 0.85, P < 0.01),
showing that the delay-to-peak LV dP/dt relative to the QRSd
increase with a longer Td in patients with LBBB (Figure 5C).
Similarly, Q-LV was linear related to Td at baseline (β = 0.4,
R = 0.56, P < 0.01) and with the change in Td from baseline
(β = �0.4, R = 0.44, P < 0.01).

The proportion of responders according to QRS duration,
time-to-peak dP/dt (Td) at baseline, and corrected change
in time-to-peak dP/dt (Td) from baseline
Receiver operating characteristic analysis and scatter plots
(Figure 6) showed that QRSd, Q-LV, Td at baseline and
corrected Td change were able to identify CRT response
(QRSd Area under the curve (AUC) = 0.76 ± 0.11, 95% confi-
dence interval 0.54–0.99, P < 0.05; Q-LV AUC = 0.85 ± 0.08,
95% CI 0.70–1, P < 0.05; Td at baseline AUC = 0.92 ± 0.06,
95% CI 0.79–1, P < 0.05; corrected Td change
AUC = 0.98 ± 0.02, 95% CI 0.93–1). The optimal cut-off value
for corrected Td change was 3.5 ms with a sensitivity of 0.97

and specificity of 1.0, Td baseline it was 135 ms with a sensi-
tivity of 0.89 and specificity of 0.83, Q-LV it was 118 ms with a
sensitivity of 0.92 and specificity of 0.67, and for QRSd it was
157 ms with a sensitivity of 0.84 and specificity of 0.67.

Discussion

Effective global force generation and rapid pressure rise are
delayed without the specialized conduction system’s involve-
ment in the dyssynchronous activated ventricle.15 The con-
traction pattern before rapid pressure rise in LBBB consists
of early activation and shortening in the septal region and, in-
stead of generating effective force, shortening occurs unop-
posed at low loads, and the volume of blood is pushed
towards the stretching lateral wall, with low resting tension,
while the mitral valve leaflets move into a closing position.16

The increase in active tension with shortening in the early ac-
tivated segments is counteracted and diminished by
stretching. The stretch caused by active contraction else-
where results in increased resting tension before activation
in the late activated segments.17 Rapid pressure rise begins
as tension increases, either passively with an increased
stretch or due to excitation of late activated regions.18,19

Other than a delayed rapid pressure rise, the initial
dyssynergistic contraction pattern with LBBB has potential ef-
fects on the total resulting myocardial force generation: (i) In-
creased resting tension in late activated segments may
enhance active force generation in that region, and (ii) early
activation and shortening in the septal region diminishes sep-
tal force generation with later resulting rebound
stretch.16,18,20–22 The additive effect from biventricular stimu-
lation on the shortening of Td can be termed Synergy from
biventricular stimulation (Figure 4), resulting from myocardial
synergy when two regions of the heart shorten in synchrony
with resulting earlier onset of rapid pressure rise. Synergy is
hence specifically related to resynchronization with

Table 3 Left ventricular reverse remodelling

Responders (n = 37) Non-responders (n = 6)
Responders

versus non-responders

ESV (mL)
Baseline 144 ± 12 mL 164 ± 40 mL 0.67
Follow-up 84 ± 7 mL 178 ± 47 mL P < 0.01
Baseline versus follow-up P < 0.01 0.82

EDV (mL)
Baseline 204 ± 14 mL 247 ± 46 mL 0.21
Follow-up 145 ± 9 mL 246 ± 54 mL P <0.01
Baseline versus follow-up P < 0.01 0.98

EF biplane (%)
Baseline 31 ± 1% 35 ± 3% 0.19
Follow-up 44 ± 1% 30 ± 3% P<0.01
Baseline versus follow-up P < 0.01 0.22

EDV, end-diastolic volume; EF biplane, ejection fraction measured from echocardiographic four-chamber and two-chamber views com-
bined; ESV, end-systolic volume.
Values are estimated marginal mean ± SEM.

Table 4 Implantation characteristics

Responders
(n = 37)

Non-responders
(n = 6) P-value

QRSd
Baseline 171 ± 2 ms 156 ± 6 ms 0.03
BIVP 157 ± 2 ms 167 ± 3 ms 0.12
Baseline versus

BIVP
P < 0.01 0.15

Td
Baseline 163 ± 4 ms 121 ± 8 ms P < 0.01
BIVP 156 ± 3 ms 148 ± 8 ms 0.27
Baseline versus

BIVP
0.15 0.045

BIVP, biventricular pacing; Td, time-to-peak left ventricular pres-
sure derivative.
Values are estimated marginal mean ± SEM.
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biventricular stimulation and leads to a shortening of Td, as
also demonstrated in Table 1. Td capture the presence of
both dyssynergy and synergy with resynchronization.

Td has already been assessed and suggested as a
load-independent measure of contractility in patients with
narrow QRS complexes, with baseline values ranging from
45 to 95 ms.23 Our work shows that Td reflects dyssynergistic
contraction to a more considerable extent than changes in in-
trinsic contractility; therefore, prolongation seen in this study
is not a mere reflection of poor contractility. Td was in the
range of 105 to 244 ms and significantly lower in volumetric
non-responders than in responders. Higher baseline values
in responders than in non-responders are in keeping with re-
sults from larger randomized trials that have used baseline
preejection indices for detection of responders24,25; however,
as seen in Figure 6 and demonstrated by others,26 an overlap

in baseline values are seen between volumetric responders
and non-responders. Shortening of Td with CRT occurred ex-
clusively in volumetric responders. It seems that a prolonged
Td at baseline and shortening of Td with CRT, as seen in this
study (Synergy, Figure 4), is pathognomonic for patients with
reversible dysHF and that the patients without such features
have other causes for HF than myocardial dyssynchrony, an
issue already addressed by pioneers in CRT.27 Shortening of
Td with CRT has the benefit of showing a direct response
from CRT compared with measuring baseline values, and it
has been shown that optimization by shortening of
preejection indices in device therapy is feasible.28 One could
easily argue that what is captured in Td is also captured in LV
preejection interval (LPEI). A recent study by Moubarak et al.
showed similar results using non-invasive measurements of
LPEI.29 The study included upgrades and non-LBBB patients

Figure 5 Crude estimates of the relationship between the baseline Td and reverse remodelling and the relationship between the corrected change in
Td and reverse remodelling. (A) Scatterplot is showing the relationship between Td and ESV decrease. Stippled lines mark corresponding baseline Td
values for a 15% and 53% ESV decrease—the line of equality in blue with the corresponding equation for the linear regression. (B) Scatterplot is show-
ing the relationship between the corrected Td change from baseline and ESV decrease. The corrected change means that 15 ms is added to the base-
line Td to compensate for the capture latency with pacing. The stippled lines show the corresponding value of Td change to a 50% decrease in ESV. Line
of equality in blue with the corresponding equation for the linear regression. (C) Scatterplot is showing the relationship between the ratio Td/QRSd
and Td. The relationship shows that a longer baseline Td is also longer relative to the baseline QRS duration. ESV, end-systolic volume; Td, time-to-
peak dP/dt; QRSd, QRS duration.
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Figure 6 Receiver operating characteristics. The figure displays QRS duration, Td at baseline, Q-LV and corrected Td change from baseline as predictors
of long-term volumetric response to cardiac resynchronization therapy. Top panel: Scatterplot and corresponding receiver operating characteristics
curve displaying QRS duration as a predictor of response to cardiac resynchronization therapy. Top middle panel: Scatterplot and corresponding re-
ceiver operating characteristics curve displaying Q-LV as a predictor of response to cardiac resynchronization therapy. Lower middle panel: Scatterplot
and corresponding receiver operating characteristics curve displaying Td baseline as a predictor of response to cardiac resynchronization therapy.
Lower panel: Scatterplot and corresponding receiver operating characteristics curve displaying corrected Td change from baseline as a predictor of
response to cardiac resynchronization therapy. ESV, end-systolic volume; Q-LV, left ventricular electrical delay; Td, time-to-peak dP/dt; AUC, area under
the curve.
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but showed lower LPEI in volumetric non-responders than re-
sponders at baseline, and like in our data, an increase in LPEI
in non-responders. The LPEI study results showed a signifi-
cantly higher response rate among patients with
non-ischaemic cardiomyopathy and a 16 ms decrease in LPEI
with CRT (85% response) compared with patients with an
ischaemic disease without a decrease in LPEI (36%
response).29 LPEI is measured during echocardiographic as-
sessment with single-channel ECG that may be a source of er-
ror; however, inter- and intraobserver variability of <7% have
been found.24,30 The relationship between QRSd and QRS
morphology may be necessary for evaluating baseline
preejection indices as there may be other causes for prolon-
gation of Td than dyssynchrony. Besides, certain features
need to be considered before measuring the response to
CRT with LPEI or Td that may preclude results. Knowledge
of intrinsic AV-interval is required when measuring Td to en-
sure that BIVP occurs with an AV-interval shorter than the in-
trinsic AV-interval so that the timing of Td results from BIVP
rather than from atrial stimulation that conducts through to
the ventricles. Knowledge of the pacing electrode positions
is also essential as this may impact myocardial contraction
patterns and the resulting shortening of Td. The knowledge
of the resulting QRS complex morphology from BIVP is re-
quired to avoid erroneous measurements from paced beats
with loss of capture from either of the electrodes. In addition,
comparing Td from paced and intrinsic beats require correc-
tion for the pace-to-capture latency that may result in erro-
neous classification of the effects from CRT when
comparing de novo CRT implantations and upgrades. Pace-
to-capture latency can be analysed from the resulting EGMs
from the RV and LV electrodes and the QRS-complex, as
shown in Figure 2, and would typically be in the range of
15 ms as found in this study. Comparison of Td should always
be performed at equal heart rates to avoid changes in intrin-
sic AV-conduction times. Identification of pacing from within
a scar, as seen in the Supporting Information, Figure S2, re-
quires thorough examination of EGMs, ECGs and resulting
Td. When searching for the optimal lead position to shorten
Td the most, one should probably utilize known clinical
markers as Q-LV, latest mechanical activated area, distance
from scar, and one may include quadripolar leads or
guidewires designed for pacing for mapping purposes.

Disease modification and mortality associated
with cardiac resynchronization therapy

How to determine response to CRT has been debated over
the past decades, and it has been argued that similar to drug
treatment, one may accept various treatment effects in the
population treated.2 However, left ventricular remodelling
with ESV reduction at more than 6 months is a strong deter-
minant for all-cause mortality and cardiovascular mortality

after CRT.6 To analyse a biomarker’s performance, such as
Td, we felt that an objective endpoint like ESV reduction
was required. We acknowledge that patients may have valu-
able CRT benefits beyond mortality reduction, like symptom-
atic relief and reduced hospitalizations. Despite selecting
patients according to current guidelines, a significant number
of patients may still get worse after CRT with progressive
disease.1 Failure to shorten Td in such patients may indicate
that dysHF is not present, or it may result from inappropriate
placement of the pacing leads. A viable approach for optimiz-
ing the LV lead position could be to target areas where Td
shortens the most. Shortening of Td could be used to confirm
effective resynchronization when selecting pacing sites based
on classical criteria for placement, like interlead distance, Q-
LV, late mechanical contraction, and scar location.

Our study shows that, even in the patients most likely to
respond to CRT,31 we can detect patients with progression
of the disease or potential adverse effects from CRT based
on the response of Td to pacing (Figures 5 and 6). The binary
classification into non-responders and responders does not
consider this effect; however, we may improve our future un-
derstanding of the mechanisms resulting in response to CRT
by including the presence or absence of synergy from
biventricular stimulation in the analyses.

Optimization of lead positioning utilizing Td as a biomarker
could be the path to improve treatment in patients with
dysHF to induce reverse remodelling, stop disease progres-
sion and reduce overall mortality. In a future scenario, one
may expect that patients that do not present with Synergy
from CRT (no shortening of Td compared with baseline), de-
spite all available efforts and techniques, should be evaluated
for implantable cardioverter implantation and be followed by
HF specialist to take advantage of optimal and novel HF treat-
ment. What to do in patients who experience a significant
ventricular pacing burden after optimizing atrioventricular
(AV)-synchrony to achieve better haemodynamics with a
pacemaker remains unanswered by this study. In our opinion,
two options exist for patients without demonstrable Synergy
from CRT; one is to apply BIVP in a configuration that
shortens Td the most or to apply physiological pacing that
is resulting in an unchanged Td compared with baseline. In
such patients, haemodynamic and symptomatic benefits
from improved AV-synchrony may outweigh the detrimental
effects of introducing dyssynchrony by pacing.32

Underlying substrate for dyssynchronous heart
failure and response to cardiac resynchronization
therapy

The mechanical mechanisms associated with dysHF seem to
be linked to left ventricular dyssynergistic contraction pat-
terns resulting from dyssynchronous electrical activation
leading to a shift in regional load during early myocardial
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contraction.33–35 As demonstrated in figure 4, synergy seems
to be a phenomenon linked to CRT that characterize patients
responding to CRT. If an electrical cardiac conduction defect
is linked to a disease, one would expect that removing the
defect would also remove the associated disease. As such,
one could argue that synergy is the required hallmark to
demonstrate the effect of removing the conduction disease
with BIVP in dysHF. The altered myocardial contraction pat-
tern resulting from the conduction block is likely the driver
of the cardiac remodelling processes, and hence, removing
the conduction block should promote reversal of the remod-
elling processes. Contraction patterns present in patients
with LBBB that are modified with CRT may also be modified
by ischaemia or stiffening of cardiac walls.36 Hence, the un-
derlying substrate is potentially modifiable by different mech-
anisms. A patient with an electrical substrate may not
experience any effects from CRT because of co-existing non-
electrical substrates. Therefore, these patients are unlikely
to show synergy as a response to pacing. In addition to LBBB,
artificial stimulation of the myocardium with a pacemaker
may introduce dyssynergistic contraction patterns similar to
that resulting from LBBB, and pacing may be harmful in pa-
tients with and without a prevailing dyssynchronous
substrate.24,37–40 Therefore, it is critical to ensure that heart
failure patients have dyssynergistic contraction patterns be-
fore considering CRT and that they are responding with syn-
ergy when resynchronization treatment is implemented
(Figure 4, confirming the presence of preexisting dyssynergy
and resulting synergy).

QRS duration, left ventricular electrical delay (Q-
LV), and time-to-peak dP/dt (Td)

Prolonged QRSd is a prerequisite for CRT, and shortening
with CRT is associated with a favourable outcome.41,42 QRSd
is scaled to heart and body size, and a strict absolute cut-off
might not be appropriate without considering body size.4,43,44

LBBB in dogs is typically present with a QRSd of 100–110 ms,
while in humans, dependent on body size, it is above 130–
150 ms.11 QRSd may also reflect electrical delays not affect-
ing left ventricular contraction patterns as typically seen in
right bundle branch block.45 QRSd beyond 130 ms without
considering other markers of electrical activation is unlikely
to produce a viable cut-off for patient selection. Careful eval-
uation of electrical activation patterns and QRS morphology
may better reflect the underlying electrical substrate.46

Q-LV similar to QRSd, as expected in patients with LBBB, asso-
ciated with Td at baseline in our study, and it was also asso-
ciated with the decrease in Td from baseline with BIVP and
performed better for detection of non-responders than QRSd
(Figure 6). Q-LV largely depends on electrodeposition and un-
derlying substrate and is linked to QRS duration in LBBB.

The timing of cardiac events is dependent on body size,
heart rate, and contractility, and as demonstrated in this
study—dyssynchrony. Consequently, both QRSd and Td are
expected to be different among patients with different body
constitutions. In addition, myocardial distensity, which allows
deformation prior to Td, may also play a role in the relation-
ship between Td and QRSd, as a more extended baseline Td
relative to the QRS complex is associated with more subse-
quent shortening of Td with CRT (Figure 5).

Future perspectives

Td could find its place as a biomarker to identify dysHF and
to help optimize CRT. A biomarker needs to be robust,
operator-independent and accurate while delivering high
sensitivity and specificity in detecting disease. It is prudent
that a biomarker is measured in its most robust utility in
larger sized clinical trials. Td should be measured invasively,
in the most robust fashion, with a pressure sensor in the LV
until enough clinical evidence has been collected to support
or reject its ability to function as a biomarker for the pur-
pose. An LV catheter with a combined pressure sensor and
electrodes for biventricular endocardial stimulation could
potentially clarify if synergy from pacing is present or not,
even before placing permanent pacing leads into the heart.
Once the biomarker is established, one may search for less
invasive alternatives to replace the method with similar
robust and operator-independent markers; however, non-
invasive surrogates are likely less robust and less accurate
to deliver what is required as a basis for critical clinical
decisions regarding CRT. More effective therapy resulting
from the measurement of Td in patients could promote
cost-effectiveness and CRT utilization and help close existing
knowledge gaps in the current CRT practice.2,47 We have
shown how a prolonged Td and shortening with resyn-
chronization therapy identifies patients with long-term ben-
eficial effects from CRT in a homogeneous group of patients.
It seems even more critical to identify volumetric responders
among patients with an ischaemic myocardial disease and
intraventricular conduction delays with a lower responder
rate.

Limitations

This study was a single-centre observational study with a
small sample size of a relatively homogeneous population.
Therefore, the results may not be valid in a general popula-
tion with a widened QRS complex without typical LBBB or
patients with a significant scar burden. Future studies are
required
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Conclusion

A prolonged Td that shortens with BIVP (synergy from BIV
pacing) characterize patients with dyssynchronous heart fail-
ure and long-term reverse volumetric remodelling and has
the potential to be utilized as a biomarker for precision med-
icine in cardiac resynchronization therapy.
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