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Abstract
Purpose Cardiac disease frequently has a degenerative effect on cardiac pump function and regional myocardial contraction.
Therefore, an accurate assessment of regional wall motion is a measure of the extent and severity of the disease. We sought to
further validate an intra-operative, sensor-based technology for measuring wall motion and strain by characterizing left ventric-
ular (LV) mechanical and electrical activation patterns in patients with normal (NSF) and impaired systolic function (ISF).
Methods NSF (n = 10; ejection fraction = 62.9 ± 6.1%) and ISF (n = 18; ejection fraction = 35.1 ± 13.6%) patients underwent
simultaneous electrical and motion mapping of the LVendocardium using electroanatomical mapping and navigational systems
(EnSite™NavX™ and MediGuide™, Abbott). Motion trajectories, strain profiles, and activation times were calculated over the
six standard LV walls.
Results NSF patients had significantly greater motion and systolic strains across all LV walls than ISF patients. LV walls with
low-voltage areas showed less motion and systolic strain than walls with normal voltage. LV electrical dyssynchrony was
significantly smaller in NSF and ISF patients with narrow-QRS complexes than ISF patients with wide-QRS complexes, but
mechanical dyssynchrony was larger in all ISF patients than NSF patients. The latest mechanical activation was most often the
lateral/posterior walls in NSF and wide-QRS ISF patients but varied in narrow-QRS ISF patients.
Conclusions This intra-operative technique can be used to characterize LV wall motion and strain in patients with impaired
systolic function. This technique may be utilized clinically to provide individually tailored LV lead positioning at the region of
latest mechanical activation for patients undergoing cardiac resynchronization therapy.
Clinical trial registration URL: http://www.clinicaltrials.gov. Unique identifier: NCT01629160.

Keywords Left ventricular wall motion . Left ventricular strain . Electrophysiology mapping . Dyssynchrony . Cardiac
resynchronization therapy

1 Introduction

Cardiac disease often has a degenerative effect on cardiac
pump function and regional myocardial contraction. An accu-
rate assessment of regional wall motion is therefore a measure
of the extent and severity of the disease. Clinically, measure-
ment of cardiac wall motion, strain, and activation patterns can
potentially help to better target distinct therapies; for example,
targeting of the left ventricular (LV) lead at a location of late
mechanical activation in patients undergoing cardiac
resynchronization therapy (CRT). Existing imaging-guided
methods of wall motion assessment, including echocardiogra-
phy (echo) and magnetic resonance imaging (MRI), have
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inherent accuracy limitations and are performed remote from
an actual interventional working environment. Therefore, de-
velopment of an intra-operative method to measure regional
cardiac activation is advantageous.

Previously, we introduced a novel technique for intra-
operative characterization of LV wall motion through the use of
an electroanatomical mapping and navigational system, the
MediGuide™ system (Abbott, St. Paul, MN) [1].We established
the feasibility of this technology by evaluating electrical and
mechanical activation patterns in subjects with normal systolic
function, quantifying normal LV wall motion across the six stan-
dard LV segments, and characterizing mechanical dyssynchrony
and the patient-specific wall of latest mechanical activation. The
significance of this technique, however, lies in its ability to intra-
operatively quantify 3D cardiac mechanics in patients with car-
diomyopathies such as heart failure and ventricular tachycardia
(VT). Therefore, this study had two objectives: first, to further
validate the use of the sensor-based tracking technology for intra-
operative characterization of regional LV wall motion in patients
with impaired systolic function. Secondly, since this technique is
able to simultaneously measure focal electrical and mechanical
activation, we sought to compare electrical and mechanical acti-
vation patterns in patients with normal (NSF) and impaired sys-
tolic function (ISF) and in ISF patients with narrow- and wide-
QRS complexes.

2 Methods

2.1 Patient populations

Patients indicated for a left-heart ablation procedure for atrial
fibrillation (AF), frequent premature ventricular contractions
(PVCs), or ventricular tachycardia (VT) were prospectively
enrolled at the University of Leipzig-Heart Center, Leipzig,
Germany between July 2012 and December 2013. All patients
were at least 18 years of age and in sinus rhythm at time of
enrollment. Patients with permanent AF and history of heart
disease were excluded. The study protocol was approved by
the University of Leipzig-Heart Center ethics committee and
the Federal Institute for Drugs and Medical Devices in
Germany (BfArM). All patients provided informed consent.
Patients were divided into two groups for analysis: those with
NSF and those with ISF, classified as such due to the presence
of ischemic or non-ischemic cardiomyopathy and an ejection
fraction below 55%. ISF patients were further divided based
on QRS width, with a cutoff set at 130 ms, for certain
analyses.

2.2 MediGuide™ technology

The MediGuide™ system has been described previously
[2–5]. Briefly, transmitters integrated in the fluoroscopy c-

arm generate a set of low-intensity alternating electromagnetic
fields around the patient’s chest which allow for real-time
visualization of tools embedded with sensors onto live fluoro-
scopic or pre-recorded cine loops. A reference sensor attached
to the patient’s sternum automatically compensates the sensor
projections for patient movement and variations in respiration.
Surface ECG gating is used to compensate for changes in the
heart rate. The MediGuide system has proven to be highly
reliable and accurate, with a < 0.5-mm offset between the
virtual MediGuide Enabled™ catheter visualization and cath-
eter representation on fluoroscopic cine loops as shown in an
independent phantom model study [6]. For this study, in order
to characterize LV wall motion, the 3D position of a
MediGuide sensor was tracked while a MediGuide
Enabled™ catheter was in contact with the LV endocardial
wall.

2.3 Mapping and ablation procedure

Patient setup before LV motion mapping and the ablation
procedure after LV motion mapping were performed per clin-
ical routine. The procedure was performed while the patient
was under conscious sedation. Two MediGuide Enabled™
diagnostic catheters (Livewire™, MediGuide Enabled™,
Abbott) were placed in the coronary sinus and right ventricu-
lar apex to serve as reference signals. Following a single
transseptal puncture under fluoroscopy, two contrast-filled
ventriculograms (RAO 20–30° and LAO 50–60°) were re-
corded as a dynamic background for the MediGuide system.
After accessing the LV, heparin was administered to maintain
an activation clotting time of over 300 s. LV mapping was
conducted using either a MediGuide Enabled™ diagnostic
catheter (Livewire™, MediGuide Enabled™, Abbott) or ab-
lation catheter (Therapy™ CoolPath™ Duo or Safire™ Duo,
MediGuide Enabled™, Abbott) in conjunction with a steer-
ab le t r anssep ta l shea th (Ag i l i s™ , Abbot t ) . An
electroanatomical mapping system (EnSite™ NavX™,
Abbott) connected to the MediGuide system was used to si-
multaneously collect 12-lead surface ECG and bipolar intra-
cardiac electrograms (IEGMs).

LV motion mapping was conducted non-fluoroscopically
during sinus rhythm prior to catheter ablation by placing the
roving MediGuide Enabled™ catheter in continuous contact
with the endocardial surface for 15–20 s at multiple locations
throughout the LV. Catheter contact was ensured via consis-
tent peak-to-peak amplitude on the bipolar IEGM signal from
the roving catheter, while extensive back pressure on the cath-
eter was avoided by checking for elevation of the ST segment
on the unipolar IEGM signal from the roving catheter. A ho-
mogenous distribution of mapped points throughout the LV
was intended for each case, though the specific number of
map points collected differed among patients due to variance
in LV size and procedure types. Voltage mapping was
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simultaneously performed at each motion mapping location,
and low-voltage scar was defined as < 1.5 mV.

2.4 Data pre-processing

All data analysis was performed offline in Matlab. Raw
MediGuide positional data were exported through the
EnSite™ NavX™ system and up-sampled from a native sam-
pling frequency of 30 to 101 Hz to synchronize with electrical
signals. Effects of respiration on the raw motion data were
compensated for by applying a band-stop filter that excluded
frequency components in the range of the observed respiratory
rates. For each map point, sinus beats were manually selected
for analysis based on consistency of the following electrical
and motion characteristics: (1) waveform morphology on at
least two surface ECG leads, (2) peak-to-peak voltage ampli-
tude on roving catheter bipolar IEGM signals, (3) cycle
length, (4) atrial and ventricular activation depicted on the
CS catheter with consistent atrioventricular delays, and (5)
MediGuide sensor positional data along all three dimensions.
In the case of extra-systolic beats, the beat immediately pre-
ceding and immediately following the premature contractions
were excluded from analysis. Map points with less than three
acceptable beats based on these criteria were excluded from
further analysis. Motion and electrical data from the selected
beats were ensemble averaged to obtain a representative mo-
tion and electrical waveforms per map point, with the onset of
the body surface QRS complex serving as the temporal
reference.

2.5 Motion analysis

Two types of LV wall motion characterizations were per-
formed: point-based displacement and wall segment-based
strain. The LV endocardial surface was divided into six stan-
dard circumferential wall segments, defining a construct in
which each wall segment had two neighboring wall segments.
The anatomical boundaries of these wall segments were de-
fined using patient-specific anatomical landmarks, including
the centroid of the mitral annulus, the LV apex, and the LV
outflow tract. Eachmap point was then assigned to at least one
wall segment, with map points at segmental boundaries be-
tween two neighboring wall segments being assigned to both.

2.5.1 Displacement

To assess displacement of the LV wall at each map point,
ensemble-averaged motion data were used to delineate a 3D
trajectory loop. The extent of motion was defined as the inte-
gral of distance along the entire 3D path. The extent of motion
for all map points within a given wall was averaged together
for comparison across walls as well as between patient groups.
Similar comparisons were made between the basal, mid-

ventricular, and apical regions of the LV. The length of the
LV, used as a surrogate for LV size, was determined intra-
operatively using the MediGuide system as the distance be-
tween the centroid of the mitral annulus to the LVapex.

2.5.2 Strain calculation and determination of mechanical
and electrical activation times

The process for calculating LV wall strain, which is based on
the time-varying change in area of triangles created by
connecting individual map points, is described in greater de-
tail in a previous manuscript [1]. The time of mechanical ac-
tivation for each LV wall segment was defined as the time
from the QRS onset to 90% of the peak minimum of the strain
waveform. LV mechanical dyssynchrony was defined as the
standard deviation of the times of mechanical activation
across the six anatomical LV walls. Similarly, the time of
electrical activation at each map point was defined as the time
to the first peak of the roving catheter’s rectified and
ensemble-averaged bipolar IEGM signal above twice the sig-
nal’s standard deviation. LV electrical dyssynchrony was de-
fined as the standard deviation of the times of electrical acti-
vation across the six LV walls.

Mechanical activation patterns were also elucidated using
speckle tracking echo for comparison with measurements tak-
en from the MediGuide system. Prior to the ablation proce-
dure, all patients underwent a resting transthoracic 2D speckle
tracking echo (GE Vivid 7™, GE Healthcare, Milwaukee,
WI) while the patient was in sinus rhythm. Longitudinal strain
waveforms from the basal, mid-ventricular, and apical regions
of each of the six standard anatomical LV wall segments
(anteroseptal, anterior, lateral, posterior, inferior, and septum)
were averaged using Matlab (Mathworks, Natick, MA) to
obtain an overall strain waveform for each wall segment.
The time of mechanical activation was calculated as the time
from the body surface QRS complex to 90% of the minimum
average strain.

2.6 Statistics

Continuous variables are reported as mean ± standard devia-
tion. p values less than 0.05 were considered significant, and a
Bonferroni-adjusted t statistic was used for comparisons in-
volving multiple groups.

3 Results

3.1 Patient characteristics

This study consisted of 28 patients, 10 categorized as NSF
patients and 18 categorized as ISF patients, with an age of
62.3 ± 11.6 years (NSF, 61.0 ± 7.4; ISF, 63.9 ± 13.7 years)
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and 23/28 males (NSF, 5/10; ISF, 18/18 males). Patient char-
acteristics and procedural data for the two patient groups are
shown in Table 1. NSF patients had significantly larger ejec-
tion fractions and narrower QRS complexes than ISF patients
and were indicated for radiofrequency ablation of AF (n = 9)
or frequent PVCs (n = 1). ISF patients had significantly larger
left atrial diameters than NSF patients; all had ischemic (n =
16) or non-ischemic (n = 2) cardiomyopathy and were indicat-
ed for radiofrequency ablation of VT (n = 18). Of the 18 ISF
patients, 7 had narrow-QRS and 11 had wide-QRS
complexes.

A total of 2491 map points were collected across all 28
patients, for an average of 89.0 points per patient. Of these,
367 (14.7%) map points had less than three acceptable sinus
beats and were excluded from further analysis. A total of 653
map points were recorded from NSF patients, with 145
(22.2%) map points being excluded from analysis for having
less than three acceptable sinus beats. A total of 1838 map
points were recorded from ISF patients, with 222 (12.1%)
being removed from analysis for having less than three accept-
able sinus beats. ISF patients had significantly more mapping
points collected during the procedure (102.1 ± 16.1 vs. 65.3 ±
11.0) than NSF patients, primarily due to their larger heart
sizes.

3.2 Wall motion and strain

The extent of LV wall motion averaged across all points for
each patient is plotted relative to the size of their LV in Fig. 1.
In NSF patients, the extent of motion showed a linear increase
with larger LV size (r = 0.78; p < 0.01), while ISF patients
showed no relationship between extent of motion and LV size
(r = 0.10; p = 0.70).

Aggregate strain waveforms were successfully calculated
for 167/168 LV wall segments across the 28 patients, with the
inferior wall of one NSF patient having no eligible triangles

after applying the criteria. Qualitatively, the majority of strain
waveforms exhibited an initial plateau or a limited initial re-
laxation (positive deflection) followed by a sharp decrease,
indicative of systolic contraction, followed by a more gradual
increase, indicative of diastolic relaxation. Variations in wave-
form shape, likely related to averaging strain waveforms
across the entire LV wall and/or sparse sampling in certain
walls, occurred in less than 15% of LV wall segments. These
variations include waveforms with multiple minimum peaks
and those with prolonged minimum peaks. Examples of ag-
gregate strain waveforms and voltage maps from representa-
tive NSF and ISF patients are shown in Fig. 2.

The extent of motion averaged across LV walls and regions
for NSF and ISF patients are shown in Fig. 3a, b. In NSF
patients, the lateral wall showed the greatest extent of motion
(31.3 ± 7.0 mm) and the septal wall showed the least extent of
motion (28.7 ± 9.7 mm), though none of the walls had a sig-
nificantly different extent of motion from the others.
Additionally, the extent of motion decreased consistently
and significantly from the base to the mid-ventricle to the apex
(31.2 ± 7.6, 29.2 ± 7.7, and 26.1 ± 6.9 mm, respectively). In
ISF patients, the anterior, lateral, and posterior walls showed
the greatest extent of motion (24.4 ± 8.3, 24.4 ± 7.7, and 24.2
± 7.2 mm, respectively) and the septal wall showed the least
extent of motion (22.2 ± 7.4 mm), significantly less than the
anterior, lateral, and posterior walls. There was little difference
in extent of motion across the base, mid-ventricle, and apex in
ISF patients (23.6 ± 7.4, 24.0 ± 8.1, and 23.1 ± 8.4 mm, re-
spectively). NSF patients had a significantly greater extent
of motion in all six LV walls and three LV regions than the
corresponding wall or region of ISF patients.

Minimum peak values of the aggregate strain waveforms
averaged for each wall segment of NSF and ISF patients are
shown in Fig. 3c. Larger negative values of systolic strain
denote greater changes in the area of triangles connecting
motion points, thereby representing more pronounced

Table 1 Patient characteristics

NSF patients
(n = 10)

ISF patients
(n = 18)

Age (years) 61.0 ± 7.4 63.9 ± 13.7

Sex (No. of males) 5/10 18/18

Body surface area (m2) 1.57 ± 0.26 1.58 ± 0.16

Left atrial diameter (mm) 39.9 ± 5.4 47.4 ± 10.1

Ejection fraction (%) 62.9 ± 6.1 35.1 ± 13.6

QRS width (ms) 87.4 ± 7.2 129.1 ± 38.8

Type of ablation procedure AF (9) VT (18)
Incessant PVC (1)

Type of cardiomyopathy None Ischemic (16)

Non-ischemic (2)

Number of map points taken 65.3 ± 11.0 102.1 ± 16.1

Fig. 1 Extent of motion. Motion pathlengths were averaged across all
mapping points in each patient relative to LV length for normal systolic
function (NSF; closed circles) and impaired systolic function (ISF; open
squares) patients. Linear trend lines are shown through the data of each
patient group. Error bars represent the standard error
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shortening. All walls exhibited substantial shortening with an
average of − 40.8 ± 7.6% minimum area strain for NSF pa-
tients and − 28.5 ± 8.2%minimum area strain for ISF patients.
In the NSF patients, the posterior (44.0 ± 4.4%) and lateral
(43.6 ± 5.9%) walls had the most pronounced shortening

while the anteroseptal (38.1 ± 9.6%) and septal walls (38.5 ±
7.6%) tended to shorten less, though none of the LV walls
were significantly different from each other. In the ISF pa-
tients, the anterior wall (31.0 ± 8.9%) tended to have the larg-
est shortening while the posterior wall (24.7 ± 7.0%) had the
smallest shortening, though again none of the LV walls were
significantly different from each other. NSF patients showed
significantly more pronounced shortening across all six LV
walls than the corresponding wall in the ISF patients.

3.3 Electrical and mechanical activation patterns

Within ISF patients, LV walls were separated based on pres-
ence of low-voltage areas (< 1.5 mV), and the extent of mo-
tion and systolic strain were compared between LV walls in
NSF patients and LV walls in ISF patients with normal and
low voltage as shown in Fig. 4. NSF patients had significantly
greater extent of motion than all ISF LV walls, regardless of
presence of low-voltage area. Within ISF patients, LV walls
with low voltage had significantly less extent of motion than
walls with normal voltage. Similarly, NSF patients had signif-
icantly more pronounced shortening than ISF LV walls with
normal and low voltage. In addition, ISF LV walls with nor-
mal voltage trended towards having more pronounced short-
ening than ISF LVwalls with low voltage, though this was not
statistically significant.

The average electrical and mechanical dyssynchrony values
for NSF, narrow-QRS ISF patients, and wide-QRS ISF patients
are shown in Fig. 5. The NSF and ISF patients with narrowQRS
had significantly less electrical dyssynchrony than the ISF pa-
tients with wide QRS (NSF, 9.0 ± 5.6; narrow-QRS ISF, 10.7 ±
8.8; wide-QRS ISF, 26.5 ± 11.9 ms) but were not significantly
different from each other. The mechanical dyssynchrony, how-
ever, showed a different result. When using the MediGuide sys-
tem, NSF patients showed significantly less mechanical
dyssynchrony than both ISF patients with narrow-QRS and
ISF patients with wide QRS (NSF, 36.3 ± 19.9 ms; narrow-
QRS ISF, 76.6 ± 21.3 ms; wide-QRS ISF, 56.3 ± 13.6 ms). The
mechanical dyssynchrony of the two ISF patient groupswere not
significantly different from each other. When using echo, the
same general trend was shown, with ISF patients with both nar-
row and wide-QRS complexes having larger mechanical
dyssynchrony than NSF patients (NSF, 34.7 ± 27.4 ms; narrow-
QRS ISF, 58.1 ± 31.6 ms; wide-QRS ISF, 76.4 ± 39.6 ms).
However, only the wide-QRS ISF patients had statistically sig-
nificantly more mechanical dyssynchrony than the NSF patients.

The wall of the latest mechanical activation as measured
intra-operatively with the MediGuide system and pre-
operatively with echo are plotted in Fig. 6. The two different
techniques produced similar results. In a majority of NSF
patients, the lateral and posterior walls were the last to be
mechanically activated. Similarly, in wide-QRS ISF patients,
the lateral and posterior walls were alsomost often the walls of

Fig. 2 Examples of LV voltage maps and strain waveforms from
representative patients. Voltage maps (a) are displayed in the anterior-
posterior (AP) and posterior-anterior (PA) views, with normal tissue
shown in purple, scar tissue (< 0.5 mV) shown in gray, and areas of low
voltage (0.5–1.5 mV) shown in varying colors. Aggregate strain
waveforms (b) are averaged over each LV wall. The red dotted lines
represent the activation time, defined as the time at − 90% of the
minimum strain. The electrical and mechanical dyssynchrony, measured
as the standard deviation of activation times across the six LV walls, are
labeled for each patient (NSF, normal systolic function; ISF, impaired
systolic function)
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latest activation. However, in narrow-QRS ISF patients, there
was no clear pattern as to which wall was the latest to me-
chanically activate.

4 Discussion

In this study, we demonstrated that the MediGuide
navigational system can be utilized to characterize

and differentiate LV wall motion and strain patterns
in patients with multiple etiologies, including those
with impaired systolic function undergoing ablation
of VT. Given that this technique simultaneously mea-
sures both electrical and mechanical activation via
the EnSite NavX and MediGuide systems, respective-
ly, it can provide interesting insights into how the
two measurements compare across different patient
populations.

Fig. 3 Motion and strain in
different LV walls and regions.
The extent of motion averaged
across LV walls (a) and regions
(b) and the minimum systolic
strain (c) across LV walls are
shown for normal systolic
function (NSF; closed circles) and
impaired systolic function (ISF;
open squares) patients.
Distributions significantly
different between NSF and ISF
patients are indicated with an
asterisk, and significant
differences between walls or
regions within the same patient
group are indicated with a cross.
Minimum systolic strain is
defined as the minimum value of
the aggregate strain waveform
averaged across LV walls. Larger
negative values indicate more
pronounced shortening in the
given wall. Error bars represent
the standard error to improve
visualization

Fig. 4 Effect of low-voltage areas
on LV motion and systolic strain.
The extent of motion (left) and
minimum systolic strain (right)
are shown for patients with
normal systolic function (NSF;
closed circles) and patients with
impaired systolic function (ISF;
open squares). Data for ISF
patients was separated into LV
walls with normal and low
voltage (V), defined as < 1.5 mV
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4.1 Extent of motion and strain waveforms

The idea that the MediGuide system can accurately capture
LV wall motion is supported by several observations. First of
all, motion was larger in NSF patients than in ISF patients,
fitting with the lower ejection fraction in the latter. Secondly,
NSF patients showed progressively more LVwall motionwith
larger hearts, which might be understood by the fact that nor-
mal hearts will have a close range of ejection fraction, and thus
in larger hearts the absolute motion is larger. The fact that this
does not hold true in ISF patients may be because in these
patients, cardiac enlargement may be linked to worse cardiac
function. Thirdly, the NSF patients demonstrated a gradual
decrease of motion from the base to the apex, which fits with
data from a previous study utilizing 3D speckle tracing echo
[7].

Similar to the motion profiles, strain waveform morphol-
ogies were generally more irregular in ISF patients than NSF

patients, which may be a direct consequence of the systolic
dysfunction. Additionally, the degree of myocardial shorten-
ing varied in a non-systematic manner across the LV walls in
ISF patients, while NSF patients showed a steady decrease in
shortening from the lateral and posterior walls to the septal
and anteroseptal walls. NSF patients also had significantly
more pronounced shortening across all 6 LV walls than ISF
patients. These results not only further validate the accuracy of
the proposed technique, but also indicate that the larger extent
of motion for NSF patients shown in Fig. 3a, b translates to
larger strain values.

4.2 Electrical and mechanical activation comparison

NSF patients showed a significantly greater extent of motion
andmore pronounced shortening than ISF patients, evenwhen
the LVwalls were separated based on presence of low voltage.
This may be attributed to the fact that scar tissue will not only

Fig. 6 LV wall of latest
mechanical activation. The LV
wall of latest mechanical
activation as measured intra-
operatively by the MediGuide
system (top row) and pre-
operatively by echocardiography
(bottom row) are shown in
patients with normal systolic
function (NSF) and patients with
impaired systolic function (ISF)
with narrow- and wide-QRS
complexes

Fig. 5 Electrical and mechanical dyssynchrony. The electrical and
mechanical dyssynchrony across LV walls are shown for patients with
normal systolic function (NSF; closed circles) and patients with impaired
systolic function (ISF; open squares) with narrow- and wide-QRS
complexes. Dyssynchrony is defined as the standard deviation of

activation times across the six LV walls. Mechanical dyssynchrony was
measured by the MediGuide system intra-operatively and using
echocardiography pre-operatively. Significant differences in
dyssynchrony are indicated with an asterisk. Error bars represent the
standard deviation
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affect the focal region it occupies, but also has a global effect
on the function of the entire ventricle. As further evidence,
while the extent of motion, which is a more focal measure of
activation, was significantly different between ISF LV walls
with normal and low voltage, the systolic strain, which is a
more global measure of activation, was not significantly dif-
ferent between LV walls with normal and low voltage. A
challenge with this type of measurement, however, is that it
only incorporates endocardial voltage, excluding scar tissue
that may be present on the epicardial surface or within the
myocardial wall.

As shown in Fig. 5, NSF patients showed the least amount
of both electrical and mechanical dyssynchrony as measured
using both the MediGuide system and Echo, as expected.
Narrow-QRS ISF patients had significantly more mechanical
dyssynchrony than NSF patients when measured using the
MediGuide system but not when using Echo. This may be
partially attributed to the large variability of the Echo tech-
nique in assessing mechanical dyssynchrony, as evidenced by
the larger error bars in all three patient groups compared with
the measurements using MediGuide. Additionally, wide-QRS
ISF patients had significantly more electrical and mechanical
dyssynchrony than NSF patients, as would also be expected.

4.3 Clinical implications for CRT

The described intra-operative technique to characterize LV
wall motion and strain may be useful in guiding LV lead
implantation during CRT procedures. As the TARGET and
STARTER studies demonstrated, patients receiving targeted
LV lead implantation at the point of latest mechanical activa-
tion have improved clinical outcomes over patients receiving
LV leads using a conventional implantation strategy [8, 9].
However, the requirement of pre-operative echocardiography
makes this difficult to implement in many clinical settings.
Using a similar approach as the present study, except taking
measurements epicardially instead of endocardially, it may be
possible to track a MediGuide sensor-enabled tool such as a
guidewire at several locations along the CS tributaries during
CRT procedures in order to intra-operatively determine the
region of latest mechanical activation and provide guidance
for placing the LV lead. This individually-tailored approach to
LV lead placement may improve the likelihood of CRT re-
sponse in the traditional wide-QRS, LBBB patient.

Since several studies have also shown a positive patient
response to CRTwhen the LV leadwas implanted at a location
with late electrical activation [10–13], the question arises as to
whether it matters whether the electrical delay or the mechan-
ical delay is used to guide LV lead implantation. A variable
relationship between electrical and mechanical activation has
been demonstrated in the literatureWyman et al. found a close
relationship between mechanical and electrical timing in dogs
during ventricular pacing using direct electrical mapping and

MRI tagging [14]. Similarly, Suever et al. compared cardiovascu-
lar magnetic resonance data to electrical measurements directly in
CRT patients and found a good correlation [15]. Kroon et al. also
found a close relationship in CRT patients, although it was weaker
in regions with low voltage [16]. In contrast, Fujiwara et al. eval-
uated mechanical activation using speckle tracking echo and
found a poor relation to electrical measurements in CRT patients
[17]. Further, in a study combining computermodeling and speck-
le tracking echo in CRT candidates, it was shown that the deter-
mination of the time of peak shortening can be difficult due to
double peaks observed in those signals [18]. Therefore, the more
complicated electrical and contraction patterns in failing hearts
may explain the variable relationship between electrical and me-
chanical activation in ISF patients, making the clinical choice
between using electrical or mechanical activation non-trivial in
heart failure patients undergoing CRT. Since this choice involves
practical considerations, such as ease and speed of measurement,
the region of latest electrical activation has been more widely
adopted clinically. However, with improved intra-operative tech-
nology such as this one, implanting the LV lead at the region of
latest mechanical activation becomes a more feasible option.

In addition, this technique may re-open the question as to
whether heart failure patients with narrow-QRS complexes
can benefit from CRT. The largest clinical trial on this topic
found that heart failure patients with narrow-QRS complexes
(<130 ms) do not benefit from CRT implantation [19]. Yet, it
may be the case that these patients did not benefit from CRT
implantation because their LV leads were implanted using the
conventional anatomical approach, rather than being opti-
mized for each patient. Results shown in Fig. 5 of the current
study and in previous studies indicate that some patients with
narrow QRS complexes can still present with mechanical
dyssynchrony [20–23]. If we take into consideration the re-
sults in Fig. 6, the NSF and wide-QRS ISF patient groups
showed a majority of patients with the lateral/posterior walls
being the last to be mechanically activated, which is why the
conventional LV lead implantation approach targeting the lat-
eral wall makes sense in heart failure patients with wide-QRS
complexes. However, the narrow-QRS ISF patients had no
clear pattern as to which wall was the last to be activated,
which suggests that while they have systolic dysfunction, it
is not the same mechanism and presentation as the traditional
LBBB wide-QRS patient that has shown clear benefits from
CRT implantation. Therefore, it is possible that narrow-QRS
patients may benefit from CRT implantation if a patient-
specific LV lead implant strategy is executed. Further studies
targeting this specific patient group would need to be per-
formed before this can be definitively determined.

4.4 Limitations

This was an acute, single-center study with a relatively small
number of patients with diverse etiologies. Due to the different
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types of ablation procedures performed, 4 different operators
were used for the study. Though motion mapping was per-
formed per the same study protocol, this may have contributed
to some of the differences seen across patients. Significantly
fewer map points were taken for NSF patients than ISF pa-
tients, primarily due to the larger hearts of ISF patients.
However, a homogeneous sampling across all walls and re-
gions of the LV endocardium was targeted in all patients. All
patients were required to be in sinus rhythm during mapping,
which limits future application of this technique.
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