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Abstract

Purpose—Imaging late mechanical activation may identify effective left-ventricular (LV) pacing
sites for cardiac resynchronization therapy (CRT). However, there is variability in defining
mechanical activation time, with some studies using the time to peak strain (TPS) and some using
the time to the onset of circumferential shortening (TOS). We developed improved methods for
imaging mechanical activation and evaluated them in heart failure (HF) patients undergoing CRT.

Methods—We applied active contours to cine displacement encoding with stimulated echoes
(DENSE) strain images to detect TOS. Six healthy volunteers underwent MRI at 1.5T, and 50
patients underwent pre-CRT MRI (strain, scar, volumes) and echocardiography, assessment of the
electrical activation time (Q-LV) at the LV pacing site, and echocardiography assessment of LV
reverse remodeling six months after CRT. TPS at the LV pacing site was measured by DENSE.

Results—The latest TOS was greater in HF patients vs. healthy subjects (112+28ms vs. 61+7ms,
p<0.01). The correlation between TOS and Q-LV was strong (r>0.75; p<0.001) and better than
between TPS and Q-LV (r<0.62; p=0.006). Twenty-three of 50 patients had the latest activating
segment in a region other than the mid-ventricular lateral wall, the most common site for the CRT
LV lead. Using a multivariable model, TOS/QRS was significantly associated with LV reverse
remodeling even after adjustment for overall dyssynchrony and scar (p<0.05), whereas TPS was
not (p=0.49).

Conclusions—Late activation by cine DENSE TOS analysis is associated with improved LV
reverse remodeling with CRT and deserves further study as a tool to achieve optimal LV lead
placement in CRT.

SCorresponding author: Frederick H. Epstein, Ph.D., Professor of Biomedical Engineering, Biomedical Engineering and Biomedical
Science Building (MR5), 415 Lane Road, Charlottesville, VA 22908, Phone: 434-982-4100, Fax: 434-982-3870, the6b@virginia.edu.
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INTRODUCTION

Disorders of the cardiac conduction system such as left bundle branch block (LBBB) and
intrinsic myocardial disease cause regional electrical and mechanical activation delays and
dyssynchrony (1). These delays vary from patient to patient and can be modified by
myocardial scar (2). Cardiac resynchronization therapy (CRT), a common treatment in heart
failure (HF), is used to improve synchrony and thus reduce morbidity and mortality (3-5).
However, the nonresponder rate remains high (approximately 40%) using the standard CRT
approach (6,7). Pre-procedure cardiac imaging is promising for the identification of more-
effective pacing sites that may reduce the nonresponse rate. While multiple studies have
established that a high CRT nonresponse rate is strongly associated with scar burden,
posterolateral scar, and scar at the LV lead implantation site (8-11), it is also established that
ideal LV lead implantation sites would be both free of scar and have delayed mechanical
activation (12-14). However, there is variability regarding the definition and computation of
mechanical activation time, with some studies using the time to peak strain (TPS) (14), some
using the presence or extent of late strain onset (12,15), and some relying on manual
adjustment of regions of interest during image analysis (14).

Since electrical depolarization initiates mechanical contraction, detecting the onset of
contraction represents a nearly direct method for imaging cardiac activation. Using
myocardial tagging to assess the time to the onset of circumferential shortening (TOS),
McVeigh and colleagues showed a close linear relationship between TOS and electrical
activation time and the ability to detect late-activating regions in paced canines (15). While
these studies proved the feasibility of imaging TOS to detect late activation, the methods do
not easily translate to clinical imaging due to the lengthy process required for accurate
analysis of tagged images.

Cine displacement encoding with stimulated echoes (DENSE) is a newer myocardial strain
imaging method (16-18) that encodes tissue displacement into the phase of the MR signal
and facilitates rapid strain analysis while maintaining accuracy and reproducibility
equivalent to myocardial tagging (19). Cine DENSE has been validated versus tagging for
the quantification of mechanical dyssynchrony in canines (20), and mechanical
dyssynchrony quantified by cine DENSE in HF patients has been shown to be predictive of
CRT response (12). Using preliminary methods for the binary assessment of delayed
regional mechanical activation, we have shown that the presence of delayed activation at the
CRT LV pacing site imaged using cine DENSE is highly associated with CRT response
(12,13).

In the present analysis, we developed methods to automatically perform cine DENSE TOS
mapping and applied these methods to consecutive patients enrolled in a clinical CRT study
in which they underwent pre-CRT cardiac MRI, assessment of Q-LV (QRS to LV
electrogram time) at the LV pacing site during the CRT procedure, and assessment of LV
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reverse remodeling based on echocardiography before and after CRT. We tested the
hypotheses that, compared to cine DENSE TPS measurements, cine DENSE assessment of
TOS at the LV pacing site is more closely associated with the Q-LV at the CRT LV pacing
site and with the CRT response based on LV reverse remodeling.

MATERIALS AND METHODS

Cohort Selection

Data were acquired from six healthy volunteers (n = 6) and fifty HF patients (n = 50) in
accordance with protocols approved by our Institutional Review Board for Human Subjects
Research, with all subjects providing informed consent. All patients met the standard criteria
for CRT based on established clinical guidelines (21) and had a glomerular filtration rate of
at least 40 ml/min/1.73m? in order to receive gadolinium. Of the 50 patients, 26 had
ischemic cardiomyopathy defined as heart failure believed to be secondary to ischemic heart
disease based on the results of coronary angiography and noninvasive imaging. All patients
underwent standard CRT procedures in our institution’s electrophysiology laboratory where
lead implantation was determined based on operator preference for all patients. Operators
were blinded to the MRI results in all but five cases, where MR analysis was completed
prior to the CRT procedure. With respect to typical operator preference without MRI
guidance, operators tend to initially target a site on the LV free wall corresponding to the
largest coronary sinus branch. CRT response was defined as a 15% reduction in the LV end-
systolic volume (LVESV) based on echocardiography before and 6 months after CRT (22).
The authors were blinded to TPS and TOS when assessing the reduction in LV ESV.

Cardiac MR Protocol

All MR studies in HF patients were performed prior to CRT, as described previously (12).
Data were acquired using a 1.5T MR scanner (Avanto, Siemens, Erlangen, Germany) with a
four-channel phased-array radiofrequency coil. The imaging protocol included steady-state
free precession (SSFP) cine imaging, late-gadolinium enhancement (LGE) and cine DENSE.
Cine DENSE was performed in 4 short-axis planes at basal, two mid-ventricular, and apical
levels. Cine DENSE parameters included a temporal resolution of 17 ms, pixel size of 2.8 x
2.8 mm? and slice thickness = 8 mm. Displacement was encoded in two orthogonal
directions and a spiral k-space trajectory was used with 6 interleaves per image. Other
parameters included: field of view = 350 x 350 mm?, displacement encoding frequency ke =
0.1 cycles/mm, flip angle 15° and echo time = 1.9 ms.

Use of Active Contours to Automatically Compute TOS

Semi-automatic strain analysis methods for cine DENSE have been described previously
(18,23,24) and were used to compute regional circumferential strain (Ec) for the cine
DENSE images. For each slice, midwall E.. was computed for 18 circumferential segments
and for all (30 — 40) cardiac phases. To facilitate the automatic computation of TOS, the
spatiotemporal midwall E.. data were arranged into a 2D matrix consisting of N rows and M
columns, where N represents the number of spatial segments and M represents the number
of cardiac phases. Singular value decomposition (SVD) filtering was applied to denoise the
strain matrix while maintaining the main features of the spatiotemporal strain field (25).
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SVD of the strain matrix was performed by decomposing E.. as Eqc = USV*, where S=
diag(Sq, Sy, S3,..., S¢), the columns of U are orthonormal spatial basis vectors, the columns
of V are orthonormal temporal basis vectors, * denotes the conjugate transpose operation
and r represents the rank of E... To balance denoising and preservation of detail, a rank-3
SVD approximation of E; was used.

For the ECG-triggered cine DENSE sequence, the TOS corresponds to the point in time
after system detection of the ECG R-wave where dE./dt first transitions from a value near
zero to a negative value (15,26). Also, since electrical depolarization originates in the right
atrium and propagates through the heart’s conduction system, activation is continuous across
the LV. Given these considerations, we applied an active contour (27) to the denoised strain
matrix to compute the TOS map for a slice, as active contours detect image edges (the 2D
spatiotemporal gradient of the strain matrix forms a minimum at the TOS) and maintain
spatial continuity.

To iteratively guide the active contour to the TOS solution, we used the 2D gradient of the
strain matrix to provide forces of attraction and repulsion. The active contour was initialized
to the first cardiac phase for all spatial locations. The TOS map for each slice was defined by
the final position of the active contour as a function of LV segment.

The active contour was computed using standard methods (27), where the energy functional
of the active contour, s(p)was defined as:

1 1

Eactive contour = fEactive contour (5 (p)) dp= fEint (5 (P)) + Eeoxt (5 (p)) dp [1]
0 0

The internal energy component is given by

Bu (s 0) = ()]s 0

+5(p) |s” (p)‘z)

[2]

where a and Bare constants controlling the stretch and curvature of the contour,
respectively, and where s and s” represent the first and second derivatives of s,
respectively. The external energy component is the 2D gradient of the strain matrix and is
defined as

Eext (s () = — [VEe (2, t)]*  [3]

where E is the denoised strain, and V denotes the 2D gradient operator. The energy
functional of the active contour is minimized iteratively using the gradient descent method to
compute a solution for s(p).

The two adjustable parameters a and g of the active contour were tuned using separate data
sets not included in this study, and then were held constant for all study datasets. These
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parameters were tuned so that the active contour could bend sufficiently to detect late
activating segments without oversensitivity to noise. The author (DAA) computing TOS was
blinded to the CRT outcomes.

TOS Offset Due to System Delays

The calculation of TOS is referenced to the time of the first image of the sequence of cine
DENSE images. To reference TOS to the surface ECG QRS peak instead, we measured the
delay through the MR system physiological processing unit (36 ms) and accounted for the
time used to execute radiofrequency and gradient pulses prior to data readout (10 ms).
Accounting for these times, we added a 46 ms offset in time to the E..-time curves.

Registration of the CRT LV Lead Position at Fluoroscopy with MRI

Registration between biplane fluoroscopy and MRI was accomplished using a modified
version of the o’clock method described by Albertsen et al (28) in which we first determined
the standard clock face degrees in the left anterior oblique view and basal-apical distance in
the right anterior oblique view according to the method, and then used the procedural
coronary venogram to improve registration by identifying the coronary sinus os and the most
anterior aspect of the vein. The short-axis angular orientation and basal-apical distance
obtained from the Albertsen method were applied directly to the 3D MRI TOS and TPS
maps for more accurate registration of the TOS and TPS at the LV lead position. The LV
lead was determined to be located in an area of scar if it was within 1 cm of scar or there
was scar in the AHA segment corresponding to the lead location.

Comparison of Mechanical and Electrical Activation Times and Assessment of Scar and
TPS at the LV Lead Position

Statistics

During CRT implementation, the time interval from the start of the surface QRS to the peak
of the LV electrogram at the LV lead implantation site (Q-LV) was assessed (29), and, using
the mapping from fluoroscopy to MRI, Q-LV was compared to TOS and TPS at the lead
position. In patients with previous myocardial infarction, criteria for scar tissue was a signal
intensity at least 2 standard deviations above the mean signal intensity in remote areas. Scar
was manually segmented from LGE images by an experienced author (KCB, CMK, MS) as
previously described (17) for the determination of presence of scar at the LV lead position.
The LV lead was determined to be located in an area of LGE scar if it was within 1 cm of
scar or there was scar in the American Heart Association segment corresponding to the lead
location. TPS at the LV lead position was computed as the time corresponding to the
minimum value of the Ecc curve at that location. The author (DAA) computing TPS and the
author segmenting scar (KCB) were blinded to the CRT outcomes.

Statistical analysis was performed using SAS 9.4 (Carey, NC). Categorical variables were
characterized by the frequency and percentage, while continuous variables were
characterized by the mean and standard deviation, or median and interquartile range.
Comparisons between continuous variables were performed using the student’s t-test.
Correlations between continuous variables were performed using the Pearson’s correlation
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coefficient rafter confirmation of normality using the Shapiro-Wilk test. Bland-Altman
analysis was used to assess the agreement between measurements of activation time.

Bivariable (bivariate) linear regression was used to evaluate the associations between MRI
imaging parameters and CRT response based on the percent change in the LVESV 6 months
after CRT, the most commonly used measure of LV reverse remodeling after CRT.
Multivariable linear regression was used to evaluate the MRI parameters with the most
significant associations with CRT response based on bivariable analysis for CRT response.
The MRI parameters evaluated included TOS at the LV lead position, TPS at the LV lead
position, scar at the LV lead position, and the circumferential uniformity ratio estimate
calculated using singular value decomposition (CURE-SVD) (13). P<0.05 was considered
statistically significant.

The clinical characteristics of the HF/CRT patients are shown in Table 1.

Quantification of Late Mechanical Activation

Example DENSE Ecc maps at various cardiac phases are shown in Figure 1, illustrating

typical spatiotemporal patterns of circumferential shortening in a healthy volunteer and a
patient with HF-LBBB. Mechanical dyssynchrony is evident in the HF-LBBB patient, as
panels F and G of Figure 1 demonstrate early stretch and late activation in the LV lateral
wall (arrow).

Figure 2 illustrates the SVD-denoised strain matrices and corresponding strain-time curves
for selected segments for the healthy volunteer and patient shown in Figure 1. The examples
show synchronous contraction throughout all LV segments for the healthy volunteer and
delayed mechanical activation in the lateral wall for the HF-LBBB patient. Figure 2 also
depicts the use of active contours to find late activating segments. Shown on the strain
matrix pixels are arrows indicating the 2D spatiotemporal gradient that provides the external
energy driving the active contour. The final position of the active contour is displayed as a
TOS map as demonstrated in Figure 2C and Figure 2F for the volunteer and HF-LBBB
patient. Using these methods, the mean of the latest TOS was greater in HF/CRT patients
than healthy volunteers (112 + 28 ms vs. 61 = 7 ms, p < 0.01).

Comparison of Mechanical and Electrical Activation Times

Figure 3 shows the strong correlations between TOS and Q-LV both for patients who had the
LV lead placed in a region without scar (panel A; r=0.76, p < 0.001) and those who had the
LV lead placed in a region with scar (panel B; r=0.84; p<0.001). We observed a greater TOS
when the CRT LV lead was in a region containing scar (Fig 3A vs. Fig 3B), consistent with a
scar-mediated delay in electromechanical coupling. Bland-Altman plots (Fig 4 A,B) show
good agreement between TOS and Q-LV (both normalized to the QRS duration), with a bias
relecting a longer mechanical vs. electrical activation time in patients with scar at the LV
lead position. In a multivariable linear model, TOS normalized for QRS duration
(standardized estimate 0.668, p<0.0001) adjusted for the presence of scar at the LV pacing
site (standardized estimate —0.298, p=0.005) was strongly correlated with the Q-LV (model
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R2=0.512, p<0.0001). In contrast, correlations between TPS and Q-LV were lower for both
groups (r=0.44, p=0.006 for panel C [without scar]; r=0.61, p=0.02 for panel D [with scar]).

Heterogeneity in the Location of the Region of Latest Mechanical Activation and CRT LV
Lead Placement

Figure 5, panels A and B, show example bull’s eye plots of multislice TOS maps, with
Figure 5A showing latest activation in the basal anterolateral wall and Figure 5B showing
latest activation in the lateral wall toward the apex of the LV. Figure 5C shows the
distribution of the location of the latest activated segment, with 27 patients having the latest
activated region in the lateral wall at the mid-ventricular level, and 23 patients having latest
activation in other locations. As shown, the location of latest activation can vary both
circumferentially and from base to apex in the LV.

TOS normalized by the QRS duration provides a dimensionless parameter with median of
0.54 and range of 0.22-1.0 for the patients in this study. For all patients in the study, Figure
6 shows the TOS at the LV lead location normalized to the QRS duration. As shown, 40%,
34%, and 26% of patients had the LV lead placed in a segment with TOS < 50%, 50-69%,
and 70-100% of the QRS duration, respectively, highlighting the potential for improvement
with imaging guidance. Similarly, 15%, 15%, 25%, and 45% of patients had the CRT LV
lead placed in regions with <40%, 40-59%, 60-79%, and 80-100% of the maximum
mechanical delay.

TOS Predicts Post-CRT LV Reverse Remodeling

With respect to CRT response, TOS/QRS was significantly associated with LV reverse
remodeling measured as the change in LVESV 6 months after CRT (Table 2 and Table 3).
Table 2 shows results of a bivariable linear regression models with key MRI parameters as
independent variables and the 6-month percent change in LVESV as the dependent variable.
As shown in the table, TOS was much more strongly associated with CRT response than
TPS. Table 3 shows results of a multivariable linear regression model for TOS/QRS and
CRT response with adjustment for CURE-SVD and scar at the LV lead position. As shown
in the table, TOS/QRS was significantly associated with LV reverse remodeling, as were
scar at the LV pacing site and CURE-SVD. The coefficients in the models for TOS/QRS
were —0.461 (p=0.012) in Table 2 and —0.433 (p=0.0046) in Table 3, indicating that each
increment of 0.1 in this parameter (for example, an increase in TOS from 50% to 60% of the
QRS duration) would be expected to result in an additional absolute 4.6% or 4.3% reduction
in the LVESV with CRT. In contrast, TPS was not associated with the change in LVESV
after CRT either before adjustment for CURE-SVD and scar at the LV lead position
(p=0.96) or after adjustment (p=0.49) (Table 4).

DISCUSSION

Major Findings
The major findings of this study are (a) TOS can be readily measured noninvasively in heart

disease patients using active contours applied to cine DENSE strain data and correlates
strongly with the electrical activation time, (b) TOS correlates better than TPS with
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electrical activation, (c) there is a delay between mechanical and electrical activation in
segments with scar, (d) there is substantial heterogeneity in the location of the latest
activating region, defined by TOS, in HF patients referred for CRT, (e) in a substantial
number of patients the LV lead is placed in an area with significantly less than the maximal
mechanical activation time using the conventional CRT implementation, and (f) TOS/QRS at
the LV lead position is an independent predictor of LV reverse remodeling after CRT after
adjusting for overall dyssynchrony and presence of scar, whereas TPS is not in this cohort.

Advantages of TOS Versus TPS

While previous studies used TPS to assess mechanical activation (14,30), our data show
advantages for TOS with respect to correlation with electrical activation and prediction of
CRT response. The causal relationship between electrical depolarization and the onset of
contraction provides a direct physiological rationale for using TOS. The strong correlation
of TOS and electrical activation observed in patients is consistent with previous results in
animal models (26). The advantages of TOS over TPS are reflected in the finding that TOS
was strongly associated with post-CRT reverse remodeling, whereas TPS was not.

Heterogeneity in Location of Sites with Late TOS

The predominantly anterolateral, lateral, and inferolateral locations of the mechanically late-
activating regions are generally consistent with electrical activation patterns for LBBB (31)
and with prior echocardiography TPS findings in a similar patient population (30). However,
patient-to-patient heterogeneity within this general region was observed. The heterogeneity
in the location of latest activating segments is a possible cause of nonresponse to CRT. Our
data confirm that, using standard CRT implementation methods, the LV lead is often placed
in a region that is not the latest activated.

Active Contour Methodology

In previous studies TOS was computed for individual regional strain-time curves,
independent of position, by fitting the data in time (15). We used active contours to
incorporate spatiotemporal continuity into the computation of TOS. This approach is
consistent with the intrinsic spatiotemporal smoothness of depolarization and may be
advantageous for noisy strain data. The use of active contours to measure TOS prevented the
erroneous detection of TOS in regions with scar, as scar regions recoil later in the cardiac
cycle, whereas viable late-activating areas contract within the first 300 ms of the cardiac
cycle, as a conservative estimate. Using active contours tuned for limited bending, in the
present study all TOS values were less than 300 ms and all corresponded to non-scar
regions. While we applied one-dimensional active contours to each slice, future
improvements could investigate 2D active contours to estimate LV TOS surfaces.

Circumferential vs. Radial Strain

Regarding the choice to use circumferential rather than radial strain in this study, we have
previously shown the superiority of DENSE circumferential strain over radial strain for the
quantification of dyssynchrony (20), a parameter closely related to mechanical activation
time. Also, it has been shown that cine DENSE assessment of circumferential strain is more
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reproducible than radial strain (19,32). Furthermore, the finding that circumferential strain
performs well for this application makes physiologic sense based on the circumferential
orientation of midwall myocardial fibers, as shown by diffusion tensor imaging in a canine
model of dyssynchrony (33). Lastly, radial strain is particularly poorly-suited for this
application beause HF-CRT patients often have dilated ventricles with decreased wall
thickness.

Integration of Mechanical Activation Delay and Scar for Optimal CRT Lead Implantation

In addition to late mechanical activation, LV lead position in relation to scar location has
been shown to be associated with CRT response. Scar located in the posterolateral segment
or LV free wall has been shown to be associated with a decrease in CRT response (8,9,11).
As myocardial scar is not readily excitable (34), pacing over a scar region will lead to a
prolonged and fractioned QRS complex (35,36) and is associated with a higher rate of death
or HF hospitalization (10). Furthermore, it has been shown that pacing outside the LV free
wall scar is associated with better CRT response than pacing over LV free wall scar (10). An
ideal location would be free of scar, late activating, and accessible by a coronary vein.

Comparison with Other Methods for Imaging Mechanical Activation

The methods developed in this study compare favorably to other methods for imaging
cardiac mechanical activation. Radial displacement of the endocardial border imaged using
cine MRI has been used previously to identify late activating regions (37), however the
relationship between mechanical and electrical delay was inconsistent using this technique
compared to our present results. CMR feature tracking has been investigated for imaging
late mechanical activation (38), however this study used TPS, not TOS, as a measure of
activation time and feature tracking is known to be accurate for whole-slice strain but
inaccurate for assessment of segmental strain (39). Echocardiography has also been
evaluated for this purpose (40), but MRI is advantageous because it provides scar burden and
distribution, coronary venous imaging, and more reproducible strain data.

Clinical Application and Significance

There are a number of advantages to a strategy based on pre-procedure cardiac MRI versus
measuring QLV during the procedure. First, MRI evaluation prior to CRT with the addition
of MR coronary sinus venography can show the location of venous anatomy relative to areas
of late mechanical activation and scar. Second, there may be a site with optimal TOS that is
not available from the coronary sinus branches, such that the QLV would never be assessed
at this site, and the maximal QLV assessed from the coronary sinus branches would be
different from the non-coronary-venous site with maximal TOS. If the patient were a
nonresponder after CRT, because this site could not be accessed, knowledge based on MRI
that a better site exists would provide justification for surgical placement of an LV epicardial
lead at this site. Third, this methodology could be useful in the future with the expected
introduction of leadless LV pacing electrodes, as well as for patients in whom endocardial
pacing with a transseptal pacing leading is feasible. Fourth, pre-procedure MRI allows
imaging of scar, which is prevalent in over half of our patients referred for CRT. Finally,
electromechanical coupling may vary from patient to patient.
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The absolute decrease in post-CRT LVESV of about 4.5% for each absolute 10% increase in
the TOS/QRS ratio is clinically significant. For example, in a patient with a QRS of 150 ms,
a 20% absolute increase in the TOS from 50 to 70% of the QRS duration (75 ms to 105 ms)
would be expected to result in an absolute additional 9% reduction in LV reverse
remodeling. In this hypothetical example, if the CRT pacing site with a TOS of 75 ms would
result in an 8% reduction in LVESV, the site with a TOS of 105 ms would be expected to
result in an LVESV reduction of 17%, which would cross the threshold for the accepted
cutoff of 15% in LVESV reduction for CRT response. If a TOS of 120 ms could be achieved
(TOS-QRS ratio of 80%), the reduction in LVESV would be over 21%. While this is one
hypothetical example, we demonstrate in this study that in more than half of patients the LV
lead is implanted in a region with TOS less than 60% of QRS, demonstrating significant
capacity for improvement by targeting late-activating sites. While these findings do not
prove that major improvements can be achieved with MRI guidance, they do provide the
rationale for a clinical trial using MRI guidance with cine DENSE TOS mapping, LGE scar
imaging, and MR coronary venography (41) to determine optimal LV pacing sites and
achieve the maximum possible CRT response.

Limitations of this study include that cine DENSE covered approximately 80% of the
cardiac cycle. A modified cine DENSE sequence with coverage of the full cardiac cycle is
currently under development. Although the temporal resolution of cine DENSE (17 ms) is
not currently as high as that of echocardiography, this resolution is still quite good, and was
sufficient to yield very strong associations with electrical activation and clinical CRT
response. The temporal resolution may be increased in future versions of the pulse sequence.
Our measurements of electrical activation were taken at the LV lead location only.
Measurement of electrical activation at more locations would provide additional data for
validation of cine DENSE TOS mapping, although our approach was chosen to minimize
disruption of the CRT procedure. In addition, the proposed method includes the need for an
additional MRI study; however, the value added by the extra MRI study may outweigh the
disadvantage because of the high-quality strain data, scar data, and coronary venous
anatomy provided by MRI. The methods in this paper were evaluated in patients with new
CRT implants, such that there is also a need to test applicability of these methods to patients
requiring CRT upgrades. This should be feasible as the use of MRI in patients with MR-
conditional pacemakers and ICDs will increase in the immediate future, and methods to
overcome MRI artifacts during cardiac imaging in patients with devices are now available
and undergoing optimization. We recognize that there may be limitations regarding
registration of the LV lead position between fluoroscopy and MRI (42). Specifically, the
orientation and degree of rotation of the heart may vary from patient to patient, and there can
be significant interobserver variability among physicians regarding how biplane fluoroscopy
of the LV leads is interpreted.

In conclusion, this study demonstrates a robust methodology for cardiac MRI mapping of
LV mechanical activation in CRT patients that is more strongly associated with CRT
response and electrical activation than measures based on regional time to peak strain. Our
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results provide data showing that a randomized prospective CRT clinical trial based on MRI
guidance is warranted.
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Figure 1. Spatiotemporal patterns of mechanical activation
Five time points distributed across the cardiac cycle show typical spatiotemporal patterns of

circumferential shortening in a healthy volunteer (A-E) and a patient with HF-LBBB (F -
J). (A -E) illustrate a synchronous contraction for all LV segments. In contrast, (F —J)
illustrate dyssynchrony, as contraction and stretch occur simultaneously. The white arrows in
(F, G) show a region of late mechanical activation in the lateral wall during early systole.
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Figure 2. Analysis of late mechanical activation
SVD-denoised strain matrices, E.-time curves and DENSE mechanical activation time

maps are shown for a healthy volunteer (A — C) and a HF/CRT patient (D — E). Panels (A-
C) correspond to the healthy volunteer and demonstrate synchrony of contraction, detection
of the activation times using the active contour, and early mechanical activation throughout
the entire slice. In contrast, panels (D-E) show a region of pre-stretch and late activation,
detection of the late-activating region by the active contour, and an activation time map
depicting late activation of the lateral wall.
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Figure 3. Electromechanical correlations
Correlation plots are shown for: (A) TOS vs. Q-LV for patients with the LV lead location in

a region without scar, (B) TOS vs. Q-LV with the LV lead placed in scar, (C) TPS vs. Q-LV

Page 16

for LV lead implant sites without scar, and (D) TPS vs. Q-LV LV lead implant sites with

scar.
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Figure 4. Electromechanical Bland-Altman analysis
Bland-Altman plots are shown to assess the agreement between TOS/QRS and QLV/QRS

for the cases of (A) patients with the LV lead location in a region without scar, and (B) cases
with the LV lead placed in scar. In both cases, fairly small biases are observed, with a greater
delay in mechanical activation relative the electrical activation when the LV lead was placed
in a region with scar.
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Figure 5. Heterogeneity of thelocation of the latest mechanically activated segment
(A) An example patient is shown with the latest mechanical activation in the basal anterior

segment of the LV. (B) An example patient is shown with latest mechanical activation
occurred in the apical inferolateral segment. (C) The distribution of the location of the latest
activated segments is shown for all patients.
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Figure 6. Frequency of LV lead implantation in late-activation siteswith the standard CRT

procedure

The time to the onset of shortening (TOS) has been normalized to the QRS duration to
specify activation time as a percentage of the QRS width. In more than half the patients
undergoing CRT, the LV lead was placed in a region with TOS less than 60% of the QRS

duration.
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Table 1
Clinical and MRI Characteristics of CRT Cohort (n=50)
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Characteristics
Age (years) 64.8 £9.6
Gender (female) 15 (30%)
Ischemic Heart Disease (n [%]) 26 (52%)
Diabetes Mellitus (n [%]) 18 (36%)
CKD (n [%]) 13 (26%)
RBBB (n [%]) 3 (6%)
NYHA Class
NYHA II (n [%]) 9 (18%)
NYHA HI (n [%]) 41 (82%)
CRT Indication
QRS Duration (ms) 159 +18.2
Class | (LBBB, QRS =150 ms) (n [%]) 32 (64%)
Class lla (n [%]) 18 (36%)
Medications
Beta Blocker (n [%]) 47 (94%)
Carvedilol (n [%]) 25 (50%)
Metoprolol (n [%]) 22 (44%)
ACEI OR ARB (n [%]) 47 (94%)
ACE Inhibitor (n [%]) 40 (80%)
ARB (n [%]) 7 (14%)
Loop Diuretic (n [%]) 39 (78%)
Spironolactone (n [%]) 17 (34%)
Digoxin (n [%]) 4 (8%)
Anticoagulant (n [%]) 12 (24%)
Warfarin (n [%]) 7 (14%)
Novel Anticoagulant (NOAC) (n [%]) 5 (10%)
Cardiac MR Characteristics
LVESVI (ml/m?) 127.8 £39.9
LVEDVI (ml/m?) 102.5 + 36.3
SVI (ml/m?) 30.8+10.4
LVEF 0.24 £ 0.08
LVMI (g/m?) 72.8+22.0
CURE 0.59+0.23
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