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Abstract

Purpose—To develop a robust method to assess regional mechanical dyssynchrony from cine
short-axis MR images. Cardiac resynchronization therapy (CRT) is an effective treatment for
patients with heart failure and evidence of left-ventricular (LV) dyssynchrony. Patient response to
CRT is greatest when the LV pacing lead is placed in the most dyssynchronous segment. Existing
techniques for assessing regional dyssynchrony require difficult acquisition and/or postprocessing.
Our goal was to develop a widely applicable and robust method to assess regional mechanical
dyssynchrony.

Materials and Methods—Using the endocardial boundary, radial displacement curves (RDCs)
were generated throughout the LV. Cross-correlation was used to determine the delay time
between each RDC and a patient-specific reference. Delay times were projected onto the AHA 17-
segment model creating a regional dyssynchrony map. Our method was tested in 10 normal
individuals and 10 patients enrolled for CRT (QRS>120ms, NYHA III-IV, EF<35%).

Results—Delay times over the LV were 23.9+33.8ms and 93.1+£99.9ms (p<0.001) in normal
subjects and patients, respectively. Inter-observer reproducibility for segment averages was
6.8+39.3ms and there was 70% agreement in identifying the latest contracting segment.

Conclusion—We have developed a method that can reliably calculate regional delay times from
cine SSFP images. Maps of regional dyssynchrony could be used to identify the latest-contracting
segment to assist in CRT lead implantation.
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Introduction

Intra-ventricular mechanical dyssynchrony results from a dis-coordinate timing of
contraction between segments of the left ventricle (LV). This LV dyssynchrony is present in
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approximately 30% of patients with heart failure, particularly those with dilated
cardiomyopathy and left bundle branch block (LBBB)(1,2). Cardiac resynchronization
therapy (CRT) is an effective treatment for patients with heart failure and evidence of
electrical dyssynchrony on a surface electrocardiogram. In CRT using bi-ventricular pacing,
one lead is placed through the RV into the septal wall and a second lead is placed through
the coronary sinus into the lateral wall of the LV. Simultaneous pacing of the leads
stimulates coordinated contraction of the septal and lateral regions of the LV to restore
synchrony. Although CRT increases survival and improves quality of life in specific heart
failure populations(3), ~30% of appropriately selected candidates for CRT do not have
measureable improvement in symptoms 6 months after CRT implantation (so-called ‘non-
responders’)(4,5).

The role of mechanical dyssynchrony as a predictive tool for CRT response is not well
understood. Mechanical dyssynchrony is not currently considered during patient selection
despite some evidence showing its ability to select patients who will have a positive
response to CRT(6). Echocardiographic techniques such as tissue Doppler imaging (TDI)
have been utilized to assess LV mechanical dyssynchrony(7,8). These methods are operator-
dependent, require an acoustic window, and exhibit poor reproducibility(9). In large
international multi-center trials, echocardiographic measures of dyssynchrony failed to
significantly improve CRT patient selection over standard echocardiographic
parameters(10).

Placement of the LV lead in the region of latest contraction may have a role in response to
CRT. Retrospective studies have shown that patient response to CRT is greatest when the
LV pacing lead is placed in the most dyssynchronous or latest-contracting segment(11,12).
To discern the relationship between regional mechanical dyssynchrony, lead position, and
CRT response, a method to determine regional mechanical dyssynchrony over the LV that
can be applied in large multi-center studies must first be developed. A regional map of
dyssynchrony could also be used as a tool to plan lead placement.

Several MRI-based methods have been developed in order to provide an assessment of
mechanical dyssynchrony. Myocardial tagging can be used for assessing dyssynchrony(13).
However, tagging requires specialized acquisition sequences and significant post-
processing(14,15) to determine regional dyssynchrony. A number of groups have utilized
advanced phase-based techniques such as displacement encoding using stimulated echoes
(DENSE)(16-18), tissue velocity mapping (TVM)(19), and strain-encoding (SENC)(20).
These techniques can obtain regional dyssynchrony information based on either strain or
displacements; however, only specialized centers are capable of performing and analyzing
these scans, limiting the feasibility of using these techniques in multi-center dyssynchrony
studies.

In contrast to tagging, DENSE, TVM, and SENC, SSFP cine images are part of nearly all
standard cardiac MR examinations performed, and SSFP is optimized for both high temporal
and spatial resolution acquisitions. SSFP-based methods have been developed to derive
regional and global LV motion information from cine images. Previous techniques
developed to quantify dyssynchrony are either global measures(21,22), assume that the
contraction follows an idealized motion pattern(21), use time-to-peak based measurements
reliant on user identification of the end systolic time point (23), or involve complicated post-
processing or large training sets (24). Thus these existing techniques are difficult to use for
accurate and reproducible regional dyssynchrony analysis.

The goal of this study was to develop a method that utilized SSFP cine images to create
regional maps of mechanical dyssynchrony. The method obtains radial displacement curves
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(RDCs) from short axis cine images, determines the mechanical activation delay at any
location within the left ventricle relative to a patient-specific reference using cross-
correlation, and displays this information on a standard AHA 17-segment bullseye model for
visualization. By utilizing a patient-specific reference, it is possible to determine which
regions contract early and late in each patient. The resultant maps show regional distribution
of LV motion and could be used as a guide for lead placement. We applied the method in a
study group of subjects with clinical evidence of LV dyssynchrony and compared the
measurements to a group of normal controls.

Study Subjects

This study included 10 control subjects with no history of cardiovascular disease, a normal
EKG, and no evidence of electrical dyssynchrony (QRS duration < 120 ms on a 12-Lead
EKG), and 10 patients who met accepted clinical criteria for CRT: New York Heart
Association (NYHA) Class III or IV heart failure, LV Ejection Fraction (EF) < 35%, QRS
Duration > 120 ms, and optimal medical therapy for at least one month. All patients used in
this study had a QRS duration > 150 ms (evidence of electrical dyssynchrony) and were
responders to CRT as determined by a 15% decrease in LV end systolic volume at 3 months
post-implantation. This study was approved by the University’s Institutional Review Board.

Image Acquisition

Steady-state free-precession (SSFP) short-axis images were acquired during 8—12 second
end-expiration breath holds using a 1.5T Philips Intera scanner and a five-element phase
array cardiac coil (Philips Medical Systems, Best, Netherlands). EKG triggering was used to
obtain 20 frames per cardiac cycle (reconstructed temporal resolution: 32.6 — 58.8 ms).
Eight-millimeter thick slices were acquired with no slice-gap to ensure coverage of the
entire left ventricle. Acquisition parameters were: acquired matrix size = 192 x 256,
reconstructed matrix size = 256 x 256, field of view = 370 mm, flip angle = 65°, TR =4 ms,
and TE = 2 ms. Vertical long-axis (two-chamber, VLA) and horizontal long-axis (four-
chamber, HLA) SSFP cine images were also acquired using the same acquisition
parameters.

Post-processing

All processing was performed in Matlab (The MathWorks, Natick, MA, USA). The
endocardial border on all short-axis and long-axis images was delineated using an active
appearance model-based technique with manual corrections (25,26) (Figure 1A). Each
contour was sampled at 100 equally spaced points radially starting at the anterior insertion
of the right ventricle. The distance from any point relative to the centroid of the left ventricle
was computed over time to obtain an RDC at each point throughout the LV. Each RDC was
up-sampled by a factor of 10 and a Gaussian smoothing filter with a width of 12.5% of the
time series was applied to the data to minimize the effects of frame-to-frame discrepancies
in the endocardial contour. The mechanical delay time relative to a reference RDC was
determined for each of these RDCs. These mechanical delay times were then mapped onto
the standard AHA bullseye (Figure 1E).

Determination of LV Centroid—The location of the central axis of the LV is known to
change over the cardiac cycle. Thus in order to obtain an accurate assessment of regional
wall motion, it is necessary to track the central axis of the LV over the cardiac cycle. If a
stationary centroid is used, simple translation of the heart within the chest cavity will result
in erroneous radial displacement estimations(27,28). To determine the central axis,
endocardial boundaries were traced on the two-chamber and four-chamber long axis images.
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The mitral valve plane was identified in each long axis view by manual selection of the
mitral valve annulus. The apex was determined as the centroid of the bottom 15% of the LV.
A line extending from the midpoint of the valve plane to the apex of the left ventricle served
as the central axis in the imaging plane of the two-chamber and four-chamber views (Figure
2A-B). Utilizing 3D position information from the DICOM header, the central axis in each
view was converted to a plane normal to the imaging plane. The intersection of the planes in
3D space was used as the central axis of the LV. The intersection of this central axis with
each short-axis imaging plane for each phase of the cardiac cycle was used as the centroid
for that particular slice and phase (Figure 2C).

Reference RDC Determination—To determine whether a given region contracts early
or late, the RDC in this region must be compared to a reference (“normal””) RDC. This
reference RDC could be obtained by taking the global average of all RDCs for each
individual. However, a global average includes data from early, normal, and late-contracting
segments. This can lead to distortions of the reference RDC, especially in patients with large
dyssynchronous regions. Therefore, we used a patient-specific reference that preserves as
much detail as possible to ensure proper delay time estimation. Additionally, in order to
accurately determine regional delay times using cross-correlation, it is assumed that the two
samples being compared have similar shape. By using a patient-specific reference, rather
than a reference RDC derived from healthy individuals, we can account for inter-patient
variability of radial contraction patterns.

To determine the reference RDC in this study, quality threshold (QT) clustering(29) using
root-mean-square error (RMSE) was used to cluster all RDCs into groups with similar
contraction patterns (Figure 1B). RMSE was computed as shown in Equation 1 where N is
the number of samples in each radial displacement curve, and X and Y are the RDCs being
compared.

RMSE= ] Z—l(+’y) )

All clusters were constrained to have a maximum RMSE of 33% between any two RDCs in
the group. This cutoff value (33%) was obtained empirically by finding the 95% confidence
interval of RMSE values in all normal subjects (theoretically no abnormal RDCs). We then
assume the largest cluster in each patient is representative of “synchronous” contraction of
the LV. By averaging all RDCs in this largest cluster, we obtain a patient-specific reference
RDC that preserves as much detail as possible.

Mechanical Activation Delay—Normalized cross-correlation analysis was used to
determine the delay time between RDCs throughout the LV and the patient-specific
reference RDC. In the cross-correlation analysis, each RDC was shifted in time relative to
the reference RDC. At each time shift, correlation with the reference was computed.(30)
Normalized cross-correlation for a particular delay time (t) was computed using equation 2
where N is the total number of samples in each curve, X is the sample RDC, and R is the
patient-specific reference RDC.

Neo(m)=Ay KD ROZR) -

Jx‘ G-J’?

The shift yielding the highest correlation value with the reference was the delay time for that
particular RDC (Figure 1D). Due to the cyclic nature of the data, periodicity was assumed
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for cross-correlation. This process was repeated for all RDCs throughout the LV. It is
important to note that because the patient-specific reference is an average of a variety of
RDCs, the delay time computed for the RDCs used to compute the reference is often non-
Zero.

Creation of Regional Maps—In order to create a display of the spatial distribution of
mechanical contraction delay times throughout the LV, we used a bullseye plot with a
superimposed 17-segment AHA model(31). The apical (17!) segment was omitted in our
work due to the lack of clear endocardial boundaries at the most apical short-axis slice.
Delay times were computed for 100 locations in each slice throughout the LV and mapped
to a polar plot with a delay time of O (white) indicating synchronous contraction, a positive
delay (red) indicating early contraction, and a negative delay (blue) representing a late-
contracting segment (Figure 1E).

Dyssynchrony Parameters

Results

Average delay times and the average absolute value of the delay times were computed
throughout the LV for all patients. In order to compare our maps to previous parameters, we
calculated the Yu index, a common measure of regional dyssynchrony, by dividing the LV
into 12 segments, averaging the delay times within each segment, and computing the
standard deviation of these segment averages(32). Additionally, the Tissue Synchronization
Index (CMR-TSI), a parameter previously determined by MRI from SSFP images, was
determined by taking the standard deviation of the average delay times within 16 AHA
segments(21).

Reproducibility—Inter-observer reproducibility was assessed in five of the normal
subjects and five of the patients. Two observers provided unique contours for all three views
(short axis, two-chamber, and four-chamber) and average delay times were computed for
each AHA segment. Bland Altman analysis was used to determine the agreement between
the AHA segment averages(33). Because a primary benefit of a regional measure of
mechanical dyssynchrony in patients undergoing CRT is the ability to identify the latest
contracting segment, the two observers’ contours were used to create regional dyssynchrony
maps and determine the latest contracting segment in each of the subjects. Agreement
between the observers was assessed using Cohen k-coefficient(34). For the reproducibility
analysis, it is necessary to exclude akinetic regions. For this reason, only regions where the
radial displacement exceeded 2mm (greater than one pixel) were considered.

Regional activation maps were generated for all ten normal subjects and in all ten patients
(Figure 3). The absolute values of the delay times were 23.9 + 33.8 ms and 93.1 £ 99.9 ms
(p <0.001) in normal and patients, respectively (Figure 4A). The larger value for the
patients indicated that they have a wider range of delays over the LV.

Delay times were extracted using the time shift that yielded the largest correlation
coefficient between an RDC and the patient-specific reference RDC. These coefficients
were 0.95 £ 0.07 (range: 0.27 — 1.0) for normal subjects and 0.88 £ 0.12 (range: 0.19 — 1.0)
for patients enrolled for CRT (Figure 4B). These correlation values indicate acceptable
confidence in the estimated delay times.

The Yu index was found to be 28.9 + 15.6 ms in normal compared to 76.1 + 23.6 ms in
patients undergoing CRT (p < 0.001), and the CMR-TSI parameter was 27.1 + 12.8 ms in
normals and 76.7 + 25.0 ms in patients (p < 0.001). All metrics were determined to be
significantly different between patients and normal subjects.
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Averaging delay times over AHA segments, it was possible to identify the latest-contracting
segment in all patients undergoing CRT. The latest-contracting segment varied among the
study patients (antero-lateral segment in 5 patients, postero-lateral segment in 3 patients, and
septal segment in 2 patients).

In the reproducibility analysis, segment delays for two observers differed by 6.8 + 39.3 ms
(Bias: 6.8; CI: 77.1). The latest contracting segment was determined to be the same in all but
three patients (kappa: 0.64). In two of the patients where the disagreement occurred, the
segments selected by the two observers were neighboring lateral wall segments.

Discussion

This study describes a new method for assessing and displaying regional mechanical
dyssynchrony from standard cine CMR images. The method is suitable for widespread use
due to reliance on SSFP images present in all standard CMR exams. The absolute value of
the delay times in patients were significantly greater than delay times in normal subjects.
Additionally, both patients and normal subjects had high correlation coefficients when
determining the regional delay times between each regional RDC and the reference RDC
indicating confidence in the similarities of the RDCs when shifted in time.

Comparison with previous methods

The delay times obtained in this study agree with published contraction timings obtained
with various modalities and methodologies. The CMR-TSI values derived from our regional
dyssynchrony data agreed with previous studies by Chalil et al. (27 £ 13 ms vs. 21 + 8 ms
and 77 £ 25 ms vs. 106 + 55.8 ms for normal subjects and patients, respectively).(21) The
Yu index of 76.1 + 23.6 ms in this study was slightly lower than those previously presented
found using 3D speckle tracking (124 + 88 ms)(35). This discrepancy could be due to the
lower temporal resolution data provided by MRI compared to that of echocardiography.
Higher frame-rate cines could be employed to further explore this discrepancy.

In our study cohort, the location of the latest contracting segment of the left ventricle varied
widely. Prior studies have reported conflicting results when identifying the region of the LV
most commonly associated with late contraction (35-37). Although our dataset is small, it
agrees with more recent data from the MADIT-CRT study which showed widely varying
regions of latest delay across study populations (38). In our group, two patients were shown
to have the latest contracting segment in the septum, which appears paradoxic to what is
typically expected in LBBB patients. In these two patients, there was a very early inward
motion of the septum, known as septal flash which is often presented in patients with LBBB
(39). In a patient with septal flash, the septal segments undergo two separate displacements
during systole. The first results in a small, very early displacement of the septum (prior to
myocardial thickening) followed by a much larger displacement when the rest of the
ventricle contracts. Due to the nature of our method, in these individuals, the early
displacement was not seen by the cross-correlation algorithm as early contraction and thus
the second, later inward motion of the septal segments were labeled as late contraction.
Based on our convention it appears that those with the “septal flash” or “septal bounce”
phenomenon truly have late septal, rather than lateral, thickening and contraction.

We cannot compare the reproducibility of our method to existing MR or echocardiographic
techniques due to the lack of reproducibility information from other studies. The inter-
observer reproducibility between the two observers was 6.8 + 39.3 ms (Bias: 6.8; CI: 77.1).
The bias is very close to zero indicating good agreement. The fairly large confidence
interval is due to the variability in the segment delays seen across patients and normal
subjects and is on the order of the temporal resolution of the data (~50 ms). Higher temporal
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resolution scans should be utilized to further improve the reproducibility of these scans. The
exact same AHA segment was identified as the latest contracting segment in all but three of
the patients, and in two of those patients, the neighboring lateral segment was selected.
Previous studies have shown that LV leads placed in segments adjacent to the most-delayed
segment demonstrated improved response(40). The high reproducibility of this method in
determining the latest-contracting segment is necessary for utilizing regional dyssynchrony
information for LV lead placement planning.

Correction for gross translation

We utilized a floating centroid based upon endocardial contours on two and four-chamber
images in order to compensate for translational motion of the LV. The floating centroid is a
well-known issue for LV dyssynchrony assessment(41-43). Without compensation,
translation of the heart will result in apparent relaxation of one side of the ventricle
(translation away from the centroid), while the other side of the ventricle will appear to
exhibit strong contraction (translate toward the centroid). This will produce irregular RDCs,
which could result in false delay detection. Various methods have been used in computed
tomography(44) and echocardiography(27) to deal with the floating centroid; however, no
one has utilized long axis cine information as presented in this study. Due to the fact that the
short-axis and long-axis images are acquired at different times, patient movement and
respiration can potentially cause misalignment between these images. In this study, no such
error was present, but if necessary, the endocardial contour of the two-chamber image and
short-axis images could be registered to account for respiratory motion.

Patient-specific reference RDC

Chalil, et al. have previously used the earliest contracting RDC as a reference(21). Using the
earliest contracting RDC has several potential drawbacks including the reliance on a single
RDC, and the use of a potentially irregular reference. Using a single RDC can result in poor
reproducibility due to the fact that two observers could produce very different reference
RDCs, which are then used directly to compute all delays (45). Another danger of using the
earliest contracting RDC is that it could possibly be an irregular curve as is often the case in
patients undergoing CRT (e.g. in a patient with septal flash). It is difficult to do any
meaningful comparison with such an RDC because cross-correlation analysis assumes that
the shape of the RDCs is relatively similar. In our method, we combine the detail-preserving
power of clustering and the smoothing effect of averaging the largest cluster. Using our
method, one can discern early and late contraction from normal contraction, such as is
present in patients with septal flash or post-systolic contraction(39,46). Our clustering
technique ensures that the reference RDC is representative of the majority of the left
ventricle.

Detection of akinetic segments

One of the primary limitations of displacement-based methods utilizing endocardial
boundaries on short-axis cines (as opposed to strain-based methods) is the inability to
identify akinetic regions. Active myocardium surrounding the affected region may cause the
endocardial border segment to move, resulting in an RDC regardless of the viability of the
tissue. Using cross-correlation to determine delay times, however, enables us to not only
obtain a time delay between two RDCs, but also provides a correlation value that is
indicative of similarity. In akinetic segments, the correlation would be computed between
the reference RDC and essentially a flat line, but the corresponding correlation would be low
compared to correlations of other RDCs. As expected, the correlations were lower in
patients due to the complexity of the RDCs as well as the influence of potentially akinetic
regions.
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Future directions and applications

Limitations

By displaying the regional dyssynchrony information onto a polar (bullseye) map and on the
standard AHA 17-segment model, dyssynchrony information can be superimposed with
other regional measures of cardiac function or tissue characteristics such as scar or edema.
Therefore, one could correlate akinetic or late-contracting segments with scar transmurality
information from late gadolinium enhancement MRI(47).

Higher frame-rate imaging could be employed to obtain finer resolution of mechanical delay
times.

Although this study utilized 2D radial displacement information, it could easily be applied to
three-dimensional data. The extension of this research to 3D data would allow for the
detection of both radial and longitudinal dyssynchrony.

Since we use short-axis images for dyssynchrony analysis, we are only making a radial
dyssynchrony map, and longitudinal, through-plane, and torsional motion is not considered.
The lack of longitudinal dyssynchrony detection is not a large limitation due to the fact that
other studies have not observed significant changes in longitudinal dyssynchrony after CRT
device implantation.(48,49) Additionally, by expanding this method to 3D, it could
potentially be used to detect both longitudinal and radial dyssynchrony.

Our utilization of a patient-specific reference RDC assumes that the patient has some
synchronous contraction remaining in the left ventricle. We believe that this is a valid
assumption since any dyssynchronous RDCs will have a wide variance of contraction
patterns, while the normal RDCs, even if small in number, will be more similar to each
other, and will thus be clustered effectively.

This study didn’t utilize age-matched controls and as a result, age-based differences could
be a factor in the differences observed between patients and normal subjects.

In conclusion, we presented a method to create regional mechanical activation maps by
analyzing RDCs from cine SSFP images using a moving centroid and cross-correlation
analysis. This method shows significant differences in measures of dyssynchrony in those
with clinical evidence of dyssynchrony compared to controls. Our data supports this method
as a potentially useful preoperative tool to guide LV lead placement for CRT.
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Figure 1. Determination of Mechanical Activation Delaysin the Left Ventricle

Using endocardial borders (A), RDCs were computed and clustered using QT clustering (B).
The largest cluster was considered to be the patient-specific reference to which all other
RDCs were compared (C). The delay time between any RDC and the reference was
computed using cross-correlation (D). The delay times throughout the LV were then mapped

to the standard AHA bullseye (E).
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Figure 2. Determination of Left Ventricular Central Axisfrom Two and Four-Chamber | mages
The location of the mitral valve plane and the central axis of the left ventricle were defined
in the four-chamber (A) and two-chamber (B) image planes. Using position information
from the DICOM header, this data was projected into three-dimensional space (C) and the
intersection of the central axis with the short-axis image plane was defined as the centroid
for that particular slice and phase (black arrow).
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Figure 3. Representative Regional Dyssynchrony M aps
Representative AHA 17-Segment Models of regional delay times for both normal controls
(left) and patients undergoing CRT (right)

J Magn Reson Imaging. Author manuscript; available in PMC 2015 April 01.

(sw) swiy Aejaq uoneanoy



1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuepy Joyiny Vd-HIN

Suever et al.

200 *

150

100

Delay Time (ms)

50

Normals Patients

Correlation Coefficient

0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6

Page 15

E e

L
1
-

|
1
L}
1
L}
[}
1
L}
1
L}
[}

e

Normals Patients

Figure4. Delay Timesand Correlation Valuesin Healthy Individuals and Patients
Average absolute delay times in normals and patients (left) were significantly different (p <
0.001). Normalized cross-correlation coefficients computed between the RDCs and the

patient-specific reference RDCs.
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