Received: 24 July 2021

Revised: 27 January 2022

Accepted: 13 February 2022

DOI: 10.1002/mp.15550

RESEARCH ARTICLE

MEDICAL PHYSICS

Four-dimensional computed tomography of the left
ventricle, Part ll: Estimation of mechanical activation times

Ashish Manohar' |

"Department of Mechanical and Aerospace
Engineering, UC San Diego School of
Engineering, La Jolla, California, USA

2Radiation Systems Lab, GE Global
Research, Niskayuna, New York, USA

3Department of Bioengineering, UC San
Diego School of Engineering, La Jolla,
California, USA

4Department of Radiology, University of
California San Diego, La Jolla, California, USA

5Department of Medicine, Cardiovascular
Division, UC San Diego School of Medicine,
La Jolla, California, USA

Correspondence

Elliot McVeigh, PhD, 9452 Medical Center
Drive, La Jolla, CA 92037, USA.

Email: emcveigh@ucsd.edu

Funding information

American Heart Association, Grant/Award
Number: AHA 20PRE35210261; National
Heart, Lung, and Blood Institute, Grant/Award
Number: RO1HL144678

Jed D. Pack? |

Andrew J. Schluchter® | Elliot R. McVeigh®*°

Abstract

Purpose: We demonstrate the viability of a four-dimensional X-ray computed
tomography (4DCT) imaging system to accurately and precisely estimate
mechanical activation times of left ventricular (LV) wall motion. Accurate and
reproducible timing estimates of LV wall motion may be beneficial in the suc-
cessful planning and management of cardiac resynchronization therapy (CRT).
Methods: We developed an anthropomorphically accurate in silico LV phantom
based on human CT images with programmed septal-lateral wall dyssynchrony.
Twenty-six temporal phases of the in silico phantom were used to sample the
cardiac cycle of 1 s. For each of the 26 phases, 1 cm thick axial slabs emu-
lating axial CT image volumes were extracted, 3D printed, and imaged using a
commercially available CT scanner. A continuous dynamic sinogram was syn-
thesized by blending sinograms from these static phases; the synthesized sino-
gram emulated the sinogram that would be acquired under true continuous
phantom motion. Using the synthesized dynamic sinogram,images were recon-
structed at 70 ms intervals spanning the full cardiac cycle; these images exhib-
ited expected motion artifact characteristics seen in images reconstructed from
real dynamic data. The motion corrupted images were then processed with a
novel motion correction algorithm (ResyncCT) to yield motion corrected images.
Five pairs of motion uncorrected and motion corrected images were generated,
each corresponding to a different starting gantry angle (0 to 180 degrees in 45
degree increments). Two line profiles perpendicular to the endocardial surface
were used to sample local myocardial motion trajectories at the septum and
the lateral wall. The mechanical activation time of wall motion was defined as
the time at which the endocardial boundary crossed a fixed position defined
on either of the two line profiles while moving toward the center of the LV dur-
ing systolic contraction. The mechanical activation times of these myocardial
trajectories estimated from the motion uncorrected and the motion corrected
images were then compared with those derived from the static images of the
3D printed phantoms (ground truth). The precision of the timing estimates was
obtained from the five different starting gantry angle simulations.

Results: The range of estimated mechanical activation times observed across
all starting gantry angles was significantly larger for the motion uncorrected
images than for the motion corrected images (lateral wall: 58 + 15 ms vs
12 + 4 ms, p < 0.005; septal wall: 61 + 13 ms vs 13 + 9 ms, p < 0.005).
Conclusions: 4DCT images processed with the ResyncCT motion correction
algorithm yield estimates of mechanical activation times of LV wall motion with
significantly improved accuracy and precision. The promising results reported
in this study highlight the potential utility of 4DCT in estimating the timing of
mechanical events of interest for CRT guidance.

KEYWORDS
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1 | INTRODUCTION

Recent advances in four-dimensional X-ray computed
tomography (4DCT) technology have permitted the
functional imaging of a full cardiac cycle over the entire
heart within a single heartbeat acquisition and from a
single table position.'~® Modern 4DCT imaging systems
also produce images with high spatial resolution,* allow-
ing the visualization and tracking of the fine endocar-
dial features comprising the trabeculae carneae and
the papillary muscles.>® One important application for
these images is predicting response to cardiac resyn-
chronization therapy (CRT), which is a medical proce-
dure for treating heart failure patients with mechanical
dyssynchrony of the left ventricle. For many patients, this
treatment is highly effective; unfortunately, the treatment
response rate is currently a serious limitation, with 30—
50% of patients not receiving much benefit as a result of
their CRT procedure.” A great deal of research has been
done into how to use echocardiography or MR imag-
ing to guide treatment decisions, but such efforts have
not produced a robust solution due to poor performance
from echo®? and the complexity and limited applicability
of MR techniques (e.g.,28% of CRT candidates already
have RV pacing in place, which limits the use of MR'?).

In addition, recent studies have determined the ben-
efits of 4DCT in estimating mechanical dyssynchrony
and guiding optimal lead placement. Hoffmann and col-
leagues demonstrated the utility of multidetector CT
systems to identify differences in the extent of left ven-
tricular (LV) dyssynchrony between patients with heart
failure and age-matched controls."' More recently, they
determined the ability to predict 2-year major adverse
cardiac events (MACEs) using dual-source CT. They
also showed that leads placed on sites with maxi-
mal wall thickness were associated with fewer MACEs
(p < 0.01)."2 Behar et al. used CT to determine the epi-
cardial vein for targeting optimal lead placement.!®> A
CT-derived endocardial strain metric called SQUEEZ®
was used to identify regions of scar tissue and regions
of latest mechanical activation. They reported that pac-
ing at a site determined optimal by CT-SQUEEZ cor-
related with higher clinical response rates than those
paced in nonoptimal regions (90% vs 60%).

However, previous studies have not addressed a
major limitation in measuring temporal events with CT:
the “false dyssynchrony” artifact.'* The temporal res-
olution of 4DCT is complex; motion artifacts seen in
reconstructed CT images are due to the combined effect
of gantry position as a function of time and the rel-
ative direction of wall motion.">'® Edge locations in
reconstructed CT images are updated every time the
X-ray beam is tangent to the particular edge; there-
fore, depending on their orientation, different edges are
updated at different points in time in a continuous 4DCT
movie, giving the false impression of dyssynchronous
contraction (Section 2.5 provides further insight into

the source of the false dyssynchrony artifact). These
artifacts are usually not crucial in the assessment of
global LV function; however, they impede the ability to
accurately and precisely measure mechanical activation
times at different locations on the LV wall. The accu-
rate evaluation of activation times of wall motion and LV
dyssynchrony provides critical information in the optimal
planning and management of CRT.!"-'8

Thus, the objective of this study was to perform the
first quantitative evaluation of the accuracy and preci-
sion of estimating mechanical activation times'%?° of
LV wall motion using 4DCT. To serve as ground truth,
we developed an anthropomorphically accurate in silico
LV phantom with programmable dyssynchrony. Twenty-
six phases of the dyssynchronous LV in silico phan-
tom were selected to sample the full simulated cardiac
cycle of 1 s.For each of the 26 phases, fixed axial slabs
of 1 cm in thickness were extracted, 3D printed, and
imaged using a commercially available CT scanner (GE
Revolution CT™). From these 26 static images of the 3D
printed phantom, a continuous dynamic sinogram was
synthesized, and images were reconstructed at 70 ms
intervals spanning the full cardiac cycle. The images
reconstructed from the synthetic sinogram exhibited the
expected motion artifact characteristics seen in images
reconstructed from true dynamic data. Five sets of
images, each with a different starting gantry angle with
respect to the heart cycle, were reconstructed, and the
images were processed with a novel motion correc-
tion algorithm. Local myocardial trajectories measured
from the motion corrected and the motion uncorrected
images were compared with those measured in the
ground-truth static images. Based on these trajectories,
guidance for estimating the mechanical activation times
of LV wall motion was obtained from this study.

2 | METHODS
21 | Dyssynchronous LV phantom
development

211 | Image acquisition,image
segmentation, and mesh extraction

A CT image of the end diastolic phase of a human
LV was used as the baseline for phantom develop-
ment. The image was acquired using a 256 detector row
(Revolution CT™, General Electric Healthcare, Chicago,
IL) scanner at the University of California San Diego
using retrospective electrocardiogram gating with inspi-
ratory breath hold. The subject (age: 45 years; sex:
female) was scanned for one complete cardiac cycle
(tube current: 148 mA; kVp: 80 kV), and the end dias-
tolic phase was reconstructed at 0% of the R-R phase
intoa 512 x 512 x 256 grid. The image had a pixel spac-
ing of 0.41 mm in the x—y plane and a slice thickness of
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FIGURE 1

Image segmentation and mesh extraction. (a) Axial slice of the CT image. (b) Axial slice with the LV blood volume segmentation

overlaid in red. (c) 3D rendering of the extracted LV endocardial mesh, looking at the lateral wall with the anterior wall to the left and the inferior

wall to the right

0.625 mm in z. The reconstruction field of view diameter
was 209 mm, and the “Standard” reconstruction kernel
(name of the kernel on the GE Revolution CT™ scanner)
was used. Neither subject enrollment, image acquisition,
nor image reconstruction was performed for the pur-
pose of this particular study; the subject was scanned,
and images were acquired and reconstructed as per
standard clinical protocols established at the center. The
images of the subject were retrospectively used in this
study in accordance with an IRB-approved protocol.

A mesh defining the LV endocardium was extracted in
a manner similar to that described by Manohar et al?’
First, the end diastolic phase of the LV was segmented
using the active contour region growing module in ITK-
SNAP v3.6.222 (thresholding type = high pass; thresh-
old = 360 Hounsfield units (HU); smoothness = 10; seed
radius = 10; all other parameters were set as default).
The segmentation was then imported into MATLAB
(MathWorks Inc.) and resampled to an isotropic resolu-
tion of 0.5 mm in x, y, and z dimensions. Finally, a mesh
was extracted from the resampled segmentation using
the isosurface built-in MATLAB routine, which comprised
98 911 faces and 49 627 mesh points. Figure 1 illustrates
the process outlined above.

2.1.2 | Displacement functions

Dyssynchrony was programmed into the in silico LV
phantom by prescribing displacements to the mesh
points that were extracted as outlined above in Sec-
tion 2.1.1. These displacements were designed to
achieve the desired endocardial strains as a function of
both endocardial location and time across the cardiac
cycle. Two strains were simulated: longitudinal strain (&)
as a function of only time (t) across the cardiac cycle and
circumferential strain (€.;) as a function of both time
(t) and endocardial azimuthal location (8). The strain

functions used in this study were modeled based on
realistic in vivo strains reported by Helm et al 2% and Del-
gado et al2* and those derived from computer simula-
tions using the CircAdapt model ?°

A time-dependent gradient in circumferential strain in
the azimuthal direction (6) was programmed to simu-
late an activation delay in contraction between the in sil-
ico phantom’s septal (6 = 7) and lateral walls (6 = 0);
this was done to emulate the activation delay that is
clinically observed in patients with a left bundle branch
block (LBBB) or right ventricular (RV) apical pacing.?>24
This gradient was achieved by defining one strain ver-
sus time curve for the lateral wall at 6 =0 (€,
and another strain versus time curve for the septum
ato=nrx (eccsema,); the circumferential strain at all other
endocardial locations 0 < |8| <  was a linearly interpo-
lated value between the two defined strains at & = 0 and
6 = &. Figure 2a shows the designed longitudinal (solid
blue) and circumferential (dashed red: lateral wall; dotted
green: septum) strains as a function of time across the
cardiac cycle. The R—-R interval of the simulated cardiac
cycle was setto 1 s.

The displacement functions were prescribed to the LV
mesh points in the “cardiac frame of reference,” which
was defined as the coordinate system in which the LV
long axis was parallel to the z-axis (Figure 2b). The mesh
points were transformed from a Cartesian coordinate
system (x, y, z) to a cylindrical coordinate system (r, 6, 2),
with the origin set to the LV mesh centroid. Displace-
ments were then prescribed to the mesh points (r, 6, 2)
according to the following equations:

r@,t)y=r(®,0)*(1+€x(6,1), (1)
z(t) = 2o +(2(0) = 20) * (1 + & (1)), )

where t is time across the cardiac cycle, t = 0 represents
end diastole, z, is the fixed apical z coordinate of the LV
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FIGURE 2  Simulation of LV dyssynchrony. (a) Longitudinal (€, — solid blue) and circumferential (€., — dashed red; S dotted

green) strain curves as a function of time across the cardiac cycle. The R-R interval of the simulated cardiac cycle was set to 1 s. (b) 3D
rendering of the end diastolic LV mesh in the cardiac frame of reference with the LV long axis parallel to the z-axis. The lateral wall is in view
with the anterior wall to the left and the inferior wall to the right. (c) 3D rendering of the end diastolic LV mesh rotated back to its original
orientation in the scanner frame of reference. The inferior wall is in view with the septum on the left and the lateral wall on the right, looking from
the patient’s feet up toward the head. (d) 3D renderings of the analytically deformed meshes of the dyssynchronous LV in silico phantom at five
phases of the cardiac cycle with regional circumferential strain values mapped onto the endocardial surface. Blue represents endocardial
contraction, and yellow represents endocardial stretch. The orientation of the LV is the same as in Figure 2c

mesh, and €..(6, t) is the circumferential strain at time ¢
for a point with an azimuthal coordinate of 0 < |6| < 7,
given by the equation:

6
Eq (6, 1) = <€ccsepta, () - €cClateral (t)> * %

+ Ecclaterar (t) ’ (3)

After prescribing the displacement functions, the
mesh points (r, 6, z) were transformed back to the Carte-
sian coordinate system (x, y, z). The LV mesh was then
rotated back to its original orientation in the scanner
frame of reference, as shown in Figure 2c. Figure 2d
shows analytically deformed meshes of the in silico
phantom at five phases of the cardiac cycle with regional
€. values mapped onto the endocardial surface (blue
represents contraction, and yellow represents stretch).

2.2 | 3D printing and CT imaging of the
dyssynchronous LV phantom

Twenty-six phases of the dyssynchronous LV in silico
phantom were chosen to sample the simulated cardiac
cycle of 1 s. The first phase was at 0 ms, and the 26th

phase was at 975 ms of the simulated cardiac cycle.
The 26 phases were chosen with variable time intervals
such that no single mesh point had more than 2 mm dis-
placement between any two consecutive phases. These
26 phases were sufficient to sample the programmed
motion of the phantom across the simulated cardiac
cycle, as shown in Figures S1 and S2.

221 |
printing

Generation of axial slabs and 3D

Axial slabs of 1 cm in thickness fixed in the scanner z-
direction were extracted from each of the 26 phases of
the dyssynchronous LV in silico phantom (Figure 3a).
The fixed axial slabs emulated clinical axial CT image
volumes with the phantom’s tissue moving in and out of
the axial plane as it was programmed to contract and
relax. The particular slab shown in Figure 3a was cho-
sen because it sampled both the delayed contracting
lateral wall and the earlier contracting septum. These
in silico axial slabs were 3D printed to create physi-
cal phantoms. Each physical phantom, representing a
particular phase of the cardiac cycle, was printed in
the shape of a cylinder with a hollow LV cavity in the
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Peak stretch
98 ms

End diastole
0ms

FIGURE 3

center using a Form 3 stereolithography printer
(Formlabs Inc., Somerville, MA). The printing mate-
rial used was a proprietary clear photopolymer resin
(FLGPCLO04), and the central LV cavity was filled with an
iodinated nonionic radiocontrast agent (10% by volume
solution of Visipaque™ 320, General Electric Health-
care, Chicago, IL). Figure 3b shows the 26 3D printed
phantom cylinders labeled with their corresponding time
delays in milliseconds after end diastole. Figure 3c
shows the positioning holder and an example 3D printed
phantom (corresponding to the 98 ms phase) positioned
in the CT scanner; tabs on the side of each phantom
locked each phantom into position to maintain spatial
alignment over the time frames.

2.2.2 | CTimaging

A 256 detector row (Revolution CT™, General Elec-
tric Healthcare, Chicago, IL) clinical CT scanner was
used to image the 26 3D printed phantom cylinders.
Each cylinder was imaged for a total of 450 ms under
100 kVp, 350 mA, and small focal spot tube settings.
The raw data for each scan were saved using the stan-
dard archiving software on the scanner. Each image was
reconstructed into a 512 x 512 x 128 grid with pixel

End systole
450 ms

g‘ c)
- =

Diastasis
840 ms

Mid diastole
608 ms

3D printing and CT imaging of the 1 cm thick axial slabs of the dyssynchronous LV phantom. (a) Right sagittal views of the
meshes of the dyssynchronous LV in silico phantom at five phases of the cardiac cycle. The blue rectangle shows the 1 cm axial slab fixed in
space; for each phase of the cardiac cycle, mesh points within that slab were extracted. (b) Stack of the 26 3D printed 1 cm thick cylinders of
the dyssynchronous LV phantom. Each 3D printed phantom cylinder represents a particular phase of the cardiac cycle and is labeled with its
corresponding time delay in milliseconds after end diastole. (c) The 98 ms phantom cylinder positioned in the CT scanner for imaging. The
phantom was locked into position using a holder fixed onto the scanner table

spacing of 0.49 mm in the x—y plane and a slice thick-
ness of 0.625 mm in z. The “Standard” reconstruction
kernel (name of the kernel on the GE Revolution CT™
scanner) was used with a reconstruction field of view
diameter of 250 mm. The HU values of the photopoly-
mer resin and the contrast solution were 120 + 15
and 1065 + 30, respectively. These images, referred to
hereafter as the “static” images, served as the motion
artifact-free ground-truth images of the dyssynchronous
LV phantom, sampling the simulated cardiac cycle in 26
phases from 0 to 975 ms. Figure 4 shows the CT recon-
structed images of the 3D printed phantom cylinders at
five phases of the cardiac cycle.

2.3 | Dynamic raw data synthesis and
image reconstruction

The raw data for each of the 26 images acquired
as described above were saved using the standard
archiving software on the scanner. These individual raw
datasets, each representing a static phase of the 3D
printed phantom, were first converted to sinograms that
can be reconstructed (data prep). The prepped sino-
grams were then used to create a synthetic dynamic
sinogram that emulated the sinogram that would be
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Peak stretch
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End diastole
0 ms
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608 ms

FIGURE 4 CT reconstructed images of the 3D printed phantom cylinders at five phases of the cardiac cycle. The circular gray background
is the photopolymer resin (printing material). The LV cavity is filled with an iodinated radiocontrast solution. The green and yellow lines represent
the septal wall and the lateral wall m-mode sampling lines, respectively. LV: left ventricle; BG: background resin

acquired if the dyssynchronous phantom contracted
and relaxed continuously in real time.

The first step in the synthesis of the dynamic sino-
gram was the extraction of a single full scan view range
(360 degrees) from each prepped static sinogram. The
views were then circularly shifted to align the starting
view angles. To ensure that there was no discontinuity at
the wrap around point, the extracted view range was ini-
tially larger than one rotation, and a gradual linear blend-
ing function was employed to combine the earliest and
latest views.

Given a reference view angle (5.) and a correspond-
ing reference time ({;), one can compute the view angle
positions that correspond exactly to each static phase
(for each of multiple cardiac cycles) as follows:

Bn+26n = Be + (t — tc + 1000N) - w, (4)

where N is an integer that indexes the cardiac cycle
(e.g., —1 for the previous cardiac cycle, 0 for the cur-
rent cycle, 1 for the next cardiac cycle), n is an inte-
ger from 1 to 26 indicating the phase index, and w is
the gantry rotation speed in radians per millisecond.
A dynamic sinogram (Dg_; ) was then computed from
the static sinograms (S;) using linear interpolation at
each view angle based on the two nearest phases, as
follows:

Dg, ¢ (B.7. ) = (1= w(p)) - Siig)(B. 7. @)
+ w(B) - Sig)1(8, 7, ), (5)

where § is the view angle, y is the fan angle, a is the
cone angle, and w(g) is a linear interpolation weight in
the range [0,1), given by the following equation:

B = Big)
w(p) = >——>—, (6)
Big)+1 — Bi(p)
and i(B) is defined as the unique index i such that
Bi < B < Bit1, (7)

Additionally, S; and 3 are defined via the modulo oper-
ator as follows:

S‘I' (ﬁf I£ OC) = Si mod 26 (ﬁl Y, OC) ’ (8)

8 = fmod 27, (9)

To provide a multiphase reconstruction series that
covered the entire heart cycle (and to be able to apply
our motion correction algorithm), we generated dynamic
sinograms that covered a time period slightly larger
than one heart cycle. Reconstructions were performed
using scanner reconstruction software (GE Revolution
CT™) at 90-degree intervals (70 ms intervals for a
gantry rotation speed of 280 ms), yielding 14 phases
that sampled the full cardiac cycle from 0 to 980 ms.
The resulting images clearly manifested the expected
motion artifact characteristics seen in images recon-
structed from real dynamic data, including “double-wall”
and “stationary-wall” artifacts and distortions that rotate
in concert with the orientation of the gantry angle®
Intra window motion is included in the linear interpolation
of sinogram data during synthetic sinogram creation.
The difference between the continuous sinogram and
the interpolated sinogram yields artifacts in the recon-
structed images that are imperceptible compared with
the larger “double-wall” and “stationary-wall” artifacts?’;
these larger artifacts are the primary sources of error
in the estimation of mechanical activation times of wall
motion.

The motion-corrupted images, referred to hereafter
as the “uncorrected” images, were then processed with
a novel motion correction algorithm called ResyncCT?®
to produce motion corrected images at the same 14
phases of the cardiac cycle as that of the uncor-
rected images. ResyncCT is a new cardiac CT motion
correction algorithm that leverages the power of con-
jugate pairs of partial angle reconstruction images
for motion estimation and motion compensation. The
motion corrected images are referred to hereafter as the
“ResyncCT” images. This entire process was repeated
for five different starting gantry angles by using a
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reference time of zero (f, =0) and reference view
angles of:

T
ﬁc(k):k‘z, (10)
where k is an integer from 0 to 4, representing the five
different starting gantry angles (0, 45, 90, 135, and 180
degrees).

24 | M-mode imaging

The effect of CT motion artifacts on the estimate of the
position of the endocardium was quantified by sampling
endocardial wall positions as a function of time across
the cardiac cycle in a manner similar to ultrasound m-
mode imaging.?82° The lateral wall m-mode line (shown
by the yellow line in Figure 4) was placed close to the
site of programmed latest activation. The septal wall
m-mode line (shown by the green line in Figure 4)
was placed at a point of earlier activation on the
septum.

Endocardial wall positions as a function of time were
sampled along the m-mode lines for each of the static,
uncorrected, and ResyncCT images. These m-mode
images were then upsampled via cubic interpolation by
a factor of 10 to achieve subpixel resolution, thereby
reducing the effects of pixel discretization. The endocar-
dial boundary (edge) was detected from each m-mode
image by applying a threshold of 530 HU, which was the
optimal threshold for LV blood volume segmentation as
determined by Otsu’s method.3°

The first three rows of Figure 5a—c show the uncor-
rected images sampled at three phases of the cardiac
cycle; the full set of reconstructions (not shown) span
the cardiac cycle from 0 to 980 ms in 70 ms inter-
vals. Each column corresponds to a simulated starting
gantry angle: 0°, 45°, 90°, 135°, and 180° from left to
right. Figure 5d shows the lateral wall m-mode images
sampled at the endocardial wall location shown by the
yellow line. In Figure 5a—c, the semicircle represents the
trajectory of the X-ray source (white object) as it rotates
in the counterclockwise direction (for 0°, the source tra-
jectory is centered at 12 o’clock; for 90°, the source is
centered at 9 o’clock). The green part of the trajec-
tory represents the new “updated” views used in the
reconstruction of a particular time frame of the object,
assuming an image is reconstructed every 70 ms (with
a 280 ms gantry rotation time). The red part of the tra-
jectory represents views used in the reconstruction of
a time frame of the object that are shared with its pre-
vious time frame. Hence, edges of the object parallel
to the rays within the green views are updated in the
new time frame, while edges parallel to the rays within
the red views remain unchanged from the previous time

MEDICAL PHYSICS——

frame. This is the source of the false dyssynchrony
artifact.!*26

2.5 | Dynamics of endocardial boundary
motion during systole

The septal and lateral wall m-mode images were used
to investigate the artifacts in the measured dynam-
ics of endocardial boundary motion during systole.
The endocardial boundary was detected from each
of the m-mode images derived from the static, uncor-
rected, and ResyncCT images. The uncorrected and
ResyncCT images had endocardial boundaries sampled
for five simulated starting gantry angles. The endocar-
dial boundary positions derived from the static images
served as the ground-truth for error estimation; these
boundary positions were not dependent on the starting
gantry angle.

For a predetermined “critical” position along the length
of the m-mode line, the time at which the endocar-
dial boundary crossed this position during systole was
estimated. The critical position and the time at which
the endocardial boundary crossed that position are
referred to hereafter as the mechanical activation posi-
tion (MAP) and the mechanical activation time (MAT),
respectively. The motivation behind estimating this value
was to assess the accuracy and precision of measuring
mechanical activation times at local regions of the heart
wall from 4DCT images, both with and without motion
correction. MATs were estimated for all three classes of
images: the static, uncorrected, and ResyncCT images.
The MATs estimated from the uncorrected (T) and the
ResyncCT (TR) images were compared with those esti-
mated from the static images (Ty; ground truth). Figure 6
illustrates an example estimation of the MATs (T, Ty,
and TR) for a defined MAP (y,) along the length of the
lateral wall m-mode line. This process was repeated for
a series of MAPs defined in intervals of 0.5 mm along
the lengths of both the septal wall and the lateral wall m-
mode lines. For the lateral wall, 11 positions between 9
and 14 mm were defined along the length of the m-mode
line, while eight positions between 7 and 10.5 mm were
defined for the septal wall m-mode line. These positions
were chosen such that they sampled the full range of
systolic endocardial boundary motion at both the lateral
wall and the septal wall m-mode locations.

At each MAP, the range of estimated MATs observed
over all gantry angles was calculated for both the uncor-
rected and the ResyncCT images. The distribution of
ranges in MATs across all defined MAPs was then
tested for statistically significant differences between
the uncorrected and ResyncCT images using the two-
sample t-test. A p value of < 0.05 was considered sig-
nificant.
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FIGURE 5 Simulated CT image acquisition, reconstruction, and m-mode imaging. Each column corresponds to a simulated starting gantry
angle: 0°,45°,90°, 135°, and 180° from left to right, where the angular value of the source at the center of the acquisition is used to label each
trajectory. The semicircles shown in rows A-C represent the trajectory of the X-ray source (white object) as it rotates in the counterclockwise
direction from 0° at 12 o’clock to 180° at 6 o’clock. The green part of the trajectory represents new views acquired that are used in the
reconstruction of a particular time frame of the object. The red part of the trajectory represents views used in the reconstruction of a time frame
of the object that are shared with its previous time frame. (a—c) Reconstructions of the uncorrected images of the LV phantom at 3 of the 14
total phases of the cardiac cycle for a set of simulated starting gantry angles (columns). (d) Lateral wall m-mode images sampled at the
endocardial lateral wall location shown by the yellow line. For each tile, the y-axis is the endocardial position along the length of the m-mode line
in mm, and the x-axis is the time across the cardiac cycle in milliseconds; the motion of the wall is shown as the change in position of the
boundary between the bright blood and the darker wall

—Static (Ground-truth) ‘ ] 2.6 | Time to maximal outward

—Uncorrected displacement
—ResyncCT

o)

The programmed displacement functions made the lat-
eral wall, at the location sampled by the lateral wall m-
mode line, reach its maximum outward position at the
123 ms time point of the cardiac cycle; this was the
ground-truth value of the time to maximal outward dis-
placement (TMOD) of the late activated lateral wall. This
time is a possible parameter for the characterization of
mechanical activation delay and has been previously

10

-
N

—
H

/S

Endocardial boundary position (mm)

16 used in tagged magnetic resonance imaging (MRI) stud-
1 ies of dyssynchrony.'®2% The TMOD calculation was
Ty Ty 150 200 250 '
18 Ll performed only for the lateral wall m-mode images.
0 200 400 G600 900 1000 The TMOD values of the lateral wall endocardial
Time (ms)

boundaries derived from the uncorrected and ResyncCT

FIGURE 6 Estimation of mechanical activation times (MATs) at images were measured by fitting a second-degree poly-
a defined mechanical activation position (MAP). For a defined MAP nomial to the first five time points (0,70, 140,210,280 ms;
(vo) along the length of the lateral wall m-mode line, the times at Figure 7) of the endocardial boundary positions accord-
which the static (T — ground truth; red), the uncorrected (Ty; black), ing to the model:
and the ResyncCT (Tg; blue) derived endocardial boundaries

crossed the MAP (= yg) were estimated as their respective

— 2
mechanical activation times (MAT) y =ao+ait+ apt, (11)



ESTIMATION OF MECHANICAL ACTIVATION TIMES

Position (mm)

0 140 280 420 560 700 840 980
Time (ms)

FIGURE 7

—
O
-~

MEDICAL PHYSICS——

% Endocardial boundary point
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Estimation of the time to maximal outward displacement (TMOD). (a) Lateral wall m-mode image derived from the 0° starting

gantry angle ResyncCT image. The dashed blue box is the highlighted region of interest shown in Figure 7b. The black asterisks correspond to
the endocardial boundary positions. (b) Second degree polynomial fit (magenta) to the first five time points of the endocardial boundary

positions used in the estimation of TMOD

where y is the position of the endocardial boundary in
mm and t is time across the cardiac cycle in milliseconds.
TMOD was then calculated as the extremum of the fitted
function, given by the equation

TMOD = f (a1, ;) = 51 (12)
2

The covariance matrix of the coefficients of the poly-
nomial fit was estimated according to the following equa-
tion to obtain the confidence intervals of the fitted TMOD
value:

(R~ % R~} % normr?
df ’

Cov = (13)

where Cov is the covariance matrix, R is the triangular
R factor from a QR decomposition of the Vandermonde
matrix of the input query points, normr is the norm of
the residuals, and df is the number of degrees of free-
dom. The variance of the fitted TMOD value was then
estimated according to the following equation:

2
f/(ar, a2)" * Var[a] +2 ) f/(ay, a)

i>j

M

I
-

Var[f(a1 y 82)] =

+ f/ (a1, @) x Cov [a;, 3], (14)

where Var is the variance. A TMOD value was esti-
mated for each starting gantry angle simulation for both
the uncorrected and the ResyncCT images, yielding a
total of 10 TMOD values (five uncorrected and five
ResyncCT).

The standard deviation (+1c) around each TMOD
value was calculated as the square root of the
variance derived from the polynomial fits. The distribu-

tion of ranges (= 2¢0) in the TMOD estimates observed
over all five starting gantry angles was then tested for
statistically significant differences between the uncor-
rected and the ResyncCT images using the two-sample
t-test. A p-value of < 0.05 was considered significant.

3 | RESULTS
3.1 | Septal wall and lateral wall m-mode
images

Figure 8 shows the lateral wall m-mode images as a
function of time across the cardiac cycle. Each col-
umn corresponds to a simulated starting gantry angle
of 0° through 180° from left to right. The m-mode
images were sampled at 70 ms regular intervals across
the cardiac cycle from 0 to 980 ms. Figures 8a and
8c show the m-mode images derived from the uncor-
rected images, while Figures 8b and 8d show the
m-mode images derived from the ResyncCT images.
Figures 8a and 8b show the grayscale images, and
Figures 8c and 8d show the binarized images after
applying a threshold of 530 HU. The overlaid red dots
correspond to the ground-truth endocardial boundary
positions (derived from the staticimages) across the car-
diac cycle sampled by the lateral wall m-mode line.
Similarly, Figure 9 shows the septal wall m-mode
images as a function of time across the cardiac
cycle for the five simulated starting gantry angles.
Figures 9a and 9c show the m-mode images derived
from the uncorrected images, and Figures 9b and 9d
show the m-mode images derived from the ResyncCT
images. Figures 9a—b show the grayscale images, and
Figures 9c—d show the binarized images after apply-
ing a threshold of 530 HU. The overlaid red dots
correspond to the ground-truth endocardial boundary



ESTIMATION OF MECHANICAL ACTIVATION TIMES

© | \EDICAL PHYSICS

Starting gantry angle —>
0° 45°

90° 135° 180°

(a)
Uncorrected

0 140 280 420 560 700 840 980 0 140 280 420 560 700 840 980

0 140 280 420 560 700 840 980 0 140 280 420 560 700 840 980 0 140 280 420 560 700 840 980

(b)
ResyncCT

0 140 280 420 560 700 840 980 0 140 280 420 560 700 840 980

20 20

0 140 280 420 560 700 840 980 0 140 280 420 560 700 840 980 0 140 280 420 560 700 840 980

(c)
Uncorrected

0 140 280 420 560 700 840 980
Time (ms)

0 140 280 420 560 700 840 980

0 140 280 420 560 700 840 980 0 140 280 420 560 700 840 980 0 140 280 420 560 700 840 980

(d)
ResyncCT

Position (mm)

0 140 280 420 560 700 840 980

0 140 280 420 560 700 840 980

FIGURE 8

0 140 280 420 560 700 840 980 0 140 280 420 560 700 840 980 0 140 280 420 560 700 840 980

Lateral wall m-mode images of the endocardium as a function of time across the cardiac cycle for the five simulated starting

gantry angles: 0°,45°,90°, 135°, and 180°. (a—b) Grayscale m-mode images derived from (a) the uncorrected and (b) the ResyncCT images.
(c—d) Binarized m-mode images derived from (c) the uncorrected and (d) the ResyncCT images, showing the endocardial boundary positions as
defined by the images. The red dots correspond to the ground-truth endocardial boundary positions across the cardiac cycle sampled by the
lateral wall m-mode line from the static images. For each tile, the y-axis is position along the length of the m-mode line in mm, and the x-axis is

time across the cardiac cycle in milliseconds

positions (derived from the static images) across the
cardiac cycle sampled by the septal wall m-mode
line.

It is clear from Figures 8 and 9 that the ground-truth
endocardial boundary positions (red dots) are closer to
the boundaries observed in the ResyncCT corrected
images. This difference in accuracy is also summarized
in Figure 10. 1t is also clear that the starting gantry angle
has a significant effect on the positions of the endocar-
dial boundary as a function of time across the cardiac
cycle.

3.2 | Dynamics of endocardial boundary
motion during systole

Figure 6 describes an example estimation of the MATs
for a defined MAP along the length of the lateral wall m-
mode line; the numerical values associated with Figure 6
are specified here. For a MAP of 14 mm (yg), the MATs
of the endocardial boundaries derived from the static,
uncorrected, and ResyncCT images were Ty = 223 ms
(ground-truth), Ty, = 185 ms, and Tg = 207 ms,
respectively.

Figure 10 extends the data shown in Figure 6 to
include all the defined MAPs and all five gantry angle
simulations for both the septal and lateral wall m-mode
lines. Figures 10a and 10c show the data for the lateral
wall, while Figures 10b and 10d show the data for the
septal wall. Figures 10a and 10b show the endocardial
boundary positions across the cardiac cycle sampled
by the m-mode lines for the five starting gantry angles.
The boundaries derived from the static, uncorrected, and
ResyncCT images are shown by the red, black, and blue
lines, respectively. Figures 10c and 10d show the dis-
tributions of the MATs estimated from the uncorrected
(gray boxes) and the ResyncCT (blue boxes) images
as a function of the defined MAPs. Each distribution
contains five points, corresponding to the five simulated
starting gantry angles. The red lines correspond to the
ground-truth MAT at each defined MAP, estimated from
the static images.

The range of MATs observed across all five starting
gantry angles and estimated over all MAPs was signif-
icantly higher for the uncorrected images than for the
ResyncCT images (lateral wall: 58 + 15 ms vs 12 + 4 ms,
p < 0.005; septal wall: 61 + 13 ms vs 13 + 9 ms,
p < 0.005). From Figure 10, it is clear that the MATs
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FIGURE 9

Septal wall m-mode images of the endocardium as a function of time across the cardiac cycle for the five simulated starting

gantry angles: 0°,45°,90°, 135°, and 180°. (a—b) Grayscale m-mode images derived from (a) the uncorrected and (b) the ResyncCT images.
(c—d) Binarized m-mode images derived from (c) the uncorrected and (d) the ResyncCT images, showing the endocardial boundary positions as
defined by the images. The red dots correspond to the ground-truth endocardial boundary positions across the cardiac cycle sampled by the
septal wall m-mode line from the static images. For each tile, the y-axis is position along the length of the m-mode line in mm, and the x-axis is

time across the cardiac cycle in milliseconds

estimated from the ResyncCT images have a much
lower error and much higher reproducibility with respect
to different starting gantry angles than those estimated
from the uncorrected images. It is also clear that the pre-
cision of the estimate is dependent on where the MAT
is estimated with respect to the trajectory of the endo-
cardial boundary motion during systole.

3.3 | Time to maximal outward
displacement

Figures 11a and 11b show the second-degree polyno-
mial fits (magenta) to the first five time points (0, 70, 140,
210,and 280 ms) of the endocardial boundary positions.
These second-degree fits were used to estimate the
TMOD of the endocardial wall location sampled by the
lateral wall m-mode line. Each column corresponds to a
simulated starting gantry angle of 0° through 180° from
left to right. Figure 11a shows the estimation of TMOD
for the endocardial boundaries derived from the uncor-
rected images, and Figure 11b shows the estimation of
TMOD for the boundaries derived from the ResyncCT

images. Figure 11c shows the standard deviation (+10)
around the TMOD estimates for each of the five simu-
lated starting gantry angles. The dashed red line corre-
sponds to the ground-truth TMOD value of 123 ms. The
range (= 20) of the TMOD estimates observed over all
five simulated starting gantry angles was 41 + 8 ms for
the uncorrected images and 18 + 7 ms for the ResyncCT
images (p < 0.005). It should be noted that endocardial
stretch is small or does not occur at all in some failing
left ventricles; therefore, it is likely not a good parameter
for measuring the timing of mechanics with 4DCT.

4 | DISCUSSION

The objective of this study was to develop an anthro-
pomorphically accurate LV phantom with programmable
dyssynchrony to test the efficacy of 4DCT in estimating
the timing of cardiac mechanical events. The main find-
ings of this study reveal that motion correction of 4DCT
images significantly improves the accuracy and preci-
sion of estimating mechanical activation times of LV wall
motion at local regions of the heart wall.
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FIGURE 10 Dynamics of endocardial boundary motion during systole. (a—b) Endocardial boundary positions as a function of time across

the cardiac cycle sampled by the (a) lateral wall m-mode and (b) septal wall m-mode. The endocardial boundary positions derived from the
static, uncorrected, and ResyncCT images are shown by the red, black, and blue lines, respectively. (c—d) Distributions of mechanical activation
times (MATs) as a function of defined mechanical activation positions (MAPs) estimated from the uncorrected (gray boxes) and the ResyncCT
(blue boxes) images. The red lines represent the ground-truth MAT estimated from the static images. Each distribution contains five points
corresponding to the five simulated starting gantry angles. The locations of the defined MAPs in relation to the trajectory of endocardial

boundary motion are shown by the magenta lines in Figures 10a—b
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FIGURE 11

Time to maximal outward displacement (TMOD) of the endocardial wall location sampled by the lateral wall m-mode line. (a—b)

Second degree polynomial fits (magenta) to the first five time points of the endocardial boundary positions derived from (a) the uncorrected
(black asterisks) and (b) the ResyncCT (blue asterisks) images. Each column corresponds to a simulated starting gantry angle. (c) + 1 standard
deviation around the TMOD estimates derived from the uncorrected (black) and ResyncCT (blue) images for each of the five simulated starting
gantry angles. The dashed red line corresponds to the ground-truth TMOD value of 123 ms

To the best of our knowledge, the phantom described
in this paper is the first anthropomorphically accurate
LV phantom to be used in the estimation of mechan-
ical activation times of LV wall motion using 4DCT.
The 4D XCAT phantom has previously been used as a

simulation tool in the assessment of mechanical LV
dyssynchrony using gated SPECT MPI2" Although not
performed in this study, local regions of dysfunction
simulating ischemic/scar tissue could be incorporated
into the motion model of the dyssynchronous phantom;
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this could be used to test the ability of 4DCT imaging
systems to identify viable myocardium for optimal lead
placement.

The temporal resolution of 4DCT is more complex
than just reconstructing more time frames across the
cardiac cycle with shorter time intervals in between
the frames. The accuracy and precision of measur-
ing mechanical activation times actually depends on
the position of the gantry with respect to the direction
of endocardial wall motion. For 4DCT cardiac imaging,
each time frame is reconstructed from data acquired
over 180° + fan angle (“halfscan” reconstruction),’®
and the reconstructed image is not a simple tempo-
ral average of the true image of the moving heart
within this acquisition window. Instead, each spatial fre-
quency component of the image has its own tempo-
ral skew, which is determined by the time at which the
corresponding rays (orthogonal to its orientation) are
measured during the acquisition. Since each spatial
frequency has excellent “local” temporal resolution due
to the submillisecond acquisition of each ray, motion
compensation can be achieved if the temporal skew
associated with each spatial frequency is accurately
modeled.

The developed dyssynchronous LV phantom was
used to assess the accuracy and precision of estimat-
ing mechanical activation times of LV wall motion at
local regions of the endocardium using 4DCT, both with
and without motion correction. Since there is no univer-
sally accepted definition nor method of computation of
“mechanical activation time,'7-19.32 3 series of “activa-
tion times” spanning the full range of endocardial sys-
tolic wall motion (MATs) was investigated, including the
time to peak outward motion of the delayed contracting
lateral wall (TMOD). Motion correcting the 4DCT images
with the ResyncCT software yielded mechanical activa-
tion times of endocardial wall motion that were signifi-
cantly more accurate and precise than those obtained
from images without motion correction. Multiple stud-
ies have reported that the mechanical activation delays
between segments of the LV wall are on the order of
~120 + 100 ms in patients with a left bundle branch
block,*33* whereas the delays in healthy controls are
on the order of 20 + 10 ms>® The MAT estimates
obtained from the ResyncCT images have high preci-
sion, which can enable the detection of LV dyssynchrony
using 4DCT with high confidence.

4DCT wide detector imaging systems have excellent
spatial resolution, are easy to operate and permit rapid
imaging of the heart (~160 ms per image). 4DCT is
also available to those patients with implanted metal-
lic medical devices. Additionally, with recent advances
in CT technology, the average radiation dose from a
cardiac function scan is < 3 mSy, which is less than
the average dose received from natural sources in a
year36 The ability to image within a single heartbeat
eliminates step artifacts, which is a major limitation when
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imaging patients with arrhythmia. These advantages
coupled with the encouraging results from this study
highlight the potential utility of modern 4DCT imaging
systems in guiding cardiac resynchronization therapy
(CRT).

41 | Limitations

The methods described in this study could be expanded
to measure sensitivity to motion artifacts on the entire
3D endocardium. In the current form, 1 cm thick
axial slabs of the phantom’s endocardial surface were
extracted; since these slabs were fixed in space, there
was movement of phantom tissue into and out of the
imaging plane as the phantom was programmed to
contract and relax. Motion correction was then per-
formed on the images of these axial slabs. As the
motion of the human heart is highly 3D in nature, future
studies investigating the accuracy and precision of mea-
suring mechanical activation times of the entire 3D
endocardium could be performed.

Low X-ray dosage implies low image quality. The
images of the 3D printed phantom cylinders were
acquired under 350 mA and 100 kVp tube current set-
tings, which constitutes a “medium” dose scan. While
this study succeeded in demonstrating the high accu-
racy and precision of estimating mechanical activation
times from 4DCT images with ResyncCT motion correc-
tion, the effect of dose on the accuracy and precision of
those estimates should be investigated.

The dyssynchronous phantom developed in this study
utilized a set of displacements that yielded endocardial
strains typical of those observed in a patient with an
LBBB or RV apical pacing.23?* While the designed strain
functions were sufficient to demonstrate the poten-
tial value of 4DCT + ResyncCT in the estimation of
mechanical activation times of LV wall motion, future
studies could explore the effect of varying regional and
global LV function. Additionally, the strain functions were
smooth in nature with a linear interpolation of strains
between the delayed lateral wall and the earlier acti-
vating septum. While the highly detailed motions of
hearts may contain fast subtle motions, the programmed
motion of the phantom was sufficient to accurately
model the “stationary-wall” and the “double-wall” arti-
facts, which are the primary sources of error when esti-
mating mechanical activation times of the myocardial
walls with 4DCT.

The dynamics of endocardial boundary motion dur-
ing systole were investigated using two m-mode lines,
one on the lateral wall and the other on the septum.
Both m-mode lines sampled endocardial wall motion in
phase with different gantry angles during data acqui-
sition. While sampling endocardial wall motion at only
two locations is a limitation, we believe this limited
spatial sampling is compensated for by simulating five
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different starting gantry angles. The starting gantry
angles were simulated in increments of 45°; this effec-
tively led to sampling locations on the endocardium by
m-mode lines perpendicular to the surface rotating in
45° increments.

As shown from phantom experiments in this study,
4DCT + ResyncCT yielded highly accurate estimates of
mechanical activation times of endocardial wall motion.
The promising initial results reported in this work moti-
vate future studies to perform head-to-head validation in
patients against CMR tagging, the gold-standard modal-
ity for estimating regional cardiac function.

5 | CONCLUSIONS

We developed an anthropomorphically accurate
dyssynchronous LV phantom and used this phantom
to evaluate the accuracy and precision of estimating
mechanical activation times of LV wall motion with
4DCT. After motion correction with the ResyncCT algo-
rithm, 4DCT yields estimates of mechanical activation
times of LV wall motion with significantly improved
accuracy and precision. The promising results reported
in this study highlight the potential utility of 4DCT in
measuring the timing of mechanical events of interest
for CRT guidance.
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