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Assessment of regional cardiac function has implications in the diagnosis and management

of cardiac diseases such as myocardial ischemia, heart failure, dyssynchrony, and cardiotoxicity.

Over the past 30 years, significant effort has been focused on developing methods for estimating

regional cardiac function; however, there remains an urgent unmet clinical need for a method that

is easily available, accurate, reproducible, and operator independent. Modern four-dimensional

computed tomography (4DCT) imaging systems can acquire highly detailed full 3D images of the

heart across the entire cardiac cycle from a single table position and within a single heartbeat;
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no other non-invasive cardiac imaging modality comes close to this capability. Additionally, the

images are now routinely acquired with low patient exposure to ionizing radiation. While 4DCT

is proving to be a promising modality, its spatio-temporal resolution in the context of regional

cardiac function assessment has neither been previously explored nor well understood. This dis-

sertation aims to investigate the spatio-temporal capabilities of 4DCT and develop methods that

leverage the high fidelity of 4DCT for the accurate and reproducible estimation of regional cardiac

function. First, we develop anthropomorphically accurate phantoms of the human left ventricle

(LV) and use these phantoms to develop and optimize methods for the high spatial-resolution

assessment of regional LV function. Second, we use the developed phantoms to understand and

improve the temporal resolution of 4DCT; higher temporal resolution permits the accurate and

reproducible estimation of mechanical activation times of LV wall motion which have previously

been shown to be a strong predictor of patient response to cardiac resynchronization therapy

(CRT). Lastly, we apply the developed methods to subject cohorts with routinely acquired clini-

cal 4DCT scans and investigate their potential effect on the planning and management of cardiac

diseases, using CRT as an example. In conclusion, this dissertation has broadened our under-

standing of the spatio-temporal resolution of 4DCT and potentially fulfils the unmet clinical need

for an accurate and reproducible method to estimate regional cardiac function.
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Chapter 1

Introduction

Significant effort has been focused on the development of robust non-invasive imaging

techniques for the assessment of regional cardiac function, which has implications in the diagnosis

and management of diseases such as myocardial ischemia [1, 2], heart failure [3], cardiotoxicity

[4], and dyssynchrony [5–7]. Global function metrics such as left ventricular ejection fraction

(LVEF) and global longitudinal strain (GLS) have prognostic value in patients with heart disease

[8]; however, global function metrics are less sensitive to local changes in heart function and are

typically only detected in advanced disease stages, with localized dysfunction often preceding

global dysfunction. This dissertation investigates the potential clinical utility of four-dimensional

computed tomography (4DCT) for the accurate and reproducible estimation of regional cardiac

function.

The most prevalent clinical modality used for assessing both regional and global cardiac

function is two-dimensional (2D) echocardiography, a method that often relies on an observer’s

visual assessment of myocardial contractility; however, concerns with the inter- and intra-observer

variability together with inter-vendor differences [9–11] have limited its widespread clinical appli-
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cation for the quantitative evaluation of cardiac deformation parameters. Despite the advent of

real-time three-dimensional (3D) echocardiography, its limited spatial resolution and long acqui-

sition times (multiple heartbeats required to produce a 3D model of the heart) have hindered the

reproducible detection of endocardial and epicardial borders and has led to poor overall adoption

of this method.

Cardiac magnetic resonance (CMR) is a proven modality for the assessment of regional

cardiac function [12]. In particular, CMR tagging is the gold-standard modality for the quanti-

tative assessment of regional myocardial function [13–15]. Cine CMR [16, 17] and cine displace-

ment encoding with stimulated echoes (DENSE) [18] have also been used to successfully quantify

regional myocardial function. Unfortunately, the long acquisition times spanning multiple heart-

beats, limited spatial resolution in the slice direction, and the requirement of highly-skilled image

acquisition and image analysis personnel are some of the factors that have impeded the adoption

of CMR techniques for the routine clinical assessment of regional cardiac function.

Advances in 4DCT have permitted the acquisition of 3D images of the full heart volume

spanning the entire cardiac cycle within a single heartbeat and from a single table position; this is

a tremendous advantage over echocardiography and CMR especially when imaging patients with

arrhythmia/irregular heartbeats. Additionally, the 4DCT cardiac images have unmatched spatial

resolution [19–21], delineating the rich endocardial texture of the heart [22]. The drawback with

4DCT is patient exposure to ionizing radiation; however, recent technological developments have

permitted the acquisition of an entire functional series of 4D images of the heart across the cardiac

cycle with radiation doses in the range of [0.5, 4] mSv, which is considered to be low dose [23]. In

the United States, the average annual exposure to natural sources of radiation is 3 mSv (range

1-10 mSv depending on geographical location). Since there has been no established geographic
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correlation with cancer risk, the consensus adopted at the Summit on Management of Radiation

Dose (Bethesda, Maryland, 24-25 February 2011) was that long-term risk of radiation dose from

CT can be considered negligible if the radiation dose is limited to less than the background

radiation [24]. In addition, the radiation dose from CT will further continue to be lowered

with the advent of photon-counting detectors, more powerful x-ray tube generators at low peak

kilovoltage (kVp), and deep learning for image reconstruction, image denoising, and artifact

reduction.

4DCT is not routinely used for regional cardiac function assessment. Additionally, the

spatio-temporal resolution of 4DCT in the context of regional cardiac function assessment has

neither been previously explored nor well understood. This thesis aims to bridge that gap in

knowledge and develop tools that leverage the high fidelity of 4DCT for the accurate and repro-

ducible assessment of regional cardiac function. The ability to derive accurate and reproducible

estimates of regional cardiac function easily and in a wide group of patients would likely drive a

paradigm shift in quantitative functional cardiac imaging.

1.1 Spatial resolution of regional cardiac function assessment

4DCT systems offer 3D full heart volume images across the cardiac cycle with very high

spatial resolution [19–21]; the resolution can be easily appreciated by visualizing a simple surface

rendering of the left ventricular (LV) endocardium as shown in Fig. 1.1. The LV endocardium is

rich in texture comprising the trabeculae carneae and the papillary muscles; these high-frequency

spatial features can be used as fiducial markers for tracking the contraction of local regions of

the endocardium. Currently, the American Heart Association (AHA) 17-segment model [25]

is the standard model for quantifying regional LV function; however, with the superior spatial
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resolution of 4DCT, we sought to develop tools that facilitate the estimation of regional LV

function at a higher resolution than the AHA 17-segment model; we need a model that more

closely corresponded with the true resolution yielded by 4DCT (1 x 1 x 1 mm3). These higher

resolution estimates of regional LV function could be more sensitive to subtle changes in functional

states of the LV (eg. between pre- and post-therapy), and could also be earlier detectors of local

LV dysfunction.

Figure 1.1: 3D rendering of the LV endocardial surface. The lateral wall is in view, depicting
the detailed endocardial texture. LV: left ventricle

1.2 Temporal resolution of regional cardiac function assessment

The temporal resolution of 4DCT is complex; the temporal resolution does not increase

by reconstructing a large number of time frames in a 4D series. It actually depends on the

rotation speed of the gantry and the position of the gantry with respect to the direction of

motion of the object being imaged [21]. 4DCT images are not simple temporal averages of the

4



object within the acquisition window; the motion artifacts seen in 4DCT images are actually a

mathematical image reconstruction problem. Spatial frequencies within a radial sample in the

Fourier domain of the object are acquired by sub-millisecond x-rays associated with a particular

gantry view-angle (Fourier slice theorem); therefore, these radial samples of spatial frequencies

have excellent temporal resolution. Different spatial frequencies are sampled radially at different

view-angles thereby completing the full Fourier representation of the object; thus, these radial

samples are merely phase shifted with respect to one another (the magnitude remains unchanged

with respect to the original object). Therefore, motion correction can be achieved by accurately

modeling the phase shifts.

High temporal resolution is important for cardiac applications such as the assessment

of timing of LV mechanics and dyssynchrony [5–7]. The estimates of LV mechanical activation

times have been shown to have a strong correlation with cardiac resynchronization therapy (CRT)

response [16, 26, 27]. Therefore, the accurate and reproducible estimation of timing of mechanical

events of interest of the LV may have significant implications in patient selection for CRT.

The temporal resolution of 4DCT is ∼65 ms for dual-source scanners and ∼140 ms for

single-source scanners; thus, motion correction is especially important for single-source scanners.

While dual-source scanners (e.g., Somatom Force, Siemens Healthcare) have higher temporal

resolution, they have limited detector coverage in the z -axis direction (< 60 mm); therefore,

the entire inferior-superior extent of the heart can be imaged only in helical mode, or with two

table positions in “step and shoot” mode. This may yield step-artifacts due to beat-to-beat

irregularities during the acquisition, especially in patients with arrhythmia; thus, rendering the

images unanalyzable for mechanical dyssynchrony analysis. Therefore, wide detector scanners

(e.g., Revolution CT, GE Healthcare with 256 detector-rows or Aquilion ONE, Canon Medi-
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cal Systems with 320 detector-rows) with full heart coverage from a single table position (160

mm z -axis coverage) may be better suited for this application, especially with the significant

advancements made in the field of motion correction [28, 29].

1.3 Outline of the dissertation

The dissertation is structured as follows:

• Chapter 2 investigates the spatial resolution limits of a 4DCT-derived regional endocardial

strain estimation method for the assessment of regional cardiac function. The chapter

describes the development of an anthropomorphically accurate LV phantom that served

as ground-truth for strain estimation. Using the phantom, guidance was obtained on the

sizes of wall motion abnormalities that can be accurately detected with 4DCT: wall motion

abnormalities greater than 19 mm in diameter were detected with high accuracy to within

±5% error, with the threshold for the detection of a dysfunctional region lying between 14

and 19 mm.

• Chapter 3 investigates the temporal resolution of 4DCT for the estimation of LV mechani-

cal activation times. Activation times of LV wall motion have previously been shown to be

a strong predictor of response to CRT. An anthropomorphically accurate dyssynchronous

LV phantom was developed. The phantom was used as ground-truth to understand motion

artifacts in 4DCT images as well as their effects on estimating timing of LV mechanical

activation. A newly developed cardiac motion correction algorithm called ResyncCT was

used to produce motion artifact-free images. With motion correction, 4DCT yielded esti-

mates of LV mechanical activation with significantly improved accuracy and precision over
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the estimates derived from the motion-corrupted images. The results from this chapter

highlight the potential utility of 4DCT in estimating activation times of LV wall motion

for CRT planning and management.

• Chapter 4 employs the tools developed in chapters 2 and 3 with the goal of defining a

patient-specific metric that predicts the probability of a patient responding to CRT. Despite

CRT being a proven treatment for heart failure, 30-50% of patients who undergo CRT do

not respond to the treatment; thus, more accurate patient selection for CRT remains an

urgent unmet clinical need. Eighty-two subjects, each with 4DCT scans acquired both

before and 6-months after CRT implantation, were used in this study. Eight features of LV

mechanics, which were derived from the pre-CRT 4DCT scans of the subjects, were used

to train a model using a support vector machine. The model called the lead placement

score yields a patient-specific metric that is correlated with the probability of a patient

responding to CRT. The lead placement score effectively reclassified the 82 subjects into

three groups: low-probability of responding to CRT, high-probability of responding to CRT,

and a probability of responding to CRT that was unchanged from the pretest probability.

The encouraging results reported in this chapter highlight the potential utility of 4DCT in

patient selection for CRT.

• Chapter 5 investigates the clinical utility of estimating mechanical activation times of the LV

from motion-corrected cardiac 4DCT images. Chapter 3 describes and validates the newly

developed cardiac motion correction algorithm called ResyncCT using controlled phantom

experiments; this chapter investigates its applicability to routinely acquired clinical cardiac

4DCT images and quantifies its effect on the estimates of LV mechanical activation times.

Twenty-four subjects with full heart volume full cardiac cycle images were used and the
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images were processed with ResyncCT to yield motion corrected images. The effect of

ResyncCT on the estimation of LV mechanical activation times was profound; ResyncCT

could potentially reclassify 96% of the subjects used in this study based on their probabil-

ities of responding to CRT. Additionally, the differences in activation times between the

motion-corrected ResyncCT images and the motion-corrupted images were heterogeneous

and subject specific. The results reported in this study highlight the potential utility of

ResyncCT in estimating timing of mechanical events of interest of the LV for CRT planning.

• Chapter 6 summarizes the results of this dissertation in the broader context of 4DCT and

its potential utility in advancing cardiac imaging for the better management of disease.
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Chapter 2

Spatial resolution of regional cardiac

function assessment with 4DCT

We developed an anthropomorphically accurate left ventricular (LV) phantom derived

from human CT data to serve as ground truth for the optimization and the spatial resolution

quantification of a CT-derived regional strain metric (SQUEEZ). Displacements were applied to

the mesh points of a clinically derived end diastolic LV mesh to create analytical end systolic poses

with physiologically accurate endocardial strains. Normal function as well as regional dysfunction

of four sizes (1, 2/3, 1/2, and 1/3 AHA segments as core diameter), each exhibiting hypokinesia

(70% reduction in strain) and subtle hypokinesia (40% reduction in strain), were simulated.

Regional shortening RSCTestimates were obtained by registering the end diastolic mesh to each

simulated end systolic mesh condition using a non-rigid registration algorithm. Ground-truth

models of normal function and of hypokinesia were used to identify the optimal parameters

in the registration algorithm, and to measure the accuracy of detecting regional dysfunction
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of varying sizes and severities. For normal LV function, RSCTvalues in all 16 AHA segments

were accurate to within 5%. For cases with regional dysfunction, the errors in RSCTaround the

dysfunctional region increased with decreasing size of dysfunctional tissue.

2.1 Background

SQUEEZ [1] is a new method introduced to measure regional endocardial strain from

4DCT images acquired with routine clinical protocols. SQUEEZ exploits the high fidelity of

4DCT to track features of the endocardium, which are used by a non-rigid point set registra-

tion technique [2] to derive displacements of points on the endocardium across the cardiac cycle.

This displacement estimate is used to obtain information on the regional shortening of the endo-

cardium. SQUEEZ has shown to be capable of differentiating normal from dysfunctional myocar-

dial regions in pigs [1], has been compared with CMR tagging derived circumferential shortening

in canines [3], and more recently, baseline estimates of RSCTvalues derived from SQUEEZ in the

normal human LV were established [4]. In addition to the LV, SQUEEZ has shown to be capable

of identifying regional differences in systolic function in complex right-ventricle (RV) geometries

[5].

Cross-modality comparisons of regional strain measures in humans is a difficult task and

the measurements made maybe subject to modality-specific biases as each imaging modality has

inherent limitations ranging from operator variability to through-plane motion. Additionally,

trabeculation of the endocardium is species dependent, with human hearts having more tra-

beculation than either porcine or canine hearts; hence, the prior optimization of SQUEEZ will

likely need adjustment for human hearts. Significant effort has been laid on the development of

computerized phantoms of the human heart which provide an essential ground-truth in the opti-
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mization and evaluation of various imaging devices and techniques. Some of these phantoms are

derived directly from patient image data (voxel phantoms) [6–9], while others are defined using

mathematical primitives [10, 11]. The voxel phantoms are anatomically accurate but are limited

in their flexibility for modelling different motions and anatomies, while on the other hand, the

mathematical phantoms offer a great deal of modelling flexibility but do not accurately represent

the human anatomy. A new breed of hybrid phantoms that combine the advantages of the above

two classes have been developed [12–15]. These phantoms have been very useful in optimizing

and evaluating various imaging systems for optimal patient diagnosis and treatment.

In this chapter, we describe the development of an anthropomorphically accurate LV mesh

phantom with defined correspondences between endocardial points as a function of time across

the cardiac cycle [16]. The phantom is derived from a high-resolution CT scan of a human LV

and displacements were applied to each point to create analytical end systolic poses exhibiting

physiologically accurate endocardial strains. Using the phantom, we tune the parameters of

the registration algorithm to achieve optimal registration between the end diastolic and the end

systolic LV poses. Additionally, we also quantify the spatial resolution limits of SQUEEZ for

the estimation of regional wall motion abnormalities, thereby performing the first analytical

evaluation of SQUEEZ using an anthropomorphically accurate phantom of the human LV.

2.2 Methods

2.2.1 Image Acquisition

The end diastolic phase of a human cardiac CT scan was used as the baseline image for

phantom development. The image was acquired under IRB approved protocols at the National
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Institutes of Health (Bethesda, Maryland) using retrospective electrocardiogram (ECG) gating

with inspiratory breath-hold. The scanner used was a 320 detector-row (Aquilion ONE, Canon

Medical Systems, Otawara, Japan), which enabled complete coverage of the heart from a single

table position. The scan parameters were: tube current - 280 mA, kVP - 100 kV, and short scan

acquisition with a gantry revolution time of 275 ms. Full R-R image data spanning a complete

cardiac cycle was acquired and the end diastolic phase was reconstructed at 0% of the R-R phase.

Optimal opacification from contrast dye was achieved using real-time bolus tracking.

The image was reconstructed into a matrix of 512 x 512 x 320 voxels using the manu-

facturer’s (Canon Medical Systems) standard reconstruction algorithm (reconstruction diameter:

173.5 mm; kernel: Cardiac FC08), as implemented clinically. The image had voxel dimensions

of 0.34 x 0.34 x 0.50 mm3 in the x, y, and z dimensions respectively. Neither the imaging pa-

rameters nor subject enrolment were determined by the authors for the purpose of our particular

study. The images used in this work were directly obtained from the clinic with acquisition and

reconstruction parameters determined by the clinical protocol used for that study.

2.2.2 Image Processing & Mesh Extraction

The LV endocardium was segmented with ITK-SNAP [17] using the active contour region

growing module (thresholding type = high pass; threshold = 450; smoothness = 10; seed radius

= 5; all other parameters were set as default). All further processing steps were performed in

MATLAB (MathWorks Inc.).

The binary LV segmentation was loaded into MATLAB in its native orientation (original

axial slices) and resolution. Prior to extracting the endocardial mesh, the binary LV volume was

resampled to an isotropic resolution of 0.5 x 0.5 x 0.5 mm3 by linear interpolation. The isotropic
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binary volume was rotated sequentially about the x and y axes to align the LV long axis with

the z axis; hence, the longitudinal direction of the model is equivalent to the z-direction.

The binary LV volume was subsampled to a resolution of 2 x 2 x 2 mm3 by retaining

every fourth (2mm/0.5mm) voxel in x, y, and z directions to achieve a spatial sampling consistent

with previously published SQUEEZ analyses [1, 3–5]. A mesh of the boundary between the LV

blood pool and the endocardium was extracted using the isosurface built-in MATLAB routine.

The mesh comprised of 5257 faces and 2662 mesh points. A summary of the process is shown in

Fig. 2.1A-C.

A B C

Figure 2.1: Image segmentation and mesh extraction. (A) Axial slice of the CT image. (B)
Axial slice with the LV blood volume segmentation overlaid in red (with the mitral valve and the
LV outflow-tract defined as the cut-off points). (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.

2.2.3 Strain Model

The end diastolic mesh, obtained from the LV segmentation as described in Sec. 2.2.2,

was deformed to an analytical end systolic pose by prescribing displacements to the mesh points

to achieve physiologically accurate end systolic strains. The three deformations modeled were:

1. Longitudinal strain (εzz): constant -21% [18] from apex to base
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2. Circumferential strain (εcc): linear reduction from -44% at the apex to -34% at the base

[18]

3. Azimuthal rotation around the long axis (Δθ): linear decrease [19] in rotation from 13°in

the counter-clockwise direction at the apex to 6.9°in the clockwise direction at the base,

when viewed from apex to base [20]

Azimuthal rotation represents the rotation of the LV endocardium during systole; changes

in Δθ as a function of long axis position create torsion in the LV model. The EF of the model

was 70%, which was consistent with CT-based LV EFs measured in normal hearts [4]. Figure

2.2 shows the peak end systolic strain values as a function of z-position along the long axis of

the LV.

A B
εzz
εcc

∆θ

Figure 2.2: Components of the peak end systolic strain model as a function of z-position along
the long axis of the LV from apex (position 0) to base (position 1). (A) Peak end systolic
longitudinal (εzz; solid line) and circumferential (εcc; dotted line) strains as a function of the LV
long axis (B) Peak end systolic LV rotation as a function of the LV long axis (positive rotation
is counter-clockwise when viewed from apex looking up towards the base).
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Displacement functions

Displacements were prescribed to each mesh point (x,y,z) in order to attain the desired

three deformations specified above according to the following equations:

x′ = {x·cos[∆θ(z̃)]− y·sin[∆θ(z̃)]} × [1 + ϵcc(z̃)], (2.1)

y′ = {x·sin[∆θ(z̃)] + y·cos[∆θ(z̃)]} × [1 + ϵcc(z̃)], (2.2)

z′ = z0 + (z − z0)× (1 + ϵzz), (2.3)

where (x′,y′,z′) are the new displaced coordinates, z̃ is the normalized z coordinate (0 at the

apex and 1 at the base), and z0 is the fixed apical z coordinate.

Regional dysfunction model

Regional dysfunction was incorporated into the strain model by prescribing a reduction

factor in the ϵzz and the ϵcc components over a particular region of interest. The dysfunction

model had three adjustable parameters:

1. Position: spatial coordinates of the center of the dysfunctional region

2. Severity: reduction factor in strain at the center of the dysfunctional region

3. Size: diameter at which a 13% reduction from the desired dysfunctional severity occurred;

defined as the ‘core’ diameter

To ensure continuity of the LV tissue, a 2D sigmoid function was used to define the dys-

functional region to create a smooth transition radially outward from the center (where severity

19



is maximum) to the normal tissue (see Appendix A, Sec. A.1). The sizes of the dysfunctional re-

gions were reported in terms of fractions of an AHA segment [21] (corresponding to the American

Heart Association’s 17 segment model) defining the core of the dysfunctional region. The extent

of the core was defined as the diameter at which a 13% reduction from the desired dysfunctional

severity occurred; this corresponded to the flat ‘table-top’ region of the sigmoid function. A rep-

resentative human end diastolic LV circumference of 170 mm was used as reference to define the

AHA segments. For example, 1/2 an AHA segment translated to a core of 14 mm (170 mm/12).

Two severities of dysfunction were investigated in this paper: 1) hypokinesia, defined by

a peak 70% reduction at the center in the ϵzz and the ϵcc components and 2) subtle hypokinesia,

defined by a peak 40% reduction at the center in the ϵzz and the ϵcc components.

Texture smoothing

To mimic the CT image sampling of the end systolic pose of the ventricle more accurately,

a low-pass filter was applied on the mesh using the iso2mesh [22] MATLAB toolbox (method =

‘lowpass’; iterations = 4; alpha = 0.4). This was motivated by the change in LV endocardial

texture during systole [23, 24] due to collapsing spaces between trabeculae coupled with spatial

resolution limitations of the CT scanner; as the trabeculae come closer together in the analytical

phantom due to myocardial contraction, the spatial frequency of the endocardial surface increases.

Due to the scanner’s finite resolution (point spread function), these high frequency structures can

no longer be resolved giving rise to a smoothed texture of the endocardium at end systole. To

simulate this texture change of the LV, a filter was applied. The filter was a Laplace filter applied

in two steps; a forward step (smoothing; eqn. 2.4) and a backward step (volume conserving; eqn.

2.5) according to the following equations [25]
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p′ = p+ α
n∑

i=1

ϕ(qi − p), 0 < α < 1, ϕ =
1

n
, (2.4)

p′′ = p′ + µ
n∑

i=1

ϕ(qi − p), µ = −1.02α, ϕ =
1

n
, (2.5)

where p, p′, and p′′ are the original, intermediate, and final positions of a mesh point p and i =

1,2,3,. . . ,n is the index number of the n neighboring mesh points q. The parameters α, µ, and

number of iterations were chosen such that the frequency response of the applied filter was similar

to that of the Standard reconstruction kernel of a 256 detector-row clinical scanner (Revolution

CT, General Electric Medical Systems, Wisconsin; see Appendix A, Sec. A.2). Figure 2.3

shows the end diastolic (Fig. 2.3A) and the analytically derived final end systolic poses (with

smoothing) under normal function (Fig. 2.3A) and a sample case exhibiting regional dysfunction

(Fig. 2.3C).

B CA

End Diastole End Systole
(Normal)

End Systole
(Hypokinetic Mid-Anterior)

Figure 2.3: End diastolic and analytically derived end systolic LV poses. (A) End diastolic
mesh derived from human LV clinical CT data. (B) Analytically derived end systolic pose with
normal function. (C) Analytically derived end systolic pose exhibiting regional hypokinesia of
1/2 an AHA segment (14 mm) as core diameter at the mid-anterior segment of the LV with
normal strain values in all other segments. All three views are of the LV lateral wall with the
anterior wall to the left and the inferior wall to the right.
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2.2.4 Non-rigid Point Set Registration

Coherent Point Drift (CPD), a probabilistic non-rigid point set registration technique

[2], was used to register the end diastolic template mesh to the end systolic target mesh. Since

our model had a perfect 1:1 correspondence, the registration accuracy could be validated with

the known ground-truth. However, in the clinical scenario, a 1:1 correspondence does not exist

between the end diastolic and the end systolic mesh points. From 10 4DCT scans of human LVs

with normal function (CT measured LV EF: 73% ± 4%), meshes were extracted at end diastole

and end systole and the ratio of the number of mesh points at end systole to end diastole was

calculated to be 46% ± 7%; therefore, only 50% of the mesh points (every alternate point) in the

analytically derived end systolic poses were retained.

Additionally, a uniform distribution of random noise in the range of ± 0.6 mm was added

to the coordinates (x,y,z) of the down-sampled end systolic pose to make the noise independent.

The limits of the added noise were determined by calculating the natural variability in the

detection of the endocardial edge for different contrast-to-noise levels obtained by changing the

x-ray tube current settings (see Appendix A, Sec. A.3). This down-sampled end systolic pose

with added noise was used as the target for the registration of the template end diastolic mesh.

Identification of optimal set of CPD parameters

The CPD algorithm has 2 free parameters: β and λ. β is the width of the Gaussian

smoothing kernel and λ is the regularization weight [2]. Both β and λ define the coherence of

motion between neighboring points; an increase in either value, forces the points to move in a

more coherent manner, while lower values allow for more localized deformations.

For our application of detecting a subtle wall motion abnormality, we needed the registra-
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tion algorithm to balance global coherent motion with the ability to track localized deformations.

The warping of the template end diastolic mesh to the target end systolic mesh had to be per-

formed in a physiologically accurate manner (coherent motion), while simultaneously capturing

regional abnormalities in cardiac contraction (localized changes in the expected motions). From

visual inspection trials, performed on phantoms representing both normal LV function and re-

gional hypokinetic function (1/2 AHA segment (14 mm) as core diameter), we observed β values

between [0.5, 2] in steps of 0.1 and λ values between [1, 25] in steps of 1 covered the domain

of values of interest. The above identified values for β and λ defined 400 (16β x 25λ) sets of

possible parameters for the registration algorithm. From these 400, we sought to identify one

set of parameters which yielded the ‘best’ (defined in the next section) registration between end

diastole and end systole under both, normal and regional dysfunction conditions. The 1/2 AHA

segment hypokinetic model was chosen based on two factors: 1) from visual inspection of wall

motion abnormalities seen on CT images, this was considered smaller than the average size of

dysfunction and 2) by optimizing for hypokinetic function, the registration fit would be bet-

ter capable of capturing subtle wall motion abnormalities. The core of the 1/2 AHA segment

hypokinetic region contained 36 mesh points.

Statistical evaluation

The accuracy and quality of the registration fit was assessed based on four metrics:

1. Global l2 norm: The global l2 norm was computed for all mesh points of the LV according

to the formula:

l2glo =
1

N

√√√√ N∑
i=1

(x0i − xi)2 + (y0i − yi)2 + (z0i − zi)2 (2.6)
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where (x0,y0,z0) are the coordinates of the ground-truth mesh, (x,y,z) are the corresponding

coordinates of the registered mesh, and i = 1,2,3,. . . ,2662(N) is the index of the mesh

points.

2. Regional l2 norm: The regional l2 norm was computed over the mesh points of the pro-

grammed dysfunctional region of the LV according to the formula:

l2reg =
1

n

√√√√ n∑
i=1

(x0i − xi)2 + (y0i − yi)2 + (z0i − zi)2 (2.7)

where (x0,y0,z0) are the coordinates of the ground-truth mesh, (x,y,z) are the corresponding

coordinates of the registered mesh, and i = 1,2,3,. . . ,320(n) is the index of the mesh points

within the programmed dysfunctional region.

3. Euclidean distance: Unlike the l2 norm which provides an average measure of goodness of

fit for all points in consideration, Euclidean distance was calculated on a point-by-point

basis according to the formula:

disti =
√

(x0i − xi)2 + (y0i − yi)2 + (z0i − zi)2 (2.8)

where (x0,y0,z0) are the coordinates of the ground-truth mesh, (x,y,z) are the corresponding

coordinates of the registered mesh, and i = 1,2,3,. . . ,2662(N) is the index of the mesh

points.

4. SQUEEZ: SQUEEZ [1] is a user-independent method developed to measure endocardial

regional shortening (RSCT). It is measured by tracking features on the endocardium from

4DCT data and is computed as the square root of the ratio of areas of corresponding patches

between a template mesh and a target mesh, according to the formula:

RSCT =

√
A(ν, t)

A(ν, t = 0)
− 1 (2.9)
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where A(ν, t) refers to the area of a patch ν at time t and A(ν, t = 0) is the area of the

same patch at time t = 0 (end diastole). Consistent with previously published SQUEEZ

analyses, each patch was defined as a single triangular face of the end diastolic template

mesh; the average patch size at end diastole was 2.6 ± 0.5 mm2. Recently, from a cohort

of 25 subjects with normal LV function, McVeigh et al. determined the average peak end

systolic RSCTvalue over the entire LV endocardium to be -34% ± 5% [4].

Only those values of β and λ, from the pool of 400, that yielded registration fits that

satisfied the following inclusion criteria were shortlisted:

1. Global l2 norm in the normal case ≤ 0.015 (bottom 90% of all l2 norms; errors were

consistently low for the simulated normal LV function)

2. Regional l2 norm in the dysfunctional case ≤ 0.07 (bottom 40% of all regional l2 norms)

3. 95% of RSCTvalues in the normal case to be within ±5% [4] from the ground-truth

4. 90% of mesh points (2396 in number) in both the normal and the dysfunctional case to be

within ±1 mesh point distance (±2 mm) from the ground-truth

5. RSCTvalues in all 16 AHA segments in the normal case to be within ±5% from the ground-

truth

6. RSCTvalues in 15 normal AHA segments (excluding the mid-anterior segment containing

the programmed dysfunctional region; AHA segment 7) in the dysfunctional case to be

within ±5% from the ground-truth

7. Average RSCTvalue in abnormal AHA segment 7 (mid-anterior segment containing the

programmed dysfunctional region) in the dysfunctional case ≥ -26% (average ground-truth
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RSCTvalue in the normal LV = -31%, hence cut-off threshold for abnormal function is -31%

+ 5% = -26%). The theoretical RSCTvalue in the core of the hypokinetic region was -12%

± 2.2%.

2.2.5 Quantifying Spatial Resolution Limits of SQUEEZ for the Detection of

Regional Dysfunction

Four sizes of regional dysfunction (1, 2/3, 1/2, and 1/3 AHA segments translating to

core diameters of 28, 19, 14, and 9.5 mm respectively), each modeled with hypokinesia and

subtle hypokinesia (defined in Sec. 2.2.4) were used to sample the threshold of detection of

abnormal strain with SQUEEZ. The optimal set of CPD parameters was used and the target

end systolic meshes for each size and severity of dysfunction were prepared as outlined in Sec.

2.4 (down-sampled and independent noise added).

Box plots of the distribution of RSCTvalues within the core of the dysfunctional regions,

for both the ground-truth and the registered meshes, were used to quantify the accuracy. The

spatial resolution limit of SQUEEZ under both regional hypokinetic and subtle hypokinetic

functions was defined as the smallest lesion size that SQUEEZ can accurately detect to within

±5% of the theoretical RSCTvalue in the core of the dysfunctional regions.

2.3 Results

The results are presented under two sections: 1) identification of the optimal set of

parameters for CPD registration and 2) quantification of the spatial resolution limits for the

detection of regional wall motion abnormalities.
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2.3.1 Optimal Set of Parameters for CPD Registration

From the 400 sets of parameters, only 6 sets of parameters satisfied the 7 inclusion criteria

outlined in Sec. 2.2.4. β values only between 1 and 1.1 satisfied the inclusion criteria; high values

of β imposed strong coherence of motion and hence, regional displacements (hypokinetic/infarct

regions) were compromised while very low values of β led to hyper-flexible meshes. The values

of λ ranged from 7 to 9 for β = 1.1 and from 10 to 12 for β = 1. Also observed was an

inter-dependency between β and λ; as the value of β (width of the Gaussian smoothing kernel)

decreased, in order to maintain the overall quality of the mesh (coherence of point displacements),

the value of λ (the regularization weight) had to increase.

Figure 2.4 plots the l2 norms as a function of β and λ under normal and regional

dysfunction cases within the domain of β and λ values that satisfied the inclusion criteria. As

seen from Fig. 2.4, the errors in both regional and global fits were stable and similar across all

sets of shortlisted parameters (highlighted by the red boundaries). While any of the 6 shortlisted

sets of parameters could be used, we needed to choose one operating point to proceed with

the investigation of the spatial resolution of SQUEEZ for the detection of regional wall motion

abnormalities. From Fig. 2.4B, for a value of β = 1.1, the errors across a wide range of λ

values between [7,13] were stable and consistently low; this served as motivation to choose β =

1.1 over β = 1.0. Among the three available λ values of 7, 8, and 9 for β = 1.1, λ = 9 was

chosen as the operating point to provide the highest regularization from among the shortlisted

parameters. While our simulation was performed under controlled circumstances, human LVs

artifactually lose features during systole in a non-coherent fashion (such as trabeculae collapsing

and papillary muscles merging with the endocardium); hence for clinical LV scans, we expect

that a higher regularization of the registration fit would decrease the influence of the artifactual
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non-rigid deformation caused by the above listed artifacts.

(A)

(C)

(B)

(D)

Figure 2.4: Registration errors as a function of β and λ within the domain of β and λ values
that satisfied the inclusion criteria. (A) l2 norm computed over a region of the endocardium in
the model with normal LV function that corresponded to the hypokinetic region in the regional
dysfunction model. (B) l2 norm computed over the hypokinetic region in the regional dysfunction
model. (C) l2 norm computed over the entire endocardium in the model with normal LV function.
(D) l2 norm computed over the entire endocardium in the regional dysfunction model. The
registration errors were stable and similar across all parameter sets that satisfied the inclusion
criteria (highlighted by the red boundaries).

2.3.2 Spatial Resolution Limits of SQUEEZ for the Detection of Regional

Dysfunction

Four sizes of regional dysfunction were simulated with each size exhibiting hypokinesia

and subtle hypokinesia (see Sec. 2.2.5). Figure 2.5 summarizes the results of SQUEEZ for

the detection of hypokinesia for the four sizes of simulated regional dysfunction. Panels A and

B show the end systolic poses of the anterior wall of the LV with RSCTvalues mapped onto

the endocardial surface (panel A: programmed ground-truth RSCTmaps; panel B: RSCTmaps
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derived from SQUEEZ). Panel C shows boxplots (bottom and top edges of each box correspond

to the 25th and the 75th percentiles and the central line indicates the median) of the ground-

truth (in blue) and the SQUEEZ derived (in pink) RSCTvalues within the core of each of the

four dysfunctional regions. For a detection threshold of ± 5% from the theoretical RSCTvalue

within the core of the dysfunctional regions, Fig. 2.5 demonstrates the smallest lesion size that

can be confidently measured with SQUEEZ processing. Hypokinetic regions of 1 and 2/3 AHA

segments as core diameter were accurately measured while the severity of dysfunction in the 1/2

and 1/3 AHA segments was underestimated.

Similarly, Fig. 2.6 summarizes the results of SQUEEZ for the detection of subtle hypoki-

nesia for the four sizes of simulated regional dysfunction. Panels A and B show the end systolic

poses of the anterior wall of the LV with RSCTvalues mapped onto the endocardial surface (panel

A: programmed ground-truth RSCTmaps; panel B: RSCTmaps derived from SQUEEZ). Panel C

shows boxplots of the ground-truth and the SQUEEZ derived RSCTvalues within the core of each

of the four dysfunctional regions. Again, subtle hypokinetic regions of 1 and 2/3 AHA segments

as core diameters were accurately measured while the severity of dysfunction in the 1/2 and 1/3

AHA segments was underestimated.

As seen from Figs. 2.5 and 2.6, the reduction in strain in localized and subtle wall motion

abnormalities was underestimated. While SQUEEZ was able to capture lesions of size greater

than 2/3 AHA segments with high accuracy, this result suggested that secondary techniques need

to be identified and developed to facilitate the accurate capture of smaller localized regions of

dysfunction.
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Figure 2.5: Detection of hypokinesia with SQUEEZ for four different sizes of regional dysfunc-
tion. (A-B) End systolic LV poses showing the anterior wall with regional shortening (RSCT)
values mapped onto the endocardial surface for the four sizes of regional dysfunction (A – pro-
grammed ground-truth RSCTmaps; B – RSCTmaps obtained with SQUEEZ). Yellow corresponds
to low function and blue corresponds to normal function. (C) Boxplots of ground-truth and
SQUEEZ derived RSCTvalues within the core of each of the four dysfunctional regions.

2.4 Discussion

This manuscript presents an anthropomorphic LV mesh phantom derived from human

cardiac CT data and prescribed with physiologically accurate strain functions [18–20] to create

analytically known systolic poses. We have introduced an LV mesh model with programmable

dysfunctional regions of various sizes, shapes, and severities for the first analytical evaluation

of the spatial resolution of SQUEEZ for the human LV. A potential alternative to the work
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Figure 2.6: Detection of subtle hypokinesia with SQUEEZ for four different sizes of regional
dysfunction. (A-B) End systolic LV poses showing the anterior wall with regional shortening
(RSCT) values mapped onto the endocardial surface for the four sizes of regional dysfunction
(A – programmed ground-truth RSCTmaps; B – RSCTmaps obtained with SQUEEZ). Yellow
corresponds to low function and blue corresponds to normal function. (C) Boxplots of ground-
truth and SQUEEZ derived RSCTvalues within the core of each of the four dysfunctional regions.

described here would be to compare strain estimates from SQUEEZ with those derived from

another imaging technique such as MR tagging. However, comparing strain values in the human

heart measured with two different imaging techniques is fraught with problems; the human

subject needs to be imaged with each technique in quick succession, and each technique has

its own inherent limitations. The LV phantom developed in this work provides a platform to

compare the measured strain values with the actual programmed ground-truth values. In addition

to the measurement of regional shortening, the model also provides a platform to investigate the
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assessment of other LV phenomena such as dyssynchrony and endocardial twist, which were not

examined in the work reported here. Another advantage of the developed mathematical phantom

is that the analytically derived systolic poses can be used to create 3D printed physical phantoms,

serving as a ground-truth for understanding the implications of different imaging protocols on

the assessment of LV function using CT.

Using a model for normal LV function and a model for regional dysfunction of moderate

size and severity, a set of parameters for the CPD registration algorithm was identified for our

task. This was the first attempt at identifying the optimal set of CPD parameters for the quan-

tification of human regional LV function using SQUEEZ. With these parameters, the accuracy

of SQUEEZ for detecting programmed dysfunctional regions was measured. The accuracy of the

strain estimate at the center of an abnormal region decreased as a function of decreasing size

of the abnormal region; dysfunctional regions of 1 (28 mm) and 2/3 (19 mm) AHA segments

as core diameter were captured with high accuracy, while the severity of dysfunction in the 1/2

(14 mm) and 1/3 (9.5 mm) AHA segments was underestimated. It should be noted that dys-

functional regions of 1/3 AHA segment and smaller are rarely detected by any current method

in the clinical setting; however, as part of future work, more advanced approaches need to be

developed to refine the SQUEEZ pipeline (modify CPD or use a different registration technique,

modify mesh design) to facilitate the accurate detection of smaller localized wall motion abnor-

malities. Additionally, the effect of the spatial resolution of CT image acquisition on the accuracy

of mesh registration and SQUEEZ needs to be investigated. Low-dose CT scans can be spatially

smoothed to increase signal-to-noise ratio; the performance of SQUEEZ on smoothed data will

determine the minimum dose achievable for obtaining local function with 4DCT.
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2.4.1 Limitations

While the analytical phantom served as a ground-truth in the optimization and quan-

tification of the spatial resolution limits of SQUEEZ for the detection of regional wall motion

abnormalities, it does not exactly represent the texture change of the human LV during systolic

contraction. Although a low-pass filter with a frequency response similar to that of a clinical

CT scanner was applied to simulate the change in endocardial features, human LV systolic con-

traction in hearts with high ejection fraction lose endocardial features in a complex, non-random

manner (for example, convergence of the papillary muscles and heart wall at end systole).

Currently, regional dysfunction is modeled in our phantom in a circular pattern, with

the most severe dysfunction at the center and a smooth tapering off towards normal function

radially outward. The model is limited by its symmetric shape which is likely adequate to model

small regions of dysfunction; however, regional dysfunction occurs in various shapes, often in

a non-isotropic manner, especially in severely abnormal hearts. While these abnormalities are

simpler to detect, the accuracy of regional dysfunction quantification with non-isotropic spatial

scales in x, y, and z may need to be investigated.

While the model offers a great degree of flexibility in programming regional dysfunction,

it is currently limited by the lack of an accurate model of CT noise in the independent systolic

phases for images with extremely low signal-to-noise ratio (i.e. images with doses < 0.2 mSv).

Future work should address the effects of increasing CT noise and segmentation outliers on the

computed RSCTvalues so that the optimal smoothing can be applied and the lowest radiation

dose limit estimated.
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Chapter 3

Temporal resolution of estimating

timing of LV mechanics with 4DCT

The accurate and reproducible estimation of timing of LV mechanics may be beneficial in

the successful planning and management of cardiac resynchronization therapy (CRT). We sought

to demonstrate the viability of a 4DCT imaging system to estimate mechanical activation times

of LV wall motion with high fidelity. An anthropomorphically accurate in-silico LV phantom with

programmed septal-lateral wall dyssynchrony was developed. Twenty-six temporal phases of the

in-silico phantom were used to sample the cardiac cycle of 1 second. For each of the 26 phases, 1

cm thick axial slabs emulating axial CT image volumes were extracted, 3D printed, and imaged

using a commercially available CT scanner. A continuous dynamic sinogram was synthesized by

blending sinograms from these static phases; the synthesized sinogram emulated the sinogram

that would be acquired under true continuous phantom motion. Using the synthesized dynamic

sinogram, images were reconstructed at 70 ms intervals spanning the full cardiac cycle; these
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images exhibited 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, respectively. 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 towards the center of the LV during 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). Precision of the timing estimates was obtained from the five different starting

gantry angle simulations. The range of estimated mechanical activation times observed across

all starting gantry angles was significantly larger for the motion uncorrected images than the

motion corrected images. The promising results reported in this chapter highlight the potential

utility of 4DCT in estimating the timing of mechanical events of interest for CRT guidance.

3.1 Background

The advancements in 4DCT technology have made it a promising modality for the di-

agnosis and management of various cardiac diseases. One such application for these images is

predicting response to CRT, which is a medical procedure for treating heart failure patients

with mechanical dyssynchrony of the left ventricle. For many patients, this treatment is highly

effective; unfortunately, treatment response rate is currently a serious limitation, with 30-50%
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of patients not receiving much benefit as a result of their CRT procedure [1]. A great deal of

research has been done into how to use echocardiography or cardiac magnetic resonance (CMR)

imaging to guide treatment decisions, but such efforts have not produced a robust solution due to

poor performance from echo [2, 3] 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 CMR [4]).

Recent studies have determined the benefits of 4DCT in estimating mechanical dyssyn-

chrony and guiding optimal lead placement. Hoffmann and colleagues demonstrated the utility

of multi-detector CT systems to identify differences in the extent of left ventricular (LV) dyssyn-

chrony between patients in heart failure and age-matched controls [5]. More recently, they deter-

mined the ability to predict 2-year major adverse cardiac events (MACE) using dual-source CT.

They also showed that leads placed on sites with maximal wall thickness were associated with

less MACE (p < 0.01) [6]. Behar et al. used CT to determine the epicardial vein for targeting

optimal lead placement [7]. A CT-derived endocardial strain metric called SQUEEZ [8] was used

to identify regions of scar tissue and regions of latest mechanical activation. They reported that

pacing at a site determined optimal by CT-SQUEEZ correlated with higher clinical response

rates than those paced in non-optimal regions (90% vs 60%).

However, previous studies have not addressed a major limitation in measuring temporal

events with CT: the ‘false dyssynchrony’ artifact [9]. The temporal resolution of 4DCT is com-

plex; motion artifacts seen in reconstructed CT images are due to the combined effect of gantry

position as a function of time and the relative direction of wall motion [10, 11]. Edge locations

in reconstructed CT images are updated every time the x-ray beam is tangent to the particular

edge; therefore, 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
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(Sec. 3.2.4 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 accurate evaluation of activation times of wall motion and LV dyssynchrony

provides critical information in the optimal planning and management of CRT [12, 13].

Thus, the objective of this study was to perform the first quantitative evaluation of the

accuracy and precision of estimating mechanical activation times [14, 15] of LV wall motion

using 4DCT. To serve as ground-truth, we developed an anthropomorphically accurate in-silico

LV phantom with programmable dyssynchrony and used the phantom to understand and improve

temporal motion artifacts seen in 4DCT images. Based on this study, guidance for estimating

mechanical activation times of LV wall motion was obtained.

3.2 Methods

3.2.1 Dyssynchronous LV Phantom Development

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

development. 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 inspiratory breath hold. The subject (age: 45 years; sex: female)

was scanned for one complete cardiac cycle (tube current: 148 mA; kVp: 80kV) and the end

diastolic phase was reconstructed at 0% of the R-R phase into a 512 x 512 x 256 grid. The

image had a pixel spacing of 0.41 mm in the x-y plane and a slice thickness of 0.625 mm in z.
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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 done for the purpose 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. [16]. First, the end diastolic phase of the LV was segmented using the

active contour region growing module in ITK-SNAP v3.6.2 [17] (thresholding type = high pass;

threshold = 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 resolution 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 of 98911 faces and 49627 mesh points. Figure 3.1 illustrates the process outlined

above.

A B C

LV

Figure 3.1: 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.
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Displacement functions

Dyssynchrony was programmed into the in-silico LV phantom by prescribing displace-

ments to the extracted mesh points. These displacements were designed to achieve the desired

endocardial strains as a function of both endocardial location and time across the cardiac cy-

cle. Two strains were simulated: longitudinal strain (ϵll) as a function of only time (t) across

the cardiac cycle and circumferential strain (ϵcc) as a function of both time (t) and endocardial

azimuthal location (θ). The strain functions used in this study were modeled based on realistic

in-vivo strains reported by Helm et al. [18] and Delgado et al. [19] as well as on those derived

from computer simulations using the CircAdapt model [20].

A time dependent gradient in circumferential strain in the azimuthal direction (θ) was

programmed to simulate an activation delay in contraction between the in-silico phantom’s septal

(θ = π) and lateral walls (θ = 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 [18, 19]. This gradient was achieved by defining one strain vs time curve for the lateral

wall at θ = 0 (ϵcclateral) and another strain vs time curve for the septum at θ = π (ϵccseptal); the

circumferential strain at all other endocardial locations 0¡|θ|¡π was a linearly interpolated value

between the two defined strains at θ = 0 and θ = π. Figure 3.2A 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

set to 1 second.

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 paral-

lel to the z-axis (Fig. 3.2B). The mesh points were transformed from a cartesian coordinate
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Figure 3.2: Simulation of LV dyssynchrony. (A) Longitudinal (ϵll - solid blue) and circumfer-
ential (ϵcclateral) - dashed red; ϵccseptal – 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 second. (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 towards the head. (D)
3D renderings of the analytically deformed meshes of the dyssynchronous LV in-silico phantom
at 5 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 2.2C

.

system (x, y, z) to a cylindrical coordinate system (r, θ, z), with the origin set to the LV mesh cen-

troid. Displacements were then prescribed to the mesh points (r, θ, z) according to the following

equations:
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r(θ, t) = r(θ, 0)× (1 + ϵcc(θ, t)), (3.1)

z(t) = z0 + (z(0)− z0)× (1 + ϵll(t)), (3.2)

where t is time across the cardiac cycle and t = 0 represents end diastole, z0 is the fixed apical

z coordinate of the LV mesh, and ϵcc(θ, t) is the circumferential strain at time t for a point with

an azimuthal coordinate of 0 ≤ |θ| ≤ π, given by the equation:

ϵcc(θ, t) = (ϵccseptal(t)− ϵcclateral(t) ·
|θ|
π

+ ϵcclateral(t), (3.3)

After prescribing the displacement functions, the mesh points (r, θ, z) were transformed

back to the cartesian 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 Fig. 3.2C. Figure 3.2D

shows analytically deformed meshes of the in-silico phantom at 5 phases of the cardiac cycle with

regional ϵcc values mapped onto the endocardial surface (blue represents contraction and yellow

represents stretch).

3.2.2 3D Printing & 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 second. 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 displacement between any two consecutive

phases. These 26 phases were sufficient to sample the programmed motion of the phantom across

the simulated cardiac cycle (see Appendix B).
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Generation of axial slabs and 3D printing

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 (Fig. 3.3A). 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 Fig. 3.3A was

chosen because it sampled both the delayed contracting lateral wall and the earlier contracting

septum. These in-silico axial slabs were 3D printed to create physical 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 center using a Form 3 stereolithography printer (Formlabs

Inc., Somerville, MA). The printing material used was a proprietary clear photopolymer resin

(FLGPCL04) and the central LV cavity was filled with an iodinated non-ionic radiocontrast

agent (10% by volume solution of Visipaque 320, General Electric Healthcare, Chicago, IL).

Figure 3.3B shows the 26 3D printed phantom cylinders labeled with their corresponding time

delays in ms after end diastole. Figure 3.3C 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.

CT Imaging

A 256 detector-row (Revolution CT, General Electric 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 was saved using the standard archiving software on the scanner. Each image was
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Figure 3.3: 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 5 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 ms 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.

.

reconstructed into a 512 x 512 x 128 grid with pixel spacings of 0.49 mm in the x−y plane and a

slice thickness 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 photopolymer 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 ms to 975 ms. Figure 3.4 shows the CT reconstructed images

of the 3D printed phantom cylinders at 5 phases of the cardiac cycle.
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Figure 3.4: CT reconstructed images of the 3D printed phantom cylinders at 5 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.

.

3.2.3 Dynamic Raw Data Synthesis & Image Reconstructions

The raw data for each of the 26 images acquired as described above was 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 re-

constructed (data prep). The prepped sinograms were then used to create a synthetic dynamic

sinogram which emulated the sinogram that would be acquired if the dyssynchronous phantom

contracted and relaxed continuously in real time.

The first step in the synthesis of the dynamic sinogram was the extraction of a single

full scan view range (360°) from each prepped Static sinogram. The views were then circularly

shifted to align the starting view angles. In order to ensure there was no discontinuity at the

wrap around point, the extracted view range was initially larger than one rotation and a gradual

linear blending function was employed to combine the earliest and latest views together.

Given a reference view angle (βc) and a corresponding reference time (tc), one can compute

the view angle positions that correspond exactly to each Static phase (for each of multiple cardiac

cycles) as follows:
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βn+26N = βc + (tn − tc + 1000N) · ω, (3.4)

where N is an integer that indexes the cardiac cycle (e.g. -1 for the previous cardiac cycle, 0

for the current cycle, 1 for the next cardiac cycle), n is an integer from 1 to 26 indicating the

phase index, and ω is the gantry rotation speed in radians per millisecond. A dynamic sinogram

(Dβc,tc) was then computed from the Static sinograms (Si) using linear interpolation at each

view angle based on the two nearest phases, as follows:

Dβc,tc(β, γ, α) = (1− w(β)) · Ŝi(β)(β̂, γ, α) + w(β) · Ŝi(β)+1(β̂, γ, α), (3.5)

where β is the view angle, γ is the fan angle, α is the cone angle, w(β) is a linear interpolation

weight in the range [0,1), given by the following equation:

w(β) =
β − βi(β)

βi(β)+1 − βi(β)
, (3.6)

and i(β) is defined as the unique index i such that

βi ≤ β < βi+1, (3.7)

Additionally, Ŝi and β̂are defined via the modulo operator as follows:

Ŝi(β, γ, α) = Simod26(β, γ, α) (3.8)

β̂ = βmod2π, (3.9)
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In order to provide a multi-phase 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 the 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 ms to 980 ms. The resulting images clearly manifested the expected motion artifact

characteristics seen in images reconstructed from real dynamic data, including “double-wall”

and “stationary-wall” artifacts and distortions that rotate in concert with the orientation of the

gantry angle [Pack]. Intra window motion is included in the linear interpolation of sinogram

data during the synthetic sinogram creation. The difference between the continuous sinogram

and the interpolated sinogram yields artifacts in the reconstructed images that are imperceptible

compared with the larger “double-wall” and “stationary-wall” artifacts [21]; 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 [Pack] to produce

motion corrected images at the same 14 phases of the cardiac cycle as that of the Uncorrected

images. ResyncCT is a new cardiac CT motion correction algorithm that leverages the power of

conjugate pairs of partial angle reconstruction images for motion estimation and motion compen-

sation. 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 reference time of

zero (tc = 0) and reference view angles of:

βc(k) = k · π
4
, (3.10)
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where k is an integer from 0 to 4, representing the five different starting gantry angles (0, 45, 90,

135, and 180 degrees).

3.2.4 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 [22, 23]. The lateral wall m-mode line (shown

by the yellow line in Fig. 3.4) was placed close to the site of programmed latest activation. The

septal wall m-mode line (shown by the green line in Fig. 3.4) 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, the Uncorrected, and the ResyncCT images. These m-mode images were

then up-sampled via cubic interpolation by a factor of 10 to achieve sub-pixel resolution, thereby

reducing the effects of pixel discretization. The endocardial 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 [24].

The first three rows of Fig. 3.5 (Figs. 3.5A-C) show the Uncorrected images sampled at

three phases of the cardiac cycle; the full set of reconstructions (not shown) span the cardiac cycle

from 0 ms to 980 ms in 70 ms intervals. Each column corresponds to a simulated starting gantry

angle: 0°, 45°, 90°, 135°, and 180°from left to right. Figure 3.5D shows the lateral wall m-mode

images sampled at the endocardial wall location shown by the yellow line. In Figs. 3.5A-C,

the semi-circle represents the trajectory of the x-ray source (white object) as it rotates in the

counterclockwise direction (for 0°, the source trajectory is centered at 12 o’clock; for 90°, the
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source is centered at 9 o’clock). The green part of the trajectory represents the new “updated”

views used in the reconstruction of a particular time frame of the object, assuming an image is

reconstructed every 70ms (with a 280 ms gantry rotation time). 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. 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 frame. This is the source of the false dyssynchrony artifact

[Pack, 9].

3.2.5 Dynamics of Endocardial Boundary Motion During Systole

The septal and the lateral wall m-mode images were used to investigate the artifacts in the

measured dynamics of endocardial boundary motion during systole. The endocardial boundary

was detected from each of the m-mode images derived from the Static, the Uncorrected, and the

ResyncCT images. The Uncorrected and the ResyncCT images had the endocardial boundaries

sampled for 5 simulated starting gantry angles. The endocardial boundary positions derived from

the Static images served as the ground-truth for error estimation; these boundary positions were

not dependent on starting gantry angle.

For a pre-determined “critical” position along the length of the m-mode line, the time at

which the endocardial 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 position (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
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Figure 3.5: 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 semi-circles 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 endocardial position along the length of the m-mode line in mm
and the x axis is time across the cardiac cycle in ms; the motion of the wall is shown as the
change in position of the boundary between the bright blood and the darker wall.

.

4DCT images, both with and without motion correction. MATs were estimated for all three

classes of images: the Static, the Uncorrected, and the ResyncCT images. The MATs estimated

from the Uncorrected (TU ) and the ResyncCT (TR) images were compared with those estimated

from the Static images (T0; ground-truth). Figure 3.6 illustrates an example estimation of the

MATs (T0, TU , and TR) for a defined MAP (y0) along the length of the lateral wall m-mode line.
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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 8 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.

Figure 3.6: Estimation of mechanical activation times (MATs) at a defined mechanical activa-
tion position (MAP). For a defined MAP (y0) along the length of the lateral wall m-mode line,
the times at which the Static (T0 - ground truth; red), the Uncorrected (TU ; black), and the
ResyncCT (TR; blue) derived endocardial boundaries crossed the MAP (=y0) were estimated as
their respective mechanical activation times (MAT).

At each MAP, the range of estimated MATs observed over all gantry angles was calculated

for both the Uncorrected and the ResyncCT images. The distribution of ranges in MATs across

all defined MAPs was then tested for statistically significant difference between the Uncorrected

and the ResyncCT images using the two-sample t-test. A p-value of < 0.05 was considered

54



significant.

3.2.6 Time to Maximal Outward Displacement

The programmed displacement functions made the lateral 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 displacement

(TMOD) of the late activated lateral wall. This time is a possible parameter for the characteri-

zation of mechanical activation delay and has been previously used in tagged magnetic resonance

imaging (MRI) studies of dyssynchrony [14, 15]. The TMOD calculation was performed only for

the lateral wall m-mode images.

The TMOD values of the lateral wall endocardial boundaries derived from the Uncor-

rected and the ResyncCT images were measured by fitting a second-degree polynomial to the

first 5 time points (0, 70, 140, 210, 280 ms; Fig. 3.7) of the endocardial boundary positions

according to the model:

y = a0 + a1t+ a2t
2, (3.11)

where y is the position of the endocardial boundary in mm and t is time across the cardiac cycle

in ms. TMOD was then calculated as the extremum of the fitted function, given by the equation:

TMOD = f(a1, a2) =
−a1
2a2

, (3.12)

The covariance matrix of the coefficients of the polynomial fit was estimated according

to the following equation in order to obtain the confidence intervals of the fitted TMOD value:
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Cov =
(R−1 ×R−1′)× normr2

df
, (3.13)

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 freedom. The variance of the fitted TMOD value was then estimated

according to the following equation:

V ar[f(a1, a2)] =

2∑
i=1

f ′
i(a1, a2)

2 × V ar[ai] + 2
∑
i>j

f ′
i(a1, a2)× f ′

j(a1, a2)× Cov[ai, aj ], (3.14)

where V ar is the variance. A TMOD value was estimated for each starting gantry angle simula-

tion for both the Uncorrected and the ResyncCT images, yielding a total of 10 TMOD values (5

Uncorrected and 5 ResyncCT).

The standard deviation (±1σ) around each TMOD value was calculated as the square

root of the variance derived from the polynomial fits. The distribution of ranges (=2σ) in the

TMOD estimates observed over all 5 starting gantry angles was then tested for statistically

significant difference between the Uncorrected and the ResyncCT images using the two-sample

t-test. A p-value of < 0.05 was considered significant.

3.3 Results

3.3.1 Septal Wall & Lateral Wall M-Mode Images

Figure 3.8 shows the lateral wall m-mode images as a function of time across the cardiac

cycle. Each column corresponds to a simulated starting gantry angle; 0°through 180°from left to
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Figure 3.7: 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 7B. The black asterisks correspond to the
endocardial boundary positions. (B) Second degree polynomial fit (magenta) to the first 5 time
points of the endocardial boundary positions used in the estimation of TMOD.

right. The m-mode images were sampled at 70 ms regular intervals across the cardiac cycle from

0-980 ms. Figures 3.8A and 3.8C show the m-mode images derived from the Uncorrected images

while Figs. 3.8B and 3.8D show the m-mode images derived from the ResyncCT images. Figures

3.8A-B show the grayscale images and Figs. 3.8C-D 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 Static images) across the cardiac cycle sampled by the lateral wall

m-mode line.

Similarly, Fig. 9 shows the septal wall m-mode images as a function of time across the

cardiac cycle for the 5 simulated starting gantry angles. Figures 9A and 9C show the m-mode

images derived from the Uncorrected images and Figs. 9B and 9D show the m-mode images

derived from the ResyncCT images. Figures 9A-B show the grayscale images and Figs. 9C-D

show the binarized images after applying a threshold of 530 HU. The overlaid red dots correspond
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Figure 3.8: Lateral wall m-mode images of the endocardium as a function of time across
the cardiac cycle for the 5 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 ms.

to the ground-truth endocardial boundary positions (derived from the Static images) across the

cardiac cycle sampled by the septal wall m-mode line.

It is clear from Fig. 8 and Fig. 9 that the ground-truth endocardial boundary positions

(red dots) are closer to the boundaries observed in the ResyncCT corrected images. This differ-

ence in accuracy is also summarized in Fig. 10 below. It is also clear that the starting gantry

angle has a significant effect on the positions of the endocardial boundary as a function of time

across the cardiac cycle.
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Figure 3.9: Septal wall m-mode images of the endocardium as a function of time across the car-
diac cycle for the 5 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) Bina-
rized 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 ms.

3.3.2 Dynamics of Endocardial Boundary Motion During Systole

Figure 3.6 in Sec. 3.2.5 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 Fig. 6 are

specified here. For a MAP of 14 mm (y0), the MATs of the endocardial boundaries derived from

the Static, the Uncorrected, and the ResyncCT images were T0 = 223 ms (ground-truth), TU =

185 ms, and TR = 207 ms, respectively.

Figure 3.10 extends the data shown in Fig. 3.6 to include all the defined MAPs and
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all five gantry angle simulations for both the septal and the lateral wall m-mode lines. Figures

3.10A and 3.10C show the data for the lateral wall while Figs. 3.10B and 3.10D show the data

for the septal wall. Figures 3.10A-B 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, the Uncorrected, and the ResyncCT images are shown by the red, black, and

blue lines, respectively. Figures 3.10C-D show the distributions 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 5 points, corresponding to the 5 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 5 starting gantry angles and estimated over all

MAPs was significantly higher for the Uncorrected images than 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 Fig. 3.10, it is clear that the MATs 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 precision of the estimate

is dependent on where the MAT is estimated with respect to the trajectory of the endocardial

boundary motion during systole.

3.3.3 Time to Maximal Outward Displacement

Figures 3.11A-B show the second-degree polynomial fits (magenta) to the first 5 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
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Figure 3.10: 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) the lateral
wall m-mode and (B) the septal wall m-mode. The endocardial boundary positions derived from
the Static, the Uncorrected, and the 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 5 points corresponding to the 5 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 3.10A-B.

m-mode line. Each column corresponds to a simulated starting gantry angle; 0°through 180°from

left to right. Figure 3.11A shows the estimation of TMOD for the endocardial boundaries derived

from the Uncorrected images and Fig. 3.11B shows the estimation of TMOD for the boundaries

derived from the ResyncCT images. Figure 3.11C shows the standard deviation (±1σ) around

the TMOD estimates for each of the 5 simulated starting gantry angles. The dashed red line

corresponds to the ground-truth TMOD value of 123 ms. The range (=2σ) of the TMOD

estimates observed over all 5 simulated starting gantry angles was 41 ± 8 ms for the Uncorrected
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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 timing of mechanics with 4DCT.
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Figure 3.11: 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 5 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 the ResyncCT (blue) images for each of the 5 simulated starting
gantry angles. The dashed red line corresponds to the ground-truth TMOD value of 123 ms.

3.4 Discussion

The objective of this study was to develop an anthropomorphically accurate LV phantom

with programmable dyssynchrony to test the efficacy of 4DCT in estimating the timing of cardiac

mechanical events. The main findings of this study reveal that motion correction of 4DCT images

significantly improves the accuracy and precision of estimating mechanical activation times of

LV wall motion at local regions of the heart wall.

To the best of our knowledge, the phantom described in this paper is the first anthropo-

morphically accurate LV phantom to be used in the estimation of mechanical activation times of

LV wall motion using 4DCT. The 4D XCAT phantom has previously been used as a simulation
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tool in the assessment of mechanical LV dyssynchrony using gated SPECT MPI [25]. 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; 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 measuring 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)

[10] and the reconstructed image is not a simple temporal average of the true image of the

moving heart within this acquisition window. Instead, each spatial frequency component of the

image has its own temporal 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 sub-millisecond 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 estimating 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 universally accepted

definition nor method of computation of ‘mechanical activation time’ [12, 14, 26], a series of

‘activation times’ spanning the full range of endocardial systolic wall motion (MATs) was in-

vestigated, 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
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activation times of endocardial wall motion that were significantly more accurate and precise

than those obtained from images without motion correction. Multiple studies have reported that

the mechanical activation delays between segments of the LV wall are of the order of 120 ± 100

ms in patients with a left bundle branch block [27, 28], whereas the delays in healthy controls

are of the order of 20 ± 10 ms [29]. The MAT estimates obtained from the ResyncCT images

have high precision 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 metallic medical devices. Additionally, with recent advances in CT

technology, the average radiation dose from a cardiac function scan is < 3 mSv, which is less

than the average dose received from natural sources in a year [30]. The ability to image within a

single heartbeat eliminates step-artifacts, which is a major limitation when 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 CRT.

3.4.1 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 performed on the images of these axial slabs.

As the motion of the human heart is highly 3D in nature, future studies investigating the accuracy
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and precision of measuring 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 settings, which constitutes

a “medium” dose scan. While this study succeeded in demonstrating the high accuracy and

precision of estimating mechanical activation times from 4DCT images with ResyncCT motion

correction, the effect of dose on the accuracy and precision of those estimates should be investi-

gated.

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 [18, 19]. While the designed strain functions were sufficient to demonstrate the potential

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 activating 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” artifacts which are the primary

sources of error when estimating mechanical activation times of the myocardial walls with 4DCT.

The dynamics of endocardial boundary motion during 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 acquisition. While

sampling endocardial wall motion at only two locations is a limitation, we believe this limited

spatial sampling is compensated by simulating 5 different starting gantry angles. The starting
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gantry angles were simulated in increments of 45°; this effectively leads 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 yield highly

accurate estimates of mechanical activation times of endocardial wall motion. The promising

initial results reported in this work motivate future studies to perform a head-to-head validation

in patients against CMR tagging, the gold-standard modality for estimating regional cardiac

function.

3.5 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 algorithm, 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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Chapter 4

Prediction of CRT response using a

lead placement score defined using

4DCT-derived features of LV

mechanics

Cardiac resynchronization therapy (CRT) is a proven treatment for patients with heart

failure and dyssynchrony; however, approximately 30% of patients do not respond to the treat-

ment. Additionally, the relatively high non-responder rate poses difficulties for the optimal

utilization of medical resources; thus, more accurate patient stratification for CRT remains an

unmet need. Despite significant efforts focused on using imaging to guide CRT, the results thus

far have been ambiguous. Poor reproducibility of echocardiography coupled with the complexity

of cardiac magnetic resonance have likely contributed to the poor overall adoption of these meth-
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ods for pre-CRT assessment. In this work, we describe a metric called the lead placement score

(LPS) that combines multiple 4DCT-derived features of left-ventricular (LV) mechanics into a

single number for each possible pacing lead location on the LV; the features included in the LPS

map have previously been shown to correlate with CRT response. Using a machine learning clas-

sifier, a model was constructed with these features and then used to derive the LPS map for each

individual subject. The LPS was found to correlate with the probability of a subject responding

to CRT. 4DCT is widely available and provides high-resolution images of the full cardiac cycle.

Additionally, recent technological advancements have also dramatically reduced the radiation

dose from 4DCT scans. The advantages of 4DCT coupled with the promising results reported in

this study, highlight the potential utility of 4DCT in the planning of CRT.

4.1 Background

Multiple trials have proven that cardiac resynchronization therapy (CRT) can provide

significant benefit for patients with intraventricular dyssynchrony and heart failure [1]. Current

guidelines for CRT patient selection include New York Heart Association (NYHA) functional

classes II-IV, echocardiography-derived left ventricular ejection fractions (LVEF) ≤ 35%, and

QRS durations ¿120 ms [2]. Despite its proven benefit, approximately 30% of patients selected for

CRT do not respond to the treatment [3]. This non-responder rate continues to pose considerable

challenges for the optimal utilization of medical resources [4]; thus, necessitating accurate patient

stratification.

Significant effort has been focused on reducing the non-responder rate through the use

of imaging, for the most part with echocardiography [5]. Two-dimensional radial strain from

speckle-tracking echocardiography has been previously used to identify optimal left ventricle (LV)
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lead placement sites [6]. Additionally, a number of studies have explored the role of tissue doppler

imaging in patient selection for CRT [7]. However, poor reproducibility of echocardiography

measurements due to inter- and intra-observer variability coupled with inter-vendor differences

have led to disappointing results and hindered its routine clinical use [8].

Similarly, cardiac magnetic resonance (CMR) imaging has also been used to guide CRT

[9]. Cine MRI [10], tagged MRI [11], and cine DENSE [12] have shown great promise in mapping

regional strain and mechanical activation times of the LV myocardium. Also, late gadolinium

enhancement imaging is effective at identifying regions of scar tissue that need to be avoided for

lead placement [13]. However, 28% of patients in consideration for CRT already have existing

right ventricular (RV) pacing systems in place [2], making CMR not widely available to this

cohort. Additionally, tagged MRI and cine DENSE images are not simple to acquire and analyze,

requiring skilled technicians and image analysis personnel. No imaging modality is currently

recommended for CRT planning and management.

Recent studies have explored the use of 4DCT to guide CRT. Truong et al. used dual-

source CT to derive LV dyssynchrony indices that predicted 2-year major adverse cardiac events

(MACE). They also reported that leads placed on sites with maximal wall thickness correlated

with less MACE [14]. Rinaldi and colleagues utilized 4DCT-derived assessment of LV dyssyn-

chrony and myocardial scar to target LV lead placement. They showed that patients with leads

implanted in segments targeted from CT had higher clinical response rates [15] and superior

acute hemodynamic responses [16] than those with leads implanted in the non-target segments.

Fyenbo et al. used CT to identify regions of myocardial scar and to compute scar burden. They

found that high scar burden and proximity of scar to the LV pacing site were correlated with

echocardiographic non-response [17].
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We hoped to improve on the insights from these previous studies by using additional

features of LV mechanics that have previously been shown to correlate with CRT response [1]

in a larger number of subjects. Thus, the purpose of this study was to use a combination of

4DCT-derived regional and global features of LV mechanics to define patient-specific maps of

lead placement scores (LPS) that are correlated with CRT response.

4.2 Methods

4.2.1 Subject Population and CT Imaging

Subjects recruited for the ImagingCRT [18] randomized controlled trial were retrospec-

tively used for this study. The trial enrolled a total of 182 subjects; however, only 147 subjects

had contrast enhanced 4DCT scans both before and after CRT implantation. The complete

study protocol for the trial is described in detail by Sommer et al. [18, 19]. Briefly, all 147 sub-

jects were ¿ 40 years, belonged to NYHA functional classes II-IV, had echocardiography derived

LVEF ≤ 35%, and had QRS widths ≥ 120 ms with a left bundle branch block (LBBB) or ¿ 180

ms with an RV pacing configuration, respectively. The trial was conducted at the Department

of Cardiology, Aarhus University Hospital, Skejby, Denmark and was approved by the Central

Denmark regional committee on health research ethics as well as the Danish Data Protection

Agency. All trial participants gave informed written consent, and the trial was registered on

Clinicaltrials.gov (NCT01323686).

The prescribed cardiac 4DCT imaging protocol has previously been described in detail

[18]. Each subject had two contrast-enhanced full cardiac cycle and full LV volume retrospective

ECG-gated 4DCT scans: the first scan was on the day prior to CRT implantation and the second
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scan was 6-months after implantation; we refer to these scans hereafter as the baseline and the

follow-up scans, respectively. All scans were acquired using a dual-source CT scanner (Somatom

Definition Flash, Siemens Healthcare, Erlangen, Germany) with a multi-slice z-axis detector

of 38.4 mm, a gantry rotation time of 280 ms, pitch factors in the range of [0.17, 0.3], x-ray

tube voltages of 80-120 kVp, and adaptive tube currents with a reference of 370 mAs. In these

retrospective scans, an ECG controlled tube current modulation was applied with reduction of the

current to 20% and reference mA applied only between 60-70% of the R-R interval. Images were

reconstructed every 5% of the R-R interval, from 0% to 95%, using an iterative reconstruction

algorithm (SAFIRE I26f-4, Siemens Healthcare, Erlangen, Germany). The reconstructed images

had in-plane pixel spacings in the range of [0.6, 1] mm and slice thicknesses of 0.7 mm.

Subjects were excluded from this study if either their baseline or follow-up scans had one

or more of the following imaging artifacts, preventing precise measurements of LV mechanics:

1. Severe helical step artifact

2. Insufficient LV chamber-myocardium contrast for blood volume segmentation

3. Severe metal artifacts from the pacemaker/defibrillator leads preventing segmentation of

the LV blood volume

4.2.2 Image Segmentation and Mesh Extraction

The LV blood pool was segmented from the reconstructed CT images in a manner similar

to that described by Colvert et al. [20] and Manohar et al. [21]. Briefly, the blood pool was

segmented in ITK-SNAP v3.8.0 [22] software using the active contour region growing module.

Two planes delineating the mitral valve and the left ventricular outflow tract (LVOT) were

defined as previously described [20]. The process was repeated for all 20 time frames in each
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of the baseline and the follow-up 4DCT datasets of each subject. Additionally, the positions of

the right and the left lead tips were marked in the end diastolic image of the follow-up scans;

these positions were used to project the corresponding right and left pacing sites onto the LV

endocardial model, respectively. Figure 4.1 illustrates the segmentation process.

A B C

LV

Right lead 
tip

Left lead 
tip

Figure 4.1: LV blood-volume segmentation. (A) Axial contrast-enhanced cardiac CT image.
(B) LV blood-volume segmentation overlaid in red. (C) 3D rendering of the LV blood-volume
segmentation with the locations of the right (cyan) and the left (magenta) lead tips. The anterior
wall is in view with the septum on the left and the lateral wall on the right. LV: left ventricle.

Meshes defining the endocardium were extracted using the isosurface MATLAB routine

(MathWorks Inc., Natick, MA; v9.8 – R2020a). Vertices and faces belonging to the defined mitral

valve and LVOT planes were removed, leaving a 2D surface delineating only the LV endocardium.

The meshes were extracted at an isotropic resolution of 2 mm in x, y, and z directions for

calculating local LV function, which was consistent with previously published analyses [20, 21,

23, 24].

4.2.3 Global and Regional Features of LV Mechanics

Eight global and regional features of LV mechanics were derived from the baseline 4DCT

scans for each subject. The global LV features used were:
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1. End diastolic volume (EDV)

2. End systolic volume (ESV)

3. Circumferential uniformity ratio estimate using singular value decomposition (CURE-SVD)

4. LV sphericity index (LVSI)

and the regional LV features used were:

1. Peak regional shortening (PRSCT)

2. Time to peak regional shortening (TPRSCT)

3. Maximum pre-stretch of regional shortening (MSRSCT)

4. Time to onset of shortening (TOS)

The choice of these 8 features was driven by previous CRT studies using CMR and CT imaging

[1, 10]. Detailed information on the computation of the above 8 features can be found in the

Supplemental Material. Figure 4.2 describes the estimation of the 4 regional LV features.

LV volumes and ejection fraction

LV volume was computed as a function of time across the cardiac cycle for all 20 times

frames in each 4D dataset by summing the segmented LV blood pool voxels in each time frame.

LVEF was then calculated as:

LV EF =
EDV − ESV

EDV
, (4.1)

where EDV is the LV volume in mL at end diastole and ESV is the LV volume in mL at end

systole.
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Circumferential uniformity ratio estimate

An additional feature used in this work is the circumferential uniformity ratio estimate

(CURE) [25, 26]. CURE is a metric that describes the synchrony or dyssynchrony of contraction

in the circumferential direction of a particular short axis slice of the LV. A spatiotemporal matrix

containing RSCTvalues was constructed, with the columns representing time frames of the cardiac

cycle and the rows representing the spatial sampling of RSCTin the circumferential direction of

a slice of the LV endocardium. To obtain an estimate of CURE that was less sensitive to noise,

a singular value decomposition (SVD) was performed on this matrix to smooth out noise and

to identify the primary spatiotemporal pattern of RSCTin the particular LV slice. Only the

rank-1 SVD approximation was retained. A modified CURE value based on this rank-1 SVD

approximation, called CURE-SVD [27], was calculated as the ratio of the amplitude of the DC

component to the sum of the amplitudes of the DC and the first order sinusoidal frequency

components, given by the equation:

CURE − SV D =
f0

f0 + f1
, (4.2)

where f0 is the amplitude of the DC component and f1 is the amplitude of the first order sinu-

soidal component. These frequency components were derived from a Fourier transform analysis

of the circumferential distribution of RSCTat a particular time frame of the cardiac cycle (Fourier

transform of the signal from a particular column of the rank-1 SVD matrix). The Fourier trans-

form analysis was performed using the built-in fft function in MATLAB (MathWorks Inc., Natick,

MA; v9.8 – R2020a). The above process of constructing a spatiotemporal matrix of RSCT, de-

riving its rank-1 SVD approximation, and calculating CURE-SVD was repeated for all defined
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short axis slices of the LV endocardium. The final CURE-SVD value for a subject was computed

as the average of all CURE-SVD values across all defined LV short axis slices.

Left ventricular sphericity index

Left ventricular sphericity index (LVSI) is a measure that captures the degree of sphericity

of the left ventricle and was not used in previous 4DCT studies to guide CRT. It is defined as

the ratio of EDV to the volume of a sphere whose diameter is equal to the major axis (long axis)

of the LV at end diastole [28], given by the formula:

LV SI =
EDV
πL3

6

, (4.3)

where L is the length of the long axis of the LV at end diastole.

Regional endocardial shortening

Regional endocardial shortening (RSCT) from 4DCT images [20, 23, 24] was measured

according to the following formula:

RSCT(ν, t) =

√
A(ν, t)

A(ν, t = 0)
− 1, (4.4)

where A(ν, t) is the area of an endocardial patch ν at time t of the cardiac cycle and A(ν, t = 0) is

the area of the same endocardial patch ν at end diastole (t = 0). The location of each patch ν was

tracked over the heart cycle using a point set registration algorithm [29]; the average patch size at

end diastole was 2.6 ± 0.5 mm2. For each time frame of the cardiac cycle, the RSCTvalues were

mapped onto the endocardial surface, yielding a high-resolution estimate of regional endocardial

shortening.
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For each subject, three features derived from the spatiotemporal distribution of RSCTwere

defined; Fig. 4.2 describes the three features for an example RSCTvs time curve. The features

were:

1. Peak regional shortening (PRSCT): maximum shortening achieved in a spatial segment of

the LV. This feature correlates strongly with the existence of myocardial infarction.

2. Time to peak regional shortening (TPRSCT): normalized time of the cardiac cycle at which

peak shortening occurs in a spatial segment of the LV.

3. Maximum pre-stretch of regional shortening (MSRSCT): maximum endocardial pre-stretch

(RSCT¿ 0) in a spatial segment of the LV. If pre-stretch does not occur, then MSRSCTis

0. This feature correlates strongly with late mechanical activation, and poor myocardial

function in that segment.

Time to onset of shortening

The “time to onset of shortening” (TOS) is the time at which the endocardium begins

to contract during systole. It has been shown to be an excellent descriptor of dyssynchrony [11,

30, 31] and a strongly predictive feature for CRT response [12]; this feature was not included

in previous studies using 4DCT to guide CRT. There is no universally accepted definition nor

method of computation of TOS; for our study, the TOS of a spatial segment of the LV was

defined as the time at which the RSCTvs time curve for that segment reached 10% of its dynamic

range during systole. The dynamic range of shortening during systole was defined as the range

from maximum pre-stretch (MSRSCT) to peak shortening (PRSCT); if no pre-stretch occurred, it

was defined as the range of shortening from end diastole (RSCT= 0) to peak shortening (RSCT=

PRSCT). For LV spatial segments with very low function, the TOS was not estimated due to

81



insufficient dynamic range. Figure 4.2 illustrates the values of PRSCT, TPRSCT, MSRSCT, and

TOS for an exemplar RSCTvs time curve from our 4DCT studies. Curves like this were measured

over 90 contiguous local regions of the LV (see 4.2.4.

MSRSCT = 0.09
10% of systolic dynamic range

PRSCT = -0.27 

TPRSCT = 387 ms

TOS =

172 ms

Figure 4.2: Measurements of maximum pre-stretch of regional shortening (MSRSCT), time
to onset of shortening (TOS), peak regional shortening (PRSCT), and time to peak regional
shortening (TPRSCT) for an exemplar RSCTvs time curve for a single location on the LV. RSCT:
regional endocardial shortening.

4.2.4 Spatial Sampling of the LV Endocardium

The LV endocardium for each subject was divided into 90 spatial segments: 18 circum-

ferential segments (one every 20°) for each slice, and 5 slices defined from apex to base along

the long axis of the LV [20]. This 90 segment model yields a higher spatial sampling than the

traditional AHA 17 segment model, permitting wall function analysis that captures the high

resolution features of mechanical function that are obvious in the 4DCT data. Each region rep-
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resents approximately 2 cm2 of endocardial surface for a normal ventricle. The location of the

right and the left lead tips were mapped onto the LV endocardial segments closest to the lead

locations.

4.2.5 Definition of CRT Response

Subjects were considered responders if their CT-derived ESV decreased by ≥ 15% 6-

months post CRT implantation [8]. The ESV of the subjects were computed from the 4DCT

exams as described in the Supplemental Material and the change in ESV 6-months post implan-

tation was calculated between the baseline and the follow-up 4DCT scans.

4.2.6 Lead Placement Score

The LPS is a scalar parameter that is obtained by combining several features derived

from the baseline 4DCT scan of a subject under consideration for CRT. Our goal was to derive

an LPS that is correlated with CRT response. An individual LPS can be calculated for each of

the 90 segments of the LV endocardium, yielding a high-resolution patient-specific LPS map that

highlights possible target pacing lead sites for achieving a higher probability of CRT response.

Since all subjects in this study had follow-up 4DCT scans, the locations of the right and the left

lead tips were precisely known; thus, to match the response observed in these subjects, the LPS

value in our analysis was obtained from the right and left lead tip locations projected onto the

baseline 4DCT scans.

The LPS values were computed using a model obtained by training a support vector

machine (SVM) [32]. The following features derived from the baseline scans of the subjects

were used in model training: the global LV features of 1) EDV, 2) ESV, 3) CURE-SVD, and
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4) LVSI, and the regional LV features of 5) PRSCT, 6) TPRSCT, 7) MSRSCT, and 8) TOS. For

each of the regional LV features, the values at the two spatial segments in the baseline scans

that corresponded to the right and the left lead tip locations in the follow-up scans were used to

calculate a single LPS value for each subject. For example, TOS-right and TOS-left represented

the TOS of the LV segments that spatially corresponded to the segments of the right and the left

lead tips in the follow-up scans. Thus, a total of 12 features were used to train the SVM model

(4 global + 4x2 regional).

The built-in fitcsvm function in MATLAB (Statistics and Machine Learning Toolbox,

MathWorks Inc., Natick, MA; v9.8 – R2020a) was used to train the SVM model (‘kernel’: linear;

‘Standardize’: true; ‘Prior’: uniform; all other parameters were set to default). The prior prob-

ability input parameter was set to ‘uniform’ to handle the class imbalance between responders

(n=52) and non-responders (n=30) in our dataset; thus, proportionately weighting the cost of

misclassification [33]. A bagging [34] approach with 1000 iterations was implemented for training;

for each iteration, an SVM model was trained on a bootstrapped dataset that was sampled with

replacement. Each bootstrapped dataset had the same number of subjects as the original dataset

and the trained SVM model obtained was a vector of 12 feature coefficients. Nine TOS-right

values were indeterminable and were imputed via the method of mean imputation [35] for train-

ing. The final model was derived by averaging the feature coefficients of the individually trained

models on the 1000 bootstrapped datasets (the mean values of the feature coefficients converged

around the 350th iteration).

The LPS was calculated for all subjects in the study according to the formula:

LPSi = β · xi + b, (4.5)
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where β is the vector of mean feature coefficients, x is the feature vector values at the location

of the left and the right leads, b is the bias term, and i = 1,2,3,. . . ,N is an index for the N

subjects used in the study. The LPS value that maximized the geometric mean (g-mean) was

chosen as the “optimal” threshold for the prediction of responders and non-responders. The

g-mean is a performance metric that balances the correct prediction of both the majority (CRT

responders) and the minority (CRT non-responders) classes [36]; it is defined as the square root

of the product of the sensitivity and the specificity.

4.3 Results

4.3.1 Study Population

Out of the 147 subjects that had 4DCT scans acquired at both baseline and at 6-months

follow-up, 82 subjects had images that were of sufficient quality to be usable for this study. Scans

of subjects were excluded because of either helical step artifacts (37 subjects, 25%), insufficient LV

blood pool-myocardium contrast (19 subjects, 13%), or severe metallic lead artifacts (9 subjects,

6%). Figure 4.3 shows a flow diagram of the subject selection process used in this study. The

mean radiation dose across the 82 subjects was 4.4 ± 2.6 mSv (median: 4.1 mSv; IQR: 2 mSv).

The baseline characteristics are provided in Table 4.1.

The CT-derived and the echocardiography-derived LVEFs at baseline were statistically different

(37 ± 9% vs 25 ± 6%, p < 0.001) and poorly correlated (r = 0.46, p < 0.001).

4.3.2 Lead Placement Score and Response Prediction

Out of the 82 subjects, 52 (63%) had an ESV decrease of ≥ 15% at 6-months follow-up

and were considered responders. The average weights of the 12 features that were used in training
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Enrolled in ImagingCRT (n = 182)

Excluded (n = 65)
• Helical step artifacts (n = 37)
• Insufficient LV-myocardium contrast (n = 19)
• Severe metallic lead artifacts (n = 9)

Usable subjects (n = 82)

No 4DCT scans either at baseline or at 6-months 
follow-up (n = 35)

Subjects with 4DCT scans (n = 147)

Figure 4.3: Flow diagram of the subject selection process.

the SVM model are shown in Table 4.2.

Figure 4.4 shows the relationship between the LPS and the relative change in ESV between

the baseline and the follow-up scans. An LPS threshold of -0.2 maximized the geometric mean (g-

mean) value for response prediction; among the subjects above this threshold, the non-responder

rate was 9% (4/(4+41)), down from the original non-responder rate of 37% (30/82), and the

sensitivity and the specificity at this threshold were 79% and 87%, respectively.

Figure 4.5A shows the histogram of the LPS values for all 82 subjects. The LPS of the

true non-responders are shown in red while those of the true responders are shown in blue. Figure

4.5B shows the receiver operating characteristic (ROC) curve of the prediction model. The area

under the curve (AUC) was 87% (95% confidence interval: 77 – 94%). Additionally, the LPS

model outperformed a model defined using only clinical predictors of CRT response (see C).

There is a very practical way to stratify the subjects using the LPS. We can break the

subjects into 3 groups with respect to their posttest probabilities: lower probability of response,

unchanged probability, and higher probability of response. Without considering the 4DCT data,
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Table 4.1: Baseline characteristics of the 82 CRT subjects.

N 82

Female, n (%) 17 (21)

Age, y 70.7 ± 9.1

Body mass index, kgm-2 26.5 ± 4.2

Medical history, n (%)

Hypertension 20 (24)

Diabetes mellitus 18 (22)

Ischemic cardiomyopathy 42 (51)

Myocardial infarction 28 (34)

Coronary artery bypass graft 19 (23)

NYHA class, n (%)

II 41 (50)

III 39 (48)

IV 2 (2)

Atrial fibrillation, n (%)
Paroxysmal 12 (15)

Permanent 9 (11)

Medicine, n (%)

β-blockers 75 (91)

ACE inhibitor or angiotensin

receptor blocker

78 (95)

Loop diuretics 51 (62)

Spironolactone 40 (49)

6-minute walk test, m 393 ± 124

QRS width, ms 170 ± 24

Left bundle branch block,

n (%)

77 (94)

Chronic RV pacing, n (%) 16 (20)

Estimated glomerular fil-

teration rate, mL/min per

1.73 m2

66 ± 16

CT

EDV, mL 273 ± 93

ESV, mL 178 ± 81

EF, % 37 ± 9

Echocardiography

EDV, mL 257 ± 85

ESV, mL 195 ± 71

EF, % 25 ± 6

the pretest probability of responding to CRT using the ≥ 15% reduction in ESV definition was

52/82 (63%). For the same response definition, by incorporating the 4DCT data, subjects with

an LPS in the lowest quartile (LPS ≤ Q1 = -1) had a posttest probability of responding of

14% (3/21). Similarly, subjects with an LPS in the highest quartile (LPS ≥ Q3 = 1.3) had a
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Table 4.2: Feature weights of the SVM model with the responder criterion set at % ΔESV ≤
-15%.

Feature name Feature weight for %

ΔESV ≤ −15%

1. EDV 0.15

2. ESV -0.47

3. CURE-SVD -0.33

4. LVSI 0.22

5. PRSCT-right 0.45

6. PRSCT-left -0.41

7. TPRSCT-right 0.66

8. TPRSCT-left -0.30

9. MSRSCT-right -0.57

10. MSRSCT-left -0.57

11. TOS-right -0.02

12. TOS-left 1.73

posttest probability of responding of 90% (19/21), and for those subjects with an LPS within

the interquartile range (IQR; Q1 < LPS < Q3), the posttest probability remained essentially

unchanged from the pretest probability (75% vs 63%; p = 0.2).

The above analysis was performed on subjects that had already undergone CRT; hence,

the precise locations of the left and the right lead tips were known. For our analysis of predicting

response in these subjects, we used features of LV mechanics that were estimated from the

baseline 4DCT scans at the two endocardial segments corresponding to the pacing lead tip

locations. However, in general, the analysis pipeline developed can be applied to generate high

resolution LV maps of LPS, aiding in the selection of target lead placement sites for achieving a

higher probability of response. Fixing the location of the right lead, LPS maps were generated

for the LV free wall (anterior wall to inferior wall).

Figure 4.6 shows four example subjects that highlight the significance of the LPS in

identifying target lead placement sites: (a) a responder (% ΔESV = -43) with uniformly high

LPS values across the entire LV free wall and the left lead placed in this region of high LPS, (b) a
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Figure 4.4: Relationship between change in ESV at 6-months follow-up and lead placement
score (LPS). Distribution of LPS values for the lead locations in each subject as a function
of the relative change in ESV between baseline and follow-up scans. The vertical dashed line
corresponds to the LPS threshold (-0.2) that maximized the g-mean value for response prediction.
The horizontal dashed line corresponds to the response definition of a relative reduction in ESV
of 15%. ‘+’ represents a true responder and ‘o’ represents a true non-responder. LPS: lead
placement score; ESV: end systolic volume.

responder (% ΔESV = -68) with a localized region of high LPS values on the basal inferolateral

wall and the left lead placed in this region of high LPS, (c) a non-responder (% ΔESV = -13)

with globally low LPS values and thus the left lead placed in a region of low LPS, and (d) a non-

responder (% ΔESV = +14) with a localized region of high LPS values on the basal inferolateral

wall, but the left lead not placed in this region of high LPS. For each subject, polar maps of the

4 regional features of LV mechanics (TOS, PRSCT, TPRSCT, and MSRSCT) that were used in
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A B

Figure 4.5: (A) Histogram of LPS for all 82 subjects. The non-responders are shown in red,
and the responders are shown in blue. (B) ROC curve of the trained SVM model to predict
responders as a function of changing LPS threshold. LPS: lead placement scores; ROC: receiver
operating characteristic; AUC: area under curve; SVM: support vector machine.

the derivation of the LPS are shown. Additionally, the location of the right and the left lead tips

are shown by the blue and red highlighted segments, respectively. Also shown are polar maps of

the LPS as well as 3D renderings of the LV lateral wall with the LPS values mapped onto the

endocardial surface.

4.4 Discussion

The primary objective of this study was to use known quantitative features of LV me-

chanics derived from baseline 4DCT scans as features in a lead placement score that correlated

with CRT response. The main findings reported demonstrate the potential utility of 4DCT in

guiding patient selection for CRT; in at least 42 of the 82 subjects used in the study, the LPS

could have a significant impact on the decision to proceed with CRT. The study also highlights

the patient-specific variation in the distribution of LPS values across the LV; some subjects had
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(a) responder: high LPS over entire LV lateral wall

(b) responder: pacing lead in high LPS region

(c) non-responder: low LPS over entire LV

(d) non-responder: pacing lead not in high LPS region

Figure 4.6: Lead placement score (LPS) maps of CRT responders and non-responders. (a-d)
Four example subjects with the following information shown for each subject:
Lead tip locations: blue = right lead, red = left lead; TOS: time to onset of shortening, in ms;
PRSCT: peak regional shortening; TPRSCT: time to peak regional shortening, in ms; MSRSCT:
maximum pre-stretch of regional shortening; LPS map: lead placement score map as a polar map;
3D LPS map: 3D rendering of the LV lateral wall with LPS values mapped onto the endocardial
surface. (a) a responder (% ΔESV = -43) with uniformly high LPS values across the entire LV
free wall and the left lead placed in this region of high LPS. (b) a responder (% ΔESV = -68)
with a localized region of high LPS values on the basal inferolateral wall and the left lead placed
in this region of high LPS. (c) a non-responder (% ΔESV = -13) with globally low LPS values
and thus the left lead placed in a region of low LPS. (d) a non-responder (% ΔESV = +14) with
a localized region of high LPS values on the basal inferolateral wall, but the left lead not placed
in this region of high LPS.
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large areas with high LPS values, providing multiple LV lead placement target sites for achieving

a higher probability of CRT response. Other subjects had small areas with high LPS values;

knowing this information may be beneficial in designing CRT delivery that is most effective.

Lastly, some subjects had uniformly low LPS values across the LV; CRT may not be the optimal

treatment for these subjects, especially since CRT is not without risk. Thus, the patient-specific

LPS maps could aid in the optimal planning and management of patients under consideration

for CRT.

4DCT scans of 147 subjects recruited for the ImagingCRT trial were retrospectively

analyzed in this study. While the temporal resolution of the CT images was high because of the

“dual-source” technology of the particular CT scanner used to acquire the 4DCT images, due to

the limited z-axis coverage, imaging the entire superior-inferior extent of the heart was performed

in helical mode. Unfortunately, 37 of the 147 subjects (25%) had severe step artifacts due to

beat-to-beat irregularities, rendering the images not usable for dyssynchrony analysis. Despite

the excellent temporal resolution of the dual-source scanner (66 ms per frame), wider detector

scanners (256 or 320 detector-rows) with full heart coverage from a single table position may

be better suited for this application, especially with the recent innovations in motion estimation

and motion compensation technology [37, 38].

Despite 30 years of clinical development, no single definition of CRT response has been

universally accepted [4]; however, ≥ 15% reduction in LV ESV is the most commonly used [2,

8] and can be measured with great precision using 4DCT. Previous studies using CT to guide

CRT have used echocardiography derived LV ESV to determine response [16, 39]; however,

the reproducibility of the echocardiography measures is low causing uncertainty in the results.

The image-based response definition used in this study was derived from the LV blood volume
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segmentations of the baseline and the follow-up 4DCT images, which are highly reproducible

[40] and are free from any assumptions about LV geometry or manual contouring. For these

reasons, we are confident in the precision of the 4DCT derived measurement of change in ESV

as mechanical response. Additionally, the mean baseline CT-derived LVEF was higher than the

echocardiography-derived LVEF due to the simple “blood pool voxel” counting used to compute

LVEF from CT; this bias was expected.

To the best of our knowledge, this is the first study that combined multiple features

derived from a baseline 4DCT scan into a single scalar value (the “lead placement score”) that

is correlated with CRT response. In addition, this paper differs from previous work using 4DCT

to guide CRT in that we computed traditional dyssynchrony parameters (CURE, TOS) that

have previously demonstrated a correlation with CRT response. The 4DCT scans contain an

abundance of information; using a limited number of features derived from the scans for training,

an SVM model was able to stratify subjects into LV mechanics responders and non-responders

with high accuracy. An SVM was chosen as the desired classifier because: 1) it is less susceptible

to overfitting [41] and 2) it has no local minima because it is defined by a convex optimization

problem. Due to the limited number of subjects in this study, coupled with the class imbalance

between the responders and the non-responders, it was not feasible to have an independent testing

dataset. Thus, we implemented a bagging (bootstrap aggregation) [34] approach to overcome this

limitation; bagging is an established method that improves stability and helps with overfitting

[42].

The LPS was defined using a model that comprised 8 global and regional features of

LV mechanics. TOS-left (time to onset of shortening at the left lead location) was the most

prominent feature of the model, with its feature weight nearly three times that of the second
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most prominent feature. EDV, ESV, and LVSI are features that describe the size and shape of the

LV. While a reduction in ESV is itself used as an established definition of CRT response, previous

studies have investigated the relationship between CRT response and EDV and LVSI [43, 44].

Dyssynchrony features such as CURE [27], TOS [12], and TPRSCT[45] have all been shown to

correlate with CRT response; the results from this study are consistent with these previously

published results. Peak shortening (PRSCT) and maximum pre-stretch (MSRSCT) are features

that capture the function and viability of an LV myocardial region. Low values of PRSCTare

useful in identifying regions of scar/ischemic tissue, much like late gadolinium enhancement and

reduced wall thickening; pacing at these sites is to be avoided as they are correlated with CRT

non-response [1]. To the best of our knowledge, the influence of maximum pre-stretch (MSRSCT)

on CRT response has not been previously reported; the results reported in this study reveal it

to be a relatively important feature of the model used to stratify subjects for CRT. A large pre-

stretch at either the location of the right or left lead likely detects a region of poor myocardial

health which confers the observed reduction in probability of response.

The analysis pipeline adopted in this study was fully automated except for the selection

of the mitral valve plane and the boundary plane between the LV chamber and the aortic outflow

tract, which were performed manually using an algorithm derived from selected morphological

features. The inter- and intra-user variability of this segmentation process has been previously

shown to be very low, making RSCTa highly reproducible metric for estimating regional endo-

cardial function [20]. Additionally, with the advancements made in the field of deep learning

cardiac image segmentation [46, 47], the entire segmentation component of the analysis pipeline

will likely be fully automated in the near future.

The role of imaging in guiding CRT has been uncertain. A potential reason for this is
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the high variability of measurements obtained from echocardiography [8, 48, 49]. Modern 4DCT

imaging systems can acquire high resolution images of the entire heart across the full cardiac

cycle very rapidly, and in the case of wide detector systems, within a single heartbeat. Therefore,

these systems do not suffer from step artifacts; thus, enabling artifact-free imaging of patients

with arrhythmias. Another benefit of 4DCT is its ability to image patients with implanted

metallic medical devices; nearly 28% of patients in consideration for CRT have existing RV

pacing systems in place [2]. Additionally, using the dynamic mA feature of the scanner, the

subjects used in this study had low CT-based radiation doses (median: 4.1 mSv; IQR: 2 mSv),

which is comparable to the dose received from natural sources of radiation annually [50]. The

dose from CT is continuously being reduced as CT technology advances; from the 2007 and the

2017 dose surveys, the dose from coronary CT angiography was reduced by 78% (885 mGy*cm vs

195 mGy*cm, p < 0.001) [51]. The limits of achievable dose reduction are further being pushed

by technological advancements such as iterative reconstruction, photon-counting detectors, and

the use of deep learning [52].

4.4.1 Limitations

This study uses 4DCT scans of 82 subjects acquired at both baseline and at 6-months

follow-up after CRT implantation. This is a unique dataset of 4DCT scans where a highly precise

direct comparison of LV mechanical states can be made pre- and post-CRT. While the models

derived in this study show great promise for using 4DCT in guiding patient selection for CRT,

analysis of independent data and prospective trials will be required to ensure generalizability.

CRT is now an accepted therapy for dyssynchronous heart failure; therefore, larger datasets are

available for testing our existing model.
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All 4DCT images used in this study were acquired and reconstructed with the same CT

imaging system (Somatom Definition Flash, Siemens Healthcare, Erlangen, Germany); this was

tremendously advantageous in facilitating a direct comparison of LPS values derived from 4DCT

scans of similar image characteristics. Future studies will need to explore the effect of vendor

specific differences and total radiation dose on the computed LPS values.

4.5 Conclusions

A lead placement score map was developed using features of LV mechanics that were de-

rived from 4DCT images acquired in 82 subjects prior to CRT implantation. The LPS value at

the lead locations correlated with subject response to CRT; it effectively stratified 1/4 of the sub-

jects into low probability (14%) of response and 1/4 into high probability (90%) of response, and

the remaining 1/2 had a probability of response that was unchanged from the pretest probability

(75% vs 63%, p = 0.2). Additionally, an LPS threshold that maximized the geometric mean of

true negative and true positive rates categorized subjects as responders and non-responders with

high sensitivity (79%) and specificity (87%), with an area under the ROC curve of 87% (95% CI:

77 - 94%). These encouraging results highlight the potential utility of 4DCT in planning CRT.
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Chapter 5

Clinical utility of motion-corrected

cardiac 4DCT images in the

estimation of left ventricular

mechanical activation times

In chapter 3, we demonstrated that 4DCT with the ResyncCT motion correction algo-

rithm yields estimates of mechanical activation times of left ventricular (LV) wall motion with

significantly improved accuracy and precision under controlled phantom experiments. In chapter

4, the time to onset of shortening at the proposed site of implantation of the left lead was the

most important feature of the lead placement score (LPS) model; thus, the accurate and precise

estimation of LV mechanical activation times can potentially have a significant impact in pre-

dicting the probability of a patient responding to cardiac resynchronization therapy (CRT). This
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chapter investigates the clinical applicability of ResyncCT in the estimation of LV mechanical

activation times.

5.1 Background

Cardiac resynchronization therapy (CRT) is an effective treatment for patients in heart

failure and with left ventricular (LV) dyssynchrony [1]; however, 30-50% of patients selected for

CRT do not respond to the treatment [2]. Current guidelines for CRT patient selection include

echocardiography-derived left ventricular ejection fractions (LVEF) ≤ 35%, New York Heart

Association (NYHA) functional classes II-IV, and QRS durations > 120 ms [3]. Significant effort

has been focused on reducing this non-responder rate through more effective patient selection

with the use of non-invasive imaging, primarily with echocardiography, but with limited success

thus far [4, 5].

Cardiac magnetic resonance (CMR) has been shown to be an excellent modality for the

accurate and reproducible estimation of timing of mechanical events of the LV [6–8]. CMR-

derived estimates of LV mechanical activation have also been shown to be strongly correlated

with CRT response [9–11]; thus, establishing LV mechanical activation as an important parameter

for predicting CRT response. However, the complexity and limited availability of highly skilled

CMR centers has hindered its routine clinical use. Additionally, 28% of patients under consider-

ation for CRT already have existing right ventricular (RV) pacing systems in place, serving as a

contraindication for CMR imaging in many of these patients [3].

Four-dimensional x-ray computed tomography (4DCT) can yield high-resolution 3D vol-

umetric images across the cardiac cycle with low radiation dose [12]. The images can also be

acquired using routine FDA approved scanning protocols available from all vendors which do not
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require specially trained personnel. Previous studies have successfully used dual-source 4DCT

for LV dyssynchrony assessment and CRT planning [13–15]. Dual-source scanners offer higher

temporal resolution; however, due to their limited z-axis detector coverage, they can suffer from

step-artifacts that arise during helical acquisition of the superior-inferior extent of the heart over

multiple irregular heartbeats. We previously reported that out of 147 subjects recruited for a

retrospective CRT study, 37 subjects (25%) had severe step-artifacts preventing the precise es-

timation of LV mechanics [16]. With the advances made in 4DCT motion correction technology

[17], wide detector scanners can now yield high temporal resolution images, together with the ad-

vantages of single-heartbeat and single-table position acquisitions [18]; the ‘false dyssynchrony’

artifact [19, 20] can also be significantly reduced [21]. These favorable features of 4DCT are

of particular value in the accurate and precise estimation of LV mechanical activation times,

highlighting the potential utility of wide detector 4DCT systems in guiding CRT planning.

In addition to the CMR-derived estimates of LV mechanical activation, we have also

previously shown that the ‘time to onset of shortening’ (TOS) at the proposed implantation

site of the LV left lead is a very important feature in predicting CRT response [16]. Thus, the

objective of this study was to assess the effect of a newly developed cardiac CT motion correction

algorithm called ResyncCT on the computed TOS estimates in a clinical cohort of 25 subjects.

ResyncCT has previously been validated using a set of controlled phantom experiments [21]; this

study presents new results which focus on the clinical applicability and the effect of ResyncCT

on routinely acquired retrospective cardiac 4DCT images in human subjects.
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5.2 Methods

5.2.1 Subjects

Twenty-five consecutive subjects that underwent 4DCT exams between January 2018 and

July 2021 for the evaluation and planning of transcatheter aortic valve replacement (TAVR) and

that were clinically diagnosed as having “normal LV function” were included in this study. The

scans were acquired and read by radiologists at the University of California San Diego (UCSD).

Neither subject enrolment, image acquisition, image reconstruction, nor clinical diagnosis was

modified for the purpose of this particular study; the subjects were scanned and images diagnosed

as per routine clinical protocols established at UCSD for pre-TAVR evaluation. The de-identified

images of these subjects were retrospectively used in this study in accordance with an IRB

approved protocol.

5.2.2 4DCT Imaging and Left Ventricle Segmentation

The 25 subjects were scanned with a 256-detector row scanner (Revolution CT, General

Electric Healthcare, Chicago, IL) under an established clinical imaging protocol for TAVR as-

sessment at UCSD. The protocol included retrospective ECG-gated single-heartbeat full cardiac

cycle imaging with no x-ray tube current modulation. The 256-detector row scanner has a z-axis

coverage of 16 cm, permitting full heart volume imaging from a single table position. The gantry

revolution time was 280 ms. The scans were acquired with tube voltages of 80 kVp (n = 2), 100

kVP (n = 21), and 120 kVp (n = 2) and tube currents of 340 mA (n = 2), 440 mA (n = 2),

600 mA (n = 3), 660 mA (n = 2), and 720 mA (n = 16). The images were reconstructed at 70

ms intervals (90 degrees of rotation for a gantry revolution time of 280 ms) using the ‘Standard’

reconstruction kernel of the Revolution CT into 512 x 512 x 256 voxels. The in-plane pixel
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spacings were in the range of [0.31, 0.53] mm with a slice thickness of 0.625 mm for all images.

The reconstructed 4DCT images of each subject exhibited motion artifacts that are de-

pendent on the direction of motion of the endocardial walls with respect to gantry position;

these artifacts rotate synchronously with the orientation of the gantry, giving a false impression

of dyssynchronous contraction [19]. The motion uncorrected images are referred to hereafter as

the uncorrected images. These gantry position induced artifacts make it very difficult to accu-

rately measure the mechanical activation time of regions of the LV because of the uncertainty of

endocardial wall position in the images. The uncorrected images were processed with a motion

correction algorithm called ResyncCT [21] to yield motion corrected images. ResyncCT is a

newly developed cardiac CT motion correction algorithm that leverages the power of conjugate

pairs of partial angle reconstruction images for motion estimation and motion compensation. The

motion corrected images are referred to hereafter as the ResyncCT images. Figure 5.1 shows an

axial CT slice in an example subject with and without motion correction demonstrating the

clarification of endocardial wall position in the corrected image.

For each subject, the LV blood volume was segmented from each time frame of the

uncorrected and the ResyncCT image series. The segmentation procedure has been previously

described in detail [22]. Briefly, the segmentation threshold was determined using Otsu’s method

[23] and the active contour region growing module of ITK-SNAP v3.8.0 [24] was used to segment

the LV blood volume. The volume of the LV for each time frame was computed by summing

the segmented 3D voxels. Meshes delineating the LV endocardium were then extracted from the

segmented LV volumes.
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(A) Uncorrected

(B) ResyncCT

Figure 5.1: Reconstructed axial CT slice in an example subject showing motion artifact. (A)
Uncorrected CT image showing pronounced “double-wall” motion artifact highlighted by the red
ellipse. (B) ResyncCT image showing significant reduction of the “double-wall” artifact, and
clarification of the position of the endocardial wall.

5.2.3 Endocardial Regional Shortening

Endocardial regional shortening (RSCT) [25–27] was estimated by registering the end

diastolic LV mesh to each subsequent mesh derived from the other time frames of the cardiac

cycle using a point set registration technique [28] and was computed according to the following

equation:
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RSCT(ν, t) =

√
A(ν, t)

A(ν, t = 0)
− 1, (5.1)

where A(ν, t) the area of an endocardial patch ν at time t of the cardiac cycle; time t = 0

corresponds to end diastole. The patch ν is defined on the end-diastolic mesh - it is tracked as a

“material point” through the subsequent time frames. The average patch size for a normal human

LV was 2.6 ± 0.5 mm2 yielding a high-resolution LV map of regional endocardial shortening.

The high resolution endocardial surface map of RSCTwas divided into 72 endocardial

segments: 18 in the circumferential direction (1 segment for every 20°) for each of 4 slices from

apex to base along the LV long axis [22]; all RSCTvalues within each segment were averaged

to yield a single RSCTvalue for that segment. This 72-segment model yields a higher spatial

sampling of endocardial regional shortening than the traditional AHA 16-segment model [29];

the higher sampling is in agreement with the superior resolution of LV features visible on the

4DCT images [30, 31]. Each segment corresponds to approximately 2 cm2 of endocardial surface

for a normal sized LV. Two 72 segment models were constructed for each subject in this study:

1) derived from the original uncorrected CT images and 2) derived from the ResyncCT images.

5.2.4 Measuring the Mechanical Activation Time: Time to Onset of Short-

ening (TOS)

The TOS was estimated for all 72 segments of the LV for both the uncorrected and

the ResyncCT images. The TOS for a particular segment was calculated as the time at which

the RSCTvs time curve for that segment shortened by 10% of its full dynamic range during

systolic contraction. We previously investigated estimating mechanical activation times of LV

wall motion with 4DCT using controlled phantom experiments [21]. The main results of that
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study highlighted that the estimates of activation times are more accurate and precise when

measured during the constant motion profile of the LV during systolic contraction, vs. the time

of the “pre-stretch peak” which was previously used as the mechanical activation time in tagged

MR studies of dyssynchrony [32, 33]. Figure 5.2 illustrates the estimation of the TOS for an

example RSCTvs time curve from one LV segment.

Dynamic range 
of systole

10% of systolic 
dynamic range

TOS = 79 ms

Figure 5.2: Estimation of the time to onset of shortening (TOS) for an example RSCTvs time
curve. The TOS has been shown to be the most accurate metric for estimating mechanical
activation time. RSCT: endocardial regional shortening.

5.2.5 Significance of Time to Onset of Shortening in Predicting CRT Re-

sponse

The TOS has previously been shown to be an excellent metric to quantify LV dyssyn-

chrony [7, 8, 34] and is also strongly correlated with CRT response [9–11]. From our previous
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Table 5.1: Subject characteristics

N 24

Age (years) 79 ± 9

Female, n (%) 10 (42)

Heartrate (bpm) 67 ± 13

4DCT-derived EF (%)
Uncorrected 69.8 ± 8

ResyncCT 69.5 ± 8

4DCT-derived volumes (mL)
EDV 147 ± 57

ESV 48 ± 32

DLP (mGy · cm) 509 ± 252

study, it was determined that a shift in TOS (|∆TOS|) of 35 ms will cause a significant shift in

the classification of patients between low, mid, and high probability of CRT response [16]. In

this study, the effect of ResyncCT was evaluated by observing the number of LV segments (as %

LV surface area) that experienced a change in TOS estimates by greater than |35| ms between

the uncorrected and the ResyncCT images for each subject.

5.3 Results

5.3.1 Subject Characteristics

Out of the 25 subjects used in this study, one had to be excluded due to significant

calcification around the mitral valve, preventing the precise definition of the mitral valve plane.

Ten of the 24 subjects were female (42%), and the average age of the entire cohort was 79 ± 9

years (median: 77 years; interquartile range: 14 years). The mean CT-derived LVEF was 69.8 ±

8% and 69.5 ± 8% for the uncorrected and the ResyncCT images, respectively (p = 0.88). Table

5.1 lists the subject characteristics.
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5.3.2 False Dyssynchrony

Figure 5.3 highlights the pronounced effect of motion correction with ResyncCT on the

position of the LV walls across the cardiac cycle. Figure 5.3A shows axial slices of the ResyncCT-

derived images in an example subject for five consecutive time frames of the cardiac cycle. Figures

5.3B and 5.3C show difference images between the consecutive time frames of the uncorrected

and the ResyncCT images, respectively. In the uncorrected images, for a particular time frame,

walls moving perpendicular to the x-ray beam direction at the time of sampling are updated while

the walls moving in a direction parallel to the x-rays are not updated; therefore, pairs of walls

are updated only every other time frame in a series of 4DCT images reconstructed at 90°intervals

of gantry rotation (70 ms for a gantry rotation time of 280 ms). Figure 5.3C highlights the

continuous motion field recovered uniformly over all regions of the LV by ResyncCT.

5.3.3 Effect of ResyncCT on Accuracy of Mechanical Activation Time: Esti-

mates of Time to Onset of Shortening

Figures 5.4A-5.4B show two example subjects and the effect of ResyncCT on their TOS

estimates. For each subject, the first row shows the high-resolution bullseye maps of TOS, the

second row shows mid-LV short-axis slices for three time frames of the cardiac cycle, and the

third row shows difference images of the short-axis slices between the first three time frames. The

figures on the left are derived from the uncorrected images and the figures on the right are derived

from the ResyncCT images. Figure 5.4A shows a subject whose uncorrected images-derived TOS

map has higher values on the anteroseptal wall as compared to those obtained from the ResyncCT

images. Due to gantry-induced artifacts, the motion field between time frames t3 and t2 is lost

in the uncorrected images as seen in the difference image on the bottom left; however, ResyncCT
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(A) Axial CT image
(ResyncCT)

t2 = 70 mst1 = 0 ms t3 = 140 ms t4 = 210 ms t5 = 280 ms

t2 – t1 t3 – t2 t4 – t3 t5 – t4

(B) Uncorrected

(C) ResyncCT

LV
RV

ΔHU

Figure 5.3: False dyssynchrony and recovery of motion field with ResyncCT in an example
subject. (A) Axial slices of the ResyncCT-derived images in an example subject for five consecu-
tive time frames across the cardiac cycle. (B-C) Difference images between the consecutive time
frames of (B) the uncorrected images (not shown) and (C) the ResyncCT images shown in (A).
Pairs of myocardial walls are updated every other time frame in the uncorrected images whereas
ResyncCT recovers a continuous motion over all LV regions at each time frame. Note the clarity
of the edges, and position of the right coronary artery in the ResyncCT processed images. LV:
left ventricle; RV: right ventricle.

recovers this motion field. Figure 5.4B shows a subject with higher TOS values derived from the

uncorrected images on the inferolateral wall; again, as seen in the difference image between time

frames t3 and t2 of the uncorrected images on the bottom left, the inferolateral wall of the LV is

not well localized due to gantry-induced artifacts.

Only one subject had no part of their endocardial surface differ in TOS estimates ≥ |35|

ms; thus, in 23/24 (96%) subjects, ResyncCT had a significant impact on the TOS map and

could potentially reclassify these subjects based on their probability of responding to CRT. Figure

5.5A shows bullseye maps of the difference in TOS estimates between the uncorrected and the

ResyncCT images over all 72 endocardial segments for all 24 subjects; virtually all of the patients

have substantial changes to the TOS values. Figure 5.5A also highlights the heterogenous subject-
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Patient (A)

Patient (B)

Se
pt
um

Lateral Se
pt
um

Lateral
Se
pt
um

Lateral Se
pt
um

Lateral

Uncorrected ResyncCT

Uncorrected ResyncCT

Figure 5.4: Subject specific effects of ResyncCT on the estimation of TOS in two example
subjects (A) and (B). The left column gives results from uncorrected images, and the right
column are results in the same subject using ResyncCT corrected images. In each column, the
first row shows bullseye maps of TOS, the second row shows mid-LV short-axis slices for three
time frames of the cardiac cycle, and the last row shows difference images between the first three
time frames of the mid-LV short-axis images. TOS: time to onset of shortening. The bullseye
plot views the LV from the apex to base.

specific differences in the TOS estimates between the uncorrected and the ResyncCT images; the

degree of motion correction achieved depends on the direction of motion of the endocardial walls
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with respect to the position of the gantry. Figure 5.5B shows the distribution of the percentage

of the LV endocardial surface that differed in TOS estimates ≥ |35| ms between the uncorrected

and the ResyncCT images. Sixteen subjects (67%) had 7 or more endocardial segments differ

in TOS estimates ≥ |35| ms; the 7 segment threshold approximately corresponds to one of the

standard AHA 16 segments [29], or 10% of the LV endocardial surface (14 cm2).

(A) Uncorrected - ResyncCT (B)

Figure 5.5: Effect of ResyncCT on TOS estimates over the LV. (A) Bullseye maps of the
difference in TOS estimates across the entire LV between the uncorrected and the ResyncCT
images for all 24 subjects. (B) Histogram showing the number of subjects vs the percentage of
LV endocardial surface that differs in TOS estimates ≥ |35| ms between the uncorrected and the
ResyncCT images. LV: left ventricle; TOS: time to onset of shortening.

5.4 Discussion

In this study, we evaluated the ability of a newly developed cardiac CT motion correction

algorithm called ResyncCT to remove heart wall motion artifacts on routinely acquired clinical

4DCT images. The main findings of this study reveal the clinical utility of ResyncCT in min-

imizing gantry-induced false dyssynchrony artifacts in cardiac 4DCT images; this is especially

important when estimating the mechanical activation time of the myocardium as ‘times to onset
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of shortening’ from cardiac 4DCT images of subjects under consideration for CRT. In 23/24

subjects in this study, ResyncCT could have a significant effect in potentially reclassifying the

subjects based on their probability of responding to CRT [16]. The TOS is the most prominent

feature in determining the probability of CRT response; a change in TOS of greater than 35 ms

could significantly change the estimated probability of a subject responding to CRT; thus, the

accurate and precise estimation of TOS from 4DCT is essential.

We have previously evaluated the effect of ResyncCT under controlled phantom experi-

ments [21], the results from which highlight the excellent accuracy and precision of ResyncCT-

derived TOS estimates of LV wall motion. The work reported here expands that validation of

ResyncCT to clinically acquired human 4DCT studies. Another important finding in our pre-

vious phantom studies was that the accuracy and precision of the TOS estimates were higher

when measured on the constant motion profile of LV wall motion during systole vs. measuring

the peak of pre-stretch; previous studies with tagged MRI used the peak of the strain curves

to characterize mechanical activation delays [7, 33]. For this reason, the TOS in our study was

defined as the time of the cardiac cycle where the RSCTvs time curve reached 10% of its dynamic

range during systolic contraction.

This study also highlights the heterogenous effect of “gantry artifact” on the TOS es-

timates of the 24 subjects; LV orientation, heart rate, LV systolic motion profile (velocity and

acceleration), and gantry position with respect to LV wall motion during systole are some of the

factors that make the corrections of ResyncCT subject specific. It is impossible to predict the

interaction of a patient’s heartrate with the gantry orientation, so ResyncCT is needed in case

there are profound motion artifacts.

The TOS estimates are derived from RSCTvs time data which has previously been shown
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to have very low inter- and intra-observer variability The analysis pipeline used in this study to

estimate high-resolution maps of TOS over the entire LV was fully automated, except for the

definition of the mitral valve and LVOT planes. The inter- and intra-observer variability of the

segmentation procedure, and in turn the variability of the RSCTestimates has previously been

shown to be very low [22], making the estimation of TOS from RSCTvs time data to be highly

reproducible. Additionally, with advances in deep learning cardiac image segmentation [35, 36],

we expect the LV blood pool segmentation to be fully automated in the near future. This will

ensure that results are exceptionally reproducible.

While dual-source CT scanners yield images with higher temporal resolution, their limited

z-axis coverage of the detectors ( 4 cm) poses difficulties for full-heart volume imaging of patients

with irregular heartbeats and/or arrythmias. The patients must be scanned in helical or “step

and shoot” mode over multiple beats which may then yield step-artifacts, often rendering the

images unanalyzable for the estimation of timing of mechanical events of the LV. Wider detector

scanners (256- or 320-detector rows) with effective motion estimation and motion compensation

technologies may be better suited for this application.

5.4.1 Limitations

This study was successful in highlighting the need for subject-specific application of

ResyncCT on the estimates of TOS in a cohort of 24 subjects. While the results reveal that

ResyncCT can potentially reclassify 96% of the subjects based on their probability of responding

to CRT, the study lacks a ground-truth value of TOS to validate the accuracy of these estimates.

However, our previous study validating the accuracy and precision of the ResyncCT-derived TOS

estimates [16] with ground-truth phantom experiments provides evidence supporting the validity
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of the estimates reported in this clinical cohort. The clinical utility of the results reported in this

study, together with our previous validation using phantom experiments, motivate future studies

to perform a direct comparison of the ResyncCT-derived TOS estimates with either cine CMR

or CMR tagging.

All 24 subjects were scanned using the same CT scanner under the same clinical imaging

protocol established at the center. The imaging protocol did not include any tube-current mod-

ulation across the cardiac cycle. While this was beneficial in estimating TOS values that weren’t

subject to image quality differences across the cardiac cycle, future studies should investigate

the effect of tube-current modulation and ultra-low-dose scan protocols on the computed TOS

values.

5.5 Conclusions

A novel cardiac CT motion correction algorithm called ResyncCT was shown to dra-

matically reduce motion artifacts on the endocardial wall in clinically acquired 4DCT studies.

Mechanical activation times evaluated by the time to onset of regional shortening, a parame-

ter shown to be a strong predictor of CRT response, were significantly changed after motion

correction with ResyncCT.
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Chapter 6

Conclusions and future work

Advances in 4DCT technology have permitted the acquisition of ultra low dose high

resolution full volume cardiac images spanning the entire cardiac cycle within a single heartbeat

and from a single table position; no other clinical imaging modality comes close to this capability

for cardiac imaging. Despite multiple studies highlighting the importance of regional cardiac

function assessment for the better planning and management of disease [1–5], there remains an

unmet clinical need for an easy-to-use, easily available, accurate, and reproducible method for

assessing regional cardiac function [6]. This dissertation focused on understanding, improving,

and demonstrating the ability of 4DCT to yield high spatio-temporal resolution estimates of

regional cardiac function from a very simple and reproducible scanning procedure; this is a

significant advantage over echocardiography and CMR, especially as these reproducible estimates

are now obtained from ultra-low dose images. This dissertation has established a foundation

for future work to implement the developed methods in larger independent clinical cohorts and

randomized controlled trials to fully investigate the potential benefit of 4DCT in the management

of cardiac disease.
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6.1 Conlusions of our studies

In the second chapter of this dissertation “Spatial resolution of regional cardiac function

assessment with 4DCT”, we developed an anthropomorphically accurate LV phantom with pro-

grammed regional wall motion abnormalities of varying sizes and severities. The phantom was

used to obtain guidance on the smallest size of wall motion abnormalities that can be accurately

estimated with 4DCT. The results reported in this chapter highlighted that 4DCT can accurately

detect (to within ±5% error) endocardial regions of dysfunction greater than 19 mm in diameter,

with the threshold for detection lying between 14 and 19 mm.

The third chapter “Temporal resolution of estimating timing of LV mechanics with

4DCT” broadens our understanding of the temporal resolution of 4DCT, with a special focus on

the ’false dyssynchrony’ artifact. This artifact has not been investigated in depth previously, and

impedes the accurate and reproducible estimation of the timing of LV mechanics with 4DCT. Us-

ing an anthropomorphically accurate dyssynchronous LV phantom that served as ground-truth,

we demonstrated that 4DCT images processed with the ResyncCT motion correction algorithm

yields estimates of the timing of LV mechanics with significantly improved accuracy and preci-

sion. This work was foundational in highlighting the potential utility of 4DCT in estimating the

timing of mechanical events of interest of the LV for CRT guidance.

The fourth chapter “Prediction of CRT response using a lead placement score defined

using 4DCT-derived features of LV mechanics” utilizes the methods developed in chapters 2

and 3 on a clinical cohort of 82 subjects who underwent CRT. These subjects had 4DCT scans

acquired pre- and post-CRT implantation; thus, permitting very precise measurements of regional

changes in LV function. A model called the lead placement score to predict CRT response was

developed using features of LV mechanics derived from the pre-CRT scans of the subjects. The
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lead placement score model was effective in reclassifying 25% of the subjects into low-probability

of response, 25% into high probability of response, and the remaining 50% with a probability

of response that was unchanged from the pretest probability. The promising results reported in

this work highlight the potential utility of 4DCT in the optimal planning and management of

patients under consideration for CRT.

In the fifth chapter of this dissertation “Clinical utility of motion-corrected cardiac 4DCT

images in the estimation of left ventricular mechanical activation times”, we investigated the

effect of the newly developed cardiac motion correction algorithm called ResyncCT on the es-

timation of LV mechanical activation times in a cohort of 24 subjects with routinely acquired

clinical cardiac 4DCT images. ResyncCT had a pronounced effect on the timing estimates of

LV mechanics; 96% of the subjects used in the study could potentially be reclassified based

on their estimated probabilities of responding to CRT. Additionally, the differences in the tim-

ing estimates between the ResyncCT and motion uncorrected images were heterogeneous and

subject-specific. The work reported in this chapter highlights the potential clinical utility of

motion corrected 4DCT images in estimating timing of mechanical events of interest in the LV

with 4DCT.

6.2 Potential future work

A major concern with the increased use of 4DCT for disease planning and management

is the increase in exposure to ionizing radiation on a societal level. Significant efforts have

been focused on improving 4DCT imaging technologies that enable the acquisition of full 3D

volumes of the heart across the cardiac cycle with as little radiation dose as possible; current

full 3D images of the heart for a full R-R cycle are routinely obtained with < 3 mSv dose [7, 8].
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However, low dose implies low image quality. The accuracy and precision of the regional cardiac

function estimates derived from the methods developed in this dissertation need to be thoroughly

investigated in the context of low dose imaging. Using an accurate noise emulation tool, a series

of low dose images could be simulated. The accuracy and precision limits of the regional strain

estimates can then be determined as a function of lowering tube current. Additionally, guidance

may then be obtained for the optimal tube current and voltage settings as a function of patient

size for imaging with the lowest radiation dose possible, but with sufficient image quality for

regional function assessment.

The lead placement score is a promising metric for predicting patient response to CRT.

It was defined using only a few features of LV mechanics derived from the pre-CRT scans of the

subjects. The 4DCT scans contain an abundance of information; just the RSCTvs time data for

a single subject has 90 segments with 20 time points in each segment. Hence, future work could

explore using more advanced models to extract the dense functional information from the 4DCT

datasets for predicting CRT response. Additionally, post-CRT 4DCT scans are available in the

existing subject cohort of 82 subjects. Information derived from these scans could potentially

be used to provide mechanistic explanations of the underlying processes behind LV remodeling

and reverse remodeling; this could have significant implications in better understanding CRT

response as a whole. Similar strategies could be used for other treatments as well such as TAVR

and TMVI to not only predict LV response, but to also understand the mechanisms governing

them.

The methods developed in this dissertation take advantage of the region of the cardiac

4DCT images with the highest contrast: the boundary between the LV endocardium and the

blood pool. This significantly improves the reproducibility of the regional cardiac function es-
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timates over other methods that utilize endo- and epicardial contours. However, as with any

endocardium-based method, there are “blind-spots” at the papillary muscle insertion points.

Deep learning networks could be developed to approximate the best 2D surface to “cover” the

insertion points.

Lastly, this dissertation broadens our general understanding of the ability of 4DCT to

derive high spatio-temporal resolution estimates of regional cardiac function and demonstrates its

potential utility in clinical cohorts of subjects. Future work could apply the developed methods

to larger independent cohorts followed by randomized controlled trials to fully investigate the

efficacy of 4DCT in the planning and management of cardiac disease.
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Appendix A

Spatial resolution of regional cardiac

function assessment with 4DCT -

Supplementary Information

A.1 Definition of dysfunctional patch as a 2D sigmoid surface

We defined our regions of dysfunction to be sigmoid in shape to simulate a smooth

transition from the core of the dysfunctional region to the normal functioning endocardial tissue.

The sigmoid function was defined as:

G(u, v) =

√
a

1 + e−b·u ×
√

a

1 + e−b·v (A.1)

where a is the user defined % reduction in normal strain, b is the slope of the sigmoid function,

and (u, v) are the planar coordinates defining a 71 x 71 grid from -3 to 4 in each direction; each

132



user defined dysfunctional patch was normalized to this (u, v) grid. For the work reported in this

paper, we fixed b = 1.25 and a took on either 70% or 40% for simulating hypokinesia and subtle

hypokinesia respectively.

To apply this smooth transition in strain, we parameterized the mesh points belonging

to the dysfunctional patch in 3D space from p(x, y, z) to surface coordinates s(l, z). By doing so,

each point in the dysfunctional patch was given an index location based on its distance l along

the endocardial surface from the user-input center of the dysfunctional patch and also on its slice

location z relative to that of the patch center. Figure A.1 shows three views of a user defined

dysfunctional patch of the endocardium of radius 25 mm.

(A) Anterior View (B) Top View
(Base      Apex)

(C) Lateral View

z

x

y

x
z

y

Figure A.1: User defined LV endocardial patch of radius 25 mm to simulate regional dysfunction.
(A) Anterior view of the patch with the septum to the left and the lateral wall to the right. (B)
Top view of the patch looking from the base down into the apex with the inferior wall at 12
o’clock, lateral wall at 3, anterior wall at 6, and the septum at 9. (C) Lateral view of the patch
with the anterior wall to the left and the inferior wall to the right. LV:left ventricle

The parameterization was performed in a slice-by-slice fashion; the number of rows in

the 2D sigmoid matched the number of z slices in the dysfunctional patch. In this manner, each

point on the dysfunctional patch was assigned a corresponding strain reduction factor defined by

the sigmoid function. Points on slices closer to that of the user-defined center received a higher

strain reduction than points farther away in z. Similarly, points in a particular slice closer to
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the user defined patch center along the surface in the circumferential direction received a higher

strain reduction than points lying farther away. Figure A.2A shows a single slice of points on the

dysfunctional patch with the user-input patch center shown in red and Fig. A.2B shows the 2D

sigmoid function with a smooth transition from 70% reduction in strain at the center to ∼0% at

the peripheral regions. The strain reduction factor assigned to each point in the dysfunctional

patch was then multiplied with the ϵzz and the ϵcc components in Eq. 2.3 to create the desired

region of dysfunction.

(A)

sl = - 12

l = 0

l = 12

(B)

%
 Strain Reduction

l = - 12 l = 0 l = 12

Figure A.2: Application of 2D sigmoid function to ensure smooth transition in strain between
the core of the dysfunctional region and the normal functioning endocardium. (A) Top view of
a single z slice of points looking from the base down towards the apex with the inferior wall at
12 o’clock, lateral wall at 3, anterior wall at 6, and the septum at 9. The black circles represent
points on the endocardial surface belonging to the dysfunctional patch with the user-input patch
center highlighted in red. (B) 2D sigmoid function showing a smooth transition in strain from
a peak 70% reduction at the core to no strain reduction at the peripheral regions. Each z slice
of the dysfunctional patch corresponds to a row of the sigmoid function. When measured along
the endocardial surface, points within a slice closer to the user-defined patch center received a
higher reduction in strain than points lying farther away.
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A.2 Frequency response estimation of the applied low-pass mesh

filter: Comparison with the ‘Standard’ reconstruction ker-

nel of a clinical GE Revolution CT scanner

The low-pass filter, described in Sec. 2.2.3, was applied on the analytically displaced end

systolic mesh points to simulate the natural endocardial texture change that occurs during systole.

The texture change is a result of features collapsing during systole and the inability of the scanner

to resolve these fine features due to its finite resolution (point-spread function). The filter required

two user input parameters, the smoothing weight α and the number of iterations n. These values

were chosen such that the modulation transfer function (MTF) of the filter was similar to that

of the ‘Standard’ reconstruction kernel of a 256 detector-row clinical scanner (Revolution CT,

General Electric Medical Systems, Wisconsin). The Revolution CT was chosen for comparison

purposes for the following two reasons: 1) the MTF of the ‘Standard’ reconstruction kernel of

this scanner has been measured previously [1] and 2) it was the scanner available to us at the

time to perform our own independent measurement of the MTF.

The experimental measurement of the MTF of the scanner was performed in a manner

similar to that outlined by Cruz-Bastida et al., 2016 [1]. A titanium bead of 0.25 mm in diameter

was placed at the isocenter of the scanner and reconstructed (reconstruction diameter: 50 mm;

kernel: Standard) at with pixel spacings of 0.097 mm in x and y, with a slice thickness of 0.625

mm in z. Eight images with independent noise were acquired (tube current: 270 mA; kVp: 120

kV; gantry revolution time: 280 ms) and the MTF was measured by computing the discrete

Fourier transform of the point spread function, obtained by averaging the 8 independent images

of the bead. The estimated MTF was in good agreement with that measured by Cruz-Bastida
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et al., as seen in Fig. A.3.

The MTF of the low-pass filter, with the chosen values of α = 0.4 and n = 4, was measured

by creating 1000 images of 256 x 256 pixels of uniformly distributed white noise. A mesh was

extracted with the defined 256 x 256 grid as the x and y coordinates and the connectivity matrix

was obtained using the Delaunay triangulation algorithm. The intensity of the white noise at

each pixel location was added as the z coordinate to the corresponding mesh point. The low-

pass filter was independently applied to each of the 1000 meshes generated and the output of

the filter in each case was converted back to an image by transferring the smoothed z values to

pixel intensities at their corresponding locations on the image grid. The MTF was estimated by

averaging the discrete Fourier transform of the 1000 filtered images. Figure A.3 shows the MTF

of the filter overlaid with the MTF of the scanner.

Figure A.3: Modulation transfer function (MTF) of the GE Revolution CT ‘Standard’ recon-
struction kernel (black) and the low-pass mesh filter (red) applied on the analytically derived
end systolic meshes.
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A.3 Estimating confidence intervals for endocardial edge posi-

tion

Noise was added to the (x, y, z) coordinates of the analytically derived end systolic meshes

prior to application of the registration algorithm for the following two reasons:

1. to break the ‘analytical coherence’ of mesh features between end diastole and end systole

2. to simulate the natural variability in endocardial position due to CT noise

The level of added noise was chosen within the range of the root-mean-square variance in 3D

endocardial position as determined from Sec. A.3.3.

A.3.1 Algorithm for Estimating Variability in Edge Location

If a stationary object was scanned in a CT scanner and independent images of the object

were reconstructed with no view sharing, each reconstructed image would have independent

noise, causing a degree of variability in the edge estimates. The method proposed to calculate

the variability in edge location is outlined below:

1. obtain multiple images N(> 10), each with independent noise

2. segment the object in each image

3. sum all segmented images of the object

4. calculate the number of pixels (voxels in 3D), T , in the transition range of the summed

image (transition range defined by [1, N − 1])

5. detect the mean object from the summed image (defined by the object with pixel values

≥ N
2 )
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6. calculate the perimeter (area in 3D) P of the edge of the mean object

7. edge variability V = T
P

The edge variability V is an estimate of the size of the uncertainty region within which the edge

may be detected. It has the unit of length.

A.3.2 Validation of Algorithm Proposed in Sec. A.3.1

The proposed method outlined in Sec. A.3.1 was validated by simulating a square with

a programmed region of uncertainty within which the edge maybe detected under the influence

of noise. The programmed ground-truth uncertainty was compared with the estimate obtained

from the algorithm outlined in Sec. A.3.1

From a clinical scan of a human LV (tube current: 530; kVp: 80 kV; gantry revolution

time: 280 ms; reconstruction diameter: 200 mm; kernel: Standard; contrast agent: Visipaque 320

mg/ml, GE Healthcare, Chicago IL; contrast delivery: intravenous), an estimate of the gradient

of the endocardial edge was determined for use in our simulation. The mean (µ) and standard

deviation (σ) of HU within the contrast enhanced LV blood pool was measured to be 600 and

56 respectively and the user selected threshold for LV blood segmentation was set at 300 HU;

thus 300–2σ = 188 defines the HU limit for a 95% certainty in classification of the contrast

enhanced blood pool from the myocardium. By setting the appropriate window level (300 HU)

and window width (4σ = 224 HU), it was observed that the HU transitioned from the blood pool

to the myocardium over ∼2 mm for a 95% certainty in classification of each region. The edge

gradient was spatially dependent; the gradient was more gradual near the papillary muscles and

sharper at the base.

In an image of 512 x 512 pixels, a centrally located square object of side length 255 pixels
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with a uniform pixel intensity of 580 was created. The background of the image had a uniform

intensity of 100. The intensity values were chosen to simulate that of the blood contrast agent in

the LV (580 HU) and the myocardium (100 HU). For our simulation, the edge gradient from the

square object to the background was linearly defined over 5 pixels (2.5 mm at 0.5 mm in-plane

pixel spacing); this enabled the edge gradient to be symmetric about a mean edge at a HU value

of 340. The object (Fig. A.4A) and a zoomed in view of the edge (Fig. A.4B) are shown in Fig.

A.4.

Object (580 HU)

Background (100 HU)

Object (580 HU)

Mean Edge (340 HU)

A B

Figure A.4: Simulation of precision estimation in endocardial edge detection. (A) Image of 512
x 512 pixels with a background intensity of 100 units (to simulate the myocardium HU) and a
centrally located square object of size 255 x 255 pixels having a uniform intensity of 580 units
(to simulate the blood contrast agent HU in the LV). The edge of the square object is defined
by a linear gradient in intensity from the background to the object, occurring over a length of
5 pixels. (B) Zoomed in view of the object’s edge, corresponding to the dashed red box in (A),
highlighting the gradient and the mean edge.

For a 95% certainty in classification of both the background and the square object, a

uniform distribution of random noise in the range of ±2σ(±2 × 56), as determined from the

clinical scan mentioned above, was added across the entire 512 x 512 image. The process was
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repeated 100 (N) times, yielding 100 images with independent noise and for each case, the square

object was segmented by applying a threshold of 340 HU. For the above defined noise level

and edge gradient, the programmed region of uncertainty in edge location was 3 pixels, and the

measured estimate using the algorithm outlined in Sec. A.3.1 was 3.02 pixels.

As a second iteration of validation, with all other parameters kept constant, the edge

gradient defining the transition in HU between the object and the background was changed to 11

pixels (5.5 mm at 0.5 mm in-plane pixel spacing), which was representative of the edge gradient

near the papillary muscles in our sample clinical LV scan. Again, 100 instances of independent

noise were added to the image and the square object was segmented in each case by applying

a threshold of 340 HU. The programmed region of uncertainty in edge location was 5 pixels,

and the measured estimate using our algorithm was 4.99 pixels. In both simulations performed

above, the estimates of variability in edge location obtained from the algorithm outlined in Sec.

A.3.1 were in good agreement with the programmed ground-truth region of uncertainty in edge

location.

A.3.3 Precision Estimation of Edge Detection under Different Imaging Pro-

tocols

The end diastolic phase of a human LV endocardium derived from a clinical cardiac CT

scan was 3D printed using a Formlabs 2 stereolithography printer (Formlabs Inc., Massachusetts)

and the LV cavity was filled with an iodinated non-ionic radiocontrast agent (10% by volume

solution of Visipaque 320, GE Healthcare, Chicago IL). The 3D printing material, which is a

proprietary photopolymer resin (Formlabs Clear FLGPCL04), and the 10% iodinated contrast

solution had HU values of 100 ± 9 and 502 ± 4 respectively. The printed phantom was imaged
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under 50 mA (9 mAs), 200 mA (36 mAs), and 400 mA (73 mAs) x-ray tube current settings

(100 kVp; small focal spot) and for each tube current setting, 14 3D volumes were acquired

and reconstructed (reconstruction diameter: 200 mm; kernel: Standard) with no view sharing

such that each image had independent noise. The signal to noise ratios within a region of the

LV blood pool for the three x-ray tube currents were measured to be 7.7 ± 0.2, 10.3 ± 0.9, and

12± 1.3. Precision estimates of edge location were obtained for each tube current setting using

the algorithm outlined in Sec. A.3.1.

Figure A.5 shows an axial slice of the phantom for each of the three tube current settings.

The phantom was positioned in the scanner upright; hence, the axial views shown in Fig. A.5 do

not correspond to traditional axial views of a clinical scan with the heart in its native orientation.

The variability V in the location of the edge was estimated using the algorithm outlined in Sec.

A.3.1 to be 1.65, 0.9, and 0.65 mm (3.3, 1.8, and 1.3 pixels) for the 50, 200, and 400 mA

tube currents, respectively. Additionally, Fig. A.6 shows three regions of an axial slice of the

summation image (image obtained by adding the 14 independent LV segmentations) for each tube

current setting (regions correspond to the dashed red, blue, and yellow boxes in Fig. A.5). Line

segments were drawn perpendicular to the endocardial surface that began at the high intensity

region (pixel value = 14) and ended at the low intensity region (pixel value = 0), determined by

visual inspection. The lengths of the line segments were used to quantify edge variability. These

estimates agreed with the ones obtained using the algorithm outlined in Sec. A.3.1.

The level of noise added to our analytically displaced end systolic mesh points (x, y, z)

prior to the registration process was calculated from the precision estimates obtained above. The

variability V for each tube current setting was divided by 2 to obtain an estimate of the variation

about a ‘mean’. For example, for the 50 mA tube current setting, the edge had an uncertainty
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A

50 mA
(9 mAs)

200 mA
(36 mAs)

400 mA
(73 mAs)

B C

LV blood pool

Myocardium

Phantom support

Figure A.5: Axial slices of a 3D printed end diastolic human LV phantom imaged under different
tube current settings. (A) 50 mA. (B) 200 mA. (C) 400 mA. For each tube current setting, the
peak voltage was set to 100 kVp with a small focal spot size. The phantom was positioned in
the scanner upright, hence these axial slices do not correspond to the axial slices of a clinical
scan with the heart in its native orientation The dashed red, blue, and yellow boxes highlight
the regions shown in the dashed boxes of the corresponding colors in Fig. A.5

region of 1.65 mm; assuming the mean edge lies in the middle of this uncertainty region, the

edge can be detected over a region of ±0.83 mm. Similarly, for the 200 and 400 mA tube current

settings, the regions of uncertainty were ±0.45 mm and ±0.33 mm, respectively. Therefore, a

mean value of ±0.6 mm was added as noise to the end systolic mesh points to simulate the

uncertainty in endocardial edge location.
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A
50 mA (9 mAs)

B
200 mA (36 mAs)

C
400 mA (73 mAs)

5 pxs. 1 px. 1 px.

4 pxs. 2 pxs. 1 px.

3 pxs. 1 px. 1 px.

Figure A.6: Variability in endocardial edge location at three highlighted zones of the segmented
LV for different tube current settings. (A) 50 mA. (B) 200 mA. (C) 400 mA. The location of
each zone is shown by the dashed boxes of the corresponding colors in Fig. A.5. The images
are of the summation volume obtained by adding the 14 independent segmentations of the LV
blood pool for each tube current setting. White pixels are of intensity 14, black pixels are 0, and
values in-between are represented by the various shades of gray. Line segments (in green) drawn
perpendicular to the endocardial surface serve as visual aids for measuring the variability in edge
locations.
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Appendix B

Temporal resolution of estimating

timing of LV mechanics with 4DCT -

Supplementary Information

The generation of highly detailed anthropomorphically accurate 4DCT images with mo-

tion artifact using 3D printed models is one of the novel contributions of this manuscript. We

demonstrate that “stop-motion” animation can be used to dramatically increases the space of

anthropomorphic detailed shapes that can be tested with actual clinical scanners. Each “stop-

motion” scan of the deformed phantom has independent noise and blurring associated with the

particular instantiation of CT sampling and reconstruction. This is very difficult to simulate

in detail without using proprietary information about the reconstruction algorithm and noise

sources on the particular CT scanner. Synthesizing a sinogram from interpolation of discrete

static phases enabled us to: 1) utilize the potential of 3D printing to create detailed highly accu-
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rate models of the heart at different cardiac phases, and 2) simulate continuous cardiac motion

from measured scanner raw data of the 3D printed phases. The synthesis of a dynamic sinogram

from static phases helps overcomes some of the limitations of CT simulators and existing cardiac

motion phantoms (e.g. Shelley dynamic cardiac phantom) with limited spatial features.

We performed computer simulations to demonstrate that the 26 phases used to synthesize

a dynamic sinogram were sufficient to generate the expected wall motion artifacts seen clinically;

these wall motion artifacts (“double-wall” and “stationary-wall”) are the root cause for errors

in the estimation of mechanical activation times of wall motion using 4DCT. The details of the

simulation are provided below.

Stereolithography (STL) files containing triangular meshes of the dyssynchronous phan-

tom that sampled the simulated cardiac cycle in both 26 (original sampling rate) and 260 phases

(up sampled by a factor of 10) were created. CT projection data for these in-silico phantoms were

generated using the Catsim simulation tool [1]. Dynamic sinograms were then synthesized from

the projection data of the 26 and the 260 phases using view blending, as described in Chapter

3, Sec. 3.2.3. The synthesized dynamic sinogram derived from using 260 phases most closely

represented a truly dynamic sinogram.

Images were reconstructed from these synthesized sinograms at a phase of the cardiac

cycle with significant wall motion (217 ms; mid systole) and then compared with the image re-

constructed from the static sinogram at the same phase. The first row of Fig. B.1 shows, from

left to right, reconstructed images at 217 ms of the cardiac cycle derived from: the synthesized

dynamic sinogram using 26 phases, the static sinogram, and the synthesized dynamic sinogram

using 260 phases. The second row of Fig. B.1 shows difference images between the static image

and the images derived from the sinograms synthesized using 26 and 260 phases, respectively.
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The third row shows the difference between the images reconstructed from the 26 and the 260

phases derived sinograms. This figure highlights the small differences in the errors of endocardial

boundary positions between the 26 and the 260 phases derived sinograms; these errors are ex-

tremely small compared to the “double-wall” and the “stationary-wall” artifacts which adversely

affect the estimation of mechanical activation times in images with motion artifact.

Figure B.1: (Top-row) Images reconstructed at 217 ms of the cardiac cycle from sinograms syn-
thesized using 26 phases, the static 217 ms phase, and 260 phases from left to right, respectively.
(Middle-row) Difference images between the static image and the 26 and the 260 phases derived
images, respectively. (Bottom-row) Difference image between the 26 and the 260 phases derived
images.

Figure B.2 plots line profiles of the endocardial boundary at the locations of the lateral

wall (yellow line) and septal wall (green line) m-mode lines. The three line profiles are those

derived from the images reconstructed using the 26 phases sinogram (dash-dotted black line),

the 260 phases sinogram (dotted blue line), and the static sinogram (solid red). The Otsu

threshold for edge detection is shown by the dashed horizontal line in magenta. Figure B.2
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highlights the differences in edge location between images reconstructed from the 26 and the 260

phases sinograms. These differences, being imperceptibly small, do not affect the estimation of

mechanical activation times; errors in the estimation of wall position are primarily due to larger

“double-wall” and “stationary-wall” artifacts. Both the 26 phase model and the 260 phase model

estimate this artifactual displacement correctly.

Figure B.2: (Central-left) Image reconstructed from the static sinogram, showing the lateral
wall (yellow) and the septal wall (green) m-mode lines. (Top-right) Endocardial line profiles at
the lateral wall m-mode location. (Bottom-right) Endocardial line profiles at the septal wall
m-mode location. The three line profiles are derived from images reconstructed using the 26
(dash-dotted black line), the static (solid red), and the 260 phases sinograms (dotted blue). The
horizontal dashed magenta line represents the optimal threshold for blood-volume segmentation
as determined using Otsu’s method.
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Appendix C

Prediction of CRT response using a

lead placement score defined using

4DCT-derived features of LV

mechanics - Supplementary

Information

We performed a multivariable analysis including many clinical predictors of CRT response

as a reference to compare the performance of the 4DCT-defined LPS model. The clinical features

included were:

• QRS durartion
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• Hemoglobin concentration

• Mid-RV diameter measured with echocardiography

• Tricuspid annular plane systolic excursion

• Sex

• Presence of ischemic cardiomyopathy

• Presence of prior myocardial infarction

• Presence of coronary artery bypass graft

• Presence of atrial fibrillation

These features were used to train and define an independent SVMmodel for CRT response

prediction in a manner similar to that outlined in Chapter 4, Sec. 4.2.6; we refer to this model

as the ‘clinical’ model. Additionally, another SVM model was independently trained and defined

using both the set of clinical features listed above as well as the set of 4DCT-derived features

of LV mechanics; we refer to this model as the ‘clinical + 4DCT’ model. The performances of

the above two models were then compared with the performance of the LPS model defined using

just the 4DCT-derived features of LV mechanics, referred to as the ‘4DCT’ model.

Figure C.1 shows the ROC curves for the three models. The AUCs of the models were

78%, 87%, and 89% for the clinical, 4DCT, and clinical + 4DCT models, respectively. The

addition of clinical features improved the performance of the 4DCT model by 2% AUC, whereas

the addition of 4DCT-derived features improved the performance of the clinical model by 11%

AUC.
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Figure C.1: ROC curves for three different CRT response prediction models using: 1) only
clinical features (dashed red), 2) only 4DCT-derived features (solid blue), and 3) both 4DCT
and clinical features together (doted magenta).
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