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SUMMARY

Cardiac Resynchronization Therapy (CRT) is a treatment option for heart fail-
ure patients with ventricular dyssynchrony. CRT corrects for dyssynchrony by electrically
stimulating the septal and lateral walls of the left ventricle (LV), forcing synchronous con-
traction and improving cardiac output. Current selection criteria for CRT rely upon the
QRS duration, measured from a surface electrocardiogram (EKG), as a marker of electrical
dyssynchrony. Unfortunately, 30-40% of patients undergoing CRT fail to benefit from the
treatment. A multitude of studies have shown that presence of mechanical dyssynchrony
in the LV is an important factor in determining if a patient will benefit from CRT. Fur-
thermore, recent evidence suggests that patient response can be improved by placing the
LV pacing lead in the most dyssynchronous or latest contracting segment. The overall goal
of this project was to develop methods that allow for accurate assessment and display of
regional mechanical dyssynchrony throughout the LV and at the site of the LV pacing lead.
To accomplish this goal, we developed a method for quantifying regional dyssynchrony from
standard short-axis cine magnetic resonance (MR) images. To assess the effects of LV lead
placement, we developed a registration method that allows us to project the LV lead loca-
tion from dual-plane fluoroscopy onto MR measurements of cardiac function. By applying
these techniques in patients undergoing CRT, we were able to investigate the relationship
between regional dyssynchrony, LV pacing lead location, and CRT response.

Specific Aim 1 demonstrated that it is possible to derive regional dyssynchrony infor-
mation from standard cine MR images, which can then be mapped to the American Heart
Association (AHA) 17-segment model to identify the latest contracting segment. We used
these regional dyssynchrony maps to characterize normal and dyssynchronous contraction
and determine the relationship between electrical and mechanical dyssynchrony.

In Specific Aim 2 we developed a technique to determine the location of the LV pacing

lead relative to MR-based regional dyssynchrony measurements. By reconstructing the
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coronary veins from a contrast-enhanced MR acquisition and registering them to dual-
plane venograms and imaging of the lead location, we determined the spatial correspondence
between the two modalities. By back-projecting the lead onto the MR data, we were able
to determine the lead position in 3D and map it onto the AHA 17-segment model. We
validated our methodology using a coronary vein phantom and found the accuracy of our
lead localization to be superior to existing techniques.

Specific Aim 3 applied the regional dyssynchrony technique from Aim 1 and the LV
lead localization method from Aim 2 in nine patients undergoing CRT. By following these
patients for six months, we were able to determine the effect of pacing at or near the latest
contracting segment on patient response to CRT. In this small patient group, we found
that no mechanical dyssynchrony parameter was able to discriminate between patients who
responded to CRT and those who did not.

In summary, we developed techniques that allow for more accurate assessment of regional
dyssynchrony and LV lead location. Using these techniques, we can study a variety of factors
and their effect on CRT response. With the successful identification of these factors, it may

be possible to improve the current non-response rate in CRT patients.
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CHAPTER I

BACKGROUND & INTRODUCTION

1.1 Heart Failure

Heart failure (HF) is the name given to a combination of symptoms that limit the ability
of the heart to meet the metabolic needs of the body. As cardiac function decreases, blood
pressure drops and the vital organs do not receive necessary nutrients. Consequently, Heart
failure patients exhibit exercise intolerance, shortness of breath, and worsened prognosis [1].
By increasing blood pressure, heart rate, ventricular volumes, and arterial stiffness, the
body is able to compensate for the failing heart. Although these compensatory mechanisms
may initially improve the patient’s condition, they can significantly impact the long-term
prognosis of heart failure patients [1-3].

Statistics from the American Heart Association (AHA) and the Centers for Disease
Control and Prevention (CDC) indicate that more than five million individuals in the United
States are living with chronic heart failure [4]. Heart failure accounts for approximately 20%

of all hospital admissions for patients over the age of 65 [5].
1.1.1 Ventricular Remodeling

Heart failure symptoms include changes to ventricular size and function due to both chem-
ical and mechanical factors [5]. Remodeling occurs in response to myocardial infarction,
cardiomyopathy, hypertension, or valvular heart disease [6,7].

If a patient had a myocardial infarction (MI), where a major vessel supplying blood
the myocardium is blocked; the downstream myocardium supplied by the blocked vessel
undergoes necrosis and is replaced over time by fibrotic tissue in an attempt to heal the in-
farct [8]. The fibrous tissue has different mechanical and contractile properties than healthy
myocardium, so an MI often leads to abnormal loading conditions throughout the ventricle
resulting in dilatation and hypertrophy; increasing end diastolic volumes and limiting the

ability of the heart to pump effectively [7,9].



1.1.2 Effects of Ventricular Remodeling

As the left ventricle (LV) dilates, it not only increases in volume, but also becomes more
spherical. Both of these morphological changes inhibit proper operation of the mitral valve.
The diameter of the valve annulus increases in response to the dilatation but the size of the
leaflets and their orientation relative to the papillary muscles remains unchanged [10, 11].
This mismatch can result in mitral valve regurgitation, characterized by the transfer of
blood back into the left atrium during systole. Mitral regurgitation increases the load of
the left ventricle and promotes additional remodeling [5].

Changes to the ventricular wall as a result of remodeling can also disrupt the electrical
activation network within the heart. These disruptions can result in atrial fibrillation or
irregular ventricular activation and contraction [5,12]. Underlying electrical conduction
issues manifest themselves as changes in the contraction timing of the heart, which decreases

the ejection fraction (EF) and further diminishes the pumping efficiency of the heart [13-15].
1.2 Cardiac Dyssynchrony

Although heart failure can manifest itself in a variety of ways, cardiac dyssynchrony affects
30 to 50% of heart failure patients [13,14,16]. Dyssynchrony is indicative of a disruption
in the conduction pathway of the heart caused by ischemia, inflammation, fibrosis, and ag-
ing [5]. These disruptions cause different parts of the heart to be activated at different times.
Because mechanical contraction requires electrical activation, irregular electrical activation
leads to discoordinate mechanical contraction of the heart. We refer to the differences in
electrical activation as electrical dyssynchrony, and the associated difference in contraction
times as mechanical dyssynchrony. Dyssynchronous contraction of the ventricle is much less
efficient than a synchronous heart because blood is transferred within the ventricle rather
than being ejected [17,18]. There is a direct relationship between dyssynchrony and ejection
fraction [13—15]. This increases the energy demand on the heart and worsens the prognosis

for heart failure patients with dyssynchrony.



1.2.1 Electrical Dyssynchrony

The normal conduction pattern of the ventricles of the heart begins at the atrio-ventricular
(AV) node, and then travels through the bundle of His along either the right or left bundle
branches. The right branch travels through the septum and finally connects to the Purkinje
fibers, which can then stimulate the myocardium. In the left bundle, the electrical impulse
travels to either the mid-LV septum, or the anterior and posterior fascicles where it connects
to the Purkinje fibers and can then reach the myocardium [19]. In the LV, the stimulation of
myocytes starts at the endocardium of the apex of the heart and travels to the epicardium.
In a healthy individual, the time required for the both ventricles to be activated is between

50 and 80 ms [20].
1.2.1.1 Causes of Electrical Dyssynchrony

It is possible to have a disruption in the conduction pathway of the heart, called a block,
which causes the propagation of the activation front to be altered or slowed. There are a
variety of pathologies that can alter the conduction properties of the myocardium and affect
the activation of the left ventricle.

In the case of an MI, the conductivity of the fibrotic region is impaired compared to
healthy myocardium; effectively blocking electrical conduction. To compensate, the activa-
tion front has to circumvent the infarcted region. Another pathology that can drastically
alter the electrical conduction system of the heart is dilated cardiomyopathy (DCM). DCM
is typically associated with an AV conduction block resulting in delayed contraction of
the ventricles relative to atria, thereby shortening the diastolic filling time which can have
adverse effects on mitral regurgitation [19]. It was found that conduction velocities were
decreased due to dysfunctional gap-junction communication caused by the phosphorylation
of Cx43, a member of the connexin family [21,22]. This abnormality causes dyssynchronous

electrical activation of the heart [23].



1.2.1.2 Bundle Branch Block

Regardless of the cause of the conduction block, the location of the block has the largest
effect on the electrical activation pattern of the heart. Left bundle branch block (LBBB) is
the most frequent electrical conduction abnormality amongst heart failure patients. LBBB
worsens a patient’s prognosis, and has been shown to be a strong predictor of sudden
death [19,24]. In LBBB, the electrical activation front is unable to travel via the left bundle
of His and therefore the impulse travels instead from myocyte to myocyte via cell-to-cell
coupling. As a compensatory mechanism, the expression of connexins (Cx), primarily Cx43,
is altered resulting in slower conduction velocities [23,25,26]. This slower conduction can
result in large regional differences in electrical activation throughout the LV. Typically,
LBBB results in early septal activation and late electrical activation of the basal postero-
lateral wall [19,27]; however, recent multi-center studies have demonstrated that the site of
the latest activated region is heterogeneous among heart failure patients [28].

Similar to LBBB, right bundle branch block (RBBB) is a disruption within the right
bundle of His which can cause delayed activation of the basolateral portion of the right

ventricle (RV). RBBB rarely has an impact on LV electrical activation patterns [19].
1.2.1.3 Measurement of Electrical Dyssynchrony

There are several methods available to detect and quantify electrical dyssynchrony. A physi-
cian can use a surface electrocardiogram (EKG) to diagnose a conduction block. The EKG
measures the vector sum of the electrical stimulations throughout the entire heart [29]. The
QRS complex of an EKG trace represents the electrical depolarization of the ventricles. In
the case of a conduction block, the activation front is slowed; extending the time it takes for
the entire ventricle to contract. On the EKG trace, this conduction block manifests itself
as an elongation of the QRS complex. Several large studies have found that a QRS dura-
tion > 120 ms is associated with increased patient mortality even after accounting for other
clinical factors [30,31]. In addition to the global EKG, the signal for each electrode in a 12-
lead EKG can be examined to differentiate between LBBB, RBBB, and an interventricular

conduction delay (IVCD) [32].



To obtain more focal information regarding electrical activation of the heart, it is neces-
sary to employ more invasive techniques than a surface EKG. Electrodes can be placed on
a catheter tip and inserted either into the cavities of the heart to make endocardial record-
ings. Similarly, a catheter can be placed in the coronaries to obtain epicardial measure-
ments. These local recordings, electrograms (EGMs), are a measurement of the electrical
potential of the myocytes at the location of the electrode tip [33]. The main limitation of
this technique is the difficulty in localizing the measurement location and targeting the de-
sired measurement site [34,35]. Often, landmarks such as ribs and other vessels have to be
used to register and guide the catheter [35]. It is possible to obtain multiple simultaneous
recordings using either epicardial socks or endocardial balloons, although these techniques
are much more invasive procedures than a single catheter [36,37].

Three-dimensional electroanatomical mapping (EAM) systems have been developed to
improve the localization of EGM measurements. In these systems, the catheter is fitted with
a coil in addition to the EGM electrode. Three magnetic field generators are placed under
the patient, and three different fields are generated at different positions. The catheter coil
can detect the strength of each of the magnetic fields. The strength of the magnetic field
at the coil is inversely proportional to the distance from the magnetic field generator to
the coil. Because there are three magnetic field generators, triangulation can be used to
determine the 3D position of the catheter tip and the EGM recording [35,38]. The user can
acquire measurements at many sites within the ventricle cavity to obtain a map of electrical
activation [34]. Unfortunately, the trade-off is that EAM requires special hardware only

available at specialty institutions.
1.2.2 Mechanical Dyssynchrony

Mechanical dyssynchrony is when regions of the heart contract at different times. There
are several general types of mechanical dyssynchrony. Inter-ventricular dyssynchrony is a
difference in contraction times between the left and right ventricles. Atrio-ventricular me-
chanical dyssynchrony is characterized by an abnormal delay between atrial and ventricular

activation, which can result in a shortened diastolic filling period and a decreased stroke



volume. Of particular interest in heart failure patients is intra-ventricular dyssynchrony,

the discoordinate mechanical contraction of different regions within the same ventricle [29].
1.2.2.1 Causes of Mechanical Dyssynchrony

As mentioned previously, a region that experiences delayed electrical activation should also
experience delayed mechanical contraction, since myocytes require electrical activation to
contract. All of the causes of electrical dyssynchrony, including DCM and a previous MI,
also contribute to mechanical dyssynchrony.

It is possible to have mechanical dyssynchrony without underlying electrical dyssyn-
chrony. The most common example of abnormal wall motion without electrical dysfunction
is in the case of myocardial infarction [39,40]. Infarcted tissue is, fibrous, non-conductive,
and non-contractile because there are no myocytes in the infarcted region. Therefore, when
the electrical activation arrives at the infarcted region (on time), the infarct does not con-
tract. Instead, the regions proximal to the infarcted region contract normally and “pull”
the infarcted region. Because the region is not actively contracting, abnormal motion may

be observed despite the synchronous electrical activation [29].
1.2.2.2 Bundle Branch Block

As mentioned earlier, LBBB results in early septal and late lateral wall activation and
subsequent contraction. In these patients, the blood is being transferred from the early
contracting septum to the lateral wall and then transferred back to the septal wall when
the lateral wall finally contracts. As a result of this “sloshing”, mechanical dyssynchrony is
often accompanied by a decrease in EF [19]. The systolic function of the heart is impaired
because the delayed regions have to overcome the higher pressures inside the ventricle caused
by the earlier-contracting regions. A decrease in EF means that the heart has to work even

harder to meet the metabolic needs of the body [18,41].
1.2.2.8 Measuring Mechanical Dyssynchrony

Clinically, ultrasound is the most common modality used to assess mechanical dyssynchrony

of the heart.



1.2.2.3.1 M-mode Echocardiography M-mode echocardiography is a standard tech-
nique for visualizing wall motion in the heart. By imaging wall motion over the cardiac
cycle, the contraction times of opposite segments of the heart can be determined and the
delay between the regions can be computed. The most frequent use of M-mode imaging
is to determine septal-to-posterior wall motion delay (SPWMD). A SPWMD greater than
130 ms is associated with intraventricular mechanical dyssynchrony [42,43]. The primary
limitation of SPWMD is that it only considers one location; therefore there is only data
from two segments rather than segments throughout the LV. In patients with LBBB, the

septal and lateral walls would be the most disparate and this is not detected in SPWMD.

1.2.2.3.2 Doppler Echocardiography Conventional Doppler echocardiography can
be used to obtain Doppler flow velocity data from the ascending aorta. By comparing the
onset of the QRS complex with the beginning of aortic flow, the left ventricular pre-ejection
interval (LPEI) can be computed [44]. LPEI values exceeding 140 ms are typically associated
with intraventricular dyssynchrony [44,45]. This method is only useful for determining
global dyssynchrony, as it cannot discern between the effects of different LV regions on the

observed delay.

1.2.2.3.3 Tissue Doppler Imaging Instead of imaging the velocity of blood flow or
wall motion, tissue Doppler imaging (TDI) is used to measure the velocity of the my-
ocardium. By obtaining data from multiple views, it is possible to determine the velocity
throughout much of the heart. Septal-to-lateral delay (SLD) can be computed by taking
the difference in the time-to-peak systolic myocardial velocity profiles for the septal and
lateral walls of the LV. In a similar fashion, the maximum delay between any two segments
in the LV can be computed and is referred to as the maximum difference [46]. TDI can also
be used to compute a more global measure of mechanical dyssynchrony. Tissue velocity
curves from 12 different left ventricular segments can be acquired and the time between
the QRS complex and the maximum myocardial velocity is determined for each segment.

The standard deviation of these delays provides a measure of dyssynchrony, referred to as



the Yu index [47]. To improve the delay estimates between tissue velocity curves, more ad-
vanced analysis methods such as cross-correlation analysis have been employed to replace
time-to-peak measurements [48]. The primary limitations of TDI dyssynchrony analysis are
that the velocity measurements are sensitive to the incident angle of the ultrasound and
only one location can be analyzed at a time. This is an issue if there are large beat-to-beat

variations as there often are in heart failure patients with dyssynchrony [29].

1.2.2.3.4 Speckle Tracking Speckle tracking is a technique that can derive strain and
strain rate data from echocardiographic images. Speckle tracking detects and follows the
position of natural acoustic markers over the cardiac cycle. From the position of each marker
relative to another, it is possible to derive both strain and strain rate values throughout
the myocardium. The advantage of using strain data, is that it can distinguish between
actively contracting myocardium and infarcted regions that are “pulled” by the healthy
surrounding myocardium [29]. Unfortunately, the frame rate of speckle tracking is only 60
frames per second compared to 180 for TDI [49]. There is some initial work on expanding
speckle tracking to three dimensions to be able to derive all three principal strain directions

simultaneously [50].

1.2.2.3.5 Single-Photon Emission Computed Tomography Utilizing an EKG-
gated single-photon emission computed tomography (SPECT) acquisition, it is possible
to estimate myocardial wall thickness based upon the number of counts from a particular
region of the LV [51]. Through phase-analysis of myocardial thickening, the delay of each

region can be determined and regional dyssynchrony can be assessed [52].
1.2.3 Relationship of Electrical and Mechanical Dyssynchrony

The exact relationship between electrical and mechanical dyssynchrony is not well under-
stood. In canine models, it has been shown that a small electrical delay between two regions
can have a much more pronounced mechanical delay [53,54]. The accentuated mechanical
delay is thought to be due to the fact that in order to see mechanical contraction of a portion

of the ventricle, it must first overcome the pressure within the ventricle. As such, the later



the electrical activation in a region, the higher the pressure in the ventricle and therefore
the longer the delay between electrical and mechanical activation, the electromechanical
delay (EMD). Additionally, there have been instances where there is no underlying electri-
cal dyssynchrony, but there is a delay in mechanical contraction [39,40]. The distinction
between electrical and mechanical dyssynchrony is important when developing techniques
for correcting dyssynchrony. Some treatment options aim to correct electrical dyssynchrony

while others focus on mechanical dyssynchrony.
1.3 Treatment Options for Heart Failure

Heart failure can result from a wide range of pathologies, therefore a variety of treatment
options are available to improve patient quality of life.

Due to low cost and ease of administration, pharmacological treatments are the ideal
therapeutic approach to mitigate compensatory remodeling. Angiotensin-converting-enzyme
(ACE) inhibitors are traditionally prescribed as a treatment for high blood pressure; how-
ever, ACE inhibitors have also been shown to improve survival in heart failure patients by
lowering patient heart rate [2,55,56]. In the failing heart, epinephrine and norepinephrine
increase the heart rate to compensate for impaired cardiac function [3]. S-blockers inhibit
the binding to 8 adreno-receptors and therefore prevent the excessive stimulation of the
myocardium, slowing patient heart rate [2]. In addition to treating the symptoms of heart
failure, it is possible to prescribe treatments that treat the underlying causes of heart fail-
ure. Specifically, treating hypertension and hyperlipidemia has been shown to be effective
at preventing the onset of heart failure symptoms [57]. Overall, these pharmacological
treatments improve exercise tolerance and patient survival; however it may not be sufficient
for patients with advanced heart failure [2,55,56,58].

In cases of severe heart failure, left ventricular assist devices (LVADs) can be implanted
to pump blood more efficiently to the rest of the body. Although this is typically a short-
term treatment option for heart failure patients awaiting a heart transplant, continuous

flow devices have been used recently for long-term cardiac support [59-62].



In heart failure patients with arrhythmias or other conduction abnormalities, an im-
plantable cardioverter-defibrillator (ICD) can be implanted. The purpose of the ICD is to
provide a strong electrical stimulation to terminate the arrhythmias. It has been shown
that ICD implantation decreases mortality in heart failure populations, specifically patients
with LBBB [24, 63-65].

Cardiac resynchronization therapy (CRT) is a treatment option for heart failure pa-
tients with cardiac dyssynchrony. Approximately 30% of heart failure patients suffer from
dyssynchrony, which is associated with a decrease in ejection fraction and worsened progno-
sis [13-16]. As discussed earlier, electrical dyssynchrony typically results from a conduction
block that causes a delay between the activation of different sections of the ventricle. CRT
utilizes a biventricular pacemaker to electrically stimulate the myocardium in an effort to
restore synchronous electrical activation and improve cardiac output.

Advanced heart failure patients that fail to respond to either pharmacological or device-
based therapies are referred for a heart transplant. Unfortunately the cost and the need for

a donor do not make transplantation readily accessible [59,64,66].
1.4 Cardiac Resynchronization Therapy

Cardiac resynchronization therapy utilizes a biventricular pacemaker to resynchronize left
ventricular contraction in heart failure patients with dyssynchrony. CRT utilizes three leads:
an atrial sensing lead and two pacing leads; one in the RV and one in the LV. The CRT
device senses the arrival of the electrical excitation in the right atrium with the atrial lead,
and after a pre-programmed AV delay, initiates ventricular contraction. The RV pacing lead
is placed into the apex of the RV cavity and serves to stimulate the apex of the RV as well
as the interventricular septum. The LV pacing lead is implanted into the coronary veins
in order to stimulate the epicardial surface of the free wall of the left ventricular. Normal
electrical activation is restored by simultaneously stimulating the septal and free wall of the
LV.

Due to the overlap between patients with cardiac dyssynchrony, LBBB, and a higher

risk of sudden cardiac death, most CRT devices also serve as an ICD (CRT-D) [19,24]. In
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this configuration, the atrial sensing lead is used to detect the onset of atrial fibrillation or

ventricular tachycardia and the RV pacing lead is used to supply the ICD electrical pulse.

Currently, there are four major criteria that must be met for a patient to qualify for

CRT implantation [67]:

QRS Duration > 120 ms
QRS duration is a measure of the electrical dyssynchrony of the heart. Without
electrical dyssynchrony, the simultaneous stimulation of the septal and lateral walls

of the LV will have no effect.

Ejection Fraction < 35%
A healthy ejection fraction is greater than 50%. A low EF is indicative of inefficient

cardiac function.

NYHA HF Functional Class III-IV
The New York Heart Association (NYHA) functional classification serves to determine
the effect that heart failure has on patient activity and comfort (Table 1.1). Patients

classified as Class III-IV are considered to have moderate to severe heart failure.

Optimal Medical Therapy for at least 3 Months
Before resorting to an implantable device, it is necessary to ensure that the patient

cannot benefit from guided pharmacological treatments.

Several large, randomized, and controlled trials have been conducted and demonstrate

the efficacy, safety and long-term beneficial effects of CRT. Compared to patients receiving

optimal pharmacologic therapy, patients undergoing CRT showed significant improvements

in exercise tolerance, quality of life, and overall cardiac function [68-70]. Additionally, CRT

reduces left ventricular end-systolic volume (LVESV) and increases LV ejection fraction,

indicating reverse remodeling [69, 71-79].

1.4.1 Response to Cardiac Resynchronization Therapy

Response is a commonly used term that refers to the improvement in a patient’s condition

following cardiac resynchronization therapy. There are a vast number of ways to classify a
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Table 1.1: Description of New York Heart Association Functional Classes

NYHA Class Functional Capacity
The patient has cardiac disease but there are no limitations on
I physical activity. Ordinary physical activity does not cause fa-

tigue, palpitation, dyspnea or angina pain

The patient is slightly limited with respect to physical activity.
11 They are comfortable at rest; however, ordinary physical activity
results in fatigue, palpitation, dyspnea or angina pain.

Patients suffer from significant limitation of physical activity. Al-
111 though the patient is comfortable at rest, less than ordinary ac-
tivity causes fatigue, palpitation, dyspnea or angina pain

Patients cannot carry on any physical activity without discomfort.
v Symptoms of heart failure may be present even at rest. Discomfort
increases with any physical activity.

Classification of severity of heart failure based upon the effect of heart failure symptoms
on patients’ lives and physical activity [67].

patient’s response. Currently, there are 17 widely used definitions of response to CRT [80].
The major two categories of response criteria are clinical response and quantitative response.
In this study, we will utilize clinical response criteria for two reasons. First, the reduction of
symptoms and improvement in quality of life (QoL) of the patient is a more direct benefit
to the patient than a change in a functional parameter that may have little or no impact on
patient ability or comfort. Second, quantitative response criteria require a six-month follow-
up echocardiogram, whereas clinical metrics only require simple tests and questionnaires.
In an effort to maximize the number of patients included in this work, we will not utilize

quantitative response criteria, as they were not available for all patients.
1.4.1.1 Clinical Response Criteria

Clinical response criteria focus on detecting improvement of symptoms in heart failure
patients. Below are the most commonly used clinical response criteria. Often several

criteria are used in combination to define CRT response [80].

e New York Heart Association Functional Classification

The New York Heart Association (NYHA) functional classification attempts to assess
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how diagnosed heart failure affects an individual’s physical ability (Table 1.1). Based
upon NYHA classification, a responder to CRT is a patient who improves by at least
one heart failure class six months after device implantation [80]. NYHA classification
is performed by the physician at both the time of implantation and the six month

follow-up time point using the standard guidelines [67].

e Minnesota Living with Heart Failure Questionnaire
The Minnesota Living with Heart Failure Questionnaire (MLHFQ) attempts to assess
the quality of life of the patient. The questionnaire consists of 21 questions covering a
wide range of daily activities to determine the effect of heart failure symptoms on the
patient’s daily routine. All questions are answered on a scale of 0 to 5 where larger
scores indicate a larger negative effect [81]. CRT response is typically considered to

be a decrease of at least 15 points compared to the baseline survey [82].

e Six-minute Hall Walk Distance
Similar to the NYHA functional class, the six-minute walk distance (6MWD) is a
measure of how heart failure affects an individual’s susceptibility to fatigue due to
physical activity [83]. The metric measures the distance that can be travelled by the
patient in a six-minute interval. CRT response, as determined by 6MWD, is marked

by an increase of between 10 and 25% [46, 84].
1.4.1.2  Quantitative Response Criteria

In addition to clinical criteria, there are a variety of quantitative measures that have been
used in the literature to classify patients as responders or non-responders to CRT. Quan-
titative measures typically identify signs of reverse remodeling including improved cardiac
output and decreased cardiac volumes. A brief list is provided in Table 1.2 [80]:

Although both MRI and echocardiography can be used to measure these response met-
rics, it is not possible to perform a post-implant MRI due to artifacts caused by the CRT
device as well as interference with the CRT. Therefore, it is necessary to use a follow-up

echocardiogram to obtain these values.
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Table 1.2: Quantitative CRT Response Criteria

Metric Response Cutoff
LV Ejection Fraction (LVEF) Increased by at least 5% (absolute) or 15%
LV End Systolic Volume (LVESV) Decreased by at least 10% - 15%
LV End Diastolic Volume (LVEDV) Decreased by 15% or more
Stroke Volume (SV) Increased by at least 15%

Quantitative values and the associated values that are used to determine whether a
patient responded to cardiac resynchronization therapy.

1.4.2 Non-Response to Cardiac Resynchronization Therapy

There have been a large number of randomized clinical trials that demonstrate the efficacy
of CRT; however, at least 30% of patients undergoing CRT do not benefit from the treat-
ment [68-70,85]. The ability to identify candidates who will respond positively to CRT
is critically needed to prevent the unnecessary expenditure of approximately $60,000 for a

device that is not improving their condition [66, 86].
1.4.3 Factors Influencing Response to Cardiac Resynchronization Therapy

The current selection criteria are not comprehensive as evidenced by the > 30% non-response
rate. There must be additional factors that contribute to an individual’s response to CRT.
It is thought that the presence of mechanical dyssynchrony, the amount and location of my-

ocardial scar, and coronary vein anatomy all play a role in a patient’s response to CRT [87].
1.4.83.1 Presence and Location of Mechanical Dyssynchrony

CRT aims to improve cardiac output by correcting intraventricular dyssynchrony through
the electrical stimulation of the myocardial muscle, forcing the ventricle to contraction
synchronously [88,89]. If there were no electrical or mechanical dyssynchrony present,
then pacing the ventricle synchronously would not improve cardiac function. Studies that
incorporated mechanical dyssynchrony into CRT patient selection demonstrated superior
sensitivities and specificities [46,90-92]; however, specificity ranged from 33% to 96% [46,
47,82,92]. This indicates that a single factor is unlikely to predict a patient’s response to
CRT.
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1.4.8.2  Myocardial Scar Burden and Location

A number of studies have shown that the overall size and location of myocardial scar tissue
plays a role in patient response to CRT [40,93-99]. The fibrous tissue composing the infarct
is much less conductive than inter-myocyte gap junctions [100]. If the LV pacing lead were to
be inserted into a scarred region of the myocardium, the applied electrical stimulus will not
stimulate myocardial contraction, and resynchronization is unlikely to occur. Additionally,
because of the lack of contractility in scar tissue, if there is too much scar present within

the LV, then the ability of the heart to pump is inhibited.
1.4.8.8 Left Ventricular Lead Placement and Coronary Vein Anatomy

The left ventricular pacing lead is positioned within the coronary veins and makes contact
with the epicardial surface of the lateral wall of the left ventricle. It is generally accepted
in the electrophysiology community that optimal response can be obtained by targeting
the lateral, posterolateral, or anterolateral cardiac vein [101]. An acceptable target vein
is visualized and identified using contrast-enhanced coronary venograms obtained at the
beginning of the procedure. If necessary, coronary venoplasty or stenting can used to access
the target site [102,103]. The target vessel must be small enough to allow the LV pacing
lead to be wedged into place for stability [104]. The lead must also avoid stimulation of
the phrenic nerve, which has branches that run along the lateral wall of the LV. If nerve
stimulation occurs, then another branch of the coronary sinus must be used [105]. Final lead
placement and pacemaker delay settings are then optimized based on an intra-procedural
echo exam [106].

In addition to the currently employed factors we have just discussed, the ideal LV pacing
site is thought to be located in the most dyssynchronous region [16]. Placement of the LV
lead in a region remote to the most dyssynchronous region was indicative of non-response
in as many as 21% of patients [107]. However, currently no information regarding the
location of myocardial infarction or dyssynchronous regions is taken into account prior to
lead placement. In order to properly target this area, the distribution of dyssynchrony

within the LV must be known before the implantation procedure. Due to the fact that the
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LV pacing lead is placed in the coronary sinus, access to the most dyssynchronous region
with the LV pacing lead is constrained by the coronary vein anatomy [85,108,109]. By
determining both the ideal pacing site as well as the coronary vein anatomy, it would be

possible to determine a patient’s suitability for CRT prior to implantation.
1.4.4 MRI Assessment of Factors Influencing Response to CRT

Magnetic resonance imaging (MRI) can be used to assess all of these factors within a single
pre-implantation session. MRI can assess mechanical dyssynchrony, determine the presence
and distribution of myocardial scar tissue, and discern the coronary vein anatomy, making

MRI a potentially powerful tool for CRT patient selection.
1.4.4.1 MRI Assessment of Mechanical Dyssynchrony

The identification and quantification of mechanical dyssynchrony is important in a variety
of pathologies including dilated cardiomyopathy, tetralogy of Fallot, and CRT. For this rea-
son, a number of techniques have been developed to assess mechanical dyssynchrony using
MRI. Unlike echocardiographic imaging techniques, MRI is not limited by the echocardio-
graphic windows of the torso, and is therefore able to acquire images throughout the entire
myocardium, thus dyssynchrony can be detected at any location in the heart. Several
MRI-based techniques have been employed to detect mechanical dyssynchrony including
myocardial tagging, phase contrast tissue velocity mapping (TVM), displacement imaging,
and cine wall motion assessment.

The most basic way to assess mechanical dyssynchrony using MRI is to utilize steady
state free precession (SSFP) cine imaging. One of the primary benefits of cine wall motion
analysis techniques is that SSFP cines are part of a standard cardiac MRI exam. Because
of routine use, cine SSFP sequences have been optimized to show myocardial motion at
both high temporal and spatial resolution. As a result, many groups have attempted to de-
vise methods to quantify the mechanical dyssynchrony that is easily identified upon visual
assessment. These methods utilize myocardial wall motion, wall thickening, and three-
dimensional deformation in an attempt to quantify mechanical dyssynchrony [110-113]. All

of these methods either provide a global measure of dyssynchrony or make assumptions
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about the contraction [114,115]. To determine the most dyssynchronous region in CRT
patients, it is necessary to have a method that both provides regional dyssynchrony infor-
mation and works in moderate to severe heart failure patients with impaired LV function
and abnormal LV contraction.

In myocardial tagging, spatial modulation of magnetization (SPAMM) is used to create
a grid of non-invasive markers (or tags) on the tissues within the imaging plane [116]. These
tags persist throughout a cine acquisition of the slice. By studying the deformation of these
tags over the cardiac cycle, it is possible to derive displacement and strain information
within the myocardium. Unfortunately, due to the low spatial frequency of the tags, there
are usually only 1-2 tags through the thickness of the myocardium, resulting in coarse spatial
resolution of the derived strain values. Additionally, the analysis has to be performed in
the frequency domain and is often difficult and requires specialized software [117].

Tissue velocity mapping is another approach to quantify dyssynchrony with MRI. This
approach is very similar to TDI analysis in echocardiography. Phase-contrast MRI (PCMR)
utilizes paired bipolar gradients to estimate the velocity of a pixel. Tissue that moves along
the direction of the encoding gradient receives a phase shift proportional to its velocity. By
performing PCMR in a short-axis image, the velocity of the myocardium can be determined
in a given direction. Using two acquisitions, the x and y components of the velocity can
be used to construct the magnitude of the in-plane velocity over the cardiac cycle. Fur-
thermore, tissue velocity can be encoded in all three dimensions to track circumferential,
longitudinal, and radial motion of the myocardium. The velocity at two different locations
can be compared to determine the temporal lag between the two regions [118,119]. Unlike
myocardial tagging, the spatial resolution of TVM is limited by the pixel dimensions of the
acquisition. Unfortunately, acquisition times for complete TVM datasets are long due to
the need for reference and velocity-encoded images as well as the requirement to use both
respiratory and cardiac gated acquisitions.

Displacement of the myocardium can be measured directly using a technique called
displacement encoding with stimulated echoes (DENSE) [120]. With DENSE, the goal is

to encode positional information into the phase of the pixels in the image. The spatial
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resolution of DENSE is only limited to the dimensions of a pixel unlike tagging which is
dependent upon tag density. The disadvantage to utilizing DENSE is that the sequence is
still in the research stage and is only available at a small number of research institutions.
As a result, it cannot be employed in large multi-center dyssynchrony studies.

The goal of our work is to develop a method to detect dyssynchrony that is regional,
high-resolution, simple, amenable to heart failure patients, and utilizes standard cardiac
MR images. For this reason, we want to perform wall motion analysis on short-axis cine

SSFP images.
1.4.4.2 MRI Assessment of Scar Burden and Location

Late Gadolinium Enhancement (LGE) imaging is an off-label use of an extracellular Gadolin-
ium (Gd) chelate-based contrast agent for the imaging of myocardial infarction [121]. The
contrast agent is injected intravenously as a bolus (0.1 mmol/kg) and diffuses into the inter-
stitial space. In healthy myocardium, there is little intercellular space (a low extracellular
volume fraction) and the extracellular contrast agent cannot pass through the cell mem-
branes of the myocytes. In a chronic myocardial infarction, the effective extracellular volume
fraction is much larger and more contrast can diffuse into the region [122]. Approximately
10 minutes after contrast injection, an inversion recovery (IR) sequence is used to acquire
an image of myocardial infarction. An inversion time (TI) is selected to effectively null the
signal from the myocardium. The T1-shortening characteristics of gadolinium cause the sig-
nal from the infarcted region to be much greater than that of the nulled myocardium [123].
Due to the bright blood pool (also full of Gd), it is easy to segment the endocardial and
epicardial boundaries, as well as visualize the location of the myocardial infarction. In this
way, scar transmurality can be assessed throughout the ventricle by performing a series of
LGE scans. Many groups have successfully performed LGE imaging in patients scheduled

for CRT [98,99,124].
1.4.4.3 MRI Assessment of Coronary Vein Imaging
Magnetic resonance angiography (MRA) has focused on imaging the coronary arteries; how-

ever, MR imaging technology has reached a point where visualization of the coronary veins
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has become feasible. A number of studies have employed both contrast and non-contrast
techniques to successfully visualize the coronary venous anatomy prior to CRT device im-
plantation [125]. Using either a magnetization transfer contrast (MTC) preparatory pulse
in combination with a 3D gradient echo sequence or a slow infusion of a Gd-chelate-based
contrast agent plus a 3D whole heart sequence, good image contrast can be achieved between
the coronary veins and the surrounding myocardial tissue [126-130]. It has been shown,
however, that contrast-based methods provide better signal-to-noise (SNR) and contrast-
to-noise (CNR) than non-contrast techniques [128]. In cases where the patient is already
being administered a Gd-based contrast agent, it is beneficial to obtain a contrast-enhanced
coronary vein scan.

Extracellular contrast agents quickly diffuse into the extracellular space shortly after
injection, thereby limiting the time during which they are effective for vessel enhance-
ment [131]. Additionally, the contrast diffuses into the myocardium, enhancing both the
myocardium and the coronaries, effectively decreasing the contrast between the two. It
is possible to use an intravascular contrast agent to improve the contrast of the coronary
veins. Some intravascular contrast agents bind to albumin in the blood, and therefore do
not diffuse out of the vessel before it is filtered out of the blood [132-134]. For this reason,
the concentration in the blood remains elevated relative to the myocardium for significantly
longer than extravascular contrast agents [135]. Unfortunately, this class of contrast agent
is not optimal for LGE imaging because LGE relies upon the differential diffusion of Gd
into the infarcted and normal myocardium. If both LGE and coronary vein imaging are to
be performed in the same scan, this type of contrast agent is not feasible.

Instead of using an intravascular contrast agent, it is possible to achieve extended periods
of elevated Gd contrast using a slow infusion of contrast agent [125,136,137]. This slow
infusion replenishes any contrast that may have diffused from the blood into the surrounding
tissue. Eventually this will create a steady state of contrast agent concentration, yielding
a constant concentration of Gd in the vasculature. As long as contrast is being injected,
this level will remain relatively constant. Coronary vein imaging can be performed during

this contrast “plateau” to achieve maximal contrast between the coronary veins and the
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Figure 1.1: Data for the signal intensity of the vasculature following injection of extra-
cellular Gd-chelate contrast agent. Note the lower initial intensity but longer and higher
intensity plateau resulting from slow infusion of contrast agent [138].

surrounding tissue The total concentration in the blood is lower than if a standard bolus

were to be used, but with a bolus, the concentration of Gd in the blood falls off quickly as

the contrast agent diffuses into the tissue (Figure 1.1).
1.4.4.4 Inability of Magnetic Resonance Imaging to Assess LV Lead Placement

Ideally, we would like to be able to determine the final location of the left ventricular pacing
lead and its position relative to dyssynchronous and infarcted regions. With the develop-
ment of MRI-compatible pacemakers, ICDs, and CRT devices, it is possible to perform a
post-implant MRI; however there are many required precautions. First, the device is of-
ten disabled to prevent errant pacing rates as well as inadvertent ICD activation, and as
a result, an electrophysiologist or cardiologist must be present during the imaging proce-
dure [139,140]. Additionally, the deposition of energy by the radiofrequency (RF) pulses
can warm the lead tip and potentially cause harm to the surrounding tissue, especially when
imaging at the location of the lead tip [141,142]. Although it may be technically possible

to obtain LV lead location from a post-implant MRI, it would require an additional MR
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procedure as well as specialized personnel and extra precautions. It is ideal to use existing
imaging data to discern LV lead position relative to pre-implant MR-derived assessment of
myocardial scar and mechanical dyssynchrony.

The LV pacing lead is readily visible in x-ray imaging, which is part of the standard CRT
device implantation procedure. For this reason, it would be ideal to use intra-procedural
fluoroscopic imaging to localize the position of the LV lead relative to pre-implant MR-
derived parameters. It would prevent the need for extra imaging procedures and allow the

data to be obtained at any institution without extra precautions and specialized training.
1.5 X-ray Fluoroscopic Imaging

CRT device and transcatheter lead implantation are performed under fluoroscopic guidance.
Intra-procedural contrast-enhanced coronary venograms are acquired to survey the coronary
vein anatomy and identify the target for the LV pacing lead. Similarly, post-implant x-ray
images can clearly show the location of both the RV and LV pacing leads. It would be ideal
to be able to use intra-procedural x-ray imaging to determine the LV pacing lead location

relative to regional dyssynchrony information derived from MRI.
1.5.1 X-ray System Geometry

The most basic x-ray system consists of two components: an x-ray source and a detec-
tor. The source can focus x-rays at the detector in a variety of shapes including a fan,
cone, or parallel beams [143]. A more flexible system is required to guide catheter-based
interventions, such as CRT device implantation.

The typical electrophysiological procedure room contains a C-arm x-ray fluoroscopy
system. The source and detector are mounted at opposite ends of a C-shaped track facing
each other. The C-arm can be rotated about its center (Figure 1.2B), or translate along its

own path (Figure 1.2A). The projections utilized in this work include the following:

¢ Right Anterior Oblique
Right anterior oblique (RAO) images involve positioning the detector over the pa-

tient’s right chest and directed toward the source located behind the patient’s left

21



back (Figure 1.2A). The primary angle of the source is 30° off-vertical. The secondary

angle is near zero.

e Left Anterior Oblique
Left anterior oblique (LAO) images are the opposite; detector over the patient’s left
chest and the source behind the patient’s right back. The primary angle is once again

30°.

e Anterior-Posterior
An anterior-posterior (AP) image is acquired by setting all angles to zero and pro-

jecting x-rays from the patient’s back to their chest.

When we refer to dual-plane imaging, we are referring to imaging an object using both
RAO and LAO projections. A true biplane x-ray system has two detectors, capable of

obtaining both views simultaneously.
1.5.2 Retrograde Coronary Venography

Visualization of the coronary sinus and its tributaries is necessary to identify the target
vein for implantation of the LV pacing lead. A balloon catheter is inserted into the ostium
of the coronary sinus and inflated to completely occlude the coronary sinus. An iodinated
contrast agent is injected retrograde into the coronary veins, opacifying all potential target
veins. By acquiring cine images at 30° LAO and 30° RAO during contrast injection, it is
possible to use the venogram as a reference for positioning the LV lead [105]. It is important
to note that the contrast is only present in the coronary veins, thus it is not possible to

simultaneously visualize either the coronary arteries or the cardiac chambers.
1.5.3 Left Ventricular Lead Localization

To compare the position of the LV pacing lead to parameters derived from other modalities,
such as MRI, it is necessary to discern the position of the LV pacing lead relative to the left
ventricle. After successful implantation of the atrial sensing lead, and RV and LV pacing

leads, dual-plane radiographs can be acquired to visualize the final position of the leads.
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Figure 1.2: A c-arm fluoroscopy imaging system is capable of acquiring projections from a
variety of angles. By rotating along the c-arm, right anterior oblique (RAQ), left anterior
oblique (LAO), and anterior posterior (AP) projections can be obtained (A). Rotating about
the center of the c-arm, it is possible to obtain cranial (CRA) and caudal (CAU) projections
(B). Any combination of these two angles can be used to obtain a double oblique image.
Note that the c-arm can be positioned at the head of the table as opposed to the patient’s
side shown here.
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There are several methods that are frequently used to determine the position of the pacing

lead relative to the LV from fluoroscopic images.
1.5.83.1 Mortensen’s o’clock

Mortensen’s o’clock refers to a commonly used technique that determines LV pacing lead
location from dual-plane lead position angiograms. Using 30° LAO and 30° RAO views,
one can estimate the circumferential and longitudinal position of the LV pacing lead. The
LAO image roughly corresponds to a short-axis view of the LV, and therefore can be used
to identify the circumferential position of the lead (Figure 1.3 A and C). The longitudinal
information can be obtained from the RAO image, which is similar to a long axis view of
the ventricle (Figure 1.3 B and D) [144].

The advantages of Mortensen’s o’clock method are its simplicity as well as the utilization
of images acquired during the standard CRT device implantation procedure. However,
the primary drawback is that it is incapable of accounting for a wide range of ventricle
orientations seen in the general population, and specifically seen in heart failure patients.
The position of the LV can vary from vertical to almost horizontal in the chest cavity
depending on patient size and weight [145]. In these instances, the LAO and RAO no
longer correspond to the short and long-axis views of the LV and it is difficult to accurately

determine the LV pacing lead location using Mortensen’s o’clock.
1.5.3.2 Chest X-ray

Another post-implantation method to determine lead placement is from routine posteroan-
terior and lateral chest x-ray (CXR). In this method, two planar x-ray scans are performed.
The first is posteroanterior (i.e. front to back). This provides information regarding the
lead position in the vertical axis of the heart and can be used to determine the longitudinal
position of the lead. The source and detector and are then rotated to obtain a lateral CXR
which can be used to determine whether the lead is on the anterior or posterior wall of the
LV [145].

The disadvantage of CXR for lead localization is that it provides information about the

lead position only in two dimensions, specifically the horizontal and vertical axis of the heart.
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Figure 1.3: In Mortensen’s o’clock LV lead localization method, the circumferential posi-
tion is determined from the LAO coronary venogram (A) and lead localizer (B) and the
longitudinal position is derived from the RAO coronary venogram (C) and lead localizer
(D). LV pacing lead locations are marked with black circles in B and D.
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There is no information available in the septal to lateral direction. Additionally, Kumar et

al., found that CXR resulted in 73.4% misclassification of LV lead tip position [146].
1.5.8.3  Computed Tomography

Computed Tomography (CT) is an excellent method for determining final LV lead location.
By combining the innate ability of x-ray-based imaging modalities to visualize metal compo-
nents based on their high attenuation, with the ability of CT to obtain a three-dimensional
volume, it is possible to determine the exact position of the LV pacing lead relative to the
coronary veins and the cardiac chambers. Additionally, CT is able to accurately depict the
LV lead location regardless of the orientation of the heart within the chest cavity.
Although the use of CT lead localization would provide ideal results, it requires addi-
tional imaging procedures, resulting in a radiation dose to the patient and increased cost of
the procedure. For this reason, it is desirable to have a lead localizing technique that relies
upon images typically acquired during the implantation procedure and provides accurate

results in a wide range of patients.
1.5.8.4 Limitations of Current Techniques

Mortensen’s o’clock and chest radiographs are the most widely applied techniques for deter-
mining lead location due to the reliance upon routinely acquired images. They do, however,
sacrifice true three-dimensional localization of the LV pacing lead because of their simplicity.
Often, they can only characterize the position of the LV lead in terms of anterior, lateral,
posterior, and inferior. Although CT can provide a high-resolution and accurate location
of the pacing lead, the additional radiation, money, and time required for the scan results
in limited applicability. Our goal is to develop a method that combines pre-implant MRI
data with dual-plane x-ray imaging to determine the true location of the LV pacing lead in
three dimensions. The benefit is that it will provide a 3D location (similar to that of CT)

without any additional imaging or radiation exposure.
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1.6 Predicting Response to Cardiac Resynchronization Therapy

As we have discussed, non-response to CRT is a multi-factorial problem. To better un-
derstand how mechanical dyssynchrony, myocardial infarction, and coronary vein anatomy
affect patient response to CRT, we need to retrospectively assess each of these factors at the
location of the LV pacing lead in both responders and non-responders. After determining
the significance of each of these factors, it is possible to provide a protocol for screening
patients for CRT and provide pre-operative guidance for LV lead placement. To this end, it
is important to display all regional dyssynchrony, myocardial infarction, and coronary vein

anatomical information in a format that is both familiar and functional for physicians.
1.6.1 American Heart Association 17-Segment Model

The AHA has developed a segmented model of the LV for improving communication between
imaging modalities for research and clinical purposes. The segment model is applicable for
MRI, CT, positron emission tomography (PET), coronary angiography, and echocardiogra-
phy [147]. The AHA segment modal is a polar plot where data from each slice is represented
as a concentric ring with apical slices located at the center of the plot while the most-basal

slice is on the outside (Figure 1.4).
1.6.2 Mapping Regional Dyssynchrony Data to the AHA 17-Segment Model

As part of our work, we aim to measure the dyssynchrony present at various points within
the LV. This data is derived from short-axis cine SSFP images to not only allow for finer
resolution analysis of wall motion, but to allow for easy adaptation to the AHA 17-segment
model. Regional delay times are computed at 100 locations circumferentially for each slice.
As such, it is possible to map these delay times directly to the AHA 17-segment model to

create a mechanical activation delay visualization.
1.6.3 Mapping Coronary Vein Anatomy to the AHA 17-Segment Model

In this work, we determine the anatomy of the coronary sinus and its tributaries using
MRI. By segmenting the coronary veins in each image, we can utilize the position infor-

mation stored in the DICOM header to compute the 3D location of the coronary veins

27



Anterior

()

=

Posterior
Figure 1.4: The AHA 17-segment model of the left ventricle displays circumferential slice
information in concentric circles starting at the apex in the middle and reaching the base
on the outside.

Septal
|eJaje]

28



(Appendix C). After the 3D location of all vein points are computed, they can be projected
onto the AHA 17-segment model (Appendix A). By superimposing this information with
maps of regional dyssynchrony, it is not only possible to determine the latest contracting
region (the ideal pacing site), but determine if this site is even accessible via the coronary

veins.
1.6.4 Mapping LV Lead Location to the AHA 17-Segment Model

Ultimately, we want to determine the role that mechanical dyssynchrony plays in predicting
response to CRT. To do so, we need to superimpose the final LV pacing lead location onto
the regional dyssynchrony data. We will use dual-plane x-ray images to obtain the position
of the LV pacing lead in 3D space. We can then map this 3D lead location onto the AHA
model (Appendix A) to determine the mechanical activation delay times at and around the
LV pacing site. It is then possible to study the relationship between regional dyssynchrony

and CRT response.
1.7 Summary

By synergizing maps of regional dyssynchrony, coronary vein anatomy, and final LV lead
location; we can determine the effect that regional mechanical dyssynchrony has on a pa-
tient’s response to CRT. Additionally, by providing a standard way to visualize regional
delay distributions, myocardium viability, and coronary vein anatomy, we are able to pro-
vide a prospective tool for assessing the suitability of a patient for cardiac resynchronization

therapy, and determining the ideal pacing site prior to device implantation.
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CHAPTER II

HYPOTHESIS & SPECIFIC AIMS

2.1 Central Hypothesis

We hypothesize that magnetic resonance imaging can be used to detect and display regional
dyssynchrony in the left ventricle and this data can be combined with left ventricular lead
positions, obtained from dual-plane x-ray imaging, to study the effect of lead placement on

cardiac resynchronization therapy response.
2.2 Approach

Using magnetic resonance imaging, we obtained short-axis cine images of the left ventricle.
We utilized the endocardial boundary in these images to compute the radial displacement
of sections of the ventricle over the cardiac cycle. By comparing the delay between these
regions, we were able to determine the relative mechanical contraction times throughout
the left ventricle and characterize dyssynchronous contraction. These mechanical delay
times were compared to local electrograms to study the unclear relationship between elec-
trical and mechanical dyssynchrony. In order to understand the effect of pacing in the
latest-contracting segment of the ventricle on patient response to cardiac resynchronization
therapy, we used post-implant dual-plane x-ray data to determine the position of the left
ventricular pacing lead. By combining the lead position with regional dyssynchrony infor-
mation, it was possible for us investigate the relationship between dyssynchrony at the lead
tip and cardiac resynchronization therapy response. To achieve these goals, we investigated

the following specific aims:

2.3 Aim 1: Quantifying Regional Left Ventricular Mechanical Dyssyn-
chrony

Develop a method to quantify regional left ventricular mechanical dyssynchrony and compare

regional mechanical delay times with electrical delay times at various points within the left
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ventricle.

We proposed that we would develop a method for quantifying and displaying regional
dyssynchrony. This data must be able to be mapped to the AHA 17-segment model, a
standard method for displaying data over the left ventricle, to allow for comparison with
other metrics such as myocardial scar distributions for multi-factorial assessment of potential
response to CRT.

Our goal was to generate a high-resolution map of regional dyssynchrony that can be
used to identify regions of latest contraction that can be targeted as lead placement sites
that would maximize the likelihood of patient response to CRT. We compared these late
contracting regions with the latest activated regions (electrically) to understand the rela-
tionship between electrical and mechanical dyssynchrony. This work was broken into two

sub-aims:

2.3.1 Aim 1la: Regional Dyssynchrony from Short Axis Magnetic Resonance
Images

Generate a regional map of left ventricular mechanical dyssynchrony and identify the regions
of delayed mechanical activation.

In order to locate the most dyssynchronous region of the LV, a high-resolution measure
of regional dyssynchrony is needed. Additionally, it is desirable to obtain dyssynchrony
maps using magnetic resonance imaging so that all pre-implant imaging is performed using
a single modality. This method must also be able to be applied easily at a wide range of
medical facilities to assist in the creation of multi-center studies researching the effects of
dyssynchrony on CRT response.

There are many techniques for detecting LV dyssynchrony but they involve either com-
plicated post-processing or MR protocols that are only available at pioneering research
institutions. Short-axis steady state free precession (SSFP) images are a standard part of
any cardiac MRI (CMR) examination. Additionally, due to their widespread use, SSFP
images have been optimized to be high temporal and spatial resolution. By using these
images, we determined the timing of mechanical activation throughout the left ventricle

based upon cross correlation analysis of radial displacements of the endocardial surface.
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The specific hypothesis was: Magnetic resonance cine images can be used to derive
regional displacement curves to determine the mechanical activation delay at any point
within the left ventricle.

To fulfill this aim, we computed radial displacements of the endocardial wall over the
cardiac cycle. Using these radial displacement curves (RDCs), we clustered them into
regions with similar contraction patterns. By averaging the largest of these clusters, we
obtained a patient-specific reference RDC to which all other RDCs could be compared.
Cross-correlation was used to determine the delay between any RDC and the reference.

These delay times were then mapped directly to the AHA 17-segment model of the LV.
2.3.2 Aim 1b: Comparing Mechanical and Electrical Delay Times in the LV

Investigate the relationship between mechanical activation delay from our magnetic reso-
nance imaging-based method and electrical activation delays from local electrogram data.

The current clinical eligibility criteria for CRT include a QRS duration that exceeds
120 ms. This elongated QRS duration is indicative of prolonged electrical activation in the
LV resulting from electrical dyssynchrony. Several studies have shown that placing the LV
pacing lead in the latest-activated region improves patient response to CRT. There have,
however, been just as many studies showing no significant gains in patient response. Still
other groups have shown that it is mechanical dyssynchrony that is important, not the
electrical dyssynchrony. Studies in canine and computational models have come up with
conflicting findings regarding the effect of pacing at the latest contracting segment on CRT
response. Due to the fact that these studies were not performed in a human population, our
goal is to obtain electrical and mechanical delay times at potential pacing sites and observe
the relationship between the two.

The specific hypothesis was that the observed regional mechanical dyssynchrony would
correlate with the underlying electrical dyssynchrony.

To research this aim, we combined MR~derived regional dyssynchrony information from
Aim la with electrical delay times obtained from local electrograms. Using intra-operative

electrograms, we were able to determine the electrical delay between several pacing sites
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throughout the coronary veins and a reference electrode located in the apex of the RV. To
compare mechanical delay times in the region surrounding the pacing lead, the locations
of the electrical measurements were mapped to the AHA 17-segment model and compared

directly to mechanical delay times

2.4 Awm 2: Localizing the Left Ventricular Pacing Lead on Magnetic
Resonance Images

Develop a method for localization of the cardiac resynchronization therapy left ventricular
pacing lead on magnetic resonance images.

To evaluate the importance of lead placement on response to CRT, we must register the
LV lead position from dual-plane x-ray images with MR images of the coronary veins and

with the display of regional dyssynchrony. We accomplish this with the following sub-aims:
2.4.1 Aim 2a: Coronary Venous Anatomy using Magnetic Resonance Imaging

Perform a three-dimensional reconstruction from magnetic resonance images of the coronary
veins and project the venous anatomy onto a display of regional mechanical dyssynchrony
(from Aim 1a).

In order to test the hypothesis that lead position affects CRT response and to potentially
use the methodology for treatment (lead placement) planning, we need to map the coronary
vein anatomy onto the AHA 17-segment model showing regional dyssynchrony information.

Our specific hypothesis was that a method to generate a three-dimensional reconstruc-
tion and a projection onto the AHA 17-segment model of the coronary veins from contrast-
enhanced MR data can be developed.

To achieve this aim, we studied the motion and cross-sectional area of the coronary sinus
over the cardiac cycle to identify the ideal coronary vein imaging period for CRT patients.
By acquiring image data during this period and employing a slow injection of gadolinium,
we were able to obtain a three-dimensional image of the coronary sinus and its tributaries.
From this data, we created a mesh around points identified to be within the coronary
veins. This mesh could then be projected onto the AHA 17-segment model. This allows for

the visualization of coronary venous anatomy relative to measures of dyssynchrony and/or
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myocardial scar tissue.

2.4.2 Aim 2b: Registration of Dual-Plane X-ray Images and Magnetic Reso-
nance Data

Register x-ray-based dual-plane venograms to the magnetic resonance representation of the
coronary veins and use post-implant dual-plane images to determine lead location and map
the lead location onto the magnetic resonance data.

It is thought that placing the LV pacing lead in the latest-activated (most-dyssynchronous)
region will lead to improved response to CRT. In order to evaluate the effect that lead place-
ment has on response, it is necessary to project the actual LV pacing lead location onto the
AHA 17-segment model (from Aim 1) that contains dyssynchrony information. Due to the
fact that a patient is unable to receive an MRI after device implantation, we must determine
the lead position via dual-plane x-ray images. This lead location can then later be mapped
back to the MR data using the coronary vein anatomy from both MR and fluoroscopy to
perform registration.

Our hypothesis was: Lead localizing dual-plane images can be used to accurately map
the lead location from the x-ray images into the MR coordinate system, and subsequently be
projected onto the AHA 17-segment model containing regional dyssynchrony information.

We accomplished this aim by acquiring dual-plane images of both contrast-enhanced
coronary vein anatomy and the LV lead location. By registering these two sets of dual-plane
images, we were able to identify the position of the LV pacing lead in each of the dual-plane
venograms. The 3D reconstruction of the coronary veins from the magnetic resonance
coronary vein (MRCV) scan was projected onto each of the venograms and corresponding
branch-points were used to correct for possible scaling and translation caused by patient
table motion. After correcting for these parameters, the position of the lead could then be
projected back to the source to determine the position of the LV pacing lead in 3D. This

position was then mapped onto the AHA 17-segment model.
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2.4.3 Aim 2c: Registration Verification and Validation

Create magnetic resonance / x-ray coronary vein phantom for method development and
technique validation. Compare the LV lead position from our new method with previously
proposed methods.

In order to develop and test our method for mapping the x-ray lead position to the
MR data, we need to have a way to visualize the lead location in both the MRI and x-ray
imaging systems. To this end, we had to develop an imaging phantom of the coronary vein
anatomy with pacing leads that could be visualized with both modalities. The accuracy
of our registration method in Sub aim 3b, can be determined by measuring the distance
between the registered lead positions and the actual lead locations as visualized by MRI.

We hypothesized that our pacing lead location technique would be more accurate than
existing techniques.

To fulfill this aim, we obtained a CT angiogram (CTA) of the coronary veins using an
iodinated contrast agent. The coronary venous anatomy and cardiac chambers were seg-
mented out and a negative phantom was created using 3D printing techniques. The phantom
was able to be filled with iodinated contrast agent for x-ray imaging and a gadolinium-based
contrast agent for MR imaging. Markers that could be filled with the appropriate contrast
agents represented six pacing lead locations. In this way, we were able to directly compare

the actual lead location to the registered lead position using our technique.

2.5 Aim 3: Quantifying the Effect of Mechanical Dyssynchrony on
CRT Response

Quantify the effect of mechanical dyssynchrony (Aim 1a) at the site of the left ventricular
pacing lead (Aim 2) on response to cardiac resynchronization therapy.

In order to show the utility of the methods developed in this thesis, and determine
the importance of regional dyssynchrony, we need to apply the techniques in a group of
patients who have been selected for CRT. We followed nine patients for six months after
device implantation to determine if they benefitted from the therapy or not. We analyzed

the regional dyssynchrony maps, coronary vein anatomy, and LV lead locations to determine
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the effect on patient response.

We hypothesized that patients will not respond to CRT according to clinical response
criteria if the LV pacing lead is not located in the latest contracting segment.

To study the effect of dyssynchrony and coronary vein anatomy on patient response, we
studied nine patients that were selected to receive CRT via standard enrollment criteria.
We were successfully able to apply the developed techniques in all patients to successfully
compute regional dyssynchrony, coronary vein overlays, and determine the location of the
LV lead. We compared the response rate of patients in which the pacing lead was placed
in the latest contracting segment with those where it was in a neighboring segment or a

remote segment.
2.6 Significance and Innovation

There have been several techniques developed to assess regional dyssynchrony in the LV;
however, they either involve complicated post-processing or specialized MR protocols, only
available to specialized research institutions. Our method is intended to be both straightfor-
ward and applicable in any clinical settings. The method and imaging can therefore be easily
incorporated into multi-center studies to answer questions regarding regional dyssynchrony.

Several groups have studied mechanical dyssynchrony and its electrical substrate; how-
ever, these studies were performed using either animal or computational models. Our
approach utilizes data not only obtained from patients, but electrical and mechanical acti-
vation data at only possible pacing sites, rather than throughout the entire LV.

Currently, there is no method used to register coronary anatomy from dual-plane x-ray
data to MR data. This is an important step in order to characterize the tissue, electrical,
and mechanical properties at the site of the pacing lead. The most commonly employed
techniques to perform this task are a subjective estimation using Mortensen’s o’clock or
obtaining a post-implant CT scan. Our method allows the use of already available imaging
data and can be expanded to work with a variety of imaging modalities including CT.

There is a vast amount of literature that attempts to tease out the effect that factors

such as mechanical dyssynchrony, scar burden, and lead position have on patient response
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to CRT. The goal of our work, is not to prove that pacing at the latest contracting region
of the LV improves patient response. Rather, we would like to demonstrate that using the
methodology developed in this thesis, it is possible to determine the relationship between
MR-derived metrics and LV lead position. For this reason, we will demonstrate its utility
in a number of patients and provide some initial indication of the importance of mechanical
dyssynchrony at the LV pacing location.

The goal of this thesis is to provide the methodology necessary to better understand
the relationship between mechanical dyssynchrony, coronary vein anatomy, left ventricular

pacing location, and patient response to CRT.
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CHAPTER III

REGIONAL DYSSYNCHRONY ASSESSMENT FROM SHORT-AXIS
CINE IMAGES

Adapted from ”A Method to Create Regional Mechanical Dyssynchrony Maps from
Short-Axis Cine Steady State Free Precession Images” by Jonathan D. Suever, Brandon
K. Fornwalt, Lee R. Neuman, Jana G. Delfino, Michael S. Lloyd, John N. Oshinski. J

Magn Reson Imaging (in press).

The purpose of this work was to develop a method to generate high-resolution maps
of regional dyssynchrony from magnetic resonance short-axis images to identify regions of
latest contraction. In this chapter we detail the determination of regional delay times from
the radial displacement of the endocardium. By mapping this information onto the AHA
17-segment model, the results can be used to identify LV lead placement sites that maximize

the likelihood of patient response to CRT.
3.1 Introduction

Intra-ventricular mechanical dyssynchrony results from a dis-coordinate timing of con-
traction between segments of the LV. This LV dyssynchrony is present in approximately
30% of patients with heart failure, particularly those with dilated cardiomyopathy and
LBBB [24,27]. CRT is an effective treatment for patients with heart failure and evidence
of electrical dyssynchrony on a surface electrocardiogram. In CRT using bi-ventricular pac-
ing, one lead is placed through the RV into the septal wall and a second lead is placed
through the coronary sinus into the lateral wall of the LV. Simultaneous pacing of the
leads stimulates coordinated contraction of the septal and lateral regions of the LV to re-
store synchrony. Although CRT increases survival and improves quality of life in specific

heart failure populations [70], 30% of appropriately selected candidates for CRT do not
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have measureable improvement in symptoms 6 months after CRT implantation (so-called
“non-responders”) [148,149].

The role of mechanical dyssynchrony as a predictive tool for CRT response is not well
understood. Mechanical dyssynchrony is usually not currently considered during patient
selection despite some evidence showing its ability to select patients who will have a posi-
tive response to CRT [108]. Echocardiographic techniques such as tissue Doppler imaging
(TDI) have been utilized to assess LV mechanical dyssynchrony [88,150]. These methods are
operator-dependent, require an acoustic window, and exhibit poor reproducibility [151]. In
large international multi-center trials, echocardiographic measures of dyssynchrony failed
to significantly improve CRT patient selection over standard echocardiographic parame-
ters [152].

Placement of the LV lead in the region of latest contraction may have a role in response
to CRT. Retrospective studies have shown that patient response to CRT is greatest when the
LV pacing lead is placed in the most dyssynchronous or latest-contracting segment [101,153].
To discern the relationship between regional mechanical dyssynchrony, lead position, and
CRT response, a method to determine regional mechanical dyssynchrony over the LV that
can be applied in large multi-center studies must first be developed. A regional map of
dyssynchrony could also be used as a tool to plan lead placement.

Several MRI-based methods have been developed in order to provide an assessment of
mechanical dyssynchrony. Myocardial tagging can be used for assessing dyssynchrony [154].
However, tagging requires specialized acquisition sequences and significant post-processing [117,
155] to determine regional dyssynchrony. A number of groups have utilized advanced
phase-based techniques such as DENSE [120, 156, 157], TVM [118], and strain-encoding
(SENC) [158]. These techniques can obtain regional dyssynchrony information based on
either strain or displacements; however, only specialized centers are capable of performing
and analyzing these scans, limiting the feasibility of using these techniques in multi-center
dyssynchrony studies.

In contrast to tagging, DENSE, TVM, and SENC, SSFP cine images are part of nearly

all standard CMR examinations, and SSFP is optimized for both high temporal and spatial
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resolution acquisitions. SSFP-based methods have been developed to derive regional and
global LV motion information from cine images. Previous techniques developed to quantify
dyssynchrony are either global measures [114, 115], assume that the contraction follows
an idealized motion pattern [114], use time-to-peak based measurements reliant on user
identification of the end systolic time point [159], or involve complicated post-processing
or large training sets [160]. Thus these existing techniques are difficult to use for accurate
and reproducible regional dyssynchrony analysis.

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

group of healthy controls.

3.2 Methods
3.2.1 Study Subjects

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

Emory University’s Institutional Review Board approved this study.
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3.2.2 Image Acquisition

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

HLA) SSFP cine images were also acquired using the same acquisition parameters.
3.2.3 Post-processing

All processing was performed in Matlab (The MathWorks, Natick, MA, USA). The endocar-
dial border on all short-axis and long-axis images was delineated using an active appearance
model-based technique with manual corrections [161,162] (Figure 3.1A). Each contour was
sampled at 100 equally spaced points radially starting at the anterior insertion of the right
ventricle. The distance from any point relative to the centroid of the left ventricle was
computed over time to obtain an RDC at each point throughout the LV. Each RDC was
up-sampled by a factor of 10 using Fourier interpolation and a Gaussian smoothing filter
with a width of 12.5% of the time series was applied to the data to minimize the effects of
frame-to-frame discrepancies in the endocardial contour. The mechanical delay time rela-
tive to a reference RDC was determined for each of these RDCs. These mechanical delay

times were then mapped onto the standard AHA 17-segment model (Figure 3.1E).
3.2.4 Determination of LV Centroid

The location of the central axis of the LV is known to change over the cardiac cycle. Thus
in order to obtain an accurate assessment of regional wall motion, it is necessary to track
the central axis of the LV over the cardiac cycle. If a stationary centroid is used, simple

translation of the heart within the chest cavity will result in erroneous radial displacement
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Figure 3.1: Using endocardial borders (A), RDCs were computed and clustered using
QT clustering (B). The largest cluster was considered to be the patient-specific reference
to which all other RDCs were compared (C). The delay time between any RDC and the
reference was computed using cross-correlation (D). The delay times throughout the LV
were then mapped to the standard AHA bullseye (E).
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Figure 3.2: The location of the mitral valve plane and the central axis of the left ventricle
were defined in the four-chamber (A) and two-chamber (B) image planes. Using position
information from the DICOM header, this data was projected into three-dimensional space
(C) and the intersection of the central axis with the short-axis image plane was defined as
the centroid for that particular slice and phase (black arrow).

estimations [163,164]. To determine the central axis, endocardial boundaries were traced on
the two-chamber and four-chamber long axis images. The mitral valve plane was identified
in each long axis view by manual selection of the mitral valve annulus. The apex was
determined as the centroid of the bottom 15% of the LV. A line extending from the midpoint
of the valve plane to the apex of the left ventricle served as the central axis in the imaging
plane of the two-chamber and four-chamber views (Figure 3.2A-B). Utilizing 3D position
information from the DICOM header, the central axis in each view was converted to a plane
normal to the imaging plane. The intersection of the planes in 3D space was used as the
central axis of the LV. The intersection of this central axis with each short-axis imaging

plane for each phase of the cardiac cycle was used as the centroid for that particular slice

and phase (Figure 3.2C).
3.2.5 Reference RDC Determination

To determine whether a given region contracts early or late, the RDC in this region must be
compared to a reference (“normal”) RDC. This reference RDC could be obtained by taking
the global average of all RDCs for each individual. However, a global average includes
data from early, normal, and late-contracting segments. This can lead to distortions of the
reference RDC, especially in patients with large dyssynchronous regions. Therefore, we used

a patient-specific reference that preserves as much detail as possible to ensure proper delay
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time estimation. Additionally, in order to accurately determine regional delay times using
cross-correlation, it is assumed that the two samples being compared have similar shape.
By using a patient-specific reference, rather than a reference RDC derived from healthy
individuals, we can account for inter-patient variability of radial contraction patterns.

To determine the reference RDC in this study, quality threshold (QT) clustering [165]
using root-mean-square error (RMSE) was used to cluster all RDCs into groups with similar
contraction patterns (Figure 3.1 B). In this application, the RMSE is a measure of how
similar two RDCs are, which is indicative of the similarity of the contraction of the two
regions represented by the RDCs. RMSE was computed as shown in Equation 3.1 where
N is the number of samples in each radial displacement curve, and f and g are the RDCs

being compared.

RMSE = \/ W (3.1)

In order to perform QT clustering, it is necessary to define a minimum quality for the
members of each cluster. To determine an acceptable quality threshold, we utilized the
RDCs obtained from 10 normal subjects. The RMSE between all RDCs in the normal
subjects were computed. A quality threshold was selected so that 95% of “normal” RDCs
would be clustered into the same group. Theoretically this quality threshold would allow
members of a single cluster to vary within the range observed in a healthy left ventricle. A
cutoff value of 33% was determined to be representative of the variation seen in the healthy
population (Figure 3.3).

All clusters were then constrained to have a maximum RMSE of 33% between any two
RDCs in the group. We then assume the largest cluster in each patient is representative
of “dysynchronous” contraction of the LV. By averaging all RDCs in this largest cluster,
we obtain a patient-specific reference RDC that preserves as much detail as possible (Ap-

pendix D.1).
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Figure 3.3: The distribution of RMSE values observed in healthy subjects. It was found
that a RMSE of 33% allowed for 95% of all healthy RDCs to be clustered together.

3.2.6 Mechanical Activation Delay

Normalized cross-correlation analysis (Appendix B.1) was used to determine the delay time
between RDCs throughout the LV and the patient-specific reference RDC. In the cross-
correlation analysis, each RDC was shifted in time relative to the reference RDC. At each
time shift, correlation with the reference was computed [166]. The shift yielding the high-
est correlation value with the reference was the delay time for that particular RDC (Fig-
ure 3.1D). Due to the cyclic nature of the data, periodicity was assumed for cross-correlation
(Appendix B.2). This process was repeated for all RDCs throughout the LV. It is important
to note that because the patient-specific reference is an average of many RDCs, the delay

time computed for the RDCs used to compute the reference is often non-zero.
3.2.7 Creation of Regional Maps

To create a display of the spatial distribution of mechanical contraction delay times through-
out the LV, we used a polar plot with a superimposed 17-segment AHA model [147]. The
apical (17th) segment was omitted in our work due to the lack of clear endocardial bound-

aries at the most apical short-axis slice. Delay times were computed for 100 locations in
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each slice throughout the LV and mapped to the polar plot with a delay time of 0 (white)
indicating synchronous contraction, a positive delay (red) indicating early contraction, and

a negative delay (blue) representing a late-contracting segment (Figure 3.1E).

3.2.8 Characterization of Normal Contraction and Identification of Size and
Location of Dyssynchronous Regions

We also investigated the range of mechanical activation times observed in a healthy popula-
tion. For this sub-study, we acquired and analyzed high temporal resolution MR images in
10 healthy volunteers with no evidence of electrical dyssynchrony (QRS < 120 ms). We were
able to acquire short-axis cine images at 60 frames per cardiac cycle yielding an effective
temporal resolution of 17 ms. By computing the delay times throughout the LV for each
of the normal volunteers, we were able to use the 95% confidence interval to define what
range of delay times constitutes “normal” contraction. By applying these cutoff values to
27 patients enrolled for CRT, we were able to classify each RDC as either synchronous or
dyssynchronous. From this, we could compute the size of the dyssynchronous region as a

percentage of the LV.
3.2.9 Dyssynchrony Parameters

Average delay times and the average absolute value of the delay times were computed
throughout the LV for all patients. In order to compare our maps to previous parameters,
we calculated several commonly used dyssynchrony measures.

The Yu Index
The Yu index, is a method that is typically applied to data acquired with TDI. It measures
the dispersion of delay times throughout the ventricle. The left ventricle is segmented into
12 regions and the average delay time within each segment is computed [89]. The Yu index is
then equal to the standard deviation of the average delay times. A larger value is indicative
of a more dyssynchronous left ventricle. To compute this value in our data, we divided our
data into basal and mid sections with 6 segments per section.

Tissue Synchronization Index

Tissue Synchronization Index (CMR-TSI) is a parameter that was applied by Chalil et
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al to MRI-derived regional contraction times. Similar to the Yu index, it is the standard
deviation of regional delay times. Due to the fact that MR can better resolve the entire left

ventricle, it utilizes delay times from 16 AHA segments [114].
3.2.10 Reproducibility

Inter-observer reproducibility was assessed in five of the normal subjects and five of the pa-
tients. Two observers provided unique contours for all three views (short axis, two-chamber,
and four-chamber) and average delay times were computed for each AHA segment. Bland
Altman analysis was used to determine the agreement between the AHA segment aver-
ages [167]. Because a primary benefit of a regional measure of mechanical dyssynchrony
in patients undergoing CRT is the ability to identify the latest contracting segment, the
two observers’ contours were used to create regional dyssynchrony maps and determine the
latest contracting segment in each of the subjects. Cohen’s k-coefficient, a measure of agree-
ment which accounts for agreement by chance, was used to assess agreement between the
observers [168]. Equation 3.2 shows the calculation of x where Pr(e) is the probability that

the observers agree by chance and Pr(a) is the observed agreement between the observers.

_ Pr(a) — Pr(e)

1 —Pr(e) (3:2)

For the reproducibility analysis, it is necessary to exclude akinetic regions. For this
reason, only regions where the radial displacement exceeded 2 mm (greater than one pixel)

were considered.
3.3 Results

Regional activation maps were generated for all ten normal subjects and in all ten patients.
Representative regional dyssynchrony maps are shown in Figure 3.4. The absolute values
of the delay times were 23.9 £+ 33.8 ms and 93.1 £ 99.9 ms (p < 0.001) in normal and
patients, respectively (Figure 3.5A). The larger value for the patients indicated that they
have a wider range of delays over the LV.

Delay times were extracted using the time shift that yielded the largest correlation

coefficient between an RDC and the patient-specific reference RDC. These coefficients were
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Figure 3.4: Representative AHA 17-Segment Models of regional delay times for both normal
controls (left) and patients undergoing CRT (right)

Table 3.1: Mechanical Dyssynchrony in Patients and Normals

Normals (n = 10) | Patients (n = 10) | p-value

Delay Times (ms) 23.9 + 33.8 93.1 £ 99.9 < 0.001
Correlation (R?) 0.95 & 0.1 0.88 & 0.1 < 0.001
Yu Index (ms) 28.9 + 15.6 76.1 + 23.6 < 0.001
CMR-TSI (ms) 27.1 + 12.8 76.7 + 25.0 < 0.001

Comparison of delay times and mechanical dyssynchrony parameters in CRT patients and
healthy individuals.

0.95 £+ 0.07 (Range: 0.27 — 1.00) for normal subjects and 0.88 + 0.12 (Range: 0.19 — 1.00)
for patients enrolled for CRT (Figure 3.5B). These correlation values indicate acceptable
confidence in the estimated delay times.

The Yu index was found to be 28.9 4+ 15.6 ms in normals compared to 76.1 + 23.6 ms
in patients undergoing CRT (p < 0.001), and the CMR-TSI parameter was 27.1 + 12.8 ms
in normals and 76.7 + 25.0 ms in patients (p < 0.001). All metrics were determined to be
significantly different between patients and normal subjects.

Averaging delay times over AHA segments, it was possible to identify the latest-contracting
segment in all patients undergoing CRT. The latest-contracting segment varied among the

study patients (antero-lateral segment in 5 patients, postero-lateral segment in 3 patients,

48



1 -T-
200 _* E .
0.95 T
=
- 09
c
__150 2 0.85
(/2] — o
g ,‘_:, 0.8 '
=
>, 100 S 075 .
% K 1
Q £ o7 '
S .
50 0.65 :
0.6 -+
0
Normals Patients Normals Patients

Figure 3.5: Average absolute delay times in normals and patients (left) were significantly
different (p < 0.001). Normalized cross-correlation coefficients computed between the RDCs
and the patient-specific reference RDCs.
and septal segment in 2 patients).

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

the segments selected by the two observers were neighboring lateral wall segments.
3.3.1 Characterization of Normal Contraction

In order to determine the normal range of LV contraction timing, we computed the 95%
confidence interval of the contraction times seen in normal subjects. We utilized data
obtained from 10 normal subjects with no evidence of electrical dyssynchrony (QRS duration
< 120 ms). The delay times seen in this normal population were -10.8 4+ 47.4 ms. Using
the 95% confidence interval, normal contraction times were found to be between -103.7 and
82.1 ms (Figure 3.6).

Regional delay times were computed in a total of 27 patients enrolled for CRT that met
standard enrollment criteria. In these patients, delay times were found to be -34.4 + 121.7 ms.
The total number of dyssynchronous AHA segments using a 16-segment AHA model was
2.4 + 3.6. Additionally, the size of the dyssynchronous region was 36.4 + 11.9% of the left

ventricle (Figure 3.7).
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Figure 3.6: Histogram of combined contraction times from healthy subjects with no evi-
dence of dyssynchrony. The cutoff region for late contraction (shaded blue) was found to
be 103.7 ms and the cutoff for early contraction (shaded red) was 82.1 ms.
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Figure 3.7: Representative patient regional dyssynchrony bullseye and corresponding delay
time histogram. The late-contracting dyssynchronous region is highlighted in white on the

segment model.
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3.4 Discussion

This study describes a new method for assessing and displaying regional mechanical dyssyn-
chrony from standard cine CMR images. The method is suitable for widespread use due
to reliance on SSFP images present in all standard CMR exams. The absolute value of
the delay times in patients was significantly greater than delay times in normal subjects.
Additionally, both patients and normal subjects had high correlation coefficients when de-
termining the regional delay times between each regional RDC and the reference RDC

indicating confidence in the similarities of the RDCs when shifted in time.
3.4.1 Comparison with Previous Methods

The delay times obtained in this study agree with published contraction timings obtained
with various modalities and methodologies. The CMR-TSI values derived from our regional
dyssynchrony data agreed with previous studies by Chalil et al. (27 £ 13 ms vs. 21 + 8 ms
and 77 £ 25 ms vs. 106 + 55.8 ms for normal subjects and patients, respectively). [114] The
Yu index of 76.1 £ 23.6 ms in this study was slightly lower than those previously presented
found using 3D speckle tracking (124 4+ 88 ms) [169]. This discrepancy could be due to
the lower temporal resolution data provided by MRI compared to that of echocardiography.
Higher frame-rate cines could be employed to further explore this discrepancy.

In our study cohort, the location of the latest contracting segment of the left ventricle
varied widely. Prior studies have reported conflicting results when identifying the region of
the LV most commonly associated with late contraction [169-171]. Although our dataset
is small, it agrees with more recent data from the MADIT-CRT study which showed widely
varying regions of latest delay across study populations [28]. In our group, two patients
were shown to have the latest contracting segment in the septum, which appears paradoxic
to what is typically expected in LBBB patients. In these two patients, there was a very early
inward motion of the septum, known as septal flash which is often presented in patients
with LBBB [172]. In a patient with septal flash, the septal segments undergo two separate
displacements during systole. The first results in a small, very early displacement of the

septum (prior to myocardial thickening) followed by a much larger displacement when the
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rest of the ventricle contracts. Due to the nature of our method, in these individuals, the
early displacement was not seen by the cross-correlation algorithm as early contraction and
thus the second, later inward motion of the septal segments were labeled as late contraction.
Based on our convention, it appears that those with the “septal flash” or “septal bounce”
phenomenon truly have late septal, rather than lateral, thickening and contraction.

We cannot compare the reproducibility of our method to existing MR or echocardio-
graphic techniques due to the lack of reproducibility information from other studies. To
understand how the reproducibility of our method compares to these other methods, we
could have two observers analyze our data using these other methods, and then compute
inter-observer reproducibility. In our study, the inter-observer reproducibility between the
two observers was 6.8 £ 39.3 ms (Bias: 6.8; CI: 77.1). The bias is very close to zero indi-
cating good agreement. The fairly large confidence interval is due to the variability in the
segment delays seen across patients and normal subjects and is on the order of the tempo-
ral resolution of the data (~50 ms). Higher temporal resolution scans should be utilized to
further improve the reproducibility of these scans. The exact same AHA segment was iden-
tified as the latest contracting segment in all but three of the patients, and in two of those
patients, the neighboring lateral segment was selected. Previous studies have shown that LV
leads placed in segments adjacent to the most-delayed segment demonstrated improved re-
sponse [173]. The high reproducibility of this method in determining the latest-contracting
segment is necessary for utilizing regional dyssynchrony information for LV lead placement

planning.
3.4.2 Correction for Gross Translation

We utilized a floating centroid based upon endocardial contours on two and four-chamber
images in order to compensate for translational motion of the LV. The floating centroid is a
well-known issue for LV dyssynchrony assessment [174-176]. Without compensation, trans-
lation of the heart will result in apparent relaxation of one side of the ventricle (translation
away from the centroid), while the other side of the ventricle will appear to exhibit strong

contraction (translate toward the centroid). This will produce irregular RDCs, which could
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result in false delay detection. Various methods have been used in CT [177] and echocardio-
graphy [164] to deal with the floating centroid; however, no one has utilized long axis cine
information as presented in this study. Due to the fact that the short-axis and long-axis
images are acquired at different times, patient movement and respiration can potentially
cause misalignment between these images. In this study, no such error was present, but if
necessary, the endocardial contour of the two-chamber image and short-axis images could

be registered to account for respiratory motion.
3.4.3 Patient-Specific Reference RDC

Chalil, et al. have previously used the earliest contracting RDC as a reference [114]. Using
the earliest contracting RDC has several potential drawbacks including the reliance on a
single RDC, and the use of a potentially irregular reference. Using a single RDC can result in
poor reproducibility due to the fact that two observers could produce very different reference
RDCs, which are then used directly to compute all delays [112]. Another danger of using
the earliest contracting RDC is that it could possibly be an irregular curve as is often the
case in patients undergoing CRT (e.g. in a patient with septal flash). It is difficult to do
any meaningful comparison with such an RDC because cross-correlation analysis assumes
that the shape of the RDCs is relatively similar. In our method, we combine the detail-
preserving power of clustering and the smoothing effect of averaging the largest cluster.
Using our method, one can discern early and late contraction from normal contraction,
such as is present in patients with septal flash or post-systolic contraction [172,178]. Our
clustering technique ensures that the reference RDC is representative of the majority of the

left ventricle.
3.4.4 Detection of Akinetic Segments

One of the primary limitations of displacement-based methods utilizing endocardial bound-
aries on short-axis cines (as opposed to strain-based methods) is the inability to identify
akinetic regions. Active myocardium surrounding the affected region may cause the endo-
cardial border segment to move, resulting in an RDC regardless of the viability of the tissue.

Using cross-correlation to determine delay times, however, enables us to not only obtain a
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time delay between two RDCs, but also provides a correlation value that is indicative of
similarity. In akinetic segments, the correlation would be computed between the reference
RDC and essentially a flat line, but the corresponding correlation would be low compared
to correlations of other RDCs. As expected, the correlations were lower in patients due to

the complexity of the RDCs as well as the influence of potentially akinetic regions.
3.4.5 Future Directions and Applications

By displaying the regional dyssynchrony information onto a polar (bullseye) map and on
the standard AHA 17-segment model, dyssynchrony information can be superimposed with
other regional measures of cardiac function or tissue characteristics such as scar or edema.
Therefore, one could correlate akinetic or late-contracting segments with scar transmurality
information from late gadolinium enhancement MRI [179].

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

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

for the detection of both radial and longitudinal dyssynchrony.
3.4.6 Limitations

Since we use short-axis images for dyssynchrony analysis, we are only making a radial
dyssynchrony map, and longitudinal, through-plane, and torsional motion are not consid-
ered. The lack of longitudinal dyssynchrony detection is not a large limitation due to the
fact that other studies have not observed significant changes in longitudinal dyssynchrony
after CRT device implantation. [180,181] Additionally, by expanding this method to 3D, it
could potentially be used to detect both longitudinal and radial dyssynchrony.

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

will thus be clustered effectively.
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This study did not utilize age-matched controls and as a result, age-based differences

could be a factor in the differences observed between patients and normal subjects.
3.5 Conclusions

We have presented a method to create regional mechanical activation maps by analyzing
RDCs from cine SSFP images using a moving centroid and cross-correlation analysis. This
method shows significant differences in measures of dyssynchrony in those with clinical evi-
dence of dyssynchrony compared to controls. Our data supports this method as a potentially

useful pre-operative tool to guide LV lead placement for CRT.
3.6 Major Findings

e We developed a reproducible method to assess regional dyssynchrony from short-axis

cine MR images
e Normal contraction times were found to be between -103.7 and 82 ms

e Regional delay times were significantly higher in patients undergoing CRT compared

to healthy controls

e The location of the latest-contracting AHA segment was heterogenous amongst CRT

patients
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CHAPTER IV

RELATIONSHIP BETWEEN MECHANICAL AND ELECTRICAL
DYSSYNCHRONY IN CRT PATIENTS

The purpose of this work was to determine the relationship between electrical and me-
chanical dyssynchrony at potential pacing sites throughout the coronary sinus. Previous
studies are conflicted on whether pacing at the latest electrically activated segment or lat-
est contracting segment results in improved response to CRT. In an effort to understand
this relationship, we compared regional delay times obtained from a pre-implant MRI with

electrical delay times from intra-procedural electrogram measurements.
4.1 Introduction

Intraventricular dyssynchrony results from the dis-coordinate contraction of the ventricu-
lar walls, and the presence of dyssynchrony is associated with increased mortality in heart
failure patients [24]. CRT is a treatment option for drug-refractory heart failure patients
with low ejection fraction and evidence of LV electrical dyssynchrony. Currently, the pri-
mary marker for LV electrical dyssynchrony is QRS duration. A QRS duration of 120 ms
or greater is indicative of delayed electrical activation within the ventricles and is an inde-
pendent predictor of mortality and sudden death in heart failure patients [16]. However,
at least 30% of patients fail to improve after CRT device implantation despite appropriate
patient selection [108]. One reason for this non-response may be attributed to a difference
between electrical and mechanical dyssynchrony. QRS duration is a measure of electrical
dyssynchrony and may not accurately reflect the degree of mechanical dyssynchrony seen in
imaging techniques such as MRI or echocardiography [152]. Currently, it is not clear if the
presence of electrical and mechanical dyssynchrony are equivalent in determining patient
response to CRT.

There are two reasons that the relationship of electrical and mechanical dyssynchrony

is important in CRT. First, the effect of LV lead position has been studied extensively
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in an attempt to explain poor response to CRT. Several groups have shown that pacing
the LV in the latest contracting segment (greatest mechanical dyssynchrony) results in
improved response to CRT [46,90-92]. However, other groups have demonstrated that
pacing in the most delayed region does not result in better response [182]. Similarly, canine
and human studies have seen varied results when pacing at the latest electrically activated
region [183,184]. These contradictory findings may be a result of the complex interaction
between electrical and mechanical dyssynchrony.

Second, many groups have shown that the time to mechanical activation in a region is
longer than the underlying electrical activation time [53,185]. This delay is often termed the
electromechanical delay (EMD), and it is the delay between electrical activation and onset of
shortening. EMD has been shown to vary regionally within the LV as well as vary between
individuals [186]. Therefore, any relationship between electrical and mechanical activation
times may not be applicable across a range of patients. EMD is often accentuated in late-
contracting regions due to the larger dP/dt within the LV caused by the early-contracting
segments. The larger EMD is a result of the increased force required to generate shortening
within the late activated region [185]. Interestingly, there can even be a mechanical delay
without any evidence of electrical activation delay [187]. Most of these studies, however,
have been conducted in canine models of LBBB and it is uncertain how this relationship
manifests in patients undergoing CRT.

The purpose of this study was to combine regional mechanical contraction timing infor-
mation throughout the LV derived from MRI with measures of electrical activation delay
derived from local electrograms (EGMs) acquired at several locations in the LV from within
the coronary veins. After registering EGM measurements to the MR-derived maps of re-
gional dyssynchrony, we compared electrical and mechanical delay times at potential LV
pacing locations to evaluate how electrical and mechanical timing varies by location in the

LV and between individuals.
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4.2 Methods

This study was conducted in 10 patients enrolled for CRT based upon current guidelines
(QRS Duration < 120 ms, Ejection Fraction < 35%, and NYHA Heart Failure Class III-IV
despite optimal medical therapy). Twelve-lead EKGs were used to classify all patients based
upon their QRS morphology. Left bundle branch block was defined as a QS or rS complex
in V1 and/or V2; monophasic R wave in I, aVL, V5, and V6; and mid QRS notching or
slurring in >2 of I, aVL, V1, V2, V5 or V6. Right bundle branch block was defined as R,
rR’, rsR’, or rSR’ complexes in V1 and slurred S wave in I and V6 [188]. Interventricular
conduction delay (IVCD) included those that did not meet any of the above criteria. Emory
University’s Institutional Review Board (IRB) approved this study and all patients gave

written informed consent.
4.2.1 Magnetic Resonance Imaging Acquisition

Patients were placed in a 1.5T Siemens Avanto (Siemens Healthcare, Erlangen, Germany)
scanner and were imaged using a 5-element phased array coil. EKG triggering was used to
obtain 60 frames per cardiac cycle yielding an effective temporal resolution of 13.7 + 3.3 ms
(Range: 8.9 — 19.6 ms). SSFP short-axis images were acquired parallel to the mitral valve
plane to cover the entire length of the LV at a slice thickness of 7 mm and no slice gap.
Two- and three-chamber cine images were also acquired. Acquisition parameters: acquired
matrix size = 192x192, reconstructed matrix size = 192x192, FOV = 275x275 mm, flip

angle = 67°, TR = 4 ms, TE = 1.3 ms.
4.2.2 Regional Mechanical Delay Maps

To determine the mechanical delay times throughout the LV, we used the method discussed
in Chapter 3 [189]. Briefly, endocardial boundaries were semi-automatically traced on all
of the short-axis images (Figure 4.1A). Radial displacement curves (RDCs) were generated
by computing the distance of the endocardial contour relative to the centroid of the LV
at 100 circumferentially spaced points (Figure 4.1B). To account for translation of the LV

over the cardiac cycle, the centroid was determined from the location of the mitral valve
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Figure 4.1: Endocardial contours are traced on short-axis cine SSFP images (A) and the
distance relative to the centroid is computed (B; red). Each regional RDC is compared to
a patient-specific reference (B; blue) to determine the mechanical delay time. These delay
times are then mapped to the standard AHA 17 segment model (C).

annulus and apex of the LV in the two and three-chamber views. RDCs were sorted into
similarly-contracting groups using QT clustering [165] and a patient-specific reference RDC
was obtained by averaging all members of the largest cluster (Appendix D.1). Normalized
cross-correlation [166] was then used to determine the temporal delay between each RDC
throughout the LV and the reference RDC (Figure 4.1B) (Appendix B.2). After mechanical
delay times had been computed throughout the entire LV, the delay times were then mapped
to a polar map and the standard AHA 17-segment model was superimposed [147] to facilitate

comparison between electrical and mechanical delay times (Figure 4.1C).
4.2.3 Electrogram Acquisition

One of several models of approved passive fixation LV leads was used to obtain local EGMs
during the CRT device implantation procedure. The RV pacing lead was inserted into the
apex of the RV near the apical septal wall of the LV. After coronary sinus venography,
the LV lead was directed to various achievable locations throughout the coronary venous
system. Although the implanted pacing leads had multiple electrodes, we used a unipolar
configuration in which only one electrode was used for recording local EGMs. EGMs were
simultaneously recorded from the RV and LV leads at a sampling frequency of 500 Hz (2 ms

temporal resolution).
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Figure 4.2: Electrical delay times at each lead location were determined by comparing the
LV EGM with the RV EGM (A). Using the mapped lead positions, mechanical delay times
could be sampled from the regional dyssynchrony map (B) and compared directly to the
electrical delay times (C).

4.2.4 Regional Electrical Delay

Electrical delay times were assessed as the delay between the RV and LV EGMs as de-
termined using in-house software written in Matlab (The MathWorks, Natick, MA). Each
EGM was first filtered using a band-pass filter. Low frequencies were removed to elimi-
nate baseline drift that could occur over the course of the 5 sec measurement duration.
Additionally, an upper limit was selected to eliminate high-frequency noise from the signal.

LV EGMs were super-imposed on the RV reference EGM for each location. A blinded
experienced observer selected corresponding peaks of the two signals (the arrival of electrical
activation at each site). The peak-to-peak time difference was computed from these user-
defined points to obtain the electrical delay time at each sampling location (Figure 4.2A).

This study utilized the convention that a positive electrical delay time indicated that
the lateral wall was activated prior to the septal wall, whereas a negative electrical delay

time indicated that the activation was delayed in the lateral wall relative to the septal wall.

4.2.5 Coronary Venous Imaging

Venous imaging in the electrophysiology lab was performed using standard procedures.
Briefly, prior to any EGM measurements, a balloon catheter was inflated to occlude the prox-
imal coronary sinus and iodinated contrast agent (Visipaque, GE Healthcare, Waukesha,
WI) was injected retrograde into the coronary veins. During contrast injection, coronary

venograms were acquired at the following views: 30° RAO, AP, and 30° LAO (Figure 4.3,
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Figure 4.3: Dual-plane venograms (A, C) and lead localizing x-ray images (B, D) were used
to map LV pacing lead locations (black circle) onto the AHA 17-segment model (E). LAO
images were used to determine the circumferential location while RAO images were used
for longitudinal position. Mechanical delay times in a region surrounding the lead location
(shaded region) can be determined directly from the 17-segment model (F).

top row). Each LV EGM recording site was recorded fluoroscopically in 30° RAO and LAO

positions (Figure 4.3, bottom row).

4.2.6 Registration of Lead Position to Regional Mechanical Delay Maps

To determine the mechanical delay corresponding to each of the locations where the EGM
was measured, it was necessary to map the lead location from the angiographic images to
the MR imaging domain. An experienced observer used dual-plane venograms and lead
localizing dual-plane images to determine the location of the LV pacing lead on the AHA
17-segment model (Figure 4.3). The RAO image was used to determine the longitudinal po-
sition of the lead, while the LAO image was used to determine the circumferential position.

Lead positions were determined for all coronary vein EGM recording sites.
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4.2.7 Corresponding Electrical and Mechanical Delay Times

Since the MR-derived mechanical delay times are already projected onto the AHA 17-
segment model, it is possible to directly compare the mechanical and electrical delay times
at each location (Figure 4.3F). Due to the lower spatial resolution of the local EGM, and
to reduce sensitivity to possible errors in lead localization, mechanical delay times within
a region the size of an AHA segment, but centered about the lead location, were averaged
to obtain the mechanical delay time corresponding to each lead position (Figure 4.2B).
The mechanical and electrical delay times obtained at each location were then compared

(Figure 4.2C).
4.2.8 Comparison of Electrical and Mechanical Delays

Pearson’s correlation coefficient was computed between the electrical and mechanical delay
times observed for each patient. The location (AHA segment number) of the latest electrical
activation and latest mechanical contraction were determined in each patient.

The MR-derived regional mechanical delay times were computed relative to a patient-
specific reference curve. The EGM-derived electrical delay times in the LV were computed
relative to the electrogram obtained at the apex of the RV. The different references for the
electrical and mechanical measurements mean that: 1) the exact numerical values of the
electrical and mechanical delay measurements at a single location cannot be compared,
and 2) each patient has a different reference, so mechanical (or electrical) measurements
cannot be compared between patients. As a result, the correlations between electrical and

mechanical delays were performed in each patient individually.
4.2.9 Reproducibility of Electrical Delay Times

To evaluate how robust our methodology is, we assessed inter-observer reproducibility of
the methods used. We have previously computed the inter-observer reproducibility of our
MR-based method in Chapter 3. To determine the reproducibility of our method used to
derive electrical delay times from local EGMs, we had two blinded observers identify the

peak-to-peak differences between the RV and LV EGMs. We computed the correlation
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Table 4.1: Relationship Between Electrical and Mechanical Delay Times

Patients | Correlation (R?) | Correlation Range | Trendline Slope
LBBB 7 0.83 £ 0.25 0.35 - 1.00 1.35 £ 1.22
IVCD 2 0.88 + 0.03 0.86 — 0.91 1.51 £ 0.43
RBBB 1 0.95 N/A 4.11

Patient-specific correlation values between electrical and mechanical delay times for
various QRS morphologies.

between the two observations as well as performed Bland Altman analysis [167].
4.3 Results

Ten consecutive patients enrolled for CRT underwent a CMR examination and multi-site
EGM acquisition during the CRT device implantation procedure. Seven patients presented
with left bundle branch block (LBBB), two with inter-ventricular conduction delay (IVCD),
and one with right bundle branch block (RBBB). Mechanical and electrical delay times were
sampled at a total of 35 potential pacing sites (14 anterolateral, 11 posterolateral, and 10
anterior) within the coronary veins of the ten patients. All patients had at least 3 locations
measured.

Correlation values (R?) between electrical and mechanical delay times on a per-patient
basis were 0.85 + 0.21 (0.35 — 1.00). Correlation values for all QRS morphologies can be
seen in Table 4.1.

There was a strong linear relationship between electrical and mechanical delay times
in all patients. The positive slope of this best-fit line for all patients indicated that as
electrical delay increases, the mechanical delay also increases. However the slope and hence
the magnitude of this relationship varies from patient to patient (Figure 4.4). The slope
of the trendline was 1.66 4+ 1.33, indicating that, on average, mechanical delay was greater
than electrical delay.

Among the LV EGM sites measured, the segment that had the largest electrical delay
also had the largest mechanical delay in all 10 patients. The latest segment was posterolat-
eral in 3 patients, anterolateral in 6 patients, and anterior in 1 patient.

From our reproducibility analysis of our method for measuring electrical delay times,
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Figure 4.4: Linear trendlines between electrical and mechanical delay times in representa-
tive patients. All trendlines exhibited high and positive correlation values.
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Figure 4.5: Inter-observer agreement for determining the electrical delay time between
EGMs obtained at LV and RV pacing sites. Correlation between observers (left) and Bland
Altman analysis (right) were computed for all electrical delay times across all patients.

we found the correlation between observers to be R = 0.65. Additionally, there was a bias

of -5.85 ms with a confidence interval of -82.6 — 70.9 ms. (Figure 4.5).
4.4 Discussion

The main findings of this study were: 1) there was a strong correlation between electrical
and mechanical delay times measured at potential pacing locations within the coronary
veins; 2) the relationship between electrical and mechanical dyssynchrony varied greatly
between patients, but was always positive; 3) the site with the largest electrical delay was
the same site with the largest mechanical delay in all patients; and 4) the latest activated

and contracting site is often not the posterolateral wall.
4.4.1 Previous Studies

A number of studies have measured the electromechanical delay in the LV, however, most
have utilized animal or computational models for their analysis [184-186,190,191]. Regional
analysis has shown that the temporal delay between electrical activation and the onset of
shortening varies depending upon location in the LV [186]. In a computational model of
the canine heart, Usyk et al. found that there was no direct correlation between electrical

activation time and the onset of shortening. There were several cases where the EMD
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was positive, indicating that mechanical contraction actually occurred prior to electrical
activation [191]. Other canine studies have also shown that mechanical activation follows
electrical activation with a non-fixed delay which could result in a poor correlation between
the two variables [185,186]. In models of LBBB, this variation in electromechanical delay
is attributed to the requirement that the late lateral wall has to overcome the higher dP/dt
values due to early septal contraction [185]. Biventricular pacing results in a decreased and
more consistent EMD, but this is not always accompanied by acute improvement in LV

ejection fraction or QRS duration [184].
4.4.2 Correlation between Electrical and Mechanical Delays

Our study showed a strong correlation between electrical and mechanical delay times at
different sites within the LV. We employed a method that utilized the entire radial contrac-
tion curve in an attempt to characterize LV dyssynchrony rather than just using a single
time point measuring the onset of shortening to determine mechanical contraction time.
Additionally, we only utilized potential pacing sites located throughout the coronary sinus.
Had we considered locations within the septum, it is possible these data points would not
agree with the previously-stated trend.

The slope of the fit to the plot of mechanical vs. electrical delay time provides a measure
of the type of relationship between the two. Not only was there a strong linear relationship
between electrical and mechanical delay times at the sampling locations, but the relationship
was always positive, indicating increasing electrical delay results in an increased mechanical
delay. A larger slope indicates a longer mechanical delay for a small electrical delay whereas
a slope less than one implies that even large electrical delays do not result in substantial
mechanical delays. Delay times were only compared between sites within each patient. It
is important to note that although there was a consistent positive relationship between the
two, the slope values were 1.6 £+ 1.3 (Range: 0.06 — 4.11) therefore the relationship between
electrical and mechanical delay times was very dependent upon the individual.

Previous studies have come to a wide range of conclusions regarding whether pacing the

latest electrical or mechanical activated site improves response to CRT [46,91,183,184]. A
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variety of modalities have been used to assess both electrical and mechanical dyssynchrony
in the LV. Several studies have demonstrated that pacing in the latest contracting segment
results in improved CRT response [46,90-92] by employing electro-anatomical mapping of
the left ventricle to measure endocardial electrical activation throughout the entire LV [183,
185]. Tse et al. found that pacing at the latest activated region in the posterior and lateral
wall of the LV resulted in improved acute global response [183]. In Russell’s canine study,
however, electrical activation patterns and QRS duration correlated poorly with global
measures of LV function [184]. The mixed results from these previous studies could be
accounted for by the heterogeneity amongst individuals that we observed in this study.

In our current study, only epicardial electrical activation was measured with the LV
pacing lead. The current approach for LV lead placement involves epicardial placement of
the lead via the coronary veins, therefore identification of the latest electrical region in the
entire LV is not as important as finding the latest site that is accessible via the coronary
sinus and its tributaries, unless surgical epicardial lead placement is being considered. Our
analysis showed very good agreement between the latest electrically activated site measured
by EGM and the MR-derived mechanical data. Therefore, either electrical or mechanical
delay times can be used for optimizing CRT LV lead placement. We found that by analyzing
only potential pacing sites, there is a strong correlation between electrical and mechanical

delay times.
4.4.3 Patients with Little to No Dyssynchrony

In several patients, both electrical and mechanical delay times were very small indicating no
dyssynchrony. This may mean we did not acquire an EGM in an area with delayed electrical
or mechanical activation. For example, in one LBBB patient who had a particularly poor
correlation value (R? = 0.35), there were 3 sampling sites located in posterolateral, an-
terolateral, and anterior segments. The mechanical delay times amongst these sites ranged
from -2 to 26 ms, while the electrical delay times ranged from -2 to 6 ms. Both of these
ranges are small relative to the temporal resolution of either modality, therefore resulting

in a potentially inaccurate correlation between the two measurements. If you exclude this
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patient from analysis, the average correlation value for LBBB patients rises to 0.91.
4.4.4 Reproducibility of Electrical Delay Times

Reproducibility analysis showed that there was a correlation (R) of 0.65 between the electri-
cal delay times obtained by two independent observers. There was a negligible bias between
the two observers and 95% confidence interval was within an acceptable range, as the range
of electrical delays was larger than the width of the confidence interval. There are several
potential reasons for the poor correlation between the two observers. First, the EGM was
acquired over 20 heartbeats, and the electrical delay time often changed with every beat.
The representative delay was chosen by the observers; however, this adds some subjectivity
to the measurement. Another potential source of error is that with the time-to-peak method
used to assess electrical delay, the activation spike must be visible in both EGMs. In some
cases there were multiple peaks, or the measurement was too noisy to correctly identify the

peak corresponding to the electrical activation.
4.4.5 Unexpected Results

There were two patients with very low slope values (0.07 and 0.23) but with good correlation
values (0.83 and 0.98, respectively). In these patients, a large electrical delay time yielded
relatively constant mechanical delay times (Figure 4.6). Using computation models, it
has been reported that mechanical contraction can occur prior to epicardial breakthrough
of the electrical activation front [191]. This phenomenon would manifest itself as a small
mechanical delay time for a large electrical delay since we are measuring electrical activation

at the epicardial surface.
4.4.6 Limitations

Instead of measuring onset of shortening, our method computes the mechanical delay by
comparing the entire radial contraction curve of a segment to the patient-specific reference.
This means that a patient may have a slow radial contraction of the myocardium in a
particular region despite having an early onset. The advantage of this method is that we

can determine the timing of the true contraction of the segment relative to the rest of the
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Figure 4.6: In several instances, very large electrical delays were measured; however, the
mechanical dyssynchrony measured by MRI was only affected slightly.
LV; however, our method may be incapable of detecting early inward motion of the septum
but rather identifies the later thickening of the septal wall.

We only have an average of 3.5 measurement locations per patient, resulting in an
obviously low sampling density. This would be difficult to improve due to extra time and
radiation required for additional data points. Effort was made to sample a wide range of

regions in each patient to compensate for this limitation.
4.5 Conclusion

In this study, we found that there is a strong positive correlation between electrical and
mechanical delay times in the LV pacing sites accessible via the coronary veins. Although
the latest electrical region always corresponded with the latest mechanical region, the re-
lationship between electrical and mechanical delay times throughout the coronary sinus
varied greatly among patients. This study provides initial evidence that pacing guided
by non-invasive mechanical activation patterns targets the electromechanical substrate of

intraventricular dyssynchrony
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4.6 Major Findings

e There was a strong correlation between electrical and mechanical delay times measured

at potential pacing sites within the coronary veins

e The relationship between electrical and mechanical activation varied greatly between

patients

e The latest contracting segment always corresponded to the latest activated segment
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CHAPTER V

MAGNETIC RESONANCE IMAGING AND RECONSTRUCTION OF
THE CORONARY VEINS

Adapted from “Time-Resolved Analysis of Coronary Vein Motion and Cross-Sectional
Area,” by Jonathan D. Suever, Pierre J. Watson, Stamatios Lerakis, Robert E.

O’Donnell, and John N. Oshinski. 2011, J Magn. Reson. Imaging, Vol. 34(4), pp. 811-5.

The purpose of this work was to create a method to reconstruct the coronary vein
anatomy from a 3D whole heart MR coronary vein scan. By overlaying coronary vein
anatomy with measures of regional mechanical dyssynchrony and myocardial infarction, it
is possible to determine the ideal LV pacing site prior to CRT device implantation. We
were able to successfully image the coronary veins using a slow infusion of Gadolinium and
the quality was sufficient to successfully create 3D reconstructions of the coronary vein

anatomy.
5.1 Introduction

Coronary vein anatomy plays a critical role in planning treatment for patients undergoing
cardiac resynchronization therapy (CRT). The LV pacing lead is placed within the coro-
nary sinus and its tributaries and paces the epicardial surface of the lateral wall of the left
ventricle. Traditionally, implanting electrophysiologists have favored the lateral, postero-
lateral, or anterolateral cardiac vein based on positive response observed in large patient
cohorts [101]. In addition to targeting a specific region, the final LV pacing site is selected
to prevent phrenic nerve stimulation and allow for lead stabilization [104,105].

There is a growing amount of research suggesting that both the degree of mechanical
dyssynchrony and amount of myocardial scar at the LV pacing site affects a patient’s re-

sponse to CRT [16,40,87,93,96-99, 192, 193]. Currently, the potential pacing sites for a
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patient are not assessed prior to a contrast-enhanced coronary venous angiogram obtained
at the beginning of the implantation procedure. Pre-implantation assessment of coronary
vein anatomy, mechanical dyssynchrony, and myocardial scar, would allow the clinician to
determine the possible target veins and effectiveness of these sites prior to device implan-
tation. All of these factors can be assessed using MRI.

Traditionally, magnetic resonance angiography (MRA) has focused on imaging of the
coronary arteries; however, interest in improving CRT response has encouraged the de-
velopment of new techniques for visualizing the coronary veins [127]. Magnetic resonance
coronary venograms (MRCV) are often 3D whole heart scans to provide complete visual-
ization of the coronary sinus and its tributaries. This amount of data cannot be obtained
within a single breath hold, so they must utilize both respiratory and cardiac gating [194].
Navigator-echo based respiratory gating allows free breathing during acquisition, but at the
penalty of lengthening the total acquisition time. As a result, a 3D whole heart coronary
vein acquisition can take up to 10 minutes. Acquisition time often increases in patients
with breathing difficulties such as those with advanced heart failure.

There are two primary techniques for imaging the coronary veins: non-contrast and
contrast-enhanced MRCV. Similar to a method used to image the coronary arteries, a
non-exogenous contrast imaging sequence utilizing magnetization transfer contrast (MTC)
can be used to image the coronary veins [127]. MTC takes advantage of the transfer of
magnetization between water and protons located within the myocardium [195,196]. By
saturating the myocardial protons, it is possible to null the signal from the myocardium,
while the signal from the blood pool, and thus the coronary veins, remains unchanged.
Combining the MTC preparatory sequence with a 3D gradient echo protocol yields the best
visualization of the coronary vein anatomy [127].

Another approach to coronary vein imaging is to utilize a Gd-chelate-based T'1-shortening
contrast agent. After injection of the contrast agent, the concentration in the blood remains
higher than that in the myocardium, providing contrast between the coronary veins and

the myocardium. Ideally, an intravascular contrast agent is used to provide maximum
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myocardial /blood contrast throughout the duration of the lengthy whole-heart acquisi-
tion [132-134]. For patients requiring LGE imaging, however, an extracellular contrast
agent must be used to allow contrast to leave the vasculature and diffuse into the my-
ocardium and infarct. Consequently, the contrast between the myocardium and blood is
decreased, diminishing the visibility of the coronary veins. Several groups have compensated
for this limitation by performing a slow infusion of extracellular contrast agent resulting in
extended periods of elevated gadolinium contrast [125,136,137]. This plateau of heightened
contrast improves coronary vein visibility in whole heart acquisitions. In general, it is best
to use contrast-based methods of coronary visualization because they yield better SNR and
CNR compared to non-contrast techniques [128].

Another challenge when imaging the coronary vessels is that they are directly affected
by cardiac motion. To reduce the effects of cardiac motion on these coronary vein scans,
it is desirable to acquire image data only during periods of low vessel motion, typically
assumed to be during mid-diastole [197-199]. Using the temporal low motion period, the
trigger delay can be set for MRCV acquisitions, and the duration of the low motion period
can be used to set the width of the acquisition window. By determining the location and
duration of the quiescent period of the coronary veins in CRT patients, it is possible to
minimize coronary vein acquisition times and reduce artifacts from cardiac motion.

By utilizing slow contrast injection and characterizing the motion of the coronary veins
in CRT patients, we aim to develop an acquisition protocol that minimizes acquisition
time and maximizes the SNR of the coronary veins. Additionally, by developing a means
to visualize the position of the coronary veins relative to relevant dyssynchrony and scar
information, it is possible to provide electrophysiologists with a tool to determine the ideal
LV pacing site prior to device implantation.

The purpose of this chapter was to understand coronary vein motion to improve MR
imaging of the coronary veins and allow for 3D reconstruction of the coronary vein tree,
which could assist with treatment planning for CRT patients. The study consisted of two
parts. The first part of this study determined the location and duration of the stationary

period of the coronary veins in CRT patients to improve MRCV. The displacement of the
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coronary veins was compared to patients with coronary artery disease (CAD). The second
part applied the MRCYV technique in a group of patients undergoing CRT and reconstructed

the coronary vein anatomy.

5.2 Methods
5.2.1 Coronary Vein Motion Analysis
5.2.1.1 Patients

Thirty-three patients in two separate groups were studied. Twenty of the 33 patients had
coronary artery disease (CAD) with a documented myocardial infarction (MI) at least 6
months prior to exam (age: 56.2 + 12.2 years). These represent those typically included in
coronary artery motion studies. Thirteen patients (age: 60.9 + 12.2 years) were scheduled
for CRT, having been classified as New York Heart Association (NYHA) Class III heart

failure with QRS duration > 120 ms and ejection fraction (EF) < 35%.
5.2.1.2  Coronary Vein Motion Analysis Image Acquisition

For this study, all subjects underwent a complete cardiac MR exam. Motion analysis was
performed on SSFP cine images acquired in the vertical long-axis (two-chamber) orientation
with 30 frames over the cardiac cycle (R-R interval) on a Siemens Avanto 1.5T Scanner
(Siemens Medical Solutions, Erlangen, Germany) or a Philips Intera 1.5T Scanner (Philips
Medical Systems, Best, The Netherlands) (Figure 5.1). Retrospective EKG gating was
used in all acquisitions. Acquisition parameters were: acquired matrix size = 192 x 156
to 256 x 195, reconstructed matrix size = 192 x 156 to 256 x 256, FOV = 300 x 244 to

48 x 418 mm, flip angle = 6567, TR = 2.5 — 3.4 ms, and TE = 1.25 — 1.7 ms.
5.2.1.3 Coronary Sinus Tracking

The coronary sinus was tracked under the assumption that its movement is an indicator of
overall coronary vein motion [126,177,200]. The cross-sectional area and centroid of the
coronary sinus were computed for each frame by manual tracing of each vein using in-house

software developed in Matlab (The MathWorks, Natick, MA).

To determine low-motion periods, a variant of the quality threshold (QT) clustering
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Figure 5.1: Two-chamber (VLA) images of the left ventricle where the position and size of
the coronary sinus are easily discernible

algorithm was employed (Appendix D) [165]. In this analysis, the location of the centroid
of the coronary sinus was compared across all phases of the cardiac cycle. Consecutive time
points were concatenated until the cluster exceeded the pre-defined maximum diameter
threshold. For our analysis, we used a cutoff of 0.67 mm, the pixel spacing used in our
whole-heart coronary vein scan. Using this approach, we were able to identify periods over

which the vessel translated less than a pixel in any given direction (Figure 5.2).
5.2.1.4 Coronary Vein Motion Classification

The temporal location and duration of the periods of low motion were determined as a per-
cent of the cardiac cycle (%CC). The low motion periods were classified as either systolic
or diastolic low motion periods based on their temporal location. Systolic low motion peri-
ods were defined as any low motion period that began before the onset of left ventricular
relaxation. Diastolic low motion periods were defined as any low motion period that be-
gan after the smallest left ventricular volume was reached. Each patient was classified into
either systolic dominant or diastolic dominant based on the ratio of each patient’s systolic
to diastolic low motion period duration. Patients with a ratio greater than or equal to one
(systolic low motion period duration > diastolic low motion period duration) were classified
as systolic dominant and those with a ratio less than one were classified as diastolic dom-
inant. The ejection fractions of the systolic and diastolic dominant groups were compared

using a two-sample, unequal variance t-test. The temporal location for both the low motion
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Figure 5.2: The coronary sinus can displace significantly over the cardiac cycle. In a
healthy subject, there are low periods of motion during both systole and diastole during
which MRCV imaging can be performed.

periods was calculated to determine the variability in onset times and duration for the two
periods.

The average cross-sectional area of the coronary sinus over the cardiac cycle was de-
termined. The difference in cross-sectional area between systolic low motion and diastolic
low motion was compared for each vessel using a paired t-test to determine whether cross-
sectional area was significantly larger in either low motion period. A larger cross-sectional

area of the coronary sinus would result in increased coronary vein visibility.

5.2.2 Coronary Vein Imaging

The second part of this study used the data regarding the location and duration of the
stationary period of the coronary sinus in CRT patients to specify parameters for coronary

vein imaging.
5.2.2.1 Magnetic Resonance Coronary Venography

Coronary Vein imaging was performed in a total of nine patients who were enrolled for CRT
and met the standard criteria (NYHA HF class III-IV, QRS Duration > 120 ms, EF < 35%,
optimal medical therapy for 3 months).

Imaging was performed on a combination of 1.5T and 3T systems (Siemens Medical
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Solutions, Erlangen, Germany; Philips Medical Systems, Best, The Netherlands). A 3D
whole-heart contrast-enhanced scan was used to visualize coronary vein anatomy. After a
standard set of localizers in three principal planes, coronary vein images were acquired in
the transverse plane, as opposed to the short-axis orientation, due to the improved ability

to track the coronary vein branch points.
5.2.2.2  Contrast Injection Scheme

A double dose (0.2 mmol/kg body mass) of extracellular Gd-chelate contrast agent, Gadobe-
nate dimeglumine ([Gd-BOPTA]?~, MultiHance; Bracco Imaging SpA, Milan, Italy), was
administered intravenously. Instead of the typical bolus injection, Gd-BOPTA was injected
at a rate of 0.3 mL/s followed by the injection of 20 mL of saline at the same rate. The

whole heart MRCV protocol was initiated 15 seconds after injection began [125,136].
5.2.2.3 MRCYV Pulse Sequence

For our coronary vein imaging protocol, we employed a 3D whole-heart Turbo Fast and Low
Angle Shot (TurboFLASH) sequence, which has been applied successfully in coronary artery
imaging [136]. This is a fast gradient echo sequence that utilizes an inversion-recovery (IR)
180° pre-pulse to effectively null the signal from the myocardium, increasing the contrast
between the coronary veins and the surrounding myocardium. An inversion time of 200 ms
was selected based on the approximate T1 value of the myocardium throughout the duration
of the scan. Fat saturation was used to further improve coronary vein SNR. Centric-ordered
k-space sampling was used to acquire central k-space data during the highest intravascular
contrast seen following injection. Additional imaging parameters were: TE = 1.5 ms,
FOV = 247 x 330 mm, acquisition matrix = 173 x 256, slice thickness = 0.75 mm, flip

angle = 15°.
5.2.2.4 Respiratory Gating

Due to the long acquisition time, free breathing was required so the 3D whole-heart scan
used a navigator-echo for respiratory gating. Briefly, a navigator-echo is a one-dimensional

MR acquisition positioned at the interface between the diaphragm and the lung using a 2D
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Figure 5.3: A Navigator echo is a selective pulse that images the interface of the liver
and lung (left). Images are only acquired if the diaphragm is within the prescribed 5 mm
acceptance window (right).

selective RF pulse (Figure 5.3) [201]. By tracking the location of this interface, it is possible
to estimate foot-head motion during the course of a cardiovascular MRI acquisition [202]. By
applying this navigator-echo with each TR, it is possible to ensure that all data is acquired

during the same respiratory phase. For our imaging, we specified a 5 mm acceptance window

to obtain reasonable navigator efficiency and good image quality (Figure 5.3).
5.2.2.5 Cardiac Gating

As with any cardiac scan, EKG gating is necessary to prevent motion artifacts arising from
cardiac motion. Retrospective cardiac gating was used for all coronary vein imaging. A
trigger delay was set based on our findings regarding coronary vein motion over the cardiac
cycle. The acquisition period was adjusted for patients based on the length of their quiescent

period (Figure 5.4).
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Figure 5.4: Images are only acquired during the stationary period of the coronary veins.
The start of the acquisition window (DELAY) and the length of the acquisition window
(ACQ) are determined by the location and duration of the rest period.

5.2.2.6 Coronary Vein Segmentation

Images were exported from the MR scanner as DICOMSs and imported into custom software
written using Matlab (The Mathworks, Natick, MA). The coronary sinus was identified using
the connection with the right atrium at the coronary sinus orifice (Figure 5.5 A). From this
point, the user placed seed points located within the coronary sinus (Figure 5.5 C). The
user identified the coronary sinus and its branching vessels throughout the image stack
(Figure 5.5 D). Care was taken to ensure that the selected vessels were the coronary veins

and not the neighboring coronary arteries.
5.2.2.7 Three-Dimensional Coronary Vein Anatomy Reconstruction

The user-selected seed points were transformed for each image into 3D coordinates using
orientation information stored in the DICOM header (Appendix C), resulting in a cloud
of 3D points (Figure 5.5 E). To create a mesh from the 3D point cloud, we generated an
alpha-shape (a-shape) (Appendix F) of all the selected vein points (Figure 5.6). Briefly, an

a-shape creates a shape from a cloud of points using a constrained Delaunay triangulation.
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Figure 5.5: Due to the high contrast of the coronary veins, the coronary sinus is readily
identified by the ostium (A) and the location of the coronary veins can be followed as they
branch off of the great cardiac vein (B). Veins are identified by user-defined points (C and
D), which can then be mapped to three-dimensions (E) using DICOM position information.
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The constraint, «, is a limitation on the size of each face of the solution. Using this method,
it is possible to generate complex three-dimensional reconstructions from point clouds [203].
For this work, a default o value of 4 mm was selected based on the slice thickness as well as
expected coronary vein radius. The resulting triangulation was smoothed using a curvature

flow-based method [204].
5.2.2.8 Coronary Vein Anatomy Display

Using the 3D mesh of the coronary veins obtained from the a-shape analysis, it is possi-
ble to display the vein reconstruction alongside 3D reconstructions of the endocardial and
epicardial surfaces (Figure 5.7). Additionally, using the central axis of the left ventricle
(Section 3.2.4), it is possible to project this 3D mesh onto the AHA 17-segment model.
As we have shown previously, the AHA 17-segment model can be used to display regional
functional measures of cardiac function including mechanical dyssynchrony and myocardial
infarction. In this way, it is possible to visualize the location of the coronary veins relative

to the dyssynchronous regions and infarct distributions (Figure 5.8).

5.3 Results
5.3.1 Coronary Vein Motion

The coronary sinus was well visualized in the two-chamber vertical long-axis cine images in
all patients. Nineteen of the 32 patients (59%) were classified as systolic dominant and 13
(41%) were diastolic dominant. All 13 CRT-scheduled patients (100%) were systolic domi-
nant. Thirteen of the 19 (68%) CAD patients were diastolic dominant. Typical displacement
curves for the systolic dominant CRT patients and diastolic dominant CAD patients can
be seen in Figure 5.9. In the systolic dominant group, the center of systolic low motion
occurred at 46.6 + 8.2 %CC with a duration of 12.6 £+ 5.4 %CC (98.7 & 41.1 ms). Six of the
19 (32%) systolic dominant patients had no separate diastolic low motion period. Either
the diastolic low motion period was completely absent or combined with the systolic low
motion period. The diastolic dominant group had a diastolic period of low motion located
at 73.1 £+ 3.9 %CC with a duration of 20.0 £+ 4.9 %CC (168.3 4+ 48.7 ms). The systolic low

motion occurred at 35.6 + 5.2%CC with a duration of 7.6 £ 1.6 %CC (62.6 £+ 12.2 ms).
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Figure 5.6: Alpha shapes generate a three dimensional mesh from a cloud of points using
a constraint («) on the size of a face in the Delaunay triangulation of the point-cloud.
Small alpha values preserve local detail while no constraint (Inf) leads to a convex hull. We
selected an alpha value of 4 mm.
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Figure 5.7: Due to the use of a single imaging session for assessment of all factors, the 3D
reconstruction of the coronary veins can be combined with geometry and functional data.
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Figure 5.8: Using the central axis of the left ventricle, it is possible to project the coronary
vein reconstruction onto the AHA 17-segment model and maps of myocardial infarction
(left) and regional dyssynchrony (right).
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Figure 5.9: Representative displacement of the coronary sinus over the cardiac cycle in
CRT (left) and CAD (right) patients. Coronary vein rest periods are denoted by the shaded
regions. Note the long systolic rest period in CRT patients and the long diastolic rest period
in the CAD patient.

All (100%) patients with an EF less than 35% were systolic dominant and all (100%)
patients with an EF greater than 35% were diastolic dominant (p < 0.001) (Figure 5.10).
The EF's for the systolic dominant group were 21.7 & 7.8% and for the diastolic group were
53.6 + 10.8 % (p < 0.001). The heart rates were 76.9 &+ 11.4 beats per minute (bpm) for
the systolic group and 72.5 + 7.3 bpm for the diastolic groups (p = 0.2). Therefore, cardiac

cycle length was not significantly different between the two groups.
5.3.2 Coronary Sinus Cross-Sectional Area

Six of the 19 systolic dominant patients (32%) had no diastolic low motion period and were
therefore excluded from the percent change in cross-sectional area calculations. In 20 of the
26 patients (77%) with both systolic and diastolic rest periods, the cross-sectional area was
larger during the systolic low motion period than during the diastolic low motion period
(60.1 £ 21.5 mm? vs. 43.7 & 22.6 mm?, p < 0.001). Three of the diastolic dominant patients
(23%) and 3 of the systolic dominant patients (16%) had a smaller coronary sinus diameter
in systole compared to diastole. Of the 13 systolic dominant patients, the area change was
18.6 + 16.2 % with 3 having larger area during diastole than during systole. The diastolic
dominant group showed significantly more change (46.8 4+ 29.6 %) in cross-sectional area

(p = 0.006) (Figure 5.11).
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Figure 5.10: Patients were classified as either systolic or diastolic dominant based upon
which rest period had a longer duration. It was found that an EF less than 35% had 100%
specificity for identifying patients with a systolic rest period, regardless of etiology.
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Figure 5.11: Area of the coronary sinus during the systolic and diastolic rest periods in all
patients. There was a slightly larger CS area during the systolic rest period.
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5.3.3 MRCYV Image Acquisition in CRT Patients

Three-dimensional whole-heart coronary vein scans were acquired in nine patients. Acqui-
sition delay times were set to coincide with the systolic rest period as determined in the
previous part of this work. The length of the acquisition window was manually defined for

each patient by looking at the motion of the coronary sinus in the VLA images.
5.3.4 Three-dimensional Reconstruction of Coronary Vein Anatomy

Three-dimensional reconstructions were successfully created for 9 patients. An « value of
4 mm was determined to be ideal to create acceptable reconstructions across all patients.

Representative coronary vein reconstructions are shown in Figure 5.12.
5.4 Discussion

The major findings of this study were: 1) 100% of patients scheduled for CRT had a longer
systolic rest period, 2) 100% of patients with an EF less than 35% were systolic dominant, 3)
In 77% of subjects, the cross-sectional area of the coronary sinus is larger in systole than in
diastole, 4) It was possible to identify the coronary veins using the slow infusion of contrast
and the appropriate quiescent period, 5) A three-dimensional mesh could be generated and

mapped to the AHA 17-segment model in CRT patient.
5.4.1 Coronary Vein Motion

Despite previous studies stating that scanning during diastolic low motion is most beneficial
for imaging coronary vasculature [199], all of the subjects scheduled for CRT were systolic
dominant and therefore scanning them during diastole would result in more motion artifacts
or smaller optimal acquisition windows. For the systolic dominant patients, beginning a
scan during systole instead of during diastole would allow a longer temporal window with
low motion and would allow a reduced scan time. However, there was a large variability in
systolic duration between patients particularly in the systolic dominant group.

The EF of patients was observed to be a significant predictor (p < 0.001) of their low
motion period classification. All of the CRT scheduled patients had an EF less than 35% as

required for this treatment, and all of them were classified as systolic dominant. The only
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Figure 5.12: Coronary vein anatomy from nine patients using user-defined points and
a-shapes for 3D reconstruction.
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CAD patient with an EF less than 35% was classified as systolic dominant. A patient’s EF
could potentially be used to determine which low motion period should be used for minimal
motion artifacts.

The large variability in the length and position of the low motion periods in this patient
population suggests that each patient should be imaged to determine a patient-specific
window position and length for MRCV. Of the systolic dominant patients, 21% did not
have clearly defined diastolic low motion periods. The subjects without separate diastolic
low motion periods typically had very long systolic low motion periods that continued into
diastole. These periods were technically both systolic and diastolic low motion because
they occurred during both parts of the cardiac cycle but were defined as systolic low motion
based on the temporal starting location of the low motion period as mentioned previously.

Analysis of the cross-sectional area difference showed that 93% of subjects had a larger
area during systole than during diastole presumably due to increased coronary venous pres-
sure. The coronary sinus is the largest of the coronary veins and collects blood from the
ventricular veins during systole and empties into the right atrium causing the vessel to
contract during systole and dilate during diastole [205]. Increased atrial and ventricular
pressure in end systole at the end of left ventricular ejection causes dilation of the ves-
sel [206,207].

When analyzing cross-sectional area between the systolic and diastolic dominant groups,
it was observed that the diastolic dominant group showed significantly larger percent changes
in area over the cardiac cycle than the systolic dominant group. Two of the systolic dom-
inant subjects had larger cross-sectional area during diastole. The combination of larger
vessel areas during the systolic low motion periods and the fact that all of the pre-CRT
patients had longer systolic low motion periods suggest that systolic imaging would be
preferable in obtaining MRCV in pre-CRT patients. Increased cross-sectional areas during

systole would improve visualization of the vessel due to its larger size.

88



5.4.2 Coronary Vein Imaging and 3D Reconstruction

By utilizing the slow injection of gadolinium for coronary vein imaging, we were able to
obtain adequate contrast between the coronary veins and myocardium. Unfortunately, due
to the proximity of the veins to the coronary arteries and the insufficient contrast between
veins and arteries, we were unable to utilize an automated approach for coronary vein seg-
mentation. Manual identification of the coronary veins allows for an accurate representation
of true coronary vein anatomy.

We were able to generate 3D coronary vein anatomy from all patients and superimpose
this information onto the AHA 17-segment model. Using previously developed methods to
detect regional dyssynchrony and myocardial scar distributions within the LV, these factors
that affect CRT response can also be mapped to the AHA 17-segment model. With this
combined display, it is possible to identify an LV pacing site that has low scar burden, high

regional dyssynchrony, and is accessible via the coronary veins.
5.4.3 Limitations

A limitation of this study is that the coronary sinus moves in all three dimensions during
the cardiac cycle and therefore the cross-sectional area changes might be due not only to
vessel dilation but also to different slice alignments over the cardiac cycle with respect to
the vessel. Changes in vessel diameter over the vessel length could be misinterpreted as
cross-sectional area changes if the slice plane moves perpendicularly to the vessel.

For coronary vein reconstruction, manual segmentation is time-consuming and requires
an expert observer. An automated technique would be ideal. Although the contrast between
the coronary veins and myocardium is relatively high utilizing the current imaging sequence,
it is not sufficient for automatic segmentation. Additionally, the proximity of the enhanced
coronary arteries to the coronary veins could potentially lead to an erroneous inclusion of
the arteries in the segmentation result.

a-shapes utilize a global a value, which can limit the ability to detect local features of
the point cloud. Ideally, a smaller a value would be employed at more distal regions of the

coronary veins while a larger a value would be used for the coronary sinus. Although an
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adaptive (or conformal) a-shape, may result in a more-detailed reconstruction, the spatial
resolution is not necessary for visualizing the position of coronary veins relative to infarct

and dyssynchrony [208].
5.5 Conclusion

The movement of the coronary sinus can be used to classify patients as either systolic
dominant or diastolic dominant based on the location of their periods of low motion within
the cardiac cycle. All the patients scheduled for CRT and one CAD patient (with an
EF < 35%) were classified as systolic dominant and a period of diastolic low motion was not
present in several of these patients. The cross-sectional area was observed to be significantly
larger during systole than during diastole leading to improved image resolution of the vessel
during systole. The temporal imaging location should be not assumed to be during diastole
and each patient’s low motion periods should be categorized before imaging the coronary
veins to ensure the correct period is being utilized to minimize motion artifacts. By utilizing
the systolic rest period, we were able to obtain good SNR and sufficient contrast to be able
to perform a 3D reconstruction of the coronary veins for display with other MR-derived

parameters of cardiac function and viability.
5.6 Major Findings

e The low motion period of the coronary veins in CRT patients with an EF less than

35% always occurred during systole.
e 32% of patients did not actually have a diastolic coronary vein rest period.

e Using a respiratory and EKG-gated contrast-enhanced inversion recovery sequence,

we were able to visualize the coronary veins

e Using user-defined seed points, we created a 3D reconstruction of the coronary veins
which was projected onto the AHA 17-segment model to assist with CRT treatment

planning
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CHAPTER VI

DETERMINING LEFT VENTRICULAR PACING LEAD LOCATION

In this chapter, we will develop a method for determining the spatial correspondence be-
tween MR and fluoroscopic data. By applying this transformation to post-implant dual-
plane images of LV lead location, we can assess MR-derived measurements of mechanical

dyssynchrony at the LV pacing lead tip.
6.1 Introduction

Although CRT has been shown to improve quality of life and improve CRT patient prognosis,
approximately 30% of patients fail to respond to the treatment [70,209-211]. In an effort
to understand what factors affect an individual’s response to CRT and contribute to the
30% non-response rate, an increasing number of studies have concentrated on regional
metrics. For example, in some patient groups total scar burden in the LV fails to predict
patient response, but the location of the infarcted myocardium within the ventricle does
predict response [98,172,192]. Specifically, it is thought that the presence of myocardial
scar at the location of either RV or LV pacing site results in a worsened prognosis for CRT
recipients [172,212]. Similarly, many echocardiographic studies have demonstrated that the
suitability of the LV pacing site is dependent upon the degree of regional dyssynchrony
at that location [150,213]. To perform retrospective studies, it is necessary to have an
accurate method for mapping the pacing lead location to distributions of dyssynchrony and
scar created in other imaging modalities.

Currently, there are several methods used to determine the position of the ventricular
pacing leads from radiographic and CT data. The most commonly employed method is
Mortensen’s o’clock, which uses x-ray projections acquired in RAO and LAO views. The
LAO image is assumed to be the short-axis view of the LV while the RAO image is the longi-
tudinal projection. Using these images, the circumferential and longitudinal position of the

lead can be determined and then mapped to the AHA 17-segment model (Figure 6.1) [144].
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Figure 6.1: Using the Mortensen’s o’clock technique, the LAO projection (A) is used to
determine the circumferential position of the LV lead and the RAO projection (B) provides
an estimate of longitudinal position. With these two values, it is possible to project the LV
lead location onto the AHA 17-segment model (C).

Similarly, posteroanterior and lateral chest x-ray (CXR) has been used to estimate the pac-
ing site [214]. These projection-based methods do not determine the true 3D position of
the pacing lead, but rather map it onto the AHA 17-segment model for further analysis.
Additionally, they assume a typical orientation of the heart within the chest cavity, and the
axis of the heart often varies in heart failure patients [214]. CT can be used to accurately
localize the position of the pacing lead via a post-implant scan, however, this requires an
additional imaging session and results in extra radiation dosage [212]. Based upon these
limitations, it is apparent that there is a need for an accurate lead localizing method that
utilizes images acquired as part of the standard implantation procedure to limit imaging
time and radiation exposure.

As we have shown in the preceding chapters (Chapters 1 and 3), it is possible to use MRI
to detect regional dyssynchrony distributions throughout the LV [110-113]. To perform
retrospective analysis on the effect of lead placement, it is necessary to determine the
position of the pacing lead relative to the MR dataset. Unfortunately, MRI cannot be
used to image the final position of the CRT pacing leads. With recent advances in CRT
device design, MR-compatible devices have been developed. These devices are effective
if patients need to receive an MRI for non-cardiac diagnosis, but there are still artifacts

present near the pacing control module and the lead tips. Because of these distortions
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in the image, it is difficult to do any cardiac analysis even with an MR-compatible CRT
device [215]. Additionally, potential lead tip heating and the need for an electrophysiologist
or cardiologist to supervise each scan renders MR imaging of the lead location unrealistic
for routine use [139-142].

The goal of this aim was to develop a technique to determine the position of the CRT pac-
ing leads relative to a pre-implant MRI. We registered MRCV data to dual-plane venograms
obtained during the implantation procedure to compute the spatial correspondence between
the two modalities, allowing us to transfer the lead position from the x-ray images to the

MR images.

6.2 Methods

6.2.1 Overview

Prior to CRT device implantation, our 3D contrast-enhanced whole-heart MRCV scan, com-
bined with our reconstruction algorithm (Chapter 5), was used to generate coronary vein
geometry for each patient. During the implantation procedure, venograms were acquired
while injecting contrast retrograde into the coronary sinus and its tributaries. By projecting
the MR reconstruction back onto these imaging planes, it is possible to select corresponding
branch points to estimate patient position, and thus determine spatial correspondence be-
tween the dual-plane venograms and the MR dataset. To determine the location of the LV
pacing lead, post-implant dual-plane x-ray images of the lead position were acquired using
the same image acquisition geometry and orientation as the venogram. By registering these
lead-localizing dual-planes to the venograms, we could then infer the three-dimensional lo-
cation of the LV pacing lead and analyze its position relative to MR-derived metrics of

cardiac function (Figure 6.2).
6.2.2 Magnetic Resonance Image Acquisition and Reconstruction

As detailed in Chapter 5, we were able to determine the geometry of the coronary veins
from a pre-implant MRCYV scan. By employing a slow infusion of gadolinium-based contrast
agent, it was possible to obtain a high spatial resolution stack of images of the coronary

veins. Using user-defined seed points within the coronary sinus and its tributaries, and
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Figure 6.2: During the CRT implantation procedure, venograms are obtained at 30° RAO
and 30° LAO during retrograde contrast injection. After LV lead implantation dual-plane
lead localizers are obtained at the same angulation as the venograms. By registering these
two, we can obtain the lead position relative to the venogram frame that best corresponds to
the respiratory and cardiac phase of the lead localizer. By projecting the 3D reconstruction
of the MR coronary vein scan onto each of the x-ray projections, we can use corresponding
branch points to adjust the dual-plane geometry to compensate for patient motion. After
both LAO and RAO dual-planes are properly registered to the MR, projection, the lead
locations in each image can then be backprojected to the x-ray source locations, and the
intersection of these projections yields the true 3D LV lead location.
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position information from the DICOM header, we generated a 3D mesh representing the

coronary venous tree (Appendix C).
6.2.3 CRT Device Implantation Procedure

To understand our methodology for lead registration, it is advantageous to have an overview

of the CRT procedure.
6.2.3.1 Right Ventricular Pacing Lead Placement

Typically, the CRT leads were implanted using a transcatheter approach in which a guidewire
was fed into the subclavian vein and a sheath for lead insertion was slid over the guidewire.
The right atrial sensing lead and RV pacing lead were then guided through the sheath to
their desired locations. The RV pacing lead was placed in the apex of the right ventricular
cavity and positioned against the endocardium of the septal wall [105]. The purpose was

to electrically stimulate the septal wall of the left ventricle.
6.2.3.2 Coronary Venogram Acquisition

To assess patient venous anatomy and determine the LV pacing target, a retrograde coro-
nary venogram was performed. A balloon catheter was inserted into the proximal coronary
sinus and inflated against the walls to prevent the flow of blood to the coronary sinus (Fig-
ure 6.3). An iodinated contrast agent (Visipaque, GE Healthcare, Buckinghamshire, UK)
was injected retrograde into the coronary veins [105]. X-ray cine venograms were acquired
at 30° LAO and 30° RAO (Figure 6.3). Typically, an AP venogram was also acquired. The
cine venogram acquisition duration was approximately 5 seconds starting simultaneously
with contrast injection. This duration was chosen to ensure that venograms were acquired
at all permutations of respiratory and cardiac motion. Additionally, it guarantees sufficient
contrast between the coronary veins and the background. Fresh contrast was injected for

each of the three projections to ensure maximum contrast of the vasculature.
6.2.3.3 Left Ventricular Pacing Lead Placement

A lateral or posterolateral vein small enough to stabilize the pacing lead was targeted

for LV pacing lead placement [101]. Care was taken to ensure that pacing at the target
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Figure 6.3: After RV and atrial sensing lead implantation, a balloon catheter is inflated
in the proximal coronary sinus and iodinated contrast agent is injected retrograde into the
coronary veins to obtain venograms to visualize potential targets for LV lead placement.

vein did not result in phrenic nerve stimulation and that appropriate capture thresholds
were obtained [216,217]. To adhere to current clinical practice, no information regarding
mechanical dyssynchrony or myocardial scar was considered when selecting the LV pacing

location [104].
6.2.8.4 Left Ventricular Lead Localizing Dual-Plane Acquisition

After the sheath used to introduce the pacing lead to the coronary sinus was withdrawn,
two non-contrast images were acquired to document the LV lead position. These images
were acquired in the same orientation (30° LAO and RAO) and with the same geometric
position as the pre-implant dual-plane venograms (Figure 6.4). The duration of the lead
localizing image acquisition was only a single frame. Regardless of the cardiac or respiratory
phase of the acquisition, it should correspond to one of the venograms acquired over the

5-second cine.
6.2.4 Registration of Lead Localizers and X-Ray Venogram

In our LV lead placement technique, both the MR coronary vein geometry and LV lead

localizer dual-plane images are registered to the venograms. The first step was to determine
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Figure 6.4: After LV lead implantation, non-contrast dual-plane images are acquired to
visualize the final lead location. These images are in the same orientation as the venograms.
the lead location on the coronary venous anatomy obtained from the dual-plane venogram.
As mentioned previously, every effort was made to acquire the lead localizers in the exact
same position as the venograms; however, the patient table is free to move during the
implantation procedure so it is possible that the position of the patient table was altered
between the two acquisitions. Additionally, both cardiac beating and respiration shift the
position of the heart over the course of the acquisition. It is necessary to find the venogram
image that best matches the respiratory and cardiac phase of the lead localizer and estimate

the offset that will correct for any table movement between the two images.
6.2.4.1 Vessel Enhancement Filter

In addition to the objects of interest in the fluoroscopic images that move with patient
and physiologic motion (i.e. the LV and RV leads, and coronary venous anatomy), there
are many objects present in the image that are not vessels. These include sternal fixation
wires from a previous surgery, EKG electrodes on the surface of the chest, and clasps and
tools placed on top of the surgical drapes. The displacement of these extraneous objects
between the acquisitions represents patient and table motion but not changes in cardiac or

respiratory phase between frames. Because we must identify the frame of the venogram that
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best corresponds to the respiratory and cardiac phase of the lead localizer, we must disregard
these objects and consider only the objects affected by physiologic motion. To prevent these
objects from interfering with our analysis, we utilized a vesselness filter developed by Frangi
et al. to help consider only the relevant portions of the image [218].

Briefly, the vesselness filter combines analysis of the Hessian of the image with multi-scale
analysis to detect vessel-like objects in an image. At each scale, analysis of the eigenvalues
of the Hessian is performed to determine the likelihood of a given pixel belonging to a
vessel. With the multi-scale analysis, it is possible to fine-tune the filtering to detect only
vessels within a certain range of sizes. In the Frangi implantation, vessels were assumed
to have a Gaussian intensity profile across the vessel, therefore the scale is defined by the
standard deviation of the Gaussian (o) that would best describe the vessel [218]. To ignore
sternal wires and other objects, o values between 5 and 8 were used. This was too large
of a scale to detect sternal wires and too small to detect larger objects lying on top of the
patient. The result of the vesselness filter is a probability image where values close to 1
indicate that there is a very high probability that that pixel belongs to a vessel, whereas
pixel values close to 0 indicate that the pixel is most likely background tissue or another
non-vessel. More information on the implementation of the Frangi vesselness filter can be
found in Appendix E.

In our analysis, instead of using raw pixel values directly to register the lead localizer
images with the venograms, we registered the respective vesselness images. To do this, we
applied the vesselness filter to the single localizer from each projection as well as all frames

of the venogram acquisitions (Figure 6.5).
6.2.4.2 Registration of Filtered Lead Location and Venograms

To determine the translation of the lead localizer that yields the best agreement with each
frame of the venograms, we used 2D normalized cross-correlation of the vesselness im-
ages [166] (Appendix B.3). For each view (LAO or RAO), we shifted the Frangi filtered
lead localizer over the filtered version of the first frame of the venogram and computed the

correlation between the two images at each shift. The 2D shift that yielded the highest
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Figure 6.5: A Frangi vesselness filter was applied to the venogram and lead localizing dual-
plane images to remove intensity changes across the images and unwanted objects such as
sternal fixation wires. Shown here are a representative frame from the LAO cine venogram
(A), lead localizer (B) and filtered versions (C and D).
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Figure 6.6: Using normalized cross correlation; each frame of the venogram was registered
with the lead localizer images. The maximum correlation across all frames was determined
to be the best match in respiratory and cardiac phase. Only correlations after sufficient
venogram contrast were considered.

correlation was stored as the shift for that particular venogram frame. This was repeated
for all frames of the venogram cine acquired over the 5-second period. For each venogram
frame, we then have a correlation value and a corresponding displacement (Figure 6.6). By
finding the maximum correlation value over all frames of the venogram, we have identified
the venogram that has both a similar cardiac and respiratory phase and we can register
the lead location image to this particular venogram frame using the displacement computed
from 2D cross correlation (Figure 6.7). Registration was only performed for frames after
which the contrast was injected. Using this information, we can determine the position of
the LV lead in the venograms.

In a true biplane angiographic setup, there are two detectors that are capable of imaging
the same geometry simultaneously [219]. In the electrophysiology suites at Emory Univer-
sity Hospital and many other institutions, only a single image can be acquired at a time.
Therefore, the LAO and RAO images of the coronary veins or lead positions are acquired at
different cardiac and respiratory phases. To account for this difference, registration between

the venograms and lead localizers were performed for each of the views independently.
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Unregistered Vesselness Registered Vesselness Registered Images

Figure 6.7: Overlays of vesselness filtered LAO venogram and lead localizer showing the
unregistered version (A) and registered result (B). By registering the filtered images, we
obtain an acceptable registration of the venogram and lead localizer dual-planes (C).

6.2.5 Registration of MR Coronary Vein Reconstruction and Dual-Plane Venograms

After determining the position of the LV pacing lead in the venograms, the next step was to
obtain the spatial relationship between the venograms and the MR-derived coronary vein
anatomy. Due to differences between the two imaging modalities and the movable patient
table of the fluoroscopy system, the venograms correspond to translated and scaled projec-
tions of the MR reconstruction of the coronary veins. Below we describe the methodology to

estimate the scaling and translation required to match the MR geometry to the venograms.
6.2.5.1 Projection of Magnetic Resonance Coronary Vein Anatomy

Using the techniques developed previously (Chapter 5), we obtained a 3D mesh representing
the pre-implant anatomy of the coronary veins. Using position information contained in
the DICOM headers of both the MR and x-ray angiographic data, each point in the 3D
mesh of the coronary venous anatomy from MRI can be projected onto both the LAO
and RAO venogram imaging planes (Figure 6.8 A). The patients were supine during both
MR acquisition and CRT device implantation, therefore no corrections had to be made to

perform the initial projection onto the venograms.
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6.2.5.2 Coronary Vein Projection Mask

To assist with registering the projection of the MR coronary veins with the venogram, we
need to create a pixel-based representation of the projection of the MR coronary veins.

To determine a pixel-based representation of the coronary vein mesh within each of the
projections, all vertices of the 3D coronary vein mesh were projected back onto both the
LAO and RAO image planes and converted to image coordinates (Figure 6.8 A). A binary
mask the size of the angiographic image was created in such a way that only the pixels at
the locations of the projected vertices were assigned a value of 1 (Figure 6.8 B). Using a
circular mask, image dilation was performed on this “projection mask” until all projection
points were merged into a single object, providing a binary representation of the projected

MR-derived coronary vein anatomy (Figure 6.8 C and 6.9 A).
6.2.5.3 Selection of Corresponding Branch Points

To estimate the scaling and translation that must be applied to calibrate the venograms
with the MR data, it is necessary to identify at least two corresponding sets of points in
the MR and venograms. The most readily identifiable features in both the MR projections
and the angiographic images are the vessel branch points.

To assist with identification of branch points in the binary “projection mask”, the mask
was skeletonized to provide a binary representation of the centerline of the projection of the
MR-derived coronary vein anatomy (Figure 6.9 B).

For each view (LAO or RAO), the user selected at least two corresponding branch
points in both the skeletonized MR vein projection (Zyri, Ymri) and the venogram image
(Zvenos Yveno) (Figure 6.9 B and C). If possible, the user selected as many corresponding
branch points as possible. This allowed for a better approximation of scaling and translation
parameters and decreased sensitivity to small errors in corresponding point placement.

It is important to note that we are registering the projections to the venograms indepen-
dently for the two views. Therefore, the corresponding branch points selected for the LAO
projection do not have to be the same branch points in the RAO image. The correspond-

ing points will likely change between the two views due to variability in contrast injection
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Figure 6.8: Using the coronary vein reconstruction from the MR coronary vein scan, we
project the vertices of the mesh onto the venogram imaging plane (A). We create a mask
the size of the venogram where the intersection of the projections results in a value of one
(B). The mask is dilated with a circular kernel until it is a single object (C).
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which can cause different veins to be visible in the two views. Additionally, the respiratory
and cardiac phase is not the same between the RAO and LAO images, as they were each

selected to match their corresponding lead localizer.
6.2.5.4 Approximation of Scaling and Translation

Using the user-selected corresponding points in the MRI projection (Zyri, Ymri) and the
venogram (Zyeno, Yveno), We want to figure out the transformation to apply to the venogram
to align it with the MR projection.

The general transformation between the two sets of corresponding points is shown in
Equation 6.1, where x,,,; and y,,,; are the user-selected branch points in the MR projection,
Tyeno and Yyeno are the user-selected branch points in the venogram, « is the angle of rotation
applied to the venogram points, S, and Sy are the scaling in the x and y directions, and ¢,

and t, are translations of the venogram points in the x and y directions, respectively.

Tonri _ S, 0 cos(a) —sin(«) Tveno . te 6.1)

Ymri 0 S, sin(a)  cos(«) Yveno ty
In this work, we assumed that there was no rotation applied to the images. A non-zero
rotation would indicate the patient was rotated to be non-parallel with the patient table.
It is unlikely that there is a large rotation due to the narrow patient table and the fact that

the patient would be extending over the edge of the table if significant rotation were to be

applied. For this reason, Equation 6.1 simplifies to the following;:

Tmri Sz 0 Lyeno 12

= + (6.2)
Ymri 0 S Yy Yveno ty

Additionally, we know that the scaling will be uniform in the x and y directions because
the imaging system geometry does not vary across the field of view. Because of this, S, and

Sy are equal and the matrix becomes a scalar (S) times the identify matrix (Equation 6.3).

=9 + (6.3)
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Figure 6.9: The reconstructed MRCV geometry is projected onto the venogram image
plane as a binary mask and dilated to create a single entity (A). The dilated mask is then
skeletonized to assist in identifying branch points (B). By selecting corresponding branch
points in the skeleton (B) and venogram (C), the venogram can be calibrated to correspond
to the MR imaging coordinates (D).
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which simplifies to:

Tmri _g Zyeno n 129 (64)

Ymri Yveno ty
This leaves us with three unknown parameters: scaling (.5), translation in the x direction
(tz), and translation in the y direction (t,). Our goal is to determine the value of these

parameters that yields the best match between the two sets of corresponding points.

If we have n sets of corresponding points, we can rewrite our transformation in the form

AB = b, where:

Lyenoy 10 Tmriy
S

Tmri, 1 0 Tmri,

e mri . 0l b mri (6 5)

Yvenor 0 1 Ymriq

ty
| Yuvenon, 0 1 ] | Ymrin |

For any given rotation and translation, 8, we can compute the error between the MR
points and the transformed venogram points (Equation 6.6). Our goal is to select the set

of parameters, @, that minimizes this error.

e =1]|A0 — b|? (6.6)
The error is minimized when:
AO =0 (6.7)
Alternately:
6=A"b (6.8)

In our system, if the user selects two points, then we have an over-determined system
with four equations and three unknowns. In this case, we must find the least-squares solution

to the system of equations, where 0 is the best estimate of the scaling and translation
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between the projection and the venogram (Equation 6.9). This solution works if the user

selects more than two corresponding points.

6= (ATA)1ATp (6.9)

By solving Equation 6.9 based on the user-defined corresponding points, we obtain the
translations, f, and fy, and scaling S that we need to apply to the x-ray imaging system to
register the venograms to the projected MRI geometry. The next sections will detail how

we actually apply these parameters to our data.
6.2.5.5 Correction of Scaling Factor

To scale the venogram by S to match the MR data, we must first understand how the
magnification of the x-ray system is determined.

In an x-ray-based system, the scaling of an object is determined by the ratio of the
source-to-detector distance (dp) to the source-to-patient distance (dp) (Figure 6.10). Equa-
tion 6.10 shows the radius of the projection (R) of an object with actual radius r, where
dp is the distance of the object from the x-ray source and dp is the distance between the

source and detector .

R=-"2r (6.10)

A scaling factor of 1 would be obtained by imaging an object as it sits on the detector
(dp = dp). If the object is midway between the source and detector, then the projection is
scaled by a factor of two.

To ensure that our venogram has the scaling, S , required to match it to the MR data, we
need to ensure that % is equal to S. Most imaging systems provide the source-to-detector
distance (dp); therefore we can manually specify the source-to-patient distance (dp) to
correct for any scaling difference between the MR and venogram data (Equation 6.11).

dp

dp = -2 6.11
P=z (6.11)
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Figure 6.10: The scaling of an object in an x-ray system is dependent upon the distance

of the source from both the detector and the object. An object of radius r will projection

onto the imaging plane and have radius R. The scaling factor (%) is equal to the ratio of

the distance from the source to detector (dp) and the source to patient distance (dp).
The scaling factor is computed separately for both the RAO and LAO views because

they were acquired at different times and can therefore require different scaling corrections.
6.2.5.6  Correction of Translation

Now that we have corrected for the scaling, we need to translate the venogram to match
the MRI projection. Using the corresponding points, we already found that x and y dis-
placements of ¢, and t,, respectively, will register the two geometries. We convert these
translations to a 3D displacement vector § using the DICOM position information (Fig-
ure 6.11 B) (Appendix C).

6= [ I I ] (6.12)

To register the MR projection and venogram, we need to apply a shift to the x-ray
geometry.

When we apply a displacement (dg) to the x-ray imaging system, it is applied to the
x-ray source and detector equally, shifting the entire system (Figure 6.11 C).

When we shift the detector, any point within the venogram shifts with the imaging
system, therefore the displacement of the venogram is equal to the displacement applied to

the system (Equation 6.13):
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Oveno = 0g (6.13)

The MR coronary vein reconstruction is fixed in space and therefore is not translated
with the x-ray system; however, the projection shifts in the opposite direction. Addition-
ally, because of the scaling factor, the displacement of the displacement is exaggerated.
The displacement is shown in Equation 6.14, where d,,.,; is the displacement of the MRI
projection, dg is the displacement of the x-ray system (source and detector), and S is the

scaling factor of the x-ray system.

Omri = —0g - (S — 1) (6.14)

To determine the dg that will result in the displacement & computed by our registration,

we use the following equation:

0= dveno - eri (615)

By substitution in Equations 6.13 and 6.14, we get:

0 =05+ 35S — dg (6.16)

8 =658 (6.17)

Therefore, to properly register the MR, projection and the venogram we need to displace

the x-ray system by:

== 1
ds =3 (6.18)

The displacements are computed and applied separately to the LAO and RAO views
because the images were not acquired at the same time, and the patient table could have

been moved between the two acquisitions.
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Figure 6.11: To align the venogram with the MR projection of the coronary veins, we first
computed the translations, ¢, and t,, that would align the venogram (red) with the MR
projection (blue) (A). To correct for the translation, the displacement in the image domain
must first be converted to 3D displacements (J;, 0y, and J,) using DICOM orientation
information (Appendix C) (B). By shifting the x-ray source and detector orientations by

%m, %’, and %“, the projection of the MR and the venogram will be aligned (purple) (C).
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6.2.6 Calculation of Three-Dimensional Lead Position

Now that we have registered both the RAO and LAO venograms to the MR geometry and
we know the position of the LV lead in each of the venograms, we have all the information
required to determine the true 3D position of the LV lead. To determine where this point
lies in the 3D shared coordinate system, we projected a line back from the lead position
to the source for each of the views (Green lines in Figure 6.12 A). In theory, these two
lines would intersect at a point in 3D, and this point would correspond to the position of
the LV pacing lead in 3D. In practice, due a variety of sources for error, the projections
come close to crossing but rarely actually cross. For this reason, we compute the shortest
line connecting the two projections. This line is known to be perpendicular to both lines.
The midpoint of this line is used as the intersection of the two projections, and therefore
corresponds to the 3D lead position (Figure 6.12 A). Because we calibrated the venograms
to the MR anatomy, this 3D position is already in the MR coordinate system and can then

be used for analysis (Figure 6.12 B).
6.2.7 Projection of Left Ventricular Pacing Lead onto AHA 17-segment Model

In this work, we have used the AHA 17-segment model to display LV regional information on
a polar plot. The radial dimension is collapsed and only the circumferential and longitudinal
position relative to the central axis of the LV are considered (Appendix A). Using the central
axis obtained from the regional dyssynchrony analysis (Chapter 3), we projected the 3D
lead location onto the AHA 17-segment model. This information could then be overlaid

with displays of regional dyssynchrony or myocardial scar distribution (Figure 6.12 C).
6.3 Results

This method was successfully applied in 9 patients undergoing CRT at Emory University

Hospital.
6.3.1 Lead Localizer and Venogram Registration

When registering the lead localizer and dual-plane venograms, we had to determine the best

match in respiratory and cardiac phase based on the maximum correlation value. In this
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Figure 6.12: After registering the projection of the MR-derived coronary vein anatomy
with the venograms, the lead position is projected back (green lines) to the source (A) and
the intersection of these two projections is the lead location in 3D (B). This position can
then be mapped to the AHA 17-segment model and displays of regional dyssynchrony or
myocardial infarction (C).
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group of patients, the maximum correlation values were 0.44 4+ 0.17 (Range: 0.23 — 0.97).
On average, the lead localizers had to be shifted by 23.0 & 27.7 mm (Range: 0.0 — 106.1 mm)

to align properly with the venograms.
6.3.2 MR Geometry and Venogram Registration

We had to correct for differences between the MR and x-ray angiography system by apply-
ing a scaling factor as well as a displacement to the imaging system. A scaling factor of
1.54 + 0.31 (Range: 1.13 — 2.13) was needed across all patients, while an average offset of

50.5 £+ 31.5 mm (Range: 9.9 — 113.3 mm) had to be applied to the x-ray geometry.

6.3.3 Three-Dimensional Lead Position

To determine the position of the LV lead in 3D, we back projected the lead location from the
dual-plane venograms and found the intersection of the two lines in 3D. As mentioned, the
intersection was defined as the midpoint of the shortest line connecting the two projections.
The length of that line was 9.78 + 5.99 mm (Range: 1.56 — 19.22 mm) in our patient

population.
6.3.4 Projection of Left Ventricular Pacing Lead onto AHA 17-segment Model

The lead location was successfully mapped to the AHA 17-segment model in all patients

(Figure 6.13). The lead location was lateral in 8 (88.9%) patients and anterior in one patient

(11.1%).
6.4 Discussion

We have developed a method for mapping the position of the LV pacing lead from post-
implant dual-plane fluoroscopic images to pre-implant MR image data. This methodology is
important for retrospective studies attempting to assess scar and dyssynchrony distributions
at the location of the LV pacing lead, and determining the effect of lead placement on patient
response to CRT.

Currently, the relationship between myocardial scar, mechanical dyssynchrony, LV lead
placement, and CRT response remains unclear as studies have shown inconclusive or dis-

parate results. This lack of a consensus on lead placement and response could be partially
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Figure 6.13: We applied our lead mapping technique in 9 patients receiving CRT devices.
We were able to successfully map the lead location to the AHA 17-segment model in all
patients.
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attributed to the limitations of the techniques used to estimate the final position of the
LV pacing lead [144,212,220]. For example, Mortensen’s o’clock and similar methods make
assumptions about the shape of the LV as well as its orientation within the chest cavity
which may not be true in heart failure populations [144,221]. Our method makes no as-
sumptions regarding patient anatomy except that there is no significant change between
the pre-implant MRI and CRT device implantation procedure.

Although we developed this method to determine the position of the LV pacing lead, it
can be employed to find the position of the RV pacing lead as well, as we determine the
spatial correspondence between the complete lead localizing images and the MR dataset.
As a result, we can map any point in the localizers (or venograms) into MR coordinates,
including the RV pacing lead tip. This could be useful, as a number of recent studies have
shown that myocardial scar distributions at the site of the RV pacing lead can affect patient
response to CRT [172,212].

Due to the ability to image many factors that have been shown to affect response to CRT,
we have elected to use MRI for pre-implant imaging. It is possible to use other modalities
including CT to assess a patient’s suitability for CRT prior to device implantation [222].
CT, specifically, allows for excellent visualization of the coronary veins using an iodinated
contrast agent [200,223,224]. Similar to the work we have presented, a reconstruction of the
coronary veins can be generated from the CT data and the lead locations can be mapped
into the CT coordinate system. This provides a means of determining final lead placement
without the need to subject the patient to an additional CT scan and resulting radiation
dose. More generally, our method can be used to find the true lead positions in any modality
capable of providing a three-dimensional representation of the coronary veins.

A strength of our methodology is that it is only dependent upon the angulation of
the c-arm gantry. As such, minimal orientation information can be provided within the
fluoroscopic DICOM header without affecting the ability to place the LV lead. This allows
us to apply our method on a wide range of imaging systems without degradation in accuracy.
Furthermore, our method does not require the use of any external fiducial markers to register

the two modalities. We found that significant modifications had to be made to the position
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of both the lead localizers and dual-plane venograms to register them with the MRI coronary
vein geometry. Our ability to detect and correct for these large modifications speaks to the

flexibility of our technique.
6.4.1 Limitations

Manual identification of branch points is required in this method. The branches are readily
visible in both the MR and the x-ray venograms. The main reason that we cannot easily
apply an automated registration technique is because of the scaling factor. This would re-
quire exploration of an enormous parameter space and would require an exorbitant amount
of time and it is much easier, and more accurate, for a user to manually identify correspond-
ing locations. As mentioned, only two corresponding points are required for estimation of
scaling and translation parameters. For each patient, that is a total of 4 points that must
be identified.

To obtain an x-ray venogram, the coronary sinus must first be occluded with a balloon
catheter. The balloon prevents the flow of contrast into the coronary sinus, but unfor-
tunately also prevents contrast from entering the posterior coronary veins. The posterior
veins exhibit the best visibility in MR and would therefore serve as a reliable reference for
MR /x-ray registration if they were visible in the venograms. As a result, our registration
must rely on the anterior vein and smaller lateral veins, which may not be visible if MRCV
image quality is poor. In some cases, however, complete occlusion does not occur and we
can use the faint outline of the middle cardiac vein for registration.

We assumed that there was no rotational registration required between the venogram
and the MR data. As mentioned previously, in order for there to be significant rotation in
the venogram, the patient would have to be rotated so that they are no longer parallel with
the patient table. This is impractical in the clinical settings, and the small deviations that
may occur would be insignificant compared to the scaling and translation that occurs. If
rotation were ever found to be a significant issue, we would have four unknown parameters
(rotation, scaling, and x and y translation) which could also be solved by the least-squares

approach presented.
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An additional assumption was that there was no scaling difference between the venograms
and the lead localizers at each projection angle, only that there was translation of the pa-
tient table. This was due to the fact that the patient is mainly shifted in the x and y
directions during the implantation procedure, not towards and away from the source. The
scaling was most necessary for the venogram/MR registration because the MR coronary
veins could be closer to, or further from, the location of the x-ray source in 3D because of
the different coordinate system for the modalities. If this scaling were found to be significant
for a patient, the scaling could be estimated using the size of the RV pacing lead which is

visible in both the lead localizers and venograms.
6.5 Conclusions

We developed a method for mapping lead position from dual-plane fluoroscopic images
into the MR images. The methodology can be used to assess the relationship between

MR-derived factors at the site of the pacing lead and response to CRT.
6.6 Major Findings

e We developed a method to determine the spatial correspondence between dual single-
plane fluoroscopic images and MR images and determine the lead location relative to

MR data

e Lead locations can be mapped to the AHA 17-segment model for co-visualization with

maps of regional dyssynchrony and myocardial infarction

e The technique can be applied on a wide range of imaging systems due to its flexibility
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CHAPTER VII

VALIDATION OF LEAD LOCALIZATION TECHNIQUE

In this chapter, we describe a phantom that allows us to visualize lead positions and coro-
nary vein anatomy with both modalities. By conducting a pre-implant MR and a CRT
implantation procedure including x-ray fluoroscopy imaging in the phantom, we can assess
the error between the actual lead positions in MR and the lead positions obtained with our

registration technique.
7.1 Introduction

In Chapter 6, we developed a registration technique to determine the position of any point
in dual-plane fluoroscopic images relative to the MR image coordinate system. This spatial
mapping technique can be used to determine the position of the LV pacing lead in three
dimensions and map it to the AHA 17-segment model.

Validation of our technique in patients is difficult because we are not able to perform
a post-implant MRI of the coronary veins to discern the final lead location. Even if a
patient has one of the newer MR-compatible CRT devices, the device and leads could
produce susceptibility artifacts that will render the images unusable and would make lead
identification difficult [215].

To validate our registration technique to localize the LV lead on the MRI data, it is
necessary to develop a way to image the coronary veins with both MR and x-ray fluoroscopy,
and also visualize the true pacing location in both modalities. To perform this validation, we
developed a model of the coronary veins that mimicked the natural geometry and orientation
of the vessels. By including markers that could be imaged with both MRI and x-ray
angiography, it was possible to evaluate the performance of our MR /dual-plane fluoroscopy
registration technique. We computed the error between the true and registered locations
and compared this to the error using Mortensen’s o’clock, the most commonly employed

technique for LV lead location identification. By quantifying the registration error in our
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phantom, we could determine the accuracy of our registration technique for identification

of the LV pacing site.

7.2 Methods
7.2.1 Phantom Creation

To validate our registration technique, we used an anthropogenic phantom with a fixed
geometry that can be imaged with both modalities: MRI and x-ray angiography. We
created a phantom with characteristic coronary vein geometry and markers for targeting
pacing sites, visible by both MRI and x-ray angiography. These markers can serve as a

common reference point to assess the technique’s accuracy.
7.2.1.1 Acquisition of Coronary Vein Anatomy

The coronary venous system represented by the phantom was obtained from a single subject
undergoing a cardiac CT scan at Emory Clinic. lodinated contrast agent was injected
intravenously and a computed tomography angiogram (CTA) was acquired, covering the
entire extent of the left ventricle. The high spatial resolution of CT and the presence
of contrast agent within the blood, provided high contrast to noise ratio in the coronary

veins [225].
7.2.1.2  Coronary Vein Anatomy Post-Processing

Segmentation of the coronary veins and both the right and left ventricles was performed us-
ing the freely available software, Segment version 1.9 R2035 (Medviso, Lund, Sweden) [226].
After providing the software with seed points within the coronaries and ventricles, an ultra
fast 3D level set algorithm coupled with Bayesian modeling was used to obtain a binary
mask (Figure 7.1 A) [226,227]. This three-dimensional binary mask was converted to a
3D mesh and exported as a STereoLitography (STL) file. The generated mesh had rough
edges due to the discrete slices in CT, so regularization of the mesh was performed using
Geomagic Studio 11.0 (3D Systems, Rock Hill, S.C.). Additionally, smaller branches were

pruned from the coronary sinus to leave just the major tributaries.
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Figure 7.1: Computed tomography angiography (CTA) was used to obtain coronary vein
anatomy from a volunteer (A). After segmentation of the cardiac chambers and coronary
veins, a coronary vein phantom (B) was generated. In addition to cardiac anatomy, the
phantom included six potential pacing sites to verify our registration technique. The phan-
tom was 3D-printed using ABS plastic and an FDM rapid prototyping machine (C).
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The optimized 3D meshes of the coronary veins and ventricles were imported into Solid-
Works (Dassault Systémes SolidWorks Corp., Vélizy, France) to generate the overall phan-
tom geometry. A solid 6 x 6 inch block was created, from which the ventricles and coronary
veins were subtracted out as a negative. The coronary sinus was connected to the outside of
the phantom via a channel to which external tubing could be connected. Additionally, the
distal ends of the coronary veins were connected to a drain at the bottom of the phantom.
Two ports were created for access to the ventricles (Figure 7.1 B). This series of channels
and ports allowed the entire phantom to be filled with MR and X-ray contrast agents and

flushed with water.
7.2.1.8 Pacing Site Identification

Target pacing locations were placed at six locations, proximal and distal locations for each
of the major coronary veins visible in the model coronary venous anatomy. These pacing
sites were bores from the side of the phantom block to within 2.5 mm of the coronary veins
(Figure 7.1 B). By filling these channels with contrast agent, it was possible to visualize

their location in both MR and fluoroscopy and have a marker for true lead position in MR.
7.2.1.4 Coronary Vein Phantom Fabrication

The STL files were exported from SolidWorks to a fused deposition modeling (FDM) rapid
prototyping machine (Dimension SST 1200, Stratasys, Ltd., Edina, MN) at the Georgia
Tech Biomedical Engineering machine shop. Due to the irregular geometry of the coronary
veins, a lost wax technique was used in which a microcrystalline wax provided support for
FDM and was later dissolved out of the printed model in a heated bath of sodium hydroxide.
The material selected for the phantom creation was acrylonitrile butadiene styrene (ABS)
plastic as it is commonly employed in rapid prototyping and was relatively radiolucent which
allows for proper imaging under x-ray angiography. Additionally, ABS remains relatively

invisible in clinical field-strength MRI (Figure 7.1 C).
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7.2.2 Coronary Vein Phantom Imaging Protocol
7.2.2.1 X-ray Angiographic Imaging

The coronary vein phantom was placed into a custom-made foam base to ensure a consistent
and realistic orientation of the heart between modalities. The phantom underwent imaging
similar to what is done in a CRT procedure. Using 30° RAO images for guidance, a
catheter was used to insert the LV pacing lead into the coronary veins. When the pacing
lead reached each of the potential pacing sites (determined by the marker positions), images
were acquired at 30° LAO and RAQO. This process was repeated for all six potential pacing
sites (Figure 7.2 C and D). This procedure generated six sets of dual-plane lead localizer
images.

After all lead positions had been imaged; the coronary veins of the phantom were then
filled with iodinated contrast agent (Visipaque, GE Healthcare, Buckinghamshire, UK)
without changing the orientation of the phantom. Once the veins were filled with contrast
agent, 30° LAO, 30° RAO, and AP images were acquired (Figure 7.2 A and B). This
procedure generated the set of dual-plane venograms. Unlike during an actual patient scan,
the acquisition of the venograms followed lead positioning to prevent the contrast from

diffusing into the phantom prior to lead position imaging.
7.2.2.2  Magnetic Resonance Imaging Acquisition

All MR scanning was performed on a Siemens Trio 3T (Siemens Medical Solutions, Er-
langen, Germany). Prior to being loaded into the MRI scanner, the ventricles, coronary
veins, and pacing markers were filled with diluted gadobenate dimeglumine (Gd-BOPTA)
contrast agent (MultiHance, Bracco Diagnostics, Princeton, NJ) and all ports were closed
using rubber corks. The contrast agent simulated the signal intensity in the MR venogram
images. The phantom was placed into the same foam base to ensure consistent anatomical
positioning of the coronary vein anatomy. A multi-element phased-array chest coil, identical
to that used for patients, was placed over the phantom and two saline phantoms.

An EKG simulator was set at 60 bpm to provide feedback for cardiac gating. After

obtaining localizers, the navigator was positioned at the air/water boundary of one of the
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Figure 7.2: RAO and LAO 30° Angiographic images were acquired after contrast injection
(A and B) and after LV pacing lead placement (C and D). The position of the LV lead is
denoted with an arrow in C and D.
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saline bottles, simulating a stationary diaphragm and 100% navigator efficiency. The 3D
whole heart coronary vein scan sequence detailed in Chapter 5 was run with the following
parameters: TE = 4.06 ms, FOV = 247 x 330 mm, acquisition matrix = 216 x 288, slice
thickness = 2 mm, flip angle = 12°. MRCYV of the coronary vein phantom required 4

minutes.

7.2.3 Validation of Lead Position

7.2.3.1 Comparison of Actual and Registered Lead Location

The LV lead mapping technique developed in Chapter 6 was used to map the LV lead
position onto the AHA 17-segment model and into 3D MR coordinates [147]. The actual
lead positions were determined in MR by finding the intersection of each marker and the
coronary veins. Using the orientation and position information from the DICOM headers of
the MR images, it was possible to map this position in image space to 3D world coordinates
(Appendix C).

The error between the actual and registered lead locations was quantified using the root
mean squared error (RMSE) between all six locations. RMSE was computed as shown in
Equation 7.1, where n is the number of points (6), | represents the registered lead location
and a represents that actual lead locations determined with MRI.

The lead positions were then mapped to the AHA 17-segment model and the error was
computed as a percentage of an AHA segment in the longitudinal (radial) and circumfer-

ential directions.

RMSE = \/Ziﬂw;b ail (7.1)

7.2.8.2  Comparison with Mortensen’s o’clock

An experienced observer was provided all angiographic images including dual-plane venograms
and all six LV lead localizers. The RAO lead localizing image was used to estimate the lon-
gitudinal position of the pacing lead and the LAO lead localizer was used to estimate the

circumferential position in each of the lead-localizing dual-plane images [144] (Figure 7.3).
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Figure 7.3: Dual-plane lead localizers were acquired after positioning the LV pacing lead
at six potential pacing sites. The LAO image (A) was used to estimate the circumferential
position of the lead and the RAO image (B) was used for the longitudinal position.

The estimated position of the LV pacing site was indicated on the AHA 17-segment model
using custom-made software.

The projection of the actual pacing lead position onto the segment model was com-
pared to the user-placed positions using Mortensen’s o’clock. The error was computed as a
percentage of an AHA segment in the longitudinal (radial) and circumferential directions.
Three-dimensional error calculation cannot be performed because Mortensen’s o’clock does
not provide information in all three dimensions, only circumferential and longitudinal di-

rections relative to the central axis of the LV.
7.3 Results

All images were successfully acquired for all six pacing sites with both modalities (Figure 7.2
and 7.4). In MRI, the contrast was sufficient to visualize all of the coronary veins, the
ventricles, as well as all six potential pacing sites.

By comparing the actual position of the LV pacing lead in MRI to the registered lead
location, we were able to compute the accuracy of our technique. The RMSE was found to
be 4.27 mm between all six pacing sites (Figure 7.5 A).

Using the central axis of the LV, all 3D lead locations and coronary vein reconstruction
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Prox. MCV Lead

Figure 7.4: After filling the phantom with Gd-based contrast agent, transverse images
were acquired of the coronary vein phantom to reveal the ventricles and coronary veins (A—
C). An isosurface of the dataset shows that all vessels and potential pacing locations were
sufficiently enhanced (D). Using user-selected points, the coronary veins were reconstructed
and the pacing sites were identified (E).
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Figure 7.5: Pacing locations determined using our registration technique for dual-plane
angiograms (red dots) were compared to actual pacing sites determined from MRI (black
dots). Three-dimensional (A) and AHA 17-segment model (B) representations are shown.

were projected to the AHA 17-segment model. In all six cases, the actual and experimental
pacing sites were within the same AHA segment (Figure 7.5 B). The average circumferential
error was 4.17 + 2.32° (Range: 1.26 — 6.53°) which was equivalent to 6.94 £+ 3.87 % of
an AHA segment (Range: 2.10 — 10.90%). The average longitudinal (radial) error was
13.36 £ 8.62% of an AHA segment (Range: 3.53 — 26.7%).

Using Mortensen’s o’clock for localization of the LV pacing lead and comparing it to the
actual lead location, the correct AHA segment was selected only twice (33%). The average
circumferential error was 22.96 + 10.15° (Range: 3.87 — 32.66°) which was equivalent to
38.27 4+ 16.92% of an AHA segment (Range: 6.45 — 54.44%). The average longitudinal

(radial) error was 57.82 + 30.10% of an AHA segment (Range: 5.80 — 82.72%) (Figure 7.6).
7.4 Discussion

In this validation study, we found that our registration technique for localizing the LV
pacing lead on MR data was more accurate than the Mortensen’s o’clock method that
has been used extensively in the literature. The RMSE between the actual and registered

lead locations was 4.27 mm. When mapping LV lead location to the AHA 17-segment
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Figure 7.6: Six LV lead locations were determined using our registration technique (red)

and the Mortensen’s o’clock technique (blue). These lead positions were mapped onto the
AHA 17-segment model alongside the actual lead positions (black).
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model, our registration technique resulted in an error of 13.4% of an AHA segment in
the longitudinal direction and 4.2% of an AHA segment in the circumferential direction.
Conversely, Mortensen’s o’clock mapping of the LV lead resulted in 57.8% of an AHA
segment in the longitudinal direction and 38.3% of an AHA segment in the circumferential
direction. Additionally, the registered lead positions were projected to the correct AHA
segment 100% of the time with our methodology, while Mortensen’s o’clock only had a 33%
success rate.

Although the 4.27 mm RMSE between the actual lead locations and registered lead
locations was non-zero, it was within an acceptable range. During phantom creation, the
coronary vein segmentation from CTA was smoothed, resulting in relatively large diameters
of the coronary veins (5.2 mm). Therefore, the RMSE was on the order of the vessel diameter
of our phantom.

When comparing the placement of the LV pacing site on the AHA 17-segment model,
we found that the actual and estimated pacing sites were within the same AHA segment in
every case. Most analysis assesses the suitability of the LV pacing site based on a region the
size of an AHA segment [30,87,104,228]. The longitudinal (radial) error found amongst our
test sites was only 13.4% of an AHA segment and the circumferential error was 6.9% of an
AHA segment. Therefore, a pacing site estimated using our technique would functionally
correspond to the analysis using the actual pacing site.

When comparing our registration technique to Mortensen’s o’clock we found that our
error was significantly smaller. In this study, the use of Mortensen’s o’clock was aided by the
fact that the ventricles and coronary vasculature were somewhat visible in the dual-plane
lead localizers due to the slight radio opacity of the phantom. As a result, the findings from
this validation study are a “best-case scenario” for the Mortensen’s o’clock method. Our
registration technique relies upon the same imaging data that Mortensen’s o’clock employs
with the addition of the pre-implant MR coronary vein scan. As such, this technique could
be suggested as a valid replacement as demonstrated by the superior accuracy and ability

to obtain a true three-dimensional lead location.
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7.4.1 Limitations

There are several potential sources of the error seen in this validation study. First, the
channels representing our simulated pacing sites did not reach all the way to the coronary
vein anatomy, but only came to within 2.5 mm of the vessels. Because of this, we had to
estimate the intersection of the port and the coronary veins. This also affected guidance of
the LV catheter during simulated LV lead implantation. The position of the pacing lead was
guided primarily by fluoroscopy from the RAO projection. This projection only provides
one angle of visualization, therefore positioning of the LV could potentially differ from the
intended potential sites. Another source of the error is that the LV pacing lead, while being
in the correct position longitudinally, may have been in different positions radially, such as
against the vessel wall. MR-derived actual pacing sites were assumed to be at the center of
the vessel. For this reason, it is possible that the positioning could theoretically be off by
2.5 mm (radius of the phantom vein) while still technically being in the correct location.
The current phantom was a simplified and ideal situation. There was no respiratory or
cardiac motion applied to the phantom. Because of the lack of motion, it was guaranteed
that the position of the lead localizers was the same as the venogram acquisition. This

removes one potential source of error in the actual methodology.
7.5 Conclusions

By constructing a phantom model of the coronary veins and ventricles that could be imaged
by both MR and x-ray angiography, we were able to assess the accuracy of our coronary
vein registration technique. We found the error to be within a range that would have little
effect on studies utilizing our registration technique to determine the suitability of an LV

pacing site retrospectively.
7.6 Major Findings

e [t was possible to view coronary vein anatomy and the position of the LV lead in both

MRI and fluoroscopy using our coronary vein phantom
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e The accuracy of our LV lead placement technique was 4 mm and within an AHA

segment.

e Our methodology was more accurate than Mortensen’s o’clock technique.
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CHAPTER VIII

RELATIONSHIP BETWEEN REGIONAL DYSSYNCHRONY AND
CRT RESPONSE

In this chapter, we apply our method of mapping regional LV contraction times (Chapter 3)
in conjunction with our LV lead registration technique (Chapter 6) to determine contraction
times at the site of the LV pacing lead. We performed a clinical assessment in CRT patients
six months post-CRT to determine the relationship between mechanical contraction times

at the site of the LV pacing lead and clinical response to CRT.
8.1 Introduction

Cardiac Resynchronization Therapy is a treatment option for heart failure patients with me-
chanical dyssynchrony [13-16]. Using current selection criteria (QRS duration > 120 ms,
EF < 35%, NYHA Class ITI-1V, and optimal medical therapy for at least 1 month), approx-
imately 30% of patients fail to benefit from CRT [69,70,85,209]. Mechanical dyssynchrony
is widely thought to be an important factor in determining if patients will responsd to CRT,
the theory being that you cannot correct for dyssynchrony with biventricular pacing if no
mechanical dyssynchrony is present [88,89]. For this reason, many groups have sought to
understand the relationship between the presence and location of mechanical dyssynchrony
in the left ventricle and the ability of a patient to respond to CRT [46,47,90-92, 229, 230].

The majority of methods for detecting LV mechanical dyssynchrony are global metrics,
characterizing the entirety of LV contraction with a single metric [89,114,115]. With the
multi-center PROSPECT study, it was shown that no single echocardiographic mechanical
dyssynchrony metric predicted CRT response [152]. There were several confounding factors
with this study including poor reproducibility of the methods employed [231]. Additionally,
the failure of the study may be at least partially attributed to the inability of echocardiog-
raphy to image the entire LV. MRI suffers from fewer of these acquisition limitations, and as

a result has been used to derive a number of measures of global dyssynchrony [114,115,124].
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Some recent work suggests that it is not the global amount of dyssynchrony that is
important, but also the location of the mechanically dyssynchronous regions [171,232]. In
the typical LBBB patient, the septal wall exhibits early mechanical contraction and the
lateral wall contracts much later [19,27]. To correct for this mechanical dyssynchrony
within the ventricle through biventricular stimulation, it has been postulated that the LV
pacing lead should be placed in the latest-contracting region of the lateral wall. Several
studies have shown retrospectively that patients in which the pacing lead was placed in
or near the latest contracting segment had superior outcomes compared to those in which
pacing was remote to the late contracting segment [46,90-92]. Other studies, however
have demonstrated that a broad range of pacing locations within the lateral wall can result
in successful resynchronization, and that lead position does not affect response rates [25,
233,234]. These conflicting findings may be at least partially attributed to the unreliable
methods for determining the LV pacing lead position in relation to the contraction times.
In studies examining the relation of lead position and contraction time, the position of
the LV lead was usually only classified as posterior, lateral, apical, basal, anterior. This
classification does not allow for accurate lead localization and thus the analysis based on
the pacing location is compromised.

In this dissertation, we have developed both a method to map regional contraction
times within the left ventricle as well as a registration method for localizing pacing lead
locations on these maps from intra-procedural fluoroscopic dual-plane images. By combining
these methods, we can generate a high spatial resolution map of regional dyssynchrony
and superimpose the exact location of the LV pacing lead. By applying this approach to
patients undergoing CRT, we can better understand the relationship between mechanical
dyssynchrony at the site of the LV pacing lead and CRT response.

The purpose of this study was to apply the developed methodology to determine: 1)
the location of the latest contracting segment, 2) assess whether the latest segment was
reachable via a coronary vein, 3) observe how often the LV pacing lead was placed in the
latest contracting segment, and 4) determine if response to CRT was higher in patients in

which the lead was placed in the latest contracting segment. We hypothesized that patients
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in which the LV pacing lead is located in the latest contracting segment will have a higher

response rate than those with the lead located in a remote location.
8.2 Methods

Nine consecutive patients that were referred to Emory University Hospital for CRT device
implantation were enrolled in the study. All patients met current enrollment criteria for
CRT (NYHA HF class II-IV, QRS duration > 120 ms, EF < 35%, and optimal medical
therapy for 3 months). Four patients with lesser heart failure symptoms were included
based on recent findings suggesting beneficial CRT device implantation in NYHA class 11
patients [64]. Patient selection was based on clinical factors and was not part of this study.

Twelve-lead EKGs were used to measure QRS duration and classify all patients based
upon their QRS morphology. Left bundle branch block (LBBB) was defined as a QS or
rS complex in V1 and/or V2; monophasic R wave in I, aVL, V5, and V6; and mid QRS
notching or slurring in >2 of I, aVL, V1, V2, V5 or V6. Right bundle branch block was
defined as R, rR’, rsR’, or rSR’ complexes in V1 and slurred S wave in I and V6 [188].
Atypical LBBB (aLBBB) patients were characterized by a monophasic R wave in I, aVL,
V5, and V6; but without the mid QRS notching or slurring in >2 of I, aVL, V1, V2, V5 or
V6 seen in LBBB patients. Interventricular conduction delay (IVCD) included those that
did not meet any of the above criteria.

This study was approved by the Emory Institutional Review Board.
8.2.1 Pre-Implant Magnetic Resonance Imaging

All patients received an MR examination prior to CRT device implantation (Figure 8.1). All
imaging was performed on either a 1.5T or 3.0T Siemens Avanto system (Siemens Medical
Solutions, Erlangen, Germany) using the protocol developed in Chapter 5. Briefly, localizers
were acquired to determine initial patient anatomy. Two- and three-chamber (VLA and
HLA) SSFP cines were acquired at 60 frames per cardiac cycle. Short-axis SSFP cines were
acquired to span the entire ventricle. A Gd-chelate based contrast agent ([Gd-BOPTA]*~,
MultiHance; Bracco Imaging SpA, Milan, Italy) was injected intravenously at a rate of 0.3

mL/s. Acquisition of the respiratory and cardiac-gated 3D whole heart coronary vein scan
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Figure 8.1: After obtaining localizers, horizontal and vertical long axis (HLA and VLA)
cines were acquired with 60 frames per cardiac cycle. A stack of short axis cines were
acquired to use for regional dyssynchrony detection. By identifying the stationary period
of the coronary veins from the motion of the coronary sinus in the VLA image, we planned
the coronary vein scan (MRCV). LGE imaging was performed immediately after the vein
scan to detect myocardial infarction

was initiated 15 seconds after contrast injection was started [125,136].

After completion of the coronary vein scan (approximately 12 minutes), late gadolinium
enhancement (LGE) images were acquired. LGE imaging is an off-label use of Gd-chelate
based contrast agent for imaging of myocardial infarction [121]. In a chronic myocardial
infarction, the extracellular volume fraction is increased and more contrast can diffuse
into the infarcted region than the healthy myocardium [122]. An inversion recovery (IR)
sequence was used to obtain the image. An inversion time was selected to null the signal
from the healthy myocardium. The contrast agent has a short T1, so the signal from the
infarcted region is much brighter than the nulled healthy myocardium [123]. LGE images
were obtained at the same locations as the SSFP cines to assess scar burden of the LV.

All images were exported from the scanner in the DICOM format.
8.2.2 Device Implantation and Imaging

All CRT device implantation procedures were performed at Emory University Hospital.

The atrial sensing lead and RV pacing lead were first inserted via a transcatheter approach.
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Prior to LV lead implantation, dual-plane venograms (30° RAO and LAO) were acquired
with retrograde injection of iodinated contrast agent. LV pacing was targeted at the lateral
or posterolateral region dependent upon venous access, lead stability, and absence of phrenic
nerve stimulation [101,216,217]. Lead-localizing fluoroscopic images were then acquired at

the same positions as the dual-plane venograms.
8.2.3 Regional Dyssynchrony Determination

Using the methodology developed in Chapter 3 and employing custom-written software,
regional contraction timing maps were generated from radial displacement curves based on
endocardial borders traced on high temporal resolution short-axis cine SSFP images. All
contraction timing data was mapped to the standard AHA 17-segment model [147].

To determine the location of the latest contracting segment, we computed the average
delay time within each segment of the AHA 17-segment model. To compute these averages,
regional delay times throughout the LV were binned into AHA segments, and all delays
within each segment were averaged. The latest AHA segment was identified as the segment

with the latest mechanical contraction time.
8.2.4 Left Ventricular Lead Location Determination

The position of the LV pacing lead was determined using the registration methodology
developed in Chapter 6. Briefly, by registering both the dual-plane (30° RAO and LAO) lead
localizers and 3D MR reconstructed coronary vein anatomy to the dual-plane venograms,
we were able to determine the spatial correspondence between the MR and x-ray coordinate
systems. By selecting the location of the LV pacing lead in both lead localizers, we were
able to determine the position of the LV pacing lead in 3D. This position was then mapped
to the regional dyssynchrony AHA 17-segment model using the position of the central axis

of the LV (Appendix A).
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Figure 8.2: To compute the average delay time at the LV pacing site, mechanical contraction
delay times in a region the size of an AHA segment (gray area) were averaged. The region
was centered at the LV lead location (black circle).

8.2.5 Regional Dyssynchrony Determination

After the position of the LV pacing lead was projected onto the map of regional dyssyn-
chrony, the contraction delay time in the region of the LV lead was determined. We con-
sidered the average delay time in a region the size of an AHA segment centered about the
LV lead location (Figure 8.2).

To determine whether the LV lead was placed in the latest contracting AHA segment,
the segment number in which the LV lead was implanted was compared directly to the latest
contracting segment based on AHA segment averages. The LV pacing lead was considered
to be adjacent to the latest contracting segment if it was implanted into any neighboring

segment.
8.2.6 Patient Response

To determine patient response to CRT device implantation, a clinical assessment was per-

formed 6 months post-implant. Each patient’s clinical performance at this assessment was
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compared to the baseline pre-implant evaluation. For this study, we utilized the following
clinical criteria: NYHA heart failure classification, six-minute hall walk distance (6MWD),
and Minnesota Living with Heart Failure Questionnaire (MLHFQ). We defined response

the following ways:

e NYHA Improvement (1 NYHA > 1) — The patient improved by at least one

NYHA HF class [192,235-237]

e Increase in 6MWD (1 6MWD > 10%) - Patient improved their 6MWD by at

least 10% [84]

e Composite (1 NYHA > 1, 1+ 6MWD > 50m, QoL > 15) — Required two of the
following three parameters: NYHA improvement, increase in 6MWD of at least 50m,

MLHFQ decrease of at least 15 points [229]
8.2.7 Statistics

Using the three different definitions of CRT response, we compared QRS duration between
patients classified as responders and non-responders.

To determine if the delay time at the site of the LV pacing lead had any influence on
CRT response, we compared the average delay times for a region the size of an AHA segment
centered at the LV pacing site.

For all statistical analysis, a p-value < 0.05 was defined as statistically significant. All

comparisons were performed using a two-tailed un-paired student’s t-test.
8.3 Results

Imaging, post-processing, and follow-up assessments were successfully completed in 9 pa-
tients enrolled for CRT (Table 8.1). Only clinical baseline and 6-month follow-up data were

obtained so all response metrics used in this study were based on clinical criteria.
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Table 8.1: Patient Characteristics

Age (years) 61.9 £+ 14.8
Male (%) 4 (44.4)
Ejection Fraction (%) | 24.8 +£ 104
QRS Duration (ms) 158.7 £+ 14.6
Heart Failure Class

I (%) 4 (44.4)

11 (%) 5 (55.6)
QRS Morphology

LBBB (%) 6 (66.7)

aLBBB (%) 2 (22.2)

IVCD (%) 1(1L.1)
Etiology

Ischemic (%) 1(11.1)

Non-Ischemic (%) 8 (88.9)

Table 8.2: Response Rates for Various Clinical Criteria

’ Response Criteria ‘ Non-Responders ‘ Responders ‘

T+ NYHA > 1 4 (44.4) 5 (55.5)

+ 6MWD > 10% 6 (66.7) 3 (33.3)

T+ NYHA > 1, 1 6MWD > 50m, QoL > 15 5 (55.6) 4 (44.4)
All 3(33.3) 2 (22.2)

8.3.1 Overall Response Rates

We classified all 9 patients as responders or non-responders using three common response
criteria (Table 8.2). Based upon improvement in NYHA class, 56% (5/9) of patients re-
sponded. Sixty-seven percent (6/9) of patients responded according to improvement in their
6MWD, and 44% (4/9) responded when using a response criterion that considered all three
clinical parameters. Overall there were three patients that failed to respond regardless of

the response criteria and two patients who responded by all criteria.
8.3.2 Regional Dyssynchrony Maps

Using short-axis cine SSFP images, regional mechanical dyssynchrony maps of the LV were

generated for all patients (Figure 8.3).
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8.3.3 Location and Coronary Vein Access to the Latest Contracting

Using the maps of regional dyssynchrony derived from MRI short-axis images, we were able
to determine average segment delay times (Figure 8.4) and identify the location of the latest
contracting segment. The latest contracting segment was lateral in 2 patients, posterior in 2
patients, anterior in 2, and septal in 3. The longitudinal positions of the latest contracting
segments were evenly distributed between basal, mid-basal and mid-apical locations (3
each). In all three of the patients with the latest contraction in the septum, we observed
paradoxic motion of the septum in which there was early inward motion prior to systole
followed by a larger displacement toward the end of systole [172,238].

By projecting the MR coronary vein reconstruction onto the AHA 17-segment model,
we were able to discern whether a coronary vein allowed access to the latest contracting
segment. We found that in 6 patients (66.7%), there was a vein visible by MR that passed
through the segment. In all patients in which there was not vein access to the latest-

contracting segment, the late segment was located in the septum.
8.3.4 Effect of Pacing in the Latest Contracting Segment

Using our LV lead registration technique, we successfully determined the LV lead position
in all 9 patients. The location of the LV pacing lead was lateral in 8 patients and anterior
in 1 patient (Figure 8.5). The pacing lead was placed in a mid-apical segment in 2 patients,
mid-basal in 1 patient, and basal in 6 patients.

To assess the effect of placing the LV pacing lead at the site of latest mechanical con-
traction, we analyzed the response rate when the pacing lead was placed in or near the
latest contracting AHA segment. In this group of patients, the LV pacing lead was never
placed in the latest contracting segment; however, there were four patients in which it was
implanted into an adjacent segment. Table 8.3 shows the response rates for those patients
in which the LV pacing lead was placed adjacent to the latest-contracting segment. The

response rates in thing group ranged from 0 to 25% depending on response criteria used.
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Figure 8.3: Dyssynchrony maps created using radial contraction curves from short-axis cine
SSFP MR images. Red indicates early contraction, while blue represents late contracting
regions. LV lead positions are shown with black circles and coronary veins from MRI are
overlaid in gray.

Table 8.3: Response When Pacing Lead was In or Adjacent to Latest Contracting Segment

| Response Criteria | Non-Responders | Responders |

T NYHA > 1 3 (75) 1 (25)

+ 6MWD > 10% 3 (75) 1 (25)

T NYHA > 1, 1 6MWD > 50m, QoL > 15 3 (75) 1 (25)
All 2 (100) 0 (0)
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Figure 8.5: Localization of the left ventricular pacing lead on the AHA 17-segment model
revealed that 8 (89%) of pacing leads were implanted in the lateral wall. There was a single
lead implanted in the anterior interventricular vein. The LV pacing lead was placed in a
mid-apical segment in 2 patients, mid-basal in 1 patient and basal in 6 patients.
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Figure 8.6: There was wide variability in the delay times in the AHA segment centered at
the site of the LV pacing lead. There was no relationship between Segment delay time and
patient response.

8.3.5 Relationship of Regional Mechanical Dyssynchrony and CRT Response

To look at the effect of regional dyssynchrony on CRT response, we assessed the mechanical
delay time in a region the size of an AHA segment centered about the LV pacing site
(Figure 8.6). There was no statistically significant difference between the mean delay times

near the LV pacing lead in responders and non-responders.
8.3.6 Relationship of QRS and CRT Response

QRS Duration was compared between responders and non-responders to see if there was a
relationship between global electrical dyssynchrony and response. There was no significant
difference in the means of QRS duration between the two populations (Figure 8.7).

In this study, we had one patient with an interventricular conduction delay (IVCD) and
two patients with atypical LBBB (aLBBB) as diagnosed from a 12-lead EKG. We assessed
if QRS morphology affected response rates to CRT. Patients with aLBBB or IVCD failed to
respond regardless of which response criterion was used. Response rates for LBBB patients

ranged from 16.7 to 100% (Table 8.4).
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Figure 8.7: There was no statistically significant difference between QRS duration for

responders and non-responders to CRT.

Table 8.4: Response Rates by QRS Morphology

Response Criteria LBBB (n = 6) alLBBB (n = 2) IVCD (n=1)
Non-Resp ‘ Resp | Non-Resp ‘ Resp | Non-Resp ‘ Resp

T NYHA > 1 1 (16.7) 5 (83.3) 2 (100) 0 (0) 1 (100) 0 (0)

T 6MWD > 10% 3 (50.0) 3 (50.0) 2 (100) 0 (0) 1 (100) 0 (0)

T NYHA > 1, 2 (33.3) 4 (66.7) 2 (100) 0 (0) 1 (100) 0 (0)

1 6MWD > 50m,

J QoL > 15

All 0 (0) 2 (100) 2 (100) 0 (0) 1 (100) 0 (0)
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Figure 8.8: There was only one ischemic patient in our group of patients. The infarct was
posterolateral while the pacing lead was placed anterolateral. This patient did not respond
to CRT.

8.3.7 Relationship of Myocardial Infarction and CRT Response

We only had one ischemic patient in our patient population. From analysis of LGE MRI
data, we determined that the LV had a total scar burden of 5.4% of LV mass (Figure 8.8).
The LV pacing lead was placed in a basal anterolateral segment, which was remote from
the infarct region. In addition to being ischemic, this patient was characterized as aLBBB.

This patient failed to meet any of the criteria for patient response.
8.4 Discussion

In this study, we successfully applied the methodology developed for determining mechanical
contraction delay and mapping of lead location to a group of patients undergoing CRT. The
main findings of this study were: 1) in 67% of patients, the site of latest contraction could
be reached by a coronary vein, 2) no patient had the lead placed in the latest contracting
segment, 3) response rates were not different in patients with the lead implanted in the

latest segment (or adjacent) compared to patients with a remote lead location.
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8.4.1 Non-Response Rates

In our cohort of 9 CRT patients, we found non-response rates to be significantly higher than
previously reported rates of 30% [69,70,85,209]. Based on four different response criteria,
our non-response rates ranged from 33 — 67%. Most likely this discrepancy is due to the
small size of this study and the enrollment for patients with NYHA class II HF. Decreasing
NYHA HF class from II to I is a major change. It is important to note, however, that
although hard response cutoffs yielded low response rates, most patients improved to a
lesser degree in all criteria. No patient deteriorated in NYHA heart failure classification,
89% of patients exhibited improved QoL, and 67% of patients improved their six-minute

walk distance.
8.4.2 Effect of QRS Duration

Although QRS duration is used as a surrogate of electrical dyssynchrony for the selection
of patients for CRT, it has been widely reported that QRS duration is a poor predictor of
response in CRT patients [78,85,239]. Our findings agree with this previous work in that
we saw no statistically significant difference in QRS duration between those who did and

did not benefit from CRT.
8.4.3 Effect of Regional Mechanical Dyssynchrony

We were able to directly determine the mechanical contraction delay time at the location
of the LV pacing lead using the methodology developed in this work. We failed to see
a significant difference between absolute delay times at the site of the LV pacing lead in
responders and non-responders. There was actually a large variation in the delay times at
the pacing site (Range: -94.8 — 42.5 ms). For most response criteria, however, the trend
was that responders had a larger mechanical delay at the site of the LV pacing lead but the

value was not significant.
8.4.4 Effect of Pacing the Latest Contracting Segment

Current guidelines recommend pacing in a lateral or posterolateral vein; however, as we

have shown in this study the position of the latest-contracting segment varies greatly, with
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the most frequent delayed region being anterior. This heterogeneity of dyssynchrony agrees
with data from the MADIT-CRT study in which the latest contracting segment was shown
to vary from patient to patient [28]. Additionally, the TARGET study used echo speckle-
tracking to show that the site of latest-contraction and ideal pacing site is very patient-
specific [173]. In three patients, the latest contracting AHA segment was located in the
septum. In all other patients, we were able to use MRI to visualize a vein from which the
latest segment could be accessed. This indicates that our MRCV imaging protocol would
be useful for determining if the latest contracting segment was accessible to the LV pacing
lead.

Although we did not have any patients in whom the LV pacing lead was placed in
the latest contracting segment, we did have four patients where it was implanted in a
neighboring segment. In these four patients, the non-response rate ranged from 75 to 100%.
This conflicts with some previous studies that have shown the benefit of pacing in the
latest contracting segment. In this group of patients, our data suggest that pacing near the

latest-activated region does not improve response.

8.4.5 Effect of QRS Morphology

Left bundle branch block (LBBB) results in a widened QRS complex and extended con-
traction times within the left ventricle. The conduction block typically causes early septal
contraction followed by late contraction of the lateral wall. CRT theoretically corrects for
this conduction block by electrically stimulating the lateral and septal walls of the LV to
contract at the same time. CRT has been shown to be of little benefit to patients with
IVCD or RBBB [240,241]. In our study, we had three patients (33.3%) that had non-LBBB
QRS morphology. All three of these patients failed to respond to CRT, regardless of which
criteria was used to define response. While the presence of LBBB did not predict a patient’s
ability to respond (16.7 — 100% Non-response), it had a negative predictive value of 100%.
Due to the small sample size of this study, this is by no means definitive, but remains a

point of interest.
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8.4.6 Effect of Myocardial Infarction on CRT Response

Only one patient (11.1%) suffered from ischemic cardiomyopathy. This patient presented
with a previous posterior myocardial infarction. The LV pacing lead was placed in a basal
anterolateral segment to obtain the necessary capture threshold. Because it was only a
single patient, it was difficult to study the combined effect of regional scar and dyssynchrony
distributions on CRT response. It is important to note, however, that this patient failed
to respond according to any response criteria. Future studies should incorporate both
myocardial scar distributions and regional dyssynchrony measurements to elucidate their

combined effect on CRT response.
8.4.7 Effect of General Pacing Location

It has previously been shown that apical pacing negatively affects a patient’s ability to
respond to CRT [28,242]. In this study, we had two patients in which the LV pacing lead
was placed in a mid-apical lateral segment. One of these patients was the only patient that
was considered a responder by all clinical criteria. The other patient was classified as a
responder by all criteria except an improvement in 6MWD, although they did see an 8%
improvement in 6MWD.

The only patient in whom the LV pacing lead was placed in anterior interventricular
vein failed to respond to CRT by any metric. The latest contracting segment in this patient

was in the anterior wall of the LV.
8.4.8 Limitations

The primary limitation of this work is that it only includes a cohort of 9 patients and
therefore its not sufficiently powered to draw conclusions regarding the relationship between
mechanical dyssynchrony, LV lead position, and CRT response. Rather, the goal of this
study was to show that the methodology developed in this thesis could be applied to provide
a more detailed analysis of the influence of a variety of factors on CRT response.

Another limitation is that only clinical response criteria were considered. Analysis

of baseline and follow-up echocardiographic data is currently being performed and will
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eventually be incorporated into this work to determine whether there is a relationship
between dyssynchrony and quantitative response criteria.

Another major limitation is in the definition of CRT response. Fornwalt et al. analyzed
response data for 426 patients from the PROSPECT trial using 15 metrics commonly em-
ployed to predict response [80]. They found that there was poor agreement between any
of the parameters, implying that it is difficult to study how a factor such as mechanical
dyssynchrony affects response when we do not truly know how to define response. In our
study, the non-response rate ranged from 44 to 67% depending on the criteria used to
determine response. For example, there was a patient that decreased heart failure class
and increased their 6MWD by 37 meters (a responder by NYHA criteria); however, their
MLHFQ score worsened by a total of 14 points. Conversely, there was a patient whose
MLHFQ score improved from 72 to 15; however, their heart failure classification did not
improve; therefore most criteria would characterize them as a non-responder. It is difficult

to determine how certain factors affect response until a standard definition is developed.
8.5 Conclusions

We found no relationship between the amount of regional dyssynchrony present at the LV
pacing site and response to CRT. Our study agrees with results from the MADIT-CRT
study in which the location of the latest-contracting segment was heterogenous amongst
CRT patients. The latest contracting segment was accessible via the coronary veins in 66%
of patients. This study demonstrates that the techniques that we have developed can be
used to study the relationship between mechanical contraction times, LV lead placement,

and CRT response.
8.6 Major Findings

e [t was possible to generate regional mechanical dyssynchrony maps and LV lead loca-

tions in CRT patient populations.

e Clinical response rates were low.
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e The location of the latest contracting segment was heterogenous in our patient pop-

ulation.

e The latest contracting segment was accessible by a coronary vein in 67% of patients.
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CHAPTER IX

CONCLUSIONS AND FUTURE WORK

9.1 Summary

The overall goal of this project was to develop the methodology necessary to assess mechan-
ical contraction times at the site of left ventricular pacing lead in order to understand how
regional dyssynchrony affects response to cardiac resynchronization therapy. We developed
two new methods to achieve this goal. First, we created regional contraction timing maps
from short-axis cine SSFP images, which improved upon global measures of dyssynchrony
and did not rely on complicated methods for acquiring data to assess regional timing with
MRI. The second method provides a way for us to map the final LV lead location, deter-
mined from dual single-plane fluoroscopy, onto the MR map of dyssynchrony. By combining
these two techniques with clinical measures of response, it was possible to determine the
relationship between dyssynchrony at the site of LV pacing and response to CRT.

The purpose of Specific Aim 1 was to develop a reproducible method for mapping re-
gional contraction times and detecting regional left ventricular mechanical dyssynchrony.
Many global metrics to detect dyssynchrony within the LV have been developed [46,90-92];
however, recent studies suggest that the amount of dyssynchrony at the LV pacing site
is more critical to a patients response to CRT [16,107]. Some MR-based techniques for
estimating LV regional dyssynchrony exist, but their utility is limited due to specialized
acquisitions or complicated post-processing [117,120]. We developed a method that uses
high temporal resolution short-axis SSFP cine MR images to derive regional delay times
from radial displacement of the myocardium. We demonstrated the performance and repro-
ducibility of our methodology in a small patient population of patients enrolled for CRT.

First, we characterized normal delay times by applying our method in 10 healthy indi-
viduals and applied these limits on normal contraction to data from 27 CRT patients to

compute the size and location of dyssynchronous regions. Second, we applied our method
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in an effort to understand how mechanical dyssynchrony relates to underlying electrical
activation delays. By comparing mechanical delay times using our regional dyssynchrony
technique with electrical activation times from intra-procedural electrogram measurements,
we were able to study the relationship between electrical and mechanical dyssynchrony at
potential LV pacing sites within the coronary veins.

Overall, this aim demonstrated that regional dyssynchrony could be determined from
short-axis cine MR images. By applying this regional dyssynchrony technique in CRT
patients, we found that the location of the latest-contracting segment was heterogeneous
amongst patients, and that there was a strong correlation between electrical and mechanical
dyssynchrony in CRT patients.

The purpose of Specific Aim 2 was two-fold. First, we used data obtained from 3D
whole-heart coronary vein scans to generate 3D reconstructions of the coronary sinus and
its tributaries. By projecting this reconstruction onto the AHA 17-segment model, we were
able to assess potential LV pacing sites relative to distributions of regional contraction
timing and myocardial scar. This technique allows an electrophysiologist to determine the
suitability of potential LV lead pacing sites prior to device implantation.

Using the coronary vein anatomy from MR, and dual-plane venograms and lead local-
izers, we developed a method to determine the position of the LV pacing lead with respect
to the regional dyssynchrony maps created in Specific Aim 1. Our lead localization tech-
nique utilized images that can be part of the standard CRT implantation procedure: dual
single-plane contrast-enhanced venograms, and biplane lead localizing radiographs. The
fluoroscopic imaging system geometry was calibrated to correspond to the MR coordinate
system using a projection of the coronary venous anatomy onto the biplane imaging planes.
After accounting for cardiac and respiratory motion, the final LV lead location could be
mapped directly from biplane images into 3D MR coordinates. The accuracy of our method
was assessed using a coronary vein phantom in which the LV lead positions were capable
of being imaged with both MR and fluoroscopy. The root mean squared error between our
technique and the actual lead locations was 4.2 mm. This was a significant improvement

over currently employed techniques for lead localization [144]. By accurately determining
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the position of the LV lead post-implantation, we can more accurately assess the effect of a
variety of factors on CRT response.

The purpose of Specific Aim 3 was to apply the methods we developed to determine
the relationship between contraction timing at the LV pacing site and response to CRT.
Several studies have found that pacing at the latest-contracting segment of the LV improves
patient response [16,87,107]; however, their lead localization techniques were very coarse,
potentially confounding their results. Using regional dyssynchrony measurements based on
the methodology developed in Specific Aim 1, and final LV lead location computed based
upon the techniques from Specific Aim 2, we were able to conduct a high-resolution analysis
of the interaction of regional dyssynchrony and LV pacing site. In our small population
of 9 patients enrolled for CRT, we found that no dyssynchrony metrics were statistically
different between responders and non-responders and no dyssynchrony parameter was able

to discriminate between responders and non-responders.

9.2 Potential Future Work
9.2.1 Detection of Akinetic Segments

Cross-correlation is a reliable way to determine regional delay times due to its utilization of
the entire signal, rather than just the peak or upslope [48]. An additional benefit of cross
correlation is that each delay is accompanied by a correlation value, which is indicative of
the similarity of the radial contraction to the reference. In infarcted tissue of the heart, the
healthy myocytes are replaced by non-contracting fibrous tissue and in hibernating tissue,
function is down-regulated and contraction does not occur. Healthy myocardium surround-
ing the non-contracting tissue remains tethered and pulls the infarcted myocardium, causing
a radial displacement [243,244]. Theoretically, this displacement would look very different
from active contraction and would therefore have a lower correlation value. A study could
be conducted to determine the relationship between the correlation values obtained with
our regional dyssynchrony method and the transmurality of the infarction at a particular
location. If there was found to be a relationship, then our method could be used to not just

detect regional dyssynchrony, but would allow for the identification of akinetic segment.
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9.2.2 Paradoxic Septal Motion

When applying our regional contraction timing technique in a wide range of CRT patients,
there were several cases in which the septum moved inward twice during the cardiac cycle.
The radial displacement curve for this particular type of patient showed a small inward
motion prior to systole followed by a larger displacement toward the end of systole. With
our cross-correlation analysis of regional delay time, the larger of the two displacements
was detected. It is important to understand if this early septal motion is the result of early
electrical activation or is passive motion caused by higher right ventricular pressures. If it
is active movement, our method needs to be able to detect this as the true delay for the
region. To assess whether when the actual contraction of the septum occurs, the thickness
of the myocardium can be determined over the cardiac cycle. The myocardium will not
thicken unless active contraction is occurring. Using this methodology, we can determine
which motion of the septum our method should detect, and also whether this motion should

be considered dyssynchronous.

9.2.3 Relationship of Mechanical and Electrical Dyssynchrony During RV Pac-
ing
In this study, we investigated the relationship between electrical and mechanical dyssyn-
chrony under intrinsic rhythm, i.e. no external pacing. In 10 patients enrolled for CRT, we
found a strong correlation between electrical and mechanical delay times at pacing locations
within the coronary sinus. Additionally, we found that, at these sites, the latest mechanical
location always corresponded to the latest electrical activation. From this, we were able to
conclude that a map of regional dyssynchrony in the LV was useful for pre-operative plan-
ning of CRT lead placement. Unfortunately, this is only indicative of the situation during
intrinsic rhythm. In CRT, there is an RV pacing lead in addition to the LV lead pacing the
apical wall of the LV. It is unclear if the latest-contracting segment during intrinsic rhythm
remains the same when RV pacing is applied. There need to be further studies to determine

if the strong relationship between MR-derived mechanical delay times and local electrical
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delay times remains even under RV pacing. If this correlation still holds, MR-derived re-
gional dyssynchrony metrics can be used even more confidently for CRT LV lead placement

planning.
9.2.4 Further Validation of Left Ventricular Lead Localization

To validate our lead localization methodology, we constructed and imaged a coronary vein
phantom. Although it was based on actual anatomy, it cannot completely simulate a patient.
Our registration methodology is designed to compensate for both respiratory and cardiac
motion, neither of which the current phantom is able to recreate. It is possible to develop
a more complicated phantom that can simulate patient motion; however, it would be ideal
to be able to validate the lead position in actual patients. Three-dimensional coronary vein
geometry can be generated from contrast-enhanced CT angiograms and can therefore be
substituted for the MR-derived anatomy in our lead localization technique. Furthermore,
CT is capable of imaging the position of the LV lead post-implantation and can therefore
be used to image the actual lead location. By comparing the estimated and actual lead

locations in a number of patients, the true accuracy of our technique could be assessed.
9.2.5 Effect of Myocardial Scar on Response

In this dissertation, we have provided a method for mapping LV lead position from dual
single-plane fluoroscopy to the AHA 17-segment model to retrospectively assess the suit-
ability of the LV pacing site. Using our method for detecting regional dyssynchrony, we
assessed the degree of dyssynchrony present at the pacing site and its effect on CRT re-
sponse. Several studies have shown that in addition to regional dyssynchrony, the amount
of myocardial scar at the site of the LV pacing lead determines whether a patient will
respond [40,93,94,96-99, 192]. Our improved lead mapping technique can be applied in
ischemic patients with a chronic MI to more accurately assess the effects of myocardial
scar. In the current study we only had a single ischemic patient, therefore it is difficult to

make generalizations based upon our observations.
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9.2.6 Application of Regional Dyssynchrony Analysis to Other MR Sequences
and Modalities

In this work, we computed the regional delay times between radial displacement curves
obtained from short-axis cine MR images. The methodology is not limited to this type of
data, but can be applied to data from a number of analysis and imaging techniques. For
example, strains can be computed at locations throughout the myocardium over the cardiac
cycle using an advanced imaging technology such as DENSE [245]. Similar to our analysis
with radial displacement curves, strain data can be clustered to determine a reference, and
cross-correlation can estimate a delay time between each curve and the reference. Future
work could determine the suitability of our methodology for assessing regional delay times
from different measurements of cardiac motion and contractility and various modalities

including CT and SPECT.
9.2.7 CRT Response Prediction

We have presented initial findings regarding the relationship between regional dyssynchrony
and CRT response. This study only consisted of 9 patients, and thus was not sufficiently
powered to make any conclusions and generalize the results to all CRT patients. By increas-
ing the number of patients, the study would be properly powered to detect the differences
between responders and non-responders. By increasing the number of patients, and using
our improved methods, future work can discern the relationship between regional dyssyn-
chrony, myocardial infarction, and LV lead location and be used to improve patient response

to CRT.
9.2.8 Utilization of Quantitative Echocardiographic CRT Response Criteria

In the current study, we relied upon clinical measures of response to CRT. Although these
metrics are indicative of the effect that heart failure has on a patient’s personal life, they
are relatively subjective measures. In addition to clinical response criteria, future stud-
ies should incorporate quantitative echocardiographic measures of left ventricular reverse
remodeling. By combining these two categories of response criteria, we would be able to

better understand how and if a patient responded to the treatment.
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9.2.9 Decrease Processing Time

Ideally, the methodology developed in this thesis could be used to pre-operatively plan the
LV lead placement using the MR coronary vein scan and regional mechanical contraction
maps. In the current implementation, the endocardial contours required for regional delay
calculations are drawn semi-automatically. This process is slow due to the fact that we are
acquiring data at 60 frames per cardiac cycle. If a patient has 10 short axis slices, that is
600 individual images that have to be contoured (takes 4 hours for an experienced user). An
automated segmentation algorithm could considerably improve the processing time required

to make this a feasible tool for lead placement planning.
9.3 Clinical Implications

The overall goal of this project was to develop techniques that allow us to more accurately
assess the relationship between mechanical dyssynchrony, electrical dyssynchrony, LV pac-
ing location, and response to CRT. This is important because currently, at least 30% of
patients who receive CRT devices fail to respond to the treatment [69,70,108,209]. Current
CRT enrollment criteria consider cardiac output, and electrical dyssynchrony, but there
is no pre-operative assessment of mechanical dyssynchrony [59,246]. Unfortunately, when
echocardiographic-based measures of mechanical dyssynchrony were considered for patient
selection in a large multi-center trial (PROSPECT), there was no improvement in out-
comes [152]. By using MRI for our dyssynchrony assessment, we can potentially overcome
some of the reproducibility issues that plague echocardiography [29,231]. Additionally, our
regional dyssynchrony method improves upon current techniques by using standard images,
which makes it feasible for use in future multi-center studies. Recently, focus has shifted
to looking at the amount of mechanical dyssynchrony at the actual LV pacing lead, rather
than across the entire LV. To properly study the effect of LV pacing lead location on re-
sponse to CRT, it is essential to accurately determine the position of the lead. A reliable
lead-mapping technique is needed because the current techniques have poor reproducibility

and low accuracy. Our lead mapping technique was accurate to within several millimeters.
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By combining this accurate lead-mapping technique with our high-resolution maps of re-
gional dyssynchrony, we can determine the actual mechanical delay at the actual LV pacing
site, and study the relationship. This work has a high impact because it is not limited to
mechanical dyssynchrony assessment. Using our method, LV lead location can be mapped
onto the AHA 17-segment model to be compared with any parameter. With the develop-
ment of more accurate and reproducible techniques, we may be able to remove much of
the variability that exists in the field and actually determine the factors that affect CRT

response.
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APPENDIX A

MAPPING THREE-DIMENSIONAL POINTS TO THE
AHA 17-SEGMENT MODEL

The American Heart Association (AHA) 17-segment model is a segmented model of the left
ventricle for improving communication between imaging modalities for research and clinical
purposes [147]. It is a polar plot where data from each slice is represented as a concentric
ring with apical slices located at the center of the plot while the most basal slice is on the
outside.

The AHA 17-segment model only represents data from two dimensions relative to the
central axis of the LV: longitudinal and circumferential. The procedure for mapping any

point in 3D onto the AHA 17-segment model is detailed below.

A.1 Determination of the Left Ventricular Central Axis

To map points to the AHA 17-segment model, the position of the LV must be known in
three dimensions. We determine the central axis of the LV from two- and four-chamber
images. Endocardial contours are traced on the two- and four-chamber images long axis
images. The mitral valve plane is identified in each view by manually selecting the edges
of the annulus. The apex is defined as the centroid of the bottom 15% of the LV. A line
extending from the midpoint of the valve plane to the apex of the LV served as the central
axis within each image. Using 3D position information from the DICOM header, the central
axis in each view was converted to a plane normal to the imaging plane. The intersection
of these planes in 3D was used as the central axis of the LV.

For a given dataset, such as regional dyssynchrony analysis, information is only available
for a finite number of slices, and analysis rarely considers the most basal and apical portions
of the LV. To account for this, the basal end-point of the central axis (Xp, Yy, Z3) is the

intersection of the central axis with the most-basal slice in which the analysis was performed.
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Central Axis

Figure A.1: Any point in 3D can be mapped to the AHA 17-segment model. After convert-
ing to an alternate coordinate system, the point can be converted to cylindrical coordinates.
By discarding the radius value (p), we can then map the location directly to the AHA seg-
ment model

Similarly, the apical central axis endpoint (X,,Y,, Z,) was the intersection of the central

axis with the most apical slice plane.
A.2 Mapping 3D Point to AHA 17-Segment Model

To map any point in 3D to the AHA 17-segment model, we need to define an alternate
coordinate system (2,1, 2’), relative to the left ventricle. The 2’ axis points from the apex
to the base and is scaled such that the origin is at (X,, Y,, Z,) and a 2’ value of 1 corresponds
to (X3, Y, Zp). The y' axis points at the anterior insertion of the right ventricle. The z’
axis is orthogonal to the other axes.

To determine the position of a 3D point, the point must first be rotated into this alternate
coordinate system from the standard (z,y, z) cartesian coordinate system. We then convert
from (2,3, 2') to a cylindrical coordinate system (p, ¢, z), where p is the radius, or distance
of the point from the central axis, ¢ is the angle between the RV insertion and the point,
and z is the distance from the origin along the 2’ direction. In these cylindrical coordinates,
¢ represents the circumferential position and z represents the longitudinal position.

When mapping points to the AHA segment model, the radial position p is collapsed. By

eliminating p, we can now convert to a polar coordinate system where the radial direction is
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z and the angular direction is ¢. We can then map this point directly to the AHA segment
model.
By standard convention, we rotate the result so that the RV insertion is always located

2
at 3 -
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APPENDIX B

CROSS CORRELATION ANALYSIS

Cross correlation is a commonly used signal processing technique for determining the phase
difference between two discrete-time signals [166]. Unlike many techniques for determining
the delay time between two signals, such as differences in time-to-peak, cross correlation
utilizes the entire curve to estimate delay time. This results in a delay estimate that is less

sensitive to noise.
B.1 One-Dimensional Cross Correlation

The basic premise is that one signal is shifted in time relative to another, and at each
shift, the correlation between the shifted signal and the reference signal is computed. This
correlation calculation is shown in Equation B.1, where R is the stationary reference signal,
X is the shifted signal being compared to the reference, N is the number of data points in
R and X, and 7 is the shift applied to the signal. .

N-1

CO(r) = % S (X (- T)R() (B.1)
t=0

The result is an array of correlation values corresponding to shifts in time. The max-
imum correlation value corresponds to the true temporal delay between the two signals

(Equation B.2).

Tdelay = argmax CC(7) (B.2)

In cases where the two signals being compared may have different amplitudes, normalized
cross correlation (NCC) can be used to compare the signals. NCC is a specific type of cross
correlation wherein the mean of each of the signals (X and R) is first subtracted, and each
signal is divided by the standard deviation (ox and og). This ensures that cross correlation

analysis remains unaffected by differences in magnitude (Equation B.3).
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1 X(t—-7)-X)(R(t) - R)
NCC(r ; p—— (B.3)

B.2 Circular Cross Correlation

When shifting one signal relative to another, it is possible that one signal extends beyond
the extent of the other signal. Typically these values are ignored and correlation calculations
only consider overlapping data points. If the two signals are periodic in time, and the data
is obtained over a whole-number multiple of the period of the signal, it is possible to use
periodicity when computing the correlation values. In this case, values beyond the signal
duration are sampled from the far end of the periodic signal.

The 1D example of circular cross correlation is shown in Equation B.4, where X and R
are the signals being compared, N is the number of samples in X and R, and 7 is the shift

being investigated. The modulo operator is used to sample the signal periodically.

N—

,_.

1
=% tZO ((t = 7) mod N)R(t) (B.4)

B.3 Two-Dimensional Cross Correlation

In B.1, we presented the basic description of determining temporal delay between two
1D discrete-time signals [166]. The same concept can be expanded to higher dimensions
(Equation B.5). In 2D, cross correlation is often employed to register two similar images
to one another. By computing the correlation value for all shifts, ¢ and j in the row and
column directions, respectively, it is possible to determine the shift of one image that will
yield the best match with the reference image. In equation B.5, A is the shifted image, B

is the stationary reference image, M and N are the number of rows and columns in A.

M—-1N-1

CC(i,j) M ~ Z ZA m—i,n— j)B(m,n) (B.5)

m=0 n=0

Similar to Equation B.2, the shifts (0y and dz) which yield the best match of the two
images can be obtained by finding the maximum correlation value and it’s corresponding

shifts (Equation B.6).
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(0y,0x) = argmax CC(i, j) (B.6)
0,

To account for potential differences in intensity between the two images being registered,
normalized 2D cross correlation is used. In Equation B.7, we can subtract the means of the
two images (A and B) and normalized to the standard deviations of each image, o4 and

OB.

M—-1N-1 . . —
M-N Z_O Z_O oATB

This same concept can be extended to higher dimensions.
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APPENDIX C

THREE-DIMENSIONAL POSITION FROM DICOM IMAGES

DICOM images exported from magnetic resonance imaging systems contain application-
specific information including the data necessary to map any point in the imaging plane to

a three-dimensional point. This information is conveyed through three fields [247]:

1. Image Position Patient (0020,0032) — Specifies the x, y and z coordinates of the

center of the upper left hand pixel in the image.

IPP,
IPP = IPP, (C.1)

IPP,

2. Image Orientation Patient (0020,0037) — Provides the directional cosines of the
rows and columns of the image, respectively. Directional cosines provide the weights

for the components of a unit vector.

IOP,, IOP.,

)

I0P = | [0P,, IOP., (C.2)

)

IOP,. IOP.,

3. Pixel Spacing (0020,0039) — Contains the distance between pixel centers for the

rows and columns, respectively.

pPS = { PS, PS, ] (C.3)

The following equation was used to determine the 3D position (2, Y, 2w) of any point

(ri, ¢;) in image space.

Lw
T - PST

v | =IPP+I10P (C.4)
C; - PSC

Zw
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Note: Zero-based indexing is assumed so image coordinates (r;,¢;) of the upper left

hand corner pixel center are (0,0)
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APPENDIX D

QUALITY THRESHOLD CLUSTERING

Quality Threshold (QT) clustering is a technique that was initially developed for gene
clustering [165]. Instead of specifying the number of desired clusters, the user provides a
quality parameter that ensures members within a single cluster adhere to this quality. This
quality value is based on any number of metrics including Euclidean distance and root mean
squared error (RMSE). The advantage of QT clustering is that the quality of the resulting
clusters is guaranteed; however, the algorithm is computationally expensive.

In our research, we utilize QT clustering for two purposes. First, we used it to cluster
radial displacements of the endocardium throughout the left ventricle (LV) in order to
identify a representative synchronous radial displacement. Second, we used a modified QT
clustering approach to identify the frames of the cardiac cycle over which the position of
the coronary sinus did not move more than a specified distance in an effort to identify ideal

time periods for imaging the coronary veins with MRI.
D.1 QT Clustering for Reference Radial Displacement Curve

In our research, we utilize radial displacement of the endocardium to detect regional dyssyn-
chrony. By sampling the endocardium at points throughout the entire left ventricle, we
obtain radial displacement curves (RDCs). To determine the delay time of a particular
RDC, it is necessary to compare it to a reference. By clustering the RDCs for each patient,
we were able to identify the largest group of RDCs with a similar contraction pattern and
these were considered to be representative of “synchronous” contraction for that particular
patient. The root mean squared error (RMSE), was the metric used for QT clustering, and
the quality threshold was defined to be 33% based upon studies in healthy controls. The

implementation is shown in Algorithm 1.
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Input: RDCs: Radial Displacement Curves

Output: C: Subset of RDC's in the largest cluster

foreach i in RDCs do

add 7 to its own new cluster A;;

flag + TRUE;

while (flag = TRUE) and (A; # RDC's) do

/* Find the most similar member of RDC's */

find j in (RDC's - A;) such that RMSE(A; U j) is a minimum;

/* Ensure RMSE between any two members does not exceed the
threshold */

if RMSE(A; U j) > threshold then

flag + FALSE;
else
/* Add j to the current cluster */
A+ A Ujg
end
end
end
/* Find cluster with the most members */

identify set C' € {Aj, Ag, ...} with maximum cardinality;

return C;

Algorithm 1: QT Clustering of Radial Displacement Curves to Define Synchronous

Contraction

After we have the subset of RDCs (C) that are all members of the largest cluster, we

average these RDCs to obtain the patient-specific reference curve.
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D.2 QT Clustering for Stationary Period Determination

In Chapter 5, we use a modified QT clustering algorithm to identify the stationary periods
of the coronary sinus in vertical long axis (VLA) images. The goal is to identify consecutive
frames over which the coronary sinus moves less than a specified distance cutoff (0.67 mm).
Using the standard QT clustering technique, we could identify the frames during which the
coronary sinus is within the specified distance; however, a stationary period must be con-
secutive frames, therefore we must have an additional constraint. The modified algorithm

is shown in Algorithm 2.
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Input: CS: Coronary Sinus centroids for all phases

Output: C: Consecutive subset of C'S within the specified distance threshold

foreach i in CS do

add 7 to its own new cluster A;;

flag + TRUE;

/* Store the next position after i */

J « i.next();

while (flag = TRUE) and (A; # CS) do

/* Inspect the next element of CS to see if it exceeds the
threshold */

if diameter(A; U j) > threshold then

flag + FALSE;
else
/* Add j to the current cluster */
Ai AU ;s
/* Move j to the next position */
J « j.next();
end
end
end
/* Find cluster with the most members x/

identify set C € {Aj, Ag, ...} with maximum cardinality;
return C;

/* Call using (CS — C) as the input to get second largest cluster x/

Algorithm 2: QT Clustering of Coronary Sinus Displacement

The QT clustering was run once to determine the longest rest period, then re-run with

the un-clustered time points to determine the location of the second longest rest period.
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APPENDIX E

FRANGI VESSELNESS FILTER

The Frangi vesselness filter generates an image where the pixel values correspond to the
likelihood that a given pixel belongs to a vessel or not. By computing the Hessian matrix
and its eigenvalues, it is possible to obtain a description of the local second order structure
of an image including: blob-like objects, constant background pixels, and pixels that belong
to tubular structures [248,249]. Frangi et al. determined the relationship between the
eigenvalues of the Hessian that best provides a measure of “vesselness” [218]. Additionally,
they developed a multi-scale approach wherein only vessels within the specified range are
detected.

For our analysis, we utilized the Frangi vesselness filter to exclude unwanted objects
from biplane venograms including sternal fixation wires, and tools placed on the patient’s
chest during the CRT implantation procedure.

In the multi-scale approach suggested by Frangi et al, the intensity profile of a vessel
in a medical image is assumed to be Gaussian-like, therefore we can specify the scale of
interest using o, the standard deviation of the Gaussian. The equation of the 1D Gaussian
is shown in Equation E.1, where p is the center of the Gaussian, and o is the standard
deviation of the Guassian.

1

Gle) = o 2776_%(

u)Q

o

(E.1)

The Hessian matrix is composed of the second order partial derivatives of an image.

The partial derivatives are computed within the local neighborhood of a given pixel

o1 ot
g | 0z* Ox0y (E.2)
s o
oxdy  Oy?
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Figure E.1: Filter kernels to estimate the second derivatives of an image. The kernel on
2 2
the left computes %, the middle kernel is used to find ;Taly, and the filter on the right

yields giyg. The kernels are computed by taking the second derivative of the Gaussian with
the specified scale, o. In this case, 0 = 5.

To compute these second derivates of the image at the scale o, we created a filtering
kernel that is the second derivative of the Gaussian in the z, y, and diagonal directions
(Figure E.1). By filtering the image with these kernels, we can populate the Hessian for
each pixel in the image.

We perform eigenvalue decomposition on the Hessian and obtain two eigenvalues (\;
and A2) and their corresponding eigenvectors (v; and ve). The eigenvalues are sorted in

increasing absolute value (Equation E.3).

A1l < [A2] (E.3)

For a pixel lying within a vessel of scale o, the largest change in curvature will be across
the vessel boundary, therefore vy will be normal to (across) the vessel boundary. Because
of the orthogonality of eigenvectors, v; will point along the vessel and will A\; will be close
to 0 since the intensity along the vessel is relatively constant.

Therefore, eigenvalues of the Hessian for a pixel belonging to a vessel will typically be

related in the following ways:

M|~ 0 (E.4)

M| < [A2] (E.5)
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It is possible that a pixel that belongs to the background may meet these criteria due
to noise and local fluctuations in the image. Thankfully, the corresponding eigenvalues will
be small due to the lack of a true second order structure in background noise. So we can

add one more criteria for identifying vessels based on the magnitude of the eigenvalues:

S=4/M+X>0 (E.6)

With these three criteria (E.4, E.5, and E.6), the “vesselness” of a pixel can be computed

as shown in Equation E.7, where 8 and ¢ are weights that have to be assigned empirically.

o HE) o (E)

As per the recommendation of Frangi, et al., a 8 value of 0.5 was used. Based upon
analysis of our biplane venogram images, a value of 15 was selected for ¢ to properly suppress

false positives in the background of the image.
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APPENDIX F

ALPHA SHAPES

An alpha shape (a-shape) is a volumetric representation of a finite set of points in either R?
and R3. For our purposes, we will focus on the 3D representation. Our goal is to generate
a 3D mesh that represents the geometry of the coronary veins using points defined in a 3D
stack of MR images.

First, user-defined points within the coronary veins were selected throughout the entire
3D stack of MR images. These 2D image coordinates were converted to 3D coordinates, P,
using position information from the DICOM header (Appendix C).

To compute the a-shape for a set of points, we first have to compute the Delaunay
triangulation [250]. Briefly, the Delaunay triangulation is a triangulation in which all of
the original data points, P, lie outside of the circumcircle of any triangular face of the
resulting triangulation. The concept of a circumcircle is shown in Figure F.1. In our work,
all Delaunay triangulations were computed using the built-in delaunayn routine in Matlab
(The Mathworks, Natick, MA).

The Delaunay triangulation of a set of points, P, results in a triangulation of the convex
hull of those points. In our case, we are trying to reconstruct the coronary vein anatomy
which has several branches, therefore the convex hull fails to capture these local features.
An a-shape enables us to detect these local features by limiting the size of the faces of the
triangulation.

An a-shape is achieved by placing a constraint («)) on the radius of the circumcircle for
each face in the Delaunay triangulation. This constraint eliminates large faces that span
the entire point cloud to create the convex hull. By decreasing «, it is possible to get more
local features, although it can also result in unsuccessful triangulation if the original data
points are too far apart [203].

In our implantation, we utilized TriRep.circumcenters in Matlab to compute the
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Figure F.1: The circumcircle of three points (A, B, and C) is the smallest circle with radius
r that touches all three points.
radius of all circumcenters. Triangular faces with radii larger than the pre-determined
cutoff were removed and the resulting a-shape was returned.

In our research, we needed to select an o value small enough to separate the coronary
veins from one another but large enough to successfully connect points selected in two
neighboring slices. We empirically determined that an «a value of 4 mm created a successful

3D mesh of coronary vein anatomy.
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