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Abbreviations
ACC

Asynchrony correlation coefficient

BARC

Basis apex correlation

Bpm

Beats per minute

CMR

Cardiovascular magnetic resonance imaging

CMR-FT

Cardiovascular magnetic resonance myocardial feature-tracking

CMR-TSI

Cardiovascular magnetic resonance tissue synchronization index

CRT

Cardiac resynchronization therapy

CRT-D

Cardiac resynchronization therapy including a cardioverter/defibrillator

CURE

Circumferential uniformity ratio estimate

CV

Coefficient of variation

DCE

Delayed contrast enhanced

DCM

Dilated cardiomyopathy

DENSE

Displacement encoding with stimulated echoes

DiffSLpeakCS Difference between septal and lateral peak of circumferential strain
ECG

Electrocardiography

FOV

Field of view

HARP

Harmonic phase analysis

HCM

Hypertrophic cardiomyopathy

HV

Healthy volunteer

ICD

Implantable cardioverter/defibrillator

LAHB

Left anterior hemi block

LBBB

Left bundle branch block

LGE

Late gadolinium enhanced
V

LVEF

Left ventricular ejection fraction

MRI

Magnetic resonance imaging

OS delay

Onset of shortening delay vector

PCI

Percutaneous coronary intervention

PET

Positron emission tomography

PS delay

Peak of shortening delay vector

RVS

Regional variance of strain

RVVPS

Regional variance vector of principle strain

SENC

Strain encoded imaging

SENSE factor Sensitivity encoding factor
SPECT

Single photon emission computed tomography

STEMI

ST-elevation myocardial infarction

T1

Longitudinal relaxation time

T2

Transversal relaxation time

TDI

Tissue Doppler imaging

TPM

Tissue phase mapping

TUS

Temporal uniformity of strain

TUV

Temporal uniformity of velocity

VENC

Velocity encoding

σ(Tonset)

Standard deviation of onset of shortening

σ(Tpeak)

Standard deviation of peak of shortening

σ(TTP)

Standard deviation of times-to-peak
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1 Introduction
Patients suffering from late-stage congestive heart failure (NYHA III and IV (29)) and left
ventricular asynchrony often require a cardiac pacemaker to support cardiac pump
function (15,58,143). A sophisticated and increasingly-needed option of pacemaking are
cardiac resynchronization therapy (CRT) systems. Pacing the right and left ventricle, these
systems restore synchronized cardiac contraction and improve left ventricular ejection
fraction (LVEF). Several large trial studies have proven their positive impact
(2,10,16,20,25,151).
However, response to CRT is still not fully predictable. One third of patients show no
benefit, due to unknown reasons, but are still exposed to the risks of the intervention
(152,154). Additionally, socio-economic reasons stimulate research to find reliable clinical
indicators that predict CRT response as costs for CRT systems and 4 year healthcare support
are above $60,000 in the US (111).
Factors that influence CRT response include, but are not limited to, myocardial scar tissue,
left ventricular function and myocardial motion, which proved to be key in CRT response
analysis (13,22,24,129,130,139,153,154). The first step in finding motion patterns that
show a predictive value for response is to identify motion parameters that qualify for
precise myocardial motion assessment. In a next step, characteristic patterns in CRTresponders and non-responders may be detected and applied for improved patient
selection.
Echocardiographic parameters, although thoroughly investigated, have not delivered
satisfying results predicting CRT response (24). Since echocardiography shows high user
dependency, MRI based parameters have gained interest. Several studies have shown good
reproducibility and

fewer

inter-/

and

intra-observer deviation

compared to

echocardiographic methods (135). Different techniques to quantify myocardial contraction
in MRI have been described including encoding displacement (displacement encoding with
stimulated echoes (DENSE)), strain (strain encoded imaging (SENC)) or velocities (tissue
phase mapping (TPM)) and tissue tagging (49,64,89,98,157,158).
A number of velocity and strain based tissue phase mapping (TPM) parameters have been
mentioned in relevant literature, but most have only been applied to few volunteer data
1

and lack clinical evidence. A comparison of the different parameters has not been
published. In this study, TPM acquisition of 41 volunteers and 34 patients has been
performed and 14 velocity and strain based parameters were evaluated with respect to
myocardial contraction and relaxation. The objective was to make the first step in
prediction of CRT response by analyzing the capability of these parameters to distinguish
healthy volunteers from patients with cardiac dysfunction.
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1.1 Dilated cardiomyopathy (DCM)
Dilated cardiomyopathy is a condition of the left ventricle defined as left ventricular dilation
and systolic pump dysfunction without abnormal loading conditions, increased afterload
or coronary artery disease (37,100,102). Echocardiographic diagnostic criteria are an
increase of the end-diastolic volume index above age and sex specific values and a
reduction of ejection fraction in the absence of other specific causes (36,142). Additionally,
diastolic malfunction, deferred and incomplete relaxation as well as right ventricular
dilation and dysfunction can be present but are not necessary for diagnosis. In
approximately 50 % of patients no underlying cause responsible for the development of a
DCM can be found (50). With a prevalence of about 1:2500 DCM is the third most common
cause of heart failure and the number one reason for heart transplantation (100).
The pathologic correlate of this dysfunction is interstitial fibrosis and structural alteration
of the extracellular matrix, which can be imaged using microscopic and ultramicroscopic
procedures (50).
There are genetic and environmental triggers leading to DCM. The proportion of patients
suffering from familial DCM range from 20 % to 50 % (86,100). Environmental causes
include virus infections, micro bacterial and parasitic pathogens as well as toxic and
metabolic agents (86,100). Viral infections due to coxsackievirus B, adenovirus and
parvovirus B19 are the most common reasons and constitute about 50% of diseases of nongenetic origin (50). Clinical diagnosis of DCM due to viral agents can be difficult as silent
viral myocarditis can be overlooked in early stages and end stage DCM often lacks signs of
inflammation. Nonetheless, relicts of viral infection (i.e. nucleic acids or antibodies) can be
found in biopsies suggesting viral etiology of DCM (86).
Alcohol abuse and chemotherapeutic agents especially doxorubicin and cobalt as well as
autoimmune mechanisms, thyroid malfunction and drug consumption have been shown to
cause DCM (79,86).
Patients with end-stage DCM usually present a left ventricular ejection fraction (LVEF)
below 25 %, which means severe heart failure (86). Moreover, patients with DCM
frequently show signs of electro-mechanical left ventricular asynchrony (26,71,76,84,148).
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To save patients from sudden cardiac death due to progressing heart failure or arrhythmia,
an increasing number receive implantable cardioverter/defibrillator (ICD) devices,
including CRT systems (31,32,104–106).
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1.2 Cardiac resynchronization therapy (CRT)
Cardiac resynchronization therapy (CRT) is referred to as biventricular pacemaking,
stimulating both septal and lateral wall segments of the left ventricle. The pacemaker
system includes 3 leads: one is placed through the superior caval vein and the right atrium
to the septum of the right ventricle. The second lead stimulates the right atrium to
synchronize atrial and ventricular contraction, and a third lead is placed through the
coronary sinus onto the lateral or inferolateral wall of the left ventricle (107,133) (figure 1).

Figure 1: Schematic picture of a cardiac resynchronization therapy (CRT) system implemented in a human heart. With
kind permission of (133).

This electrode design allows a specific and individual timing configuration between atrial
and ventricular stimulation to maximize cardiac pump function. The idea is to reestablish
synchronized wall contraction of the ventricles. Large multicenter trials showed CRT’s
effectiveness. CRT significantly improves clinical symptoms, quality of life and enhances
exercise tolerance in patients with heart failure and conduction delay (2,10,20,151).
Cardiac resynchronization decreases frequency of complications, combined risk of death,
hospitalization rate and mortality, especially in combination with an implantable
cardioverter/defibrillator (ICD) (16,25), so called CRT-D devices. These devices detect and,
if necessary, terminate live-threatening cardiac arrhythmia like ventricular tachycardia or
ventricular fibrillation by releasing short electric impulses to the myocardium.
Patients with heart failure and left bundle branch block (LBBB)-related, advanced
ventricular dyssynchrony take additional benefit from CRT since CRT reduces recurrent
heart failure events in these patients (55). In a large multicenter study Zareba et al. showed
that CRT-D reduces progression in heart failure and risk of tachyarrhythmia in left bundle
5

block patients with NYHA class I or II and LVEF < 30 % (156). As a consequence, current CRT
class 1 recommendations have been adapted and include patients with NYHA II or greater
with LBBB, LVEF less or equal to 35 % and QRS duration greater than or equal to 150 ms
(143).
Careful patient selection is necessary to maximize the benefit of CRT. In 2005 Strickberger
et al. stated that patients with heart failure class NYHA III or IV lacking arrhythmia under
maximal medical treatment with DCM, LVEF less than 35 % and QRS-width > 120 ms are
best eligible for CRT treatment including defibrillators (137). Still, around 30 % of patients
show no clinical improvement after CRT implantation and if echocardiographic end-points
are chosen (reduction of left ventricular end systolic volume [LVESV] by 10 % or 15 %)
Ypenburg et al. reported a response of only 44 % to 62 % (152,154).
1.2.1 CRT patient selection
To improve CRT-response it is crucial to select patients that are best eligible for CRT. Factors
that substantially contribute to improved patient selection for CRT device implantation
include, but are not limited to:
1.) global cardiac function
2.) functional ventricular dyssynchrony
3.) scar distribution and burden
4.) course of coronary veins
Pre-interventional non-invasive imaging should be able to cover most of these aspects to
restrict the number of pre-interventional examinations. Although echocardiography is
today’s standard to evaluate global cardiac function, and ultrasonic parameters are used
to quantify ventricular dyssynchrony, no predictive parameters have been found yet.
Faletra et al. compared eight echocardiographic tools to determine the prevalence of
mechanical dyssynchrony in 63 end stage heart failure patients but found a very low
agreement among the eight methods (39). Furthermore, Bilchick et al. described false
positive dyssynchrony in 44 % of control subjects by tissue Doppler imaging in his study
(13). This findings have been confirmed in the PROSPECT (Predictors of Response to CRT)
study, where no echocardiographic parameter predicting a positive CRT response was
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found (24). Moreover, detailed scar and coronary vein imaging are not feasible in
echocardiography.
Today, cardiac magnetic resonance imaging (MRI) is frequently used in clinical routine and
has proven valuable over many years (122). Major benefits of MRI are its high
reproducibility and the quality of imaging data. Currently, MRI is considered the only noninvasive imaging technique that is able to assess global myocardial function, mechanical
dyssynchrony, scar burden and course of the coronary veins (27). This leads to the idea to
gain all necessary information for CRT guidance during one examination prior to the
intervention.
Given the benefits of MRI, the motivation of this study is to search for motion quantification
parameters in cardiac MRI that reliably evaluate cardiac contraction and relaxation. The
underlying idea is to find motion patterns in patients eligible for implantation of CRT
devices that predict CRT response and help reducing the number of patients that do not
take benefit from the intervention.
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1.3 Cardiac magnetic resonance imaging
1.3.1 Introduction to magnetic resonance imaging
Magnetic resonance imaging (MRI) uses the property of nuclear magnetic resonance.
Medical MRI focuses on hydrogen atoms, despite other atoms’ nuclei with odd number of
protons can be used for magnetic resonance imaging. Having only one electron and one
proton, hydrogen fulfills the requirements for imaging. The proton has, as a basic property,
a so called spin, which can be imagined as a rotation of the proton around its central axis
(68). The rotating electrical charge induces a magnetic moment µ, aligned with the
rotational axis.
In a homogenous and static magnetic field B0 created by the MRI scanner, the spins of the
protons become aligned with B0. Two different orientations can be taken: up and down.
The less energetic and thus preferred position is the up-position. The spins are neither
static nor immobile. They rotate around B0 at a constant angle. This rotation is called
precession and takes place at the Larmor frequency. The magnetic moments µ of multiple
protons can be summed up to a magnetic moment M aligned with B0 along the vertical axis
(z-direction) (68).
A high frequency radio impulse with the Larmor frequency, perpendicular to B0 is applied
to rotate M in the horizontal plane (x-y-plane). This rotating magnetization induces a
measurable signal in the scanner receiver coils on the patient’s body (67). The signal is
decaying over time as the rotating magnetization returns to equilibrium due to relaxation.
Longitudinal relaxation time (T1) is the time of the recovery of longitudinal magnetization
along B0. Transversal relaxation time (T2) is the time of the decay of the signal due to loss
of phase synchronization of the spins (69).
To receive information about the origin of the signal in 3D space, the MRI scanner creates
three additional magnetic fields, the so called gradients. These gradients help to generate
specific signals in the three-dimensional human body as they manipulate spin precession
at different locations individually.
The time of relaxation back to equilibrium differs characteristically in all tissues. These
differences in relaxation times (T1 and T2) generate individual signals and contrasts in
images which allow tissue delineation.
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The various signal information developing during relaxation process are stored in k-space,
a virtual space in the scanner. K-space is the 2D Fourier transform of the frequencies and
phase changes that digitalizes the image (47); it contains MRI raw data before
reconstruction. When k-space is replenished at the end of the scan, all information of kspace is mathematically recovered by inverse Fourier transform providing detailed spatial
information about the signals that were received. In a final step, the inverse Fourier
transform renders the image on the computer screen (47).
In clinical routine, MRI has become a powerful diagnostic tool. One of the benefits of MRI
is the fact that the examiner is able to choose arbitrary planes focusing on the requested
information. MRI lacks ionizing radiation, and hence there are no restrictions on examining
children or patients with chronic diseases that require frequent imaging controls.
Moreover, high image quality and patient independent reproducibility underline the
advantages of MRI. Currently, spatial resolution up to 1.0 mm x 1.0 mm in plane and
temporal resolution up to 15 ms is possible (85).
Scanner settings that enhance contrasts between different tissues in the body can be
adjusted to answer specific clinical questions. The application of contrast agents like
gadolinium or iron oxide further extends the range of tissue contrasts. MRI is able to
provide information about morphological as well as functional aspects of the body.
Progress in hardware and software development enabled faster imaging acquisition and
improved image quality and resolution. Today countless different image techniques and
specialized sequences are available.
Cardiovascular MRI (CMR) offers various tools to quantify functional and anatomical
aspects of the heart. Visualization of the heart anatomy, including coronary arteries and
veins as well as myocardium, chambers and valves, is possible (85). Moreover, evaluation
of functional aspects like ventricular function, cardiac blood flow and myocardial motion
are feasible (85,144). CMR emerged as the gold standard to detect and quantify myocardial
scars using contrast agents like gadolinium (late gadolinium enhancement (LGE)) (41,85).
Furthermore, stress or perfusion imaging using adenosine and dobutamine offers
assessment of stress-induced physiological and pathological cardiac reactions supporting
e.g. diagnosis and treatment of patients with coronary artery disease (115). Today, cardiac
MRI is considered as a key tool in diagnosis of cardiac inflammatory and autoimmune
9

processes for example in viral myocarditis (112). CMR evaluating cardiac metabolism is in
early stages but several studies indicate its value for future clinical application (17,56,132).
In conclusion, CMR offers unprecedented potential to evaluate cardiac morphology,
function, perfusion and metabolism that create a highly detailed image of the status of
the human heart. Considering the diagnostic capabilities, CMR outperforms its diagnostic
alternatives like echocardiography, single photon emission computed tomography
(SPECT) and positron emission tomography (PET).
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1.3.2 Assessment of myocardial motion in magnetic resonance imaging (MRI)
Myocardial wall motion can be quantified by several MRI techniques. In this section, tissue
tagging, strain encoded imaging (SENC), displacement encoding with stimulated echoes
(DENSE) and phase velocity mapping are presented with a brief overview of each
techniques’ benefits and drawbacks. Simpson et al. created a detailed review about cardiac
motion tracking (135) that was used as a reference for this chapter.
1.3.2.1 Tissue tagging, SENC and DENSE
In tissue tagging an artificial magnetic saturation grid is imposed on the myocardium (figure
2). This grid is then tracked over the cardiac cycle to evaluate cardiac contraction. Images
of tissue tagging seem visually attractive but analysis remains complex. Even though
advanced analysis tools and extensions like harmonic phase (HARP) analysis are available
to minimize analysis time and increase accuracy, post-processing without HARP is still time
consuming and tag fading prevents coverage of an entire cardiac cycle (135). Nonetheless,
tissue tagging is the most established technique to quantify cardiac wall motion and has
been used in diagnosis of coronary heart disease (33,82,126), myocardial infarction
(83,97,108), DCM (75,110,149), HCM (38,128,150), left ventricular hypertrophy (34) and
ventricular dyssynchrony (13,110).

Figure 2: Left ventricular short-axis slice recorded with magnetic resonance tissue tagging. A grid is imposed on the
myocardium and deformation is tracked over the cardiac cycle. In this image deformation of end systole is shown. With
kind permission of (57).

Another technique to track cardiac motion is SENC (strain encoded imaging) developed by
Osman et al. (113). SENC measures through-plane strain, which allows i.e. longitudinal
strain determination from short axis slices or circumferential strain determination from
long axis slices (135). It requires minimal post-processing but lacks the ability of radial strain
11

measurement and, like tissue tagging, is not capable of recording an entire cardiac cycle
due to tag fading. This technique has been applied in diagnosis of myocardial infarction
(109,114), coronary artery disease (80,81) and right ventricular function in pulmonary
hypertension (134), but, as a relatively new technique, it is still in need of further research
(figure 3).

A

B

Figure 3: Strain encoded magnetic resonance imaging (SENC in magnetic resonance imaging (MRI) combined with
dobutamine stress testing. High myocardial strain is coded orange/red, reduced strain is coded yellow/white. In 3A the
red arrows indicate ischemic apical myocardium in a 4 chamber view in systole. In 3B the yellow arrows indicate ischemic
myocardium in the lateral wall in a mid-ventricular short axis slice in systole. With kind permission of (81).

Displacement encoding with stimulated echoes (DENSE) records tissue displacement in or
through plane (135). DENSE technique shows high precision and requires little postprocessing but it is prone to noise artifacts and, much like tagging, unable to cover a whole
cardiac cycle (135). Preclinical studies regarding heart failure in canines (18) and myocardial
infarction in mice (53,54) indicated its potential in tracking cardiac wall motion. DENSE has
been applied in patient studies to identify myocardial infarction (5), ventricular
dyssynchrony (136) and in a heterogeneous cardiac patient population including
cardiomyopathies (40), but has yet to prove its usability in daily clinical routine (figure 4).
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Figure 4: Mid-wall displacement vectors (yellow) in a cardiac short axis slice using displacement encoding with stimulated
echoes (DENSE) in magnetic resonance imaging (MRI). The epicardial border is depicted as the red line, the endocardial
border is depicted as the blue line and myocardial mid-wall is depicted as the green line. With kind permission of (136).

1.3.2.2 Tissue phase mapping
Tissue phase mapping (TPM) is a special type of phase contrast velocity mapping. This MRI
technique is capable of quantifying velocities in three different directions (119).
Phase contrast MRI has the advantage of providing quantitative information about both
velocity and direction. Originally, it was used to quantify blood flow and proved to be a
valuable technique (48). As explained below, velocity of motion is directly encoded. Today
it is increasingly applied to track and evaluate cardiac motion and is referred to there as
tissue phase mapping (70) (figure 6).
Phase contrast sequences are based on a bipolar gradient (see figure 5). The bipolar
gradient can be seen as a pair of gradients that differ in their polarity but are otherwise
identical. The first gradient is set up in the direction of movement. As a consequence, spin
phase in the affected tissue changes. After the second gradient is switched on in the
opposite direction, spin phase changes again. In theory, the bipolar gradient has no
resulting impact on spin phase of non-moving spins in static tissue. Moving spins, however,
show a resulting phase shift as the phase change gained through the negative gradient
differs from the phase change gained through the positive gradient. This happens because
spin magnetization of the examined tissue is exposed to varying B0 field strengths during
motion which depend on the position in the scanner. Broadly speaking, bipolar gradients
have a specific impact on spin phase depending on tissue motion during the time of
gradient activity. The resulting phase shift is directly proportional to velocity (70).
13
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a

t

Figure 5: Schematic illustration of a bipolar gradient. Gradient a and b with identical power but opposite direction over
time (G = power of the gradient; t = time) (70).

Artifacts induced by non-flow phase errors are dealt with by an additional flowcompensated-image. As a result, velocity is calculated from phase difference between flowencoded and flow-compensated images (70).
Originally, TPM only offered a low temporal resolution of 60 to 100 ms. Advanced TPM
techniques, including navigator-gated, breath-hold free sequences, now provide high-level
spatial and improved temporal resolution of about 13.8 ms, previously only seen in
echocardiography (74). By adding blood suppression pulses to the sequences, artifacts due
to high-speed blood flow in the left ventricle can be avoided (30,65). As shown in chapter
2.3.2, strain calculation from TPM data is possible using integration. A major drawback
remains, however, as TPM sequences still demand a considerable acquisition time.
Nonetheless, a high correlation between the well-established, and often referential,
echocardiographic tissue Doppler imaging (TDI) and phase contrast MRI (PCMRI=TPM) has
been shown (73). Moreover, lower intra- and inter-observer deviation compared to
echocardiographic techniques have been demonstrated (135). Although few clinical
experience exists, phase contrast imaging proved its usability in studies regarding left
ventricular hypertrophy (72), heart failure (28), hypertrophic cardiomyopathy (HCM) (11),
myocardial infarction (9,99), DCM (45), coronary artery disease (77,131), ventricular
dyssynchrony (28) and previous studies indicate strong differences in TPM based motion
quantification parameters between DCM patients and healthy volunteers (42,43).
Generally speaking, phase velocity mappings’ main advantages are widespread availability
on most clinical scanners, comparably quick post-processing, lack of fading and high-level
resolution.
14

Figure 6: Tissue phase mapping (TPM) in magnetic resonance imaging. Screenshot of a tracking video of a patients’ basal
heart slice included in this study (University Hospital of Ulm, 2012). The light grey circles indicate user entered epicardial
and myocardial borders. The blue and turquoise circle indicate myocardial tracking spots. In this case left ventricular
tracking was executed successfully.
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1.4 Left ventricular asynchrony
The electric conduction system of the heart consists of several electric excitation pathways.
Electrical stimulation starts at the sinoatrial node, the physiological pacemaker of the heart.
Excitation travels through the atrioventricular node (AV-node) to the bundle of His. Beyond
the atrioventricular valves the conduction system is split into a right bundle branch and a
left bundle branch. The right bundle branch has one fascicle responsible for right
ventricular excitation. The left bundle branch is subdivided into a smaller left anterior
fascicle and a thicker left posterior fascicle, both conducting electrical stimulation in the
left ventricle (figure 7).
All three fascicles ultimately are divided into Purkinje fibers which built the final destination
of the electrical conduction system of the heart (figure 7). They reach out to single
myocytes and coordinate rapid, synchronous ventricular contraction.

Left posterior
bundle
Left anterior
bundle

Figure 7: Schematic picture of the conduction system of the heart. The left bundle branch is subdivided into a left anterior
and left posterior fascicle. Image from (96) with added left anterior and left posterior bundle. This figure is licensed under
CC BY-SA 3.0.

Malfunction of parts of the electrical conduction system can lead to cardiac arrhythmia,
asynchrony and cardiac death. The focus of this study is on asynchrony related to
malfunction of the left ventricular conduction system.
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There are two types of myocardial asynchrony: electrical and mechanical asynchrony.
QRS-width ≥ 120 ms is considered to represent electrical asynchrony. Mechanical
asynchrony involves delayed contraction of myocardial segments. Mechanical
dyssynchrony can be divided into atrioventricular, interventricular and intraventricular
dyssynchrony.
Although they often appear side by side, electrical asynchrony does not always lead to
mechanical asynchrony, and mechanical dyssynchrony can be observed in patients with
narrow QRS complex (3,52). Nevertheless, a wide QRS complex is considered to reflect
delayed, asynchronous left ventricular depolarization.
QRS-width is a good marker of interventricular asynchrony but has restricted significance
for intraventricular or regional mechanical asynchrony in the left ventricle (127). As a
result, QRS related CRT indication criteria has been adjusted several times, currently
being ≥ 150 ms (143).
In patients with left bundle branch block (LBBB) both fascicles of the left bundle branch
show signs of malfunction. Following from that, left ventricular conduction and myocardial
contraction are abnormal. LBBB causes several characteristic aberrations in
electrocardiography (ECG) illustrated in figure 8.

V1

A

V6

B

Figure 8: Figure 8A and 8B show characteristics of a left bundle branch block (LBBB) in electrocardiography: rS complex
with deep S (red) in V1 and RsR´, here rather broad R (green), with lowered ST segment in V6. QRS duration is increased
meeting criteria for LBBB with QRS > 120 ms (140).

Causes for LBBB are diverse and include left ventricular dilation, which is the most common
cause, coronary heart disease, myocardial inflammation and cardiomyopathies (51).
LBBB characteristically causes very advanced stages of electrical asynchrony that have a
strong impact on myocardial contraction and relaxation. Patients with LBBB show severe
mechanical inter-/ and intraventricular asynchrony with altered regional ejection fraction,
17

which often leads to impaired global left ventricular performance (59). Premature septal
activation and delayed inferolateral activation are considered key mechanisms for
decreasing cardiac function in patients with LBBB (141). Cardiac remodeling with left
ventricular dilation develops as the neuro-hormonal system is activated, further
deteriorating cardiac pump function. As a result, patients with LBBB show a higher risk of
cardiovascular morbidity and mortality (155).
QRS duration has not been a good predictor of CRT response, and studies indicate that
mechanical dyssynchrony might be more influential (62). Chalil et al. reported that the CMR
tissue synchronization index (CMR-TSI), an index of mechanical asynchrony, was able to
predict mortality and hospitalization rate in a population of 77 patients with heart failure
and CRT (23). Physicians require additional asynchrony assessment prior to CRT
implantation as surface ECG, apparently, is not a sufficient marker of mechanical
asynchrony. In his study Bleeker et al. underlines this claim indicating that heart failure
patients with narrow QRS may show severe intraventricular dyssynchrony and benefit from
CRT (14). Until now, no reliable parameter of mechanical dyssynchrony has been found to
predict CRT response, which is why electrical dyssynchrony and LBBB continue to be key in
CRT patient selection (15).
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1.5 Myocardial scars in cardiovascular magnetic resonance imaging
Myocardial infarction is usually caused by rupture of preexisting atherosclerotic plaques in
patients with coronary heart disease leading to thrombus generation and vascular
occlusion. As a result, blood-flow and thereby metabolic nutrition and oxygen supply are
insufficient in the downstream myocardium leading to myocardial ischemia or necrosis if
reperfusion is not achieved within 20 to 40 minutes as acute revascularization therapy via
percutaneous coronary intervention (PCI) is only beneficial for patients if the re-perfused
myocardium still is viable

(6). Other pathological mechanisms like

cardiac

thromboembolism or coronary artery spasm are scarce and about 90 % of myocardial
infarction emerge from coronary heart disease (87).
By WHO definition myocardial infarction is present if cardiac enzymes (troponin or CK-MB)
rise and gradually fall, accompanied by either ischemic symptoms, pathologic Q-waves on
the ECG, ST-elevation or depression or coronary artery intervention. A so called STEMI (STelevation myocardial infarction) is characterized as transmural myocardial infarction
indicated by elevated cardiac enzymes (troponin) and ST-elevation in the ECG (8).
Although CMR is not used in the management of acute coronary occlusion, two major
techniques are frequently used to evaluate myocardial viability in a variety of patients: Cine
imaging, a technique to analyze wall motion and delayed contrast enhancement (DCE)
visualizing myocardial scar and fibrosis (85) (see figure 9).
Myocardial infarction influences myocardial motion detectable by CMR as has been verified
in several studies (49,85,144). Very detailed information about wall motion abnormalities
in patients with myocardial scars can be detected by CMR techniques as just recently
proven by El Ghannudi et al. who found weak peak circumferential strain in patients with
myocardial infarction in the affected myocardial areas using myocardial tissue tagging (35).
There is an ongoing discussion about the benefit of CRT in patients with ischemic heart
disease as they present a higher rate of non-responders (15,123). Nonetheless, information
about myocardial scars is crucial for CRT planning to ensure correct electrode positioning
and stimulation. Several studies showed that high transmurality and scar burden as well as
presence of posterolateral scars reduce the rate of CRT responders (22,101,153), whereas
stimulation outside infarcted areas increases the rate of CRT responders (22). Thus,
19

myocardial scar mapping is vital for CRT guidance and might provide predictive value for
CRT response.

Figure 9: Left ventricular short axis slice using late gadolinium enhanced (LGE) magnetic resonance imaging (MRI).
Intravenous gadolinium infusion has been used to reveal the inferolateral myocardial scar, visible as white area within
the left ventricular myocardium. With kind permission of (66).

Although DCM and STEMI are based on very different pathoetiologies, they both have an
impact on myocardial motion processes and are possible causes for cardiac arrhythmia and
left ventricular dysfunction.
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1.6 The aim of this study
In his diploma thesis, J. Paul investigated cardiac motion parameters in volunteers (116).
The aim of this study is to evaluate the motion parameters for 3 Tesla data in a healthy
control cohort versus patients. Three fundamental goals are pursued:
1.) Examination of the variability of the parameters in healthy volunteers (HV).
2.) Identification of parameters that are able to distinguish synchronized ventricles in
HV from desynchronized ventricles in patients with myocardial scars and patients
with DCM, with and without LBBB.
3.) Exploration of parameters’ advantages and shortcomings regarding their capability
of distinction and evaluation of their statistical power.
Based on the results, a categorization of parameters to reveal possible diagnostic motion
patterns is created. Finally, promising parameters for future research are identified.
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2 Materials and methods
2.1 MRI protocol and scanner properties
Data acquisition was performed with a 3 tesla MR scanner (Achieva 3.0T, Philips, Best, The
Netherlands) and a 32 channel phased array cardiac coil. Electrocardiography was used to
guarantee R-wave triggered imaging.
Data was acquired using a navigated black-blood velocity encoded tissue phase mapping
technique (93,95) in three short axis slices (basal, equatorial and apical) (figure 10). Velocity
encoding was realized in all three directions in consecutive heart beats to maximize the
number of heart phases (28,91,92). Black blood suppression with two alternating
presaturation slabs was used to enhance blood to myocardium contrast and reduce flow
artifacts (95). Detailed acquisition parameters are listed in table 1.

basal
equatorial
apical

Figure 10: A 4-chamber view of a patients’ heart included in this study with dilated cardiomyopathy (DCM). The blue lines
represent the three recorded short axis slices (University Hospital of Ulm, 2013).
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Table 1: MRI acquisition parameters. Bpm = beats per minute. *Field of view (FOV) was adjusted to patient size.

Velocity encoding (VENC)
Field of view (FOV)
Resolution
Heart phases
Temporal resolution
TFE-factor
Flip-angle
Repetition time
Echo time
Nominal acquisition time
Sensitivity encoding (SENSE) factor

30 cm/s
340 x 340 mm2*
2 x 2 x 8 mm3
31 at 60 bpm
∆t = 30 ms
TFE = 3
α = 15°
TR = 6.1 ms
TE = 4.6 ms
5:51 minutes
2

Due to major software update during the study, a new software patch was applied that
improved temporal resolution to 25.3 ms and enabled the acquisition of 37 heart phases
at 60 beats per minute (bpm).
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2.2 Workflow
Three post-processing steps are performed after image acquisition:
1.) Reconstruction of velocities in right-left (RL), anterior-posterior (AP) and foot to
head (FH) direction.
2.) Segmentation of the left ventricle
3.) Calculation of the parameters
After velocities are reconstructed on the scanner server, the image files are transferred to
a workstation for left ventricular segmentation. In a PHILIPS research software (46,61)
endocardial and epicardial borders are manually indicated by the examiner in two different
heart phases per short axis slice (see figure 6).
The user-entered myocardial borders are interpolated by the software and automatically
tracked over all recorded cardiac phases. The software requests the examiner to mark the
anterior-lateral border and creates a 6, 16 and 24 segment model per slice as demanded
for parameter calculation (see figure 14).
The following processing, including calculation and statistical analysis of the parameters, is
accomplished by an in-house developed MATLAB program (MATLAB 2008; Mathworks,
Natick, Mass).
Parameter calculation requires identification of systole and diastole. Systole is defined as
the beginning of the measurement until minimal filling volume is reached. As illustrated in
figure 12, left ventricular filling is computed by adding the intra-ventricular area of all three
slices. Diastole starts with the end of systole and lasts until half of the remaining time of
the measurement is over. Limited image quality often leads to insufficient calculation of
the filling volume and the time frames need to be manually modified. Diagrams of radial,
circumferential and longitudinal velocities simplify correct positioning of the beginning and
end of diastole (see figure 11).
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Figure 11: Longitudinal (Vl), circumferential (Vc) and radial
(Vr) velocity for apical, medial and basal slice of a patient
included in this study as displayed by the software. In
combination with figure 12 (see right), the three diagrams
facilitate detection of systole and diastole (University
Hospital of Ulm, 2013).

Figure 12: Left ventricular filling volume [pix] over time
[ms] of a patient included in this study as displayed by the
software (University Hospital of Ulm, 2013).

In a final step the software calculates the investigated parameters processing the entered
information as illustrated above. Detailed information about calculation of the parameters
is given in the corresponding chapters. During the calculation process, a video of
myocardial segmentation and tracking is displayed, which allows visual quality control (see
figure 6). If necessary, segmentation and tracking processes can be rerun.
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2.3 Data processing and optimization
Velocity-time curves (v-t curves), torsion rate-time curves (T-t curves), rotation angle-time
curves, and strain-time curves (s-t) are obtained from the acquired TPM data. The following
conditions have to be considered in data processing as they have an impact on data quality:
Through-plane myocardial motion: Velocity data in three short axis measuring planes is
acquired with the scans. However, during data acquisition the myocardium is contracting
along the long axis of the heart causing through-plane motion. Hence, velocities that are
measured cannot be assigned exactly to one specific position within the myocardium (120).
Low temporal resolution: Due to scanner limitations temporal resolution is about 25 to 30
ms. Velocity changes within this time frame cannot be measured and only averaged values
are reported (120).
Noise: High frequency impulses, gradients and reception of the signals cause noise. This
phenomenon is part of basically all physical measurements and impacts the accuracy of the
measurement (120).
Patient movement: All patients are instructed not to move during data acquisition.
However, only few sequences are recorded with ideal patient compliance and patient
motion during scanning often causes severe image artifacts (120).
The adjusted MATLAB software contains several mechanisms to enhance the recorded
velocity data and minimize unsolicited errors. They include, but are not limited to:
a.) Velocity data is averaged over the myocardium in one slice and is interpolated
by cubic splines to improve temporal resolution (92).
b.) Background phase errors are countered by modifying v-t curves to meet
physiologic conditions of the cardiac cycle (92).
c.) Shortcomings related to inhomogeneity of the magnetic field are corrected
with reference images as described in chapter 1.3.2.2.
A more detailed overview of software-implemented error compensation mechanisms can
be looked up in (120).
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2.3.1 Strain
TPM based MRI data provides information about myocardial velocities. The majority of
parameters analyzed in this study are strain-based and therefore require displacement
data for calculation. The customized MATLAB software converts velocity data into
displacement data and thereby enables calculation of strain-based and rotation-based
parameters using velocity data.
Strain describes the extent to which the cardiac muscle, has been stretched (positive strain)
or compressed (negative strain) compared to its reference shape or configuration (1,103).
Two types of strain are analyzed in this study: radial strain εr and circumferential strain εc.
ε𝑟 =

𝑟 − 𝑟0
𝑐 − 𝑐0
𝑎𝑛𝑑 ε𝑐 =
(𝑟 = 𝑟𝑎𝑑𝑖𝑢𝑠; 𝑐 = 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
𝑟0
𝑐0

Radial strain εr is determined by two points defining a line perpendicular to the myocardial
centerline: one at the outer sub-epicardium, the other close to the sub-endocardium. The
relative length alteration of this line is called radial strain εr. Multiple points and lines create
multiple strain values for each short axis slice. Radial strain εr quantifies myocardial
thickness and is expected to increase during systole in healthy volunteers. During diastole
εr is expected to return to zero.
Circumferential strain εc is defined as length alteration along the myocardial centerline
between consecutive time points. εc quantifies the length alteration of the left ventricular
perimeter. Healthy volunteers usually show negative εc values during systolic contraction
since the radius declines. During diastole εc is expected to gain its original value as radius
and therefore perimeter increase.
As for velocities, strain can be averaged in one segment or over a whole slice. Similar to the
velocity curves, strain curves are interpolated to increase temporal resolution from 25 ms
to 1 ms (118).
2.3.2 Conversion of velocity data into displacement data
The implemented conversion of velocity data into displacement data is similar to forward
tracking described by Pelc et al. (121). The segmented left ventricle is divided into several
circular segments and velocity in one segment is averaged. The position x for segment i at
time point t is calculated as follows: 𝑥(𝑖; 𝑡) = 𝑥(𝑖; 𝑡 − 1) + 𝑣(𝑖; 𝑡 − 1) · ∆𝑡(𝑡 − 1), with v
27

being the velocity and ∆t the time frame between consecutive heart phases. The resulting
displacement data is used to create s-t and α-t curves for calculation of strain based and
rotation based parameters.
2.3.3 Rotation angles
Calculation of base apex rotation correlation (BARC) requires rotation angle-time curves (αt curves). Rotation angles are derived from myocardial positions over the cardiac cycle
relative to the starting position x0 using displacement data.
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2.4 Parameters overview
Two different types of parameters are investigated in this study: parameters based on
velocity data (see table 2 and chapter 2.4.1) and parameters based on displacement data
(see table 3 and chapter 2.4.3).
TPM images contain information about myocardial motion velocities. After optimization
calculation of velocity based parameters is directly performed.
Table 2: Parameters based on velocity and respective references to literature. Calculation of parameters marked with the
asterix has been adjusted as indicated in the assigned chapter.

Standard deviation of times to peak velocity (σ[TTP]) (43,44)
Asynchrony correlation coefficient (ACC) (131)
Temporal uniformity of velocity (TUV)* (13,64,90)

All strain based and rotation angle based parameters are calculated using displacement
data derived from velocity data. Multiple steps are necessary to obtain displacement data
from velocity data. A brief introduction is given in chapter 2.3.2.
Table 3: Parameters based on displacement data and respective reference to literature. The calculation of parameters
marked with the asterix has been adjusted as indicated in the assigned chapter.

Base apex rotation correlation (BARC)* (129)
Temporal uniformity of strain (TUS) (12,13,19,64)
Standard deviation of onset of shortening (σ[Tonset])* (130)
Standard deviation of peak of shortening (σ[Tpeak]) (130)
Coefficient of variation (CV) (110)
Difference between septal and lateral strain at peak shortening of circumferential strain
(DiffSLpeakCS) (130)
Onset of shortening delay vector (OS delay)* (157,158)
Peak of shortening delay vector (PS delay) (157,158)
Regional variance of strain (RVS) (64)
Regional variance vector of principle strain (RVVPS)* (64)

The description of parameters in the following chapters is in accordance with (117).
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2.4.1 Parameters derived from velocity-time (v-t) curves
The parameters illustrated in this chapter all rely on three different velocities illustrated in
figure 13.

Vr

Vc

Vl

Figure 13: Illustration of the three investigated velocities. Radial velocity vr describes the speed of movement of the left
ventricular wall to its center (positive) or in the opposite direction (negative). Circumferential velocity vc is metered
perpendicular to vr. It depicts the rotation of the ventricle. Longitudinal velocity v l indicates myocardial movement
perpendicular to the measuring plane. Vl directed to the basis of the heart is positive and negative if its directed to the
apex.

2.4.1.1 Standard deviation of times to peak velocity σ(TTP)
Calculation of the standard deviation of times to peak of systolic and diastolic velocity
σ(TTP) is performed as in Föll et al. (43,44). Calculation of this parameter requires a
segmentation of the left ventricle into six basal and medial plus four apical segments (n =
16 segments), according to the heart model of the American Heart Association (figure 14).
Mean radial and longitudinal velocity is calculated for every segment in each recorded
heart phase and the systolic velocity maximum and the diastolic velocity minimum in all 16
segments is identified.
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When velocity maxima and minima of all segments for systole and diastole and both
longitudinal and radial velocity are detected, the standard deviation of times to peak
velocity is calculated (43,44).
Healthy volunteers are expected to show low spread of velocity peak times, thus leading to
low standard deviations. Patients with asynchronous ventricles are expected to show
increased standard deviations.

anterior
1
7

anteroseptal

6

2

13

8

14

RV
9

3
inferoseptal

anterolateral

apex

LV
15
10

12
16
11
5
inferolateral

4

inferior
Figure 14: The 16 segment model of the left ventricle by the American Heart Association (LV = left ventricle; RV = right
ventricle) (21).

2.4.1.2 Asynchrony correlation coefficient (ACC)
Calculation of the asynchrony correlation coefficient (ACC) is performed as described by
Schneider et al. (131) and requires segmentation of each slice into n = 24 segments. 24
correlation coefficients, one for each segment are calculated. The radial velocity of each
segment is averaged and correlated to a reference time course of the mean radial velocities
of the entire left ventricle. Let vi,s,t be the velocity of segment i at time step t in slice s and
vs,t the averaged velocity of slice s at time step t. ACC for each segment i in one slice s is
defined as
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𝐴𝐶𝐶𝑖,𝑠 =

∑𝑛𝑡 𝑡 (𝑣𝑖,𝑠,𝑡 − 𝑣̅𝑖,𝑠 ) ∙ (𝑣𝑠,𝑡 − 𝑣̅𝑠 )
√∑𝑛𝑡 𝑡(𝑣𝑖,𝑠,𝑡 − 𝑣̅𝑖,𝑠 )2 ∙ √∑𝑛𝑡 𝑡(𝑣𝑖,𝑠,𝑡 − 𝑣̅𝑖,𝑠 )2

, where nt is the number of time steps. Mean (ACCmean), minimum (ACCmin) and maximum
ACC (ACCmax) are calculated.
Correlating measured segmental radial velocities with averaged radial velocity of the whole
slice, ACC is able to detect myocardial regions that show motion patterns opposed to global
ventricular expansion (131). ACC close to +1 shows motion aligned to global motion; ACC
close to -1 indicates segments’ motion against global ventricular contraction and dilation.
Asynchrony is expected to cause negative values, whereas synchronous contraction is
supposed to cause positive values. ACC is calculated for vl, vr and vc each with minimum,
maximum and mean values.
2.4.1.3 Temporal uniformity of velocity (TUV)
Temporal uniformity of velocity (TUV) (13,64,90) is derived from the strain-based
parameter temporal uniformity of strain (TUS), described in chapter 2.4.3.1. For calculation
of TUV the myocardium of each slice is divided into n = 24 segments. Velocity for each
segment i over time step t is calculated. For each slice s at time step t, the velocities are
plotted against the segments i and frequency analyzed by Fourier Transformation. Equal
motion in the segments would cause the zero order Fourier term S0(t, s) to be nonzero.
Asynchronous contraction would cause the first order Fourier term S1(t, s) to be nonzero.
TUV for slice s is calculated as the following:
𝑛𝑡

𝑛𝑡

𝑡=1

𝑡=1

𝑆0
𝑇𝑈𝑉(𝑠) = √
𝑤𝑖𝑡ℎ 𝑆0 = ∑ 𝑆0 (𝑡, 𝑠) 𝑎𝑛𝑑 𝑆1 = ∑ 𝑆1 (𝑡, 𝑠)
𝑆0 + 𝑆1
𝑛

𝑠
Afterwards, TUV is averaged over all three recorded slices (𝑇𝑈𝑉 = ∑𝑠=1
𝑇𝑈𝑉(𝑠), where ns

is the number of recorded slices) and calculated for longitudinal, radial and circumferential
velocity (TUVl, TUVr and TUVc).
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2.4.2 Parameter based on rotation angle-time (α-t) curves
2.4.2.1 Base apex rotation correlation (BARC)
Calculation of the base apex rotation correlation (BARC) is in accordance with Rüssel et al.
(129) and requires tracking of basal and apical myocardial positions. Every tracked position
rotates around the center of the ventricle with a certain angle. The rotation is averaged
over the slice and set in relation to the end-diastolic time frame (129). Evaluation of the
loss of twist is performed by correlating basal and apical rotation from end-diastole to endsystole since the highest amount of twist is expected between these time points (4,124).
This correlation indicates whether opposite motion is still present or not. Thus, positive
correlation with values close to +1 demonstrates a lack of adverse contraction, whereas
negative values, shown by data close to -1, indicate a twisting motion.
Originally, the end of systole was defined by mitral valve opening for the calculation of this
parameter. As the mitral valve is not visible on the images in this study, the time frame for
BARC begins with the start of systole and ends after twice the length of systole. Duration
of systole is calculated semi-automatically as illustrated in chapter 2.2.
Left ventricular torsion is crucial for left ventricular performance (57,125,147). The twist
during systole occurs as basis and apex of the heart contract with different velocities in
opposite directions: basal segments move clockwise and apical segments counterclockwise. The twist declines during diastole. A significant correlation between loss of
opposing rotation and CRT response has been evinced (129), and BARC was developed to
quantify the amount of left ventricular twist.
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2.4.3 Parameters based on strain-time (s-t) curves
2.4.3.1 Temporal uniformity of strain (TUS)
In literature, temporal uniformity of strain (TUS) is often referred to as Circumferential
Uniformity Ratio Estimate (CURE) (13,90). The calculation of TUS is performed as in
(12,13,19,64).
TUS is determined with a time plot of strain for n = 24 segments of the left ventricle in each
short axis slice. At each time point ε𝑚𝑒𝑎𝑛
and ε𝑚𝑒𝑎𝑛
for each segment is obtained. Plots of
𝑐
𝑟
segmental strain over time are obtained and subjected to Fourier analysis. If the
contraction of all segments is synchronous, a straight-line plot, indicating similar strain
levels at time point t in all segments, can be calculated. Regional dyssynchrony leads to
irregular strain-over-segments plots (64,90). The amplitudes of the Fourier coefficients are
summed up over time for all segments and put in relation to each other. TUS is averaged
over space and time to provide a global individual TUS value (90). In this study TUS is
calculated for both circumferential and radial strain. TUS serves as a template for TUV (see
chapter 2.4.1.3).
The maximum value for TUS is 1 with perfectly synchronous wall contraction. Contraction
deficiencies lead to TUS values close to 0.
ε
synchronous

1
A
segments

ε

Fourier
analysis

dyssynchronous

0
B
segments

anterior

lateral

posterior

superior

Figure 15: Scheme of the calculation of temporal uniformity of strain (TUS). The white dots indicate points of strain
measurement. Plots of strain (circumferential or radial) over ventricular segments at a given time point in two different
scenarios are depicted. Scenario A shows equal levels of strain in all segments. Scenario B shows highly differing strain
levels in various left ventricular segments. Application of Fourier analysis allows calculation of TUS yielding data in the
range of 0 to 1 (ε = Strain) (13,64).
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2.4.3.2 Standard deviation of onset and peak time of shortening (σ[Tonset] and σ[Tpeak])
Both parameters require segmentation of each short axis slice into n = 6 segments:
inferoseptal (IS), anteroseptal (AS), anterior (AN), anterolateral (AL), inferolateral (IL), and
inferior (IN) (130) (see figure 14 and 16). Calculation of Tonset is not performed as in
Zwanenburg et al. (157). In this study Tonset is defined as:
𝜀𝑐 (𝑡´) < 𝜀𝑐 (𝑡𝑜𝑛𝑠𝑒𝑡 ) 𝑎𝑛𝑑 𝜀𝑐 (𝑡𝑜𝑛𝑠𝑒𝑡 ) > 𝜀𝑐 (𝑡´´) > 𝜀𝑐 (𝑡´´´)
If there is no initial increase in strain, the time point with the first decreasing strain is
selected, indicating the start of the contraction. Tpeak is determined at maximum
contraction, defined as the global minimum of strain. Standard deviation of all segments
and slices is calculated to obtain global σ(Tonset) and σ(Tpeak) for circumferential strain.
Segments with synchronous myocardial motion are expected to show similar times of onset
of contraction as well as similar times of maximum contraction.
2.4.3.3 Coefficient of variation (CV)
The coefficient of variation (CV) evaluates the normalized standard deviation of contraction
levels at the time point of maximum contraction, and was defined by Nelson et al. (110).
An n = 6 segment model per slice is applied on each short axis slice and circumferential
strain is analyzed. Strain is averaged over all slices to obtain a mean global strain. tpeak
represents the minimum point of global strain. A variation coefficient for circumferential
strain in all 18 segments of the left ventricle at tpeak is calculated.
𝐶𝑉 =

𝜎𝑖 𝜀𝑐 (𝑖; 𝑡𝑝𝑒𝑎𝑘 )
· 100 %
𝑚𝑒𝑎𝑛𝑖 𝜀𝑐 (𝑖; 𝑡𝑝𝑒𝑎𝑘 )

Like variance, the coefficient of variation is a measure of dispersion. The advantage of the
CV is, that it is a dimensionless number, which means the actual value of the CV is
independent of the data’s unit (145). The absolute value of the CV is called relative standard
deviation and is given as percentage.
2.4.3.4 Difference between septal and lateral peak circumferential strain (DiffSLpeakCS)
Calculation of the difference between septal and lateral peak circumferential strain
(DiffSLpeakCS) is performed as in Rüssel et al. (130). A segmentation into n = 6 segments
per slice is performed. Maximum contraction, defined as minimum circumferential strain
εc, is determined for each segment. Inferoseptal and anteroseptal segments are merged to
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one septal segment and anterolateral and inferolateral segments form one lateral segment.
For the final parameter a mean lateral value, consisting of the circumferential strain of all
six lateral segments, is subtracted from the mean value of all 6 septal segments.
𝐷𝑖𝑓𝑓𝑆𝐿𝑝𝑒𝑎𝑘𝐶𝑆 = 𝑚𝑒𝑎𝑛 𝜀𝑐𝑠𝑒𝑝𝑡𝑎𝑙 − 𝑚𝑒𝑎𝑛 𝜀𝑐𝑙𝑎𝑡𝑒𝑟𝑎𝑙
This parameter accesses regional wall contraction. As its name indicates, differences
between mean maximum septal and lateral wall contraction are analyzed. The difference
in synchronous ventricles is supposed to be small. Left ventricular asynchrony is supposed
to cause greater differences.
2.4.3.5 Onset and peak of shortening delay vector (OS delay and PS delay)
Calculation of onset and peak of shortening delay vector (OS delay and PS delay) is
performed as described by Zwanenburg et al. (157,158). An n = 24 segment model is
applied on the left ventricle. In each slice the 24 segments are merged to 4 segments based
on the heart model of the AHA: one septal, anterior, lateral and inferior segment (see figure
16). Additionally, the relation between apical and basal slice is analyzed.

anterior

septal

anterior
anteroseptal

anterolateral

posteroseptal

posteroseptal

lateral

posterior

posterior

Figure 16: Four segments (left) based on the 6 segment American Heart Association (AHA) model (right) (21). Posterior is
referred to as inferior.

Strain is averaged for each segment and the vectors are defined as delays of Tonset and Tpeak
(see chapter 2.4.3.2) between septal and lateral wall (SL), inferior anterior wall (IA) and
apical and basal wall segments (AB). OS and PS delay vectors are calculated for
circumferential strain.
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𝑠𝑒𝑝𝑡𝑎𝑙
𝑙𝑎𝑡𝑒𝑟𝑎𝑙
𝑂𝑆(𝑠𝑒𝑝𝑡𝑎𝑙→𝑙𝑎𝑡𝑒𝑟𝑎𝑙) = 𝑡𝑜𝑛𝑠𝑒𝑡
− 𝑡𝑜𝑛𝑠𝑒𝑡
𝑖𝑛𝑓𝑒𝑟𝑖𝑜𝑟

𝑎𝑛𝑡𝑒𝑟𝑖𝑜𝑟
𝑂𝑆(𝑖𝑛𝑓𝑒𝑟𝑖𝑜𝑟→𝑎𝑛𝑡𝑒𝑟𝑖𝑜𝑟) = 𝑡𝑜𝑛𝑠𝑒𝑡
− 𝑡𝑜𝑛𝑠𝑒𝑡
𝑎𝑝𝑖𝑐𝑎𝑙
𝑏𝑎𝑠𝑎𝑙
𝑂𝑆(𝑎𝑝𝑖𝑐𝑎𝑙→𝑏𝑎𝑠𝑎𝑙) = 𝑡𝑜𝑛𝑠𝑒𝑡
− 𝑡𝑜𝑛𝑠𝑒𝑡

Positive values for OS delay or PS delay are obtained if the lateral, anterior or basal segment
is delayed. Synchronous contracting hearts are supposed to create smaller differences than
asynchronous contracting hearts.
σ(Tonset) and σ(Tpeak) yield limited spatial information about dysfunctional contraction. OS
delay and PS delay match contraction delays of three regions of the left ventricle and
therefore provide improved spatial resolution.
2.4.3.6 Regional variance of strain (RVS)
Regional variance of strain (RVS) is calculated as described by Helm et al. (64). First,
segmentation of the left ventricle into n = 24 segments i per slice s and calculation of
circumferential strain εc(s;i;t) is performed. Variance of εc(s;i;t) over all segments is
determined and averaged over all slices and time points:
𝑅𝑉𝑆 (𝑡) = 𝑚𝑒𝑎𝑛𝑠 𝑅𝑉𝑆(𝑠; 𝑡) 𝑤𝑖𝑡ℎ 𝑅𝑉𝑆(𝑠; 𝑡) = 𝑉𝑎𝑟𝑖 𝜀𝑐 (𝑠; 𝑖; 𝑡)
To quantify dyssynchrony, maximum RVS over time (RVSmax) is calculated.
RVS allows evaluation of global myocardial contraction patterns but cannot quantify
regional myocardial contraction patterns. This means that, regardless of whether
contraction delay occurs in clustered segments or in segments scattered over the ventricle,
RVS yields similar values (64).
2.4.3.7 Regional variance vector of principle strain (RVVPS)
The regional variance vector of principle strain is calculated for every time point as
described by Helm et al. (64), where a detailed explanation of this parameter can be found.
An n = 24 segment model per slice is applied on the left ventricle. Maximum RVVPS
(RVVPSmax) for circumferential strain is calculated at the end.
As vector sum index, RVVPS corrects the drawbacks of RVS weighting strain values by origin
of the affected segment (64). Like OS delay and PS delay, RVVPS is supposed to improve
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localization of impaired myocardial contraction weighting asynchrony in clustered
segments. Figure 17 shows the superiority of RVVPS in comparison with RVS.

A

B

Figure 17: Illustration of different scenarios of ventricular asynchrony. A: Clustered myocardial contraction asynchrony;
B: Dispersed myocardial contraction asynchrony. Values for regional variance of strain (RVS) are approximately the same
for scenario A and B. Regional variance vector of principle strain (RVVPS) detects regional wall contraction deficiencies in
A but will not detect asynchrony in B (63).
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2.5 Volunteer and patient collectives
41 adult volunteers and 34 patients were enrolled in this study. The following criteria had
to be met to assign patients and volunteers to the corresponding study group:
-

Healthy volunteers: no known cardiac pathology.

-

STEMI: Diagnosed STEMI according to WHO criteria (8). No patient with acute
myocardial infarction was scanned to assure presence of myocardial scar. Minimal
timeframe between diagnosis of myocardial infarction and examination was 4
weeks.

-

DCM: Previously diagnosed non-ischemic DCM.

-

DCM+LBBB: Previously diagnosed DCM with additional LBBB in the ECG.

These four study groups were included to analyze motion quantification parameters
regarding three questions:
-

Do patients with cardiac diseases show different results compared to healthy
volunteers?

-

Is there a measurable difference in the parameters for patients with myocardial
infarction and dilated cardiomyopathy?

-

How is left ventricular asynchrony, in this case caused by LBBB, reflected in the
parameters?

General inclusion and exclusion criteria are listed in the ethics request (see chapter 7).
Patients and volunteers were briefed about the scientific background of this study and
provided written informed consent to the MRI examination and anonymous processing of
the obtained data. The study protocol was approved by the local institutional ethics
committee.
In this analysis 12 datasets of volunteers and 1 dataset of a DCM + LBBB patient recorded
by Anja Lutz were included.
Table 4: Figures of the examined groups.

Group
HV
STEMI
DCM
DCM+LBBB

Number n
41
17
12
5

Male/Female
21/20
16/1
11/1
3/2

Age (y) (µ ± σ)
25 ± 5
63 ± 7
54 ± 17
47 ± 8
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Ejection fraction of HV was not measured. In patients ejection fraction was obtained by
echocardiography, MRI or during percutaneous cardiac intervention (PCI). In 17 patients
with STEMI 13 had normal, 3 slightly reduced and 1 moderate reduced ejection fraction. In
12 patients with DCM and no LBBB 2 had highly reduced, 5 moderate reduced, 3 slightly
reduced and 2 normal ejection fraction. Three patients with DCM and LBBB showed highly
reduced, 1 moderate and 1 slightly reduced ejection fraction.
Table 5: Clinical statistics of patients with ST-elevation myocardial infarction (STEMI). Left ventricular ejection fraction
(LVEF) was obtained by echocardiography*, magnetic resonance imaging (MRI)**, or during percutaneous coronary
intervention (PCI) ***.

Patient
number

1

LVEF in % 45-54***

2

3

4

5

6

7

8

9

> 55*

> 55*

> 55*

> 55*

> 55*

> 55*

45-54*

45-54*

Patient
number

10

11

12

13

14

15

16

17

LVEF in %

> 55*

> 55*

30-44***

> 55**

> 55*

> 55*

> 55*

> 55*
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Table 6: Clinical statistics of patients with dilated cardiomyopathy (DCM). Left ventricular ejection fraction (LVEF) and
conduction delays are listed. LVEF was obtained by echocardiography* or magnetic resonance imaging (MRI)**.
LBBB=Left bundle branch block; LAHB= Left anterior hemi block; RBBB= Right bundle branch block.

Patient
number

Study group

LVEF in %

Conduction
delays

18

DCM+LBBB

< 30*

LBBB

19

DCM,

30-44**

none

20

DCM

> 55*

none

21

DCM

45-54*

none

22

DCM

30-44**

none

23

DCM

30-44*

LAHB + RBBB

24

DCM

> 55*

none

25

DCM+LBBB

45-54*

LBBB

26

DCM

45-54**

none

27

DCM+LBBB

30-44**

LBBB

28

DCM

30-44**

RSB

29

DCM

< 30**

none

30

DCM

30-44**

LAHB + RBBB

31

DCM+LBBB

< 30*

LBBB

32

DCM

45-54*

none

33

DCM

< 30**

LAHB

34

DCM+LBBB

< 30*

LBBB

41

2.6 Statistical analysis
For statistical analysis a Kruskal-Wallis test, an extended Wilcoxon rank sum test for more
than two samples, is applied. Differences are considered statistically significant for p-values
below 0.05. To indicate the performance of the investigated parameters, different levels of
significance are implemented as shown in Table 7 (*: p < 0.05, **: p < 0.01, ***: p < 0.001).
All results of the parameters are illustrated in box-whisker plots. The red line indicates the
median value of the corresponding parameter and study cohort. The bottom and top of the
box represent the first and third quartile of the data and the whiskers indicate the lower
and upper 1.5 interquartile range. Red crosses indicate outliers.
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3 Results
Image acquisition was performed successfully in all study participants and image quality
was sufficient for processing and calculation of the respected parameters.
Table 7 contains a summary of the results. The first column shows the parameters’ results
of the patient cohorts in comparison to the volunteer cohort. In the second column the
parameters’ results of STEMI and DCM patients are shown in comparison to LBBB patients.
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Table 7: Comparison of Parameters. Significance categories (-: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001)
from comparing parameter results between different cohorts. Parameters are categorized by calculation over the whole
time course (─) vs. single time points (•), and by calculation within each slice (↔), between different slices (↕), or over
the entire left ventricle (o). Standard deviation of times to peak velocity (σ[TTP]); Asynchrony correlation coefficient
(ACC); Temporal uniformity of velocity/strain (TUV/S); Base apex rotation correlation (BARC); Standard deviation of
onset/peak of shortening (σ[Tonset/peak]); Coefficient of variation (CV); Difference between septal and lateral strain at
peak shortening of circumferential strain (DiffSLpeakCS); Onset/Peak of shortening delay vector (OS/PS delay); Regional
variance of strain (RVS); Regional variance vector of principle strain (RVVPS); healthy volunteers (HV), ST-elevation
myocardial infarction (STEMI), dilated cardiomyopathy (DCM), left bundle branch block (LBBB).

Parameter





σ(TTP)



position/strain based













Velocity Range



 TUV

BARC

 TUS
 RVS
 RVVPS
σ(Tonset)

σ(Tpeak)
 CV
 DiffSLpeakCS

 OS delay






 PS delay



velocity based

 ACC

systolic, radial
diastolic, radial
systolic, longitudinal
diastolic, longitudinal
radial, minimum
radial, average
radial, maximum
circumferential, minimum
circumferential, average
circumferential, maximum
longitudinal, minimum
longitudinal, average
longitudinal, maximum
radial
circumferential
longitudinal
longitudinal, apical
longitudinal, equatorial
longitudinal, basal
circumferential, apical
circumferential, equatorial
circumferential, basal
radial, apical
radial, equatorial
radial, basal
circumferential
radial

septal-lateral
inferior-anterior
apical-basal
septal-lateral
inferior-anterior
apical-basal

HV vs.
STEMI
**
***
*
*
**
***
**
***
***
***
***
***
***
***
***
***
***
**
***
*

LBBB vs.
DCM LBBB STEMI DCM
***
**
**
**
*
***
***
*
*
*
***
*
*
***
**
***
***
**
***
**
*
*
*
*
*
**
***
***
*
**
***
***
*
**
***
**
*
*
*
*
***
**
*
***
***
***
***
***
***
***
**
*
***
*
**
***
***
***
***
*
***
***
**
*
*
***
**
**
**
**
**
*
*
***
**
**
***
*
**
**
*
***
***
*
***
**
**
*
*
**
***
*
*
***
*
**
-
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3.1 Parameters derived from velocity-time (v-t) curves
3.1.1 σ(TTP)
For σ(TTP)

increased values are obtained in all three patient groups compared to

volunteers. Indicating asynchrony, σ(TTP)rsys and σ(TTP)rdias is significantly elevated in LBBB
patients versus all other study cohorts (σ[TTP]rsys: p < 0.001 vs. HV and p < 0.01 vs. DCM
and STEMI; σ[TTP]rdias: p < 0.01 vs. HV). In this study, the left bundle branch block does not
significantly impact σ(TTP)lsys. For σ(TTP)ldia the highest values are obtained from LBBB
patients. Values of STEMI and DCM patients of σ(TTP)ldia resemble. All patient cohorts show

longitudinal

radial

significantly increased values of σ(TTP)ldia (all p < 0.001).

Figure 18. Standard deviation of times to peak velocity σ(TTP) of radial and longitudinal velocity of volunteers and
patients, box-whisker plots (University Hospital of Ulm, 2013). σ(TTP) evaluates radial and longitudinal contraction peaks
in diastole and systole. Healthy volunteers (HV) are expected to show lower levels of contraction variation than patients.
A general trend of increasing asynchrony from left to right in the investigated groups can be observed. ST-elevation
myocardial infarction (STEMI), dilated cardiomyopathy (DCM), left bundle branch block (LBBB).
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3.1.2 ACC
LBBB patients present clearly decreased ACCr in comparison with all other study cohorts.
ACCc is lowest for DCM and LBBB patients but no statistically significant distinction between
these cohorts is achieved. ACCl performs well separating HV from myocardial damaged
patients (p < 0.05 to p < 0.001, see table 7) and LBBB patients from the STEMI (ACClmean and
ACClmax: p < 0.05) and DCM cohort (ACClmean and ACClmax: p < 0.01). In ACCrmean, ACCrmax and
ACCcmean values of the volunteer cohort are not significantly different compared to the
values of STEMI patients. ACCrmean and ACCrmax are significantly altered in LBBB patients
versus all other cohorts (p < 0.001, LBBB vs. STEMI p < 0.01). ACCcmean and ACCcmax show
few differences between volunteers and patients. The performance of ACC parameters is
inhomogeneous. Minimum ACC parameters yield barely-significant differences between
the study cohorts, where ACC mean and max parameters show highly-significant results.
Circumferential ACC parameters produce the least-significant results, and although LBBB
patients present the lowest values, only few statistically-significant differences can be
observed. In general, ACC values obtained from LBBB patients are closest to -1, highlighting
left ventricular asynchrony in this patients.
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Figure 19. Asynchrony correlation coefficients (ACC) of volunteers and patients, box-whisker plots (University Hospital
of Ulm, 2013). ACC compares the velocity of a single segment to mean velocity of the entire slice. Values close to 1
indicate wall motion in direction of general slice motion. Values close to -1 indicate an opposing motion. Increased
asynchrony, reflected by negative ACC values is found in patients with dilated cardiomyopathy (DCM) and left bundle
branch block (LBBB). Healthy volunteers (HV), ST-elevation myocardial infarction (STEMI).
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3.1.3 TUV
TUV is clearly lowest for LBBB patients. TUVr and TUVl values are decreased in LBBB patients
and statistical distinction to all other cohorts can be observed (p < 0.05). TUVc values are
similar in all study groups. STEMI and LBBB patients show values around 0.8 for TUVl. Values
of patients with DCM lacking LBBB display huge variation of TUVr and TUVl.

Figure 20. Temporal uniformity of velocity (TUV) for radial, circumferential and longitudinal velocities of volunteers
and patients, box-whisker plots (University Hospital of Ulm, 2013). TUV quantifies the homogeneity of velocities in
different segments. Values around 1 are expected to be found in synchronous beating hearts. Values close to 0 indicate
asynchrony. A global TUV value is calculated by averaging all individual TUV for each type of velocity delivering global TUV
for radial, circumferential and longitudinal velocity. In all analyzed directions, healthy volunteers (HV) show the highest
values. Patients present lower values as the homogeneity of velocities within the myocardium is impaired. ST-elevation
myocardial infarction (STEMI), dilated cardiomyopathy (DCM), left bundle branch block (LBBB).
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3.1.4 Velocity ranges
Distinctive results are measured for global velocity ranges. Compared to the reference
group the velocity ranges of the investigated patients are significantly decreased in almost
every parameter. ∆vl and ∆vr are significantly reduced in patients in all three slices (p <
0.001). ∆vcapical is decreased in all patients with DCM. Results for ∆vcequatorial and ∆vcbasal allow
a significant distinction of volunteers from STEMI and DCM patients, but barely from the
LBBB cohort. Significance with p of < 0.05 is only reached comparing STEMI and LBBB
patients in apical circumferential and radial equatorial velocity ranges. Although protruding
results can be observed comparing volunteers and patients, velocity ranges are hardly
capable of revealing asynchrony in the LBBB cohort.

Figure 21. Velocity ranges of longitudinal, circumferential and radial velocity in three slices (apical, equatorial and
basal) of volunteers and patients, box-whisker plots (University Hospital of Ulm, 2013). Patients’ velocity ranges are
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significantly decreased. Healthy volunteers (HV), ST-elevation myocardial infarction (STEMI), dilated cardiomyopathy
(DCM), left bundle branch block (LBBB).
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3.2 Parameters derived from rotation angle-time (α-t) curves
3.2.1 BARC
BARC displays the lack of left ventricular twist in LBBB patients, leading to significant
differences when compared to all other study groups (p < 0.05). Values of LBBB patients
are close to 1, whereas volunteers, STEMI and DCM patients present very similar median
values close to zero; hence, no statistically significant differences between these cohorts
can be observed for BARC.

Figure 22. Base-apex rotation correlation (BARC) of volunteers and patients, box-whisker plots (University Hospital of
Ulm, 2013). BARC matches apical and basal myocardial torsion. Values can range from -1 indicating strong torsion to +1
indicating no existing torsion. Patients with left bundle branch block (LBBB) show significantly increased BARC. No
significant differences are obtained comparing healthy volunteers (HV) with patients with ST-elevation myocardial
infarction (STEMI) and dilated cardiomyopathy (DCM).
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3.3 Parameters derived from strain-time (s-t) curves
3.3.1 TUS
The smallest median values for TUS parameters are obtained from LBBB patients. In
comparison to STEMI and DCM-only patients, TUSc and TUSr values are significantly
decreased in LBBB patients (p < 0.01). Distribution of TUSc is narrow in volunteers, STEMI
and DCM patients. In TUSr these groups show a wider distribution of data, in contrast to
LBBB patients, where this is vice versa.

Figure 23. Temporal uniformity of strain (TUS) of volunteers and patients, box-whisker plots (University Hospital of
Ulm, 2013). Healthy volunteers (HV), ST-elevation myocardial infarction (STEMI), dilated cardiomyopathy (DCM), left
bundle branch block (LBBB). TUS analyzes segmental circumferential and radial strain. As for temporal uniformity of
velocity (TUV), values close to +1 indicates synchronous, values close to -1 indicates asynchronous contraction. Results
for healthy volunteers, STEMI and DCM patients do not show significant differences, where LBBB patients show
significantly decreased values.

3.3.2 RVS
Variation of RVSmax is high in healthy volunteers and median values of STEMI and DCM
patients are very similar. Statistically significant differences are measured in DCM patients
compared to volunteers (p < 0.01) and in LBBB patients compared to STEMI (p < 0.01) and
DCM patients (p < 0.001). Values of DCM patients with and without LBBB is scattered
marginally, indicating similar motion patterns within these study cohorts. Left bundle block
patients yield the highest median RVSmax close to 100 %.
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Figure 24. Regional variance of strain (RVS) of volunteers and patients, box-whisker plots (University Hospital of Ulm,
2013). Healthy volunteers (HV), ST-elevation myocardial infarction (STEMI), dilated cardiomyopathy (DCM), left bundle
branch block (LBBB). In RVS the variance of circumferential strain over the left ventricle is analyzed. In HV smaller variance
is expected than in patients with asynchronous cardiac contraction. Variance of strain results lowest in DCM-only patients
and is significantly elevated in LBBB patients.

3.3.3 RVVPS
Distribution of RVVPSmax values is very similar to RVSmax. Left bundle block patients show
significantly increased values compared to all other study cohorts (p < 0.01). No statistically
significant differences can be observed between HV versus STEMI and DCM patients. Like
in RVSmax, values of HV are widely distributed.

Figure 25. Regional variance vector of principle strain (RVVPS) of the four investigated study groups, box-whisker plots
(University Hospital of Ulm, 2013). Healthy volunteers (HV), ST-elevation myocardial infarction (STEMI), dilated
cardiomyopathy (DCM), left bundle branch block (LBBB). RVVPS additionally considers asynchrony in clustered segments.
If clustered segments show high strain variance, RVVPS yields increased values. RVVPS provides similar results as RVS.

53

3.3.4 σ(Tonset) and σ(Tpeak)
The standard deviation of Tonset is higher in LBBB patients and significant distinction is
possible from HV (p < 0.01) and STEMI/DCM patients (p < 0.05). STEMI and DCM patients
present only slightly increased values compared to HV. The standard deviation of Tpeak is
significantly lower in healthy volunteers compared to all three patient groups (p < 0.001).
The highest median value is obtained from LBBB patients and separation from DCM
patients is possible (p < 0.05). The highest values of standard deviation of Tpeak are
measured in STEMI patients. These patients seem to have a very inconsistent cardiac peak
contraction due to their infarcted myocardial areas. Contraction of DCM-only patients may
be generally weak but the acquired values indicate a comparably coordinated contraction
as the median value for σ(Tpeak) is lower than in STEMI patients.

Figure 26. Standard deviation of onset (σ[Tonset]) and peak time (σ[Tpeak]) of myocardial shortening of volunteers and
patients, box-whisker plots (University Hospital of Ulm, 2013). Healthy volunteers (HV), ST-elevation myocardial
infarction (STEMI), dilated cardiomyopathy (DCM), left bundle branch block (LBBB). σ(Tonset) and σ(Tpeak) quantify the
standard deviation at time point of onset and maximum of contraction of circumferential strain in cardiac wall segments.
STEMI and DCM patients show similar σ(Tonset) values as volunteers, and slightly increased values of σ(Tpeak), where LBBB
patients show clearly increased values for both parameters.

54

3.3.5 CV
The coefficient of variation is significantly increased in LBBB patients with a median value
of over 40 % versus all other investigated cohorts (p < 0.01). The values obtained from
volunteers, STEMI and DCM patients are similar and no statistically significant differences
between these cohorts can be observed.

Figure 27. The coefficient of variation (CV) of volunteers and patients, box-whisker plots (University Hospital of Ulm,
2013). Healthy volunteers (HV), ST-elevation myocardial infarction (STEMI), dilated cardiomyopathy (DCM), left bundle
branch block (LBBB). CV evaluates variation of contraction levels at time of maximum contraction. Healthy volunteers are
expected to present low variation of contraction levels. Asynchrony in patients should lead to higher CV values. Increased
values are observed in LBBB patients.

3.3.6 DiffSLpeakCS
The high variation of DiffSLpeakCS values in all study cohorts impedes statistically
significant differences between the respected cohorts. Median values are similar for all four
groups. Nonetheless, the LBBB patient cohort yields the highest median value.

Figure 28. Difference between septal and lateral circumferential strain (DiffSLpeakCS) of volunteers and patients, boxwhisker plots (University Hospital of Ulm, 2013). Healthy volunteers (HV), ST-elevation myocardial infarction (STEMI),
dilated cardiomyopathy (DCM), left bundle branch block (LBBB). DiffSLpeakCS does not reveal significant differences
between the investigated groups.
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3.3.7 OS delay
OS delay is increased in patients with DCM, with or without LBBB in septal-lateral direction
(p < 0.01). There are no significant differences for OS delay in inferior-anterior direction
between the cohorts. In comparison to HV, non-LBBB DCM patients show increased values
for OS delay in apical-basal direction (p < 0.01). The HV and STEMI cohort present a high
number of outliers.

Figure 29. Onset of shortening delay vector (OS delay) of the investigated study groups, box-whisker plots (University
Hospital of Ulm, 2013). Healthy volunteers (HV), ST-elevation myocardial infarction (STEMI), dilated cardiomyopathy
(DCM), left bundle branch block (LBBB). OS delay matches differences of time of onset of shortening (Tonset) between
septal-lateral (SL), inferior-anterior (IA), and apical-basal (AB) segments. A trend of increased OS delay vectors in patients,
especially LBBB patients, can be observed.

56

3.3.8 PS delay
Performance of PS delay is generally superior to OS delay. STEMI patients show increased
PS delay vectors in septal-lateral, inferior-anterior and apical-basal direction (p < 0.05)
compared to HV, as show LBBB patients (p < 0.01). Significant distinction between LBBB
versus STEMI and DCM patients is achieved for PS delay in septal-lateral direction and for
LBBB versus DCM patients in inferior-anterior direction (all three p < 0.05). The left bundle
branch block cohort displays the highest median values in all three PS delay parameters.

Figure 30. Peak of shortening delay vector (PS delay) of the investigated study groups, box-whisker plots (University
Hospital of Ulm, 2013). Healthy volunteers (HV), ST-elevation myocardial infarction (STEMI), dilated cardiomyopathy
(DCM), left bundle branch block (LBBB). PS delay matches differences of time of peak of shortening (Tpeak) between septallateral (SL), inferior-anterior (IA), and apical-basal (AB) segments. In LBBB patients increased PS delay in septal-lateral (SL)
direction can be observed.
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4 Discussion
In this study, motion quantification parameters previously described in literature were
calculated successfully for all volunteers and patients. The parameters provided detailed
information about myocardial contraction and relaxation. Differences regarding
identification of disease-specific motion patterns and differentiation between HV and
patients were observed. Left ventricular asynchrony in patients with LBBB was reflected in
remarkably aberrant parameter values that allowed significant distinction between all
other study cohorts. Results of healthy volunteers were clearly different from patients’
results, but variance of volunteer data was higher than expected. While 13 out of 14
parameters yielded significant results, the distribution of parameters’ data as well as the
levels of significance that were reached were diverse, indicating varying performance of
the respected motion quantification parameters. As all parameters were derived from
identical study cohorts and data sets, a direct comparison and analysis of the parameters’
performance is possible.
4.1 Parameters derived from velocity-time (v-t) curves
Elevated values of standard deviation of times to peak in volunteers were observed,
compared to Föll et al. (43), for systolic and diastolic σ(TTP)r, but were similar for systolic
and diastolic σ(TTP)l (Föll et al.: σ(TTP)rsys = 22.8 ± 3.7; σ(TTP)rdias = 29.4 ± 8.8; σ(TTP)lsys =
24.6 ± 21.2; σ(TTP)ldias = 16.0 ± 5.9 versus the results of this study: σ(TTP)rsys = 34.01 ± 6.17,
σ(TTP)rdias = 39.94 ± 12.24; σ(TTP)lsys = 16.94 ± 20.67; σ(TTP)ldias = 15.91 ± 7.73). These
differences might be caused by the larger variance in age of this study’s volunteer group.
Moreover, Föll et al. (43) reported significant differences between healthy volunteers and
patients with DCM or DCM and LBBB for σ(TTP)rsys, σ(TTP)rdias, σ(TTP)ldias. This study
confirms these results for LBBB patients but not for DCM-only patients, where significant
values were only obtained for σ(TTP)ldias.
The values of TTPlsys and TTPrsys were within the standard deviation calculated by Föll et al.
in 2010 (44), but increased diastolic radial and longitudinal TTP were measured (TTPlsys:
76.7 ms; TTPldias : 466.9 ms; TTPrsys: 106.8 ms; TTPrdias : 472.0 ms). Föll et. al investigated
healthy volunteers (n = 10 males 29.0 ± 3.6 years; n = 9 females 27.7 ± 4.1 years) in an age
group similar to the volunteer collective in this study which yielded the following data:
TTPlsys: 61.0 ± 28.3; TTPldias : 406.9 ± 26.7 ms; TTPrsys: 114.7 ± 27.0 ms; TTPrdias : 417.7 ± 31.5
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ms. In 2008 Delfino et al. (28) reported increased values for systolic and diastolic TTPl and
TTPr in patients with dyssynchrony, which are reproduced by the LBBB patients in this study
(TTPlsys: 107.1 ± 14.6; TTPrsys: 133.3 ± 23.1; TTPldia: 558.6 ± 53.7; TTPrdia: 568.7 ± 30.5)
Schneider et al. obtained radial ACC values from 12 volunteers between 0.56 and 1 (131).
The mean radial ACC for volunteers in this study was between 0.65 and 0.87. Schneider et
al. found reduced ACC (-0.4 to 0.2) in patients with myocardial infarction (131). The values
of patients with myocardial infarction in this study were also reduced, but not as much as
in Schneider et al. (0.40 to 0.85; mean = 0.71). The differences between these results may
be contributed to differences in image acquisition: Schneider et al. recorded a single short
axis slice, whereas three slices were recorded in this study. It should be noted that far more
obvious results were achieved for ACC in longitudinal direction for STEMI patients since
ACCrmin was the only radial ACC parameter that reached significant reduction. ACC
parameters for longitudinal velocities were characteristically reduced in all patients and
additionally revealed dyssynchrony in LBBB patients.
In 2012 Lutz et al. were the first to calculate TUV, but investigated only a small study cohort
(95). The results obtained from volunteers investigated in this study (TUVr = 0.79 ± 0.02;
TUVc = 0.76 ± 0.03; TUVl = 0.85 ± 0.03) are within the standard deviation calculated by Lutz
et al. TUVl was significantly reduced in all three patient groups. LBBB patients yielded the
lowest values due to myocardial areas with distinct contraction delays.
Delfino et al. investigated a similarly-aged volunteer collective (27.5 years ± 6.5) and
patients fulfilling CRT indication criteria (28). They acquired TPM data in one slice
positioned at about 70 % of left ventricular long axis from apex to basis, and in contrast to
this study did not define velocity ranges but reported peak velocities. Peak velocities of
volunteers of Delfino et al. were: vrmax = 3.8 ± 1.2; vrmin = -6.5 ± 2.2; vcmax = 3.2 ± 1.2;
vcmin = -3.1 ± 1.4; vlmax = 5.7 ± 2.1; vlmin = -12.0 ± 3.1 [max. = systole; min. = diastole
[cm/s]). In comparison with Delfino et al. basal slice vrmin and vlmax were increased but
decreased for basal slice vrmax and vcmin (the results of this study: vrmax = 3.0 ± 0.5; vrmin
= -5.0 ± 0.8; vcmax = 2.9 ± 0.8; vcmin = -4.0 ± 1.1; vlmax = 7.6 ± 1.6; vlmin= -12.8 ± 1.8 [cm/s]).
However, all results were within the standard deviation of Delfino et al. The differing results
may be contributed to different slice positioning as the basal slice was positioned below
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the mitral valve cusps in diastole in this study. Delfino et al. (28) found decreased velocities
in his asynchrony patient collective, which were reproduced in this study.
Longitudinal, circumferential and radial velocities seem to be highly capable of detecting
structural cardiac diseases and myocardial damage, but may be of only limited value for
further identification of left ventricular asynchrony.
4.2 Parameters derived from angle-time (α-t) curves
Rüssel et al. (129) described a mean BARC of −0.68 ± 0.22 for healthy volunteers (7 males,
43 ± 11 years), which is not in line with the results achieved in this study ( 0.00 ± 0,36). In
2012 Lutz et al. (95) reported BARC values of HV derived from 3D TPM closer to 0 (BARC =
−0.27 ± 0.43). An explanation for these substantially different results could lie in the varying
image acquisitioning and slice positioning of the studies as parameter calculation stayed
identical. While Rüssel et al. applied MRI tagging to derive torsion information, in this study,
similar to Lutz et al., torsion was derived from velocity-encoded images. Even though
variation of BARC in HV as well as in STEMI and DCM study cohorts were high, significantly
increased BARC values for LBBB patients (0.75 ± 0.3) could be reproduced indicating a loss
of left ventricular twist in these patients. According to Rüssel et al., 94 % of patients that
suffered from an inverted apical rotation leading to increased BARC values (0.85 ± 0.14)
displayed acute CRT response (129). In this context, BARC appears valuable to detect
patients with loss of physiological left ventricular twist. The huge variability within the
other three investigated patient cohorts including completely healthy contracting hearts as
well as severely damaged hearts indicates that application of BARC may be limited to
purposeful identification of patients with left ventricular asynchrony.
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4.3 Parameters derived from strain-time (s-t) curves
Circumferential TUS of volunteers calculated by Bilchick et al. (13) using three sliced TPM
was 0.96 ± 0.01, which resembles the value of 0.90 ± 0.03 calculated in this study.
Significantly reduced TUS could only be obtained from LBBB patients (TUSc = 0.74 ± 0.09
and TUSr = 0.79 ± 0.03). Byrne et al. (19) reported reduced TUSc (0.58 ± 0.09) for his LBBB
dogs, as did Bilchick et al. (13) for CRT heart failure patients and a multimodality cohort
consisting of patients with various cardiac impairments (TUSc = 0.68 ± 0.03). Using CMR
tagging, El Ghannudi et al. found high prevalence of intraventricular dyssynchrony
indicated by low CURE (≙ TUSr) values in 66 patients with ejection fraction ≤ 55 %. Mean
CURE in their control group was 0.990 ± 0.1. Similar to the results obtained in this study,
they noted that CURE may be close to normal if strain is generally low in all segments (i.e.
in DCM patients) (35).
Although RVVPS performed statistically superior, results for RVS and RVVPS were similar.
RVVPS was significantly increased in LBBB patients versus all other study cohorts indicating
high variance of strain in multiple myocardial segments of these patients. Values of
volunteers were widely distributed and most patient values were within that variation,
which restricted better statistical performance in the STEMI and DCM cohort. There were
several volunteers with unexpectedly high RVSmax and RVVPSmax values beyond 100 %. The
statistically best results were achieved for DCM patients (RVSmax = 38.24 ± 12.80; RVVPSmax
= 70.20 ± 12.75) versus DCM + LBBB patients (RVSmax = 95.32 ± 14.15; RVVPSmax = 135.46 ±
26.19). Apparently, RVS and RVVPS are sensible regarding asynchrony in DCM patients. A
general trend of lower RVS and RVVPS in synchronous left ventricular contraction,
previously described by Helm et al. in biventricular paced dogs hearts (64), could be
confirmed.
DiffSLpeakCS presented a poor statistical performance as values of healthy volunteers, as
well as values of patient groups, were highly spread. Far more study members have to be
investigated to achieve reliable results here. Although Rüssel et al. (130) described good
correlation between this heterogeneity parameter and acute CRT response, few evidence
was found in this study to apply this parameter detecting characteristic asynchrony motion
patterns.
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Increased σ(Tonset) could be observed in DCM and LBBB patients. As a result of severely
delayed myocardial areas in LBBB patients, the mean value of the LBBB patient collective
was twice as high as the mean of the investigated volunteer collective (22.97 ± 8.11 ms
versus 11.94 ± 3.07 ms). There was a remarkable difference for STEMI patients between
σ(Tonset) and σ(Tpeak): their values of σ(Tonset) (11.66 ± 4.55) resembled the volunteers’
results but were significantly increased for σ(Tpeak) approaching the results of the LBBB
cohort (STEMI = 67.05 ± 25.46 ms; LBBB = 81.30 ± 8.22 ms; HV = 39.36 ± 9.24 ms). The start
of myocardial contraction apparently is similar in STEMI patients and HV as both have no
conduction delay. Due to infarcted myocardial areas, however, peak contraction is highly
impaired in STEMI patients causing significantly aberrant values for σ(Tpeak). Noticeable
differences for Tonset and Tpeak within the left ventricular myocardium of ischemic and nonischemic patients have also been reported by Zwanenburg et al. in 2005 (158). El Ghannudi
et al. reported increased σ(Tpeak) in patients eligible for CRT compared to their volunteer
collective and found a high negative linear correlation between ejection fraction and
σ(Tpeak) (35).
Mean CV of LBBB patients was strongly increased (52.95 ± 14.97 %). As CV was on a similar
level for all other study cohorts, this could be the first indication of this parameter’s
capability to detect left ventricular asynchrony. The results of volunteers (27.47 ± 8.34 %)
resembled those reported by Nelson et al. (110) (CV = 28.0 ± 7.1 %). Their results of DCM
patients with LBBB exceeded the results obtained in this study (201.4 ± 84.3 %). However,
validity of a direct comparison of these results should be considered with care as Nelson et
al. used tagging technique for data acquisition and reported a considerable standard
deviation in his study group.
The results for OS delay in septal-lateral and inferior-anterior direction were within the
standard deviation reported by Zwanenburg et al. (158), where they investigated 17
healthy subjects. The OS delay vector in apical-basal direction was smaller in this study
(0.27 ± 7.63 versus 9 ± 7). Similar to Zwanenburg et al. (158), increased delay vectors in
non-ischemic patients could be observed. However, validity and reasonableness of mean
data for this parameter are debatable as the contraction delay regularly occurs in the
opposite direction. In addition, many study participants, volunteers and patients, yielded
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values of zero. Hence, reliability and validity of this parameter appear limited and call for
further investigation.
The results for PS delay of volunteers were within the standard deviation reported by
Zwanenburg et al. (158) in all directions (this studies’ results for HV: SL = 33.83 ± 28.31; IA
= 2.54 ± 34.90; AB = -1.56 ± 54.63). A general trend of increased delay in patients, especially
in septal lateral direction, could be observed resembling previously reported results by
Zwanenburg et al. (158) (this studies’ results for LBBB: SL = -203 ± 74.62; IA = -30.6 ± 246.01;
AB = 8.6 ± 111.02; DCM: SL = -51 ± 109.12; IA = -73.08 ± 111.63; AB = 10 ± 63.54; STEMI: SL
= -1.24 ± 95.59; IA = -31.29 ± 84.42; AB = -41.76 ± 166.94 [ms]). PS delay in septal lateral
direction is the only parameter of delay vectors with evidence for future potential
application in asynchrony detection. As explained for OS delay, reliability and validity of PS
delay require further research.
4.4 Limitations
TPM sequences still need a considerable acquisition time and are highly dependent on
navigator efficiency, which deteriorates if patients change their breathing behavior during
the scan. With a nominal acquisition time of 5.51 minutes at a navigator efficiency of 100
%, even under ideal conditions the scan protocols may lack clinical applicability. Moreover,
post-processing still is time consuming and parameter analysis requires customized
software and specially trained personnel. Therefore, further acceleration of acquisition
time and improved embedding of software are necessary to enable clinical application of
TPM based motion quantification parameters. CMR myocardial feature tracking (CMR-FT),
an imaging technique that counters these shortcoming and rapidly performs strain analysis,
while easily implemented in standard CMR cine-imaging, was recently investigated by Wu
et al. (146). However, results of circumferential strain in volunteer and patient cohorts
including LBBB patients were poor as intra-/ and inter-observer agreement compared to
tissue tagging were insufficient.
Comparing previously described results, it appears that although calculation of parameters
stays consistent, image acquisition, slice positioning and post-processing change
throughout the studies. This severely restricts the validity of a direct comparison, a problem
which could be alleviated by a standardization of the entire image acquisition and
parameter calculation process.
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Data quality of apical slices was often unsatisfying due to a compromise in slice positioning:
if apical slices were positioned too close to the apex, myocardial contours were hard to
determine during post-processing as no intraventricular volume was visible. If apical slices
were positioned closer to the mid-ventricular plane, image quality was good, but velocities
of very apical myocardial areas were not recorded. Further progress in TPM acquisition and
motion compensation techniques have to be achieved to provide acceptable image quality
of peripheral myocardial areas and guarantee accurate parameter data.
In this study a young volunteer collective is compared to older patient collectives. As Föll
et al. (44) described previously, age has an impact on myocardial contraction and relaxation
process that is reflected in motion quantification parameters. Hence, an age-matched
study should be realized in future to analyze age-related bias of the investigated
parameters.
LBBB patients were not included based on CRT indication criteria and the small number of
bundle block patients limits statistical validity of this study. A larger trial study including
more patients with different types of left ventricular conduction aberrances and patients
with class 1 CRT indication criteria is necessary to verify the achieved results and further
investigate dyssynchrony analysis of motion quantification parameters.
4.5 Conclusion
The parameter discussion shows that many results reported in the literature were
confirmed or reproduced, and new parameters were validated. The study provides
evidence that several of the investigated TPM motion quantification parameters are
capable of detecting left ventricular dyssynchrony in left bundle block patients. Other
parameters highlighted their potential in distinction between scar-related and nonischemic motion aberrances. Except for DiffSLpeakCS, all parameters reliably detected
patients’ myocardium with different underlying pathologies. Nonetheless, spread of
volunteer data was unexpectedly high in several parameters (BARC, TUSr, RVS, RVVPS,
DiffSLpeakCS, σ(Tonset), CV, OS delay). Thus, no general recommendation to apply all
investigated parameters for left ventricular motion quantification can be given.
Longitudinal velocity based parameters performed particularly well detecting structural
heart diseases: σ(TTP)ldia, ACCl, TUVl, velocity ranges for all measured directions and the
strain based parameter σ(Tpeak) could help define a general categorization of healthy and
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damaged myocardium. Although no parameter was able to separate DCM from STEMI
patients, some parameters like σ(Tpeak) and σ(TTP)lsys, which evaluate global ventricular
contraction at one specific time point, and TUVl showed a noticeably different distribution
of values in STEMI patients and could be applied in detection of myocardial scars.
σ(TTP)radsys, BARC, radial and longitudinal ACC, TUV, TUS, RVVPS, CV, σ(Tonset) and PS delay
in septal lateral direction revealed left ventricular asynchrony in LBBB patients and allowed
significant distinction from DCM-only and STEMI patients. Depending on the requested
information about myocardial motion, a combination of several of these parameters could
improve detection of characteristically cardiac motion patters in patients, i.e. selected for
CRT. This, however, has to be investigated in future studies as the LBBB patients in this
study were not included based on CRT indication criteria.
The major benefits of the investigated parameters are their reliability and the possibility of
standardization to quantify dyssynchrony. They provide currently non-accessible
information about myocardial motion that may enhance CRT guidance. Detailed
information about myocardial contraction and relaxation is necessary to screen patients
for CRT eligibility and ensure correct electrode positioning and stimulation. CRT electrode
positioning highly influences response and outcome as has been verified in several studies
(60,78,107). In fact, application of motion quantification parameters is not limited to CRT
screening and guidance as detailed information about myocardial motion may facilitate the
selection process and correct electrode positioning in any electromechanical pacemaking
therapy.
A standard protocol to evaluate myocardial motion with the investigated parameters could
contain several steps of differentiation. In a first step, velocity ranges and parameters
focusing on longitudinal velocities, which are sensitive to general contraction and
relaxation processes, could be analyzed. In a next step, more specific parameters could be
applied focusing on either scar-related or asynchrony related motion aberrances. As all
parameters could be calculated using the same TPM images, only one additional sequence
would have to be added to the scan protocol. To establish such diagnostic MRI protocols,
large trial studies have to be made to gather statistically reliable reference values for
different cardiac pathologies.
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Another possible scenario for the investigated parameters may be supportive application
in scar imaging, as σ(Tpeak), σ(TTP)lsys and TUV were characteristically aberrant in STEMI
patients. Although motion quantification parameters do not provide exact positional
information about scar tissue, they directly reflect functional disability of scarred
myocardium. These parameters could be added to contrast enhanced imaging protocols
and yield additional information. There are still patient groups with contraindications for
contrast agents like gadolinium, i.e. patients suffering from end stage chronic kidney
disease or nephrogenic systemic fibrosis (7). Motion quantification parameters could
evaluate myocardial dysfunction in these patients and support therapeutic decisions.
Scar imaging is of significant interest in CRT as there is a need for reliable information about
myocardial scar tissue to ensure stimulation in non-infarcted myocardial areas. Applying
TPM based motion quantification parameters in asynchrony assessment and scar
evaluation, a connection between CRT patient screening and intervention planning could
be established. Screening process and pre-interventional CRT imaging could be merged into
one examination.
The investigated velocity derived parameters display paramount potential in the clinical
application field of quantification of left ventricular asynchrony. Other authors confirm the
promising results achieved in this study. Föll et al. found significantly altered myocardial
motion in DCM patients with and without LBBB using three slice TPM. Their results included
reduced longitudinal and radial velocities, altered left ventricular twist and increased TTP
velocities in patients. Similar to the findings of this study, they state that LBBB further
deteriorates myocardial shortening and relaxation process in DCM patients (42). Recently,
Suever et al. found initial evidence of a positive correlation between electrical and
mechanical delay times in patients undergoing CRT (138). According to their study, pacing
guided by non-invasive diagnosis of myocardial motion patterns actually targets the
corresponding electrically delayed areas. This underlines the potential benefit of motion
quantification parameters, especially since Suever et al. only applied radial displacement
curves, a fraction of parameters that could be applied.
Left bundle branch blocks create very advanced stages of left ventricular asynchrony as in
patients fulfilling CRT indication criteria. The results of this study indicate that patients
suffering from severe left ventricular asynchrony show characteristic values in the
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investigated parameters. To verify the results obtained in this study, a variety of stages of
left ventricular asynchrony, including different bundle blocks and other types of conduction
delays, need to be investigated in larger study groups. Radial ACC, TUS, CV and RVVPS were
able to identify asynchrony with high-level statistical significance of p < 0.01 versus all study
cohorts, even with a comparably small LBBB study cohort. These parameters appear
valuable for further clinical research and could improve identification of patients suffering
from left ventricular asynchrony.
The next crucial step of application for motion quantification parameters is to investigate
patients that will receive CRT devices and search for characteristics in CRT responders as
left ventricular asynchrony in general is no marker for response. The most advanced way
would include 3D phase contrast imaging techniques that, in contrast to the scan protocol
used in this study containing three short axis slices, provide gapless analysis of left
ventricular wall motion (88,94). By that, a completely three dimensional image of the
entire left ventricle could be gathered offering extended application of the investigated
parameters and thereby facilitating the quantification of characteristic motion patterns to
enhance the identification process of patients best eligible for CRT devices.
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5 Summary
About 30 % of patients receiving cardiac resynchronization therapy (CRT) devices, a
sophisticated pacemaking therapy applied in patients with advanced stages of heart failure
and left ventricular dyssynchrony, do not benefit from this therapy. Until now, no reliable
predictors to therapy response have been found. Motion quantification parameters
derived from velocity encoded magnetic resonance imaging (MRI) haven proven valuable,
offering detailed information about myocardial motion processes in several studies. If
these parameters were capable of distinguishing between specific myocardial contraction
and relaxation patterns, they might be suitable to correctly identify CRT responders. The
objective of this study therefore was to analyze the capability of 14 motion quantification
parameters derived from tissue phase mapped (TPM) MRI to distinguish between healthy
volunteers (HV; n = 41) and patients including myocardial infarction (STEMI; n = 17), dilated
cardiomyopathy (DCM; n = 12) and DCM plus left ventricular asynchrony due to left bundle
branch block (DCM + LBBB; n = 5). For the first time, velocity, angle based and strain based
parameters were derived from the same TPM sequence.
Acquisition of three TPM short axis slices (apical, equatorial and basal) on a 3 Tesla MRI and
calculation of all 14 parameters was performed successfully. 13 of 14 parameters showed
statistically significant differences between volunteer and patient cohorts. Left ventricular
asynchrony in LBBB patients produced clearly aberrant values in the investigated
parameters allowing significant distinction when compared to all other study cohorts. A
wide distribution of values obtained from healthy volunteers was observed in some
parameters.
Motion-encoded MRI at 3 Tesla can be applied deriving motion quantification parameters
to access left ventricular motion in volunteers and patients. New parameters were
validated and results previously reported in the literature could be confirmed. Especially
left ventricular dyssynchrony due to left bundle branch block produces characteristic values
and several of the respected parameters are reliably capable of detecting specific motion
patterns as well as separation from healthy, undamaged myocardium in volunteers. A
future age-matched clinical study including more patients with left ventricular asynchrony
of various etiologies and patients fulfilling CRT indication criteria is necessary to finalize the
verification process of the investigated motion quantification parameters.
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