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Introduction
Optimal cardiac pump function depends on contraction and relaxation of a
complex arrangement of muscle fibers (Fig. 1) in the myocardium (myocardial
function). In many heart diseases, decreased pump function is accompanied by
distinct changes in the myocardial contraction pattern. Besides, in early stages
of the disease, global parameters for cardiac function such as ejection fraction
or cardiac output may not be affected since the heart can compensate for minor
loss of myocardial function. Evaluation of myocardial function is therefore
essential for understanding and monitoring the (patho)physiology of the heart.
Myocardial function can be directly quantified by measuring the deformation of
the cardiac muscle during systole and diastole.

Figure 1. Section of the myocardium showing its fiber
arrangement. Left: apical view, right: the myocardium
unfolded. Reprinted from Buckberg GD et al., J Thorac
Cardiovasc Surg 124:863‐883, 2002, with permission from
Elsevier.

QUANTIFICATION OF MYOCARDIAL DEFORMATION
Magnetic resonance imaging (MRI) is very suitable for studying myocardial
function, because of its high resolution and possibility to image in any desired
direction relative to a fixed coordinate system. Furthermore, MRI is non‐
invasive and free of ionizing radiation. Myocardial deformation can be studied
by tagging the tissue at end‐diastole. The tags are usually applied by spatial
modulation of magnetization (SPAMM) (Fig. 2) and provide an intensity pattern
that deforms along with the heart (1, 2).
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Figure 2. Example of spatial modulation of magnetization. Magnetization vectors are shown during tagging
preparation, which consists of two opposite RF‐pulses with a dephasing gradient in between.

The deformation of the left ventricular (LV) myocardial wall is generally
measured relative to the end‐diastolic state, in the radial/circumferential/
longitudinal coordinate system (Fig. 3) (3, 4). In this thesis, deformation is
quantified by LV circumferential shortening and torsion, the rotation of the
apex with respect to the base. Both measures are closely related to the
orientation of the myofibers (5, 6) and can be derived from LV short‐axis
images.

Figure 3. The radial/circumferential/longitudinal coordinate
system, with respect to which the components of the strain
tensor are expressed.

Analysis of the tagged MR images is performed by the harmonic phase (HARP)
method (7), which regards the tagging pattern as a frequency modulated signal
(Fig. 4). In this way, tracking of the tissue is based on the principle that for
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every myocardial point, the phase of the signal is constant over time. This is
used for calculation of LV torsion. Estimation of the local frequency of the signal
is directly related to the strain of the myocardium (8).

Figure 4. The harmonic phase
principle. When the tissue
compresses,
tag
frequency
increases. Due to T1‐relaxation,
amplitude decreases over time.
The slope of the computed phase
increases, but the phase values
remain constant. Image adapted
from JL Prince and NF Osman,
Johns
Hopkins
University,
Baltimore, USA.

MYOCARDIAL DEFORMATION OF THE NORMAL AND FAILING
HEART
During the ejection phase (systole) in the normal heart, the myocardium
shortens in the circumferential and longitudinal directions, thickens in the
radial direction, and the base and apex of the LV rotate in opposite directions
(torsion). In the filling phase (diastole), rapid recoiling of the LV is followed by
circumferential and longitudinal lengthening and radial thinning (9, 10). These
deformations are generated by contraction of myocytes, arranged in a complex
fiber orientation, against a certain pressure in the LV. The orientation of the
fibers, from right‐handed oblique in the endocardium, circumferential in the
mid‐wall, to left‐handed oblique in the epicardium, generates torsion, and
allows equalization of fiber stress and strain (11). In a failing heart, sarcomere
shortening might be impaired by, among others, ischemia or altered bio‐
energetics (12), which will cause changes in the contraction pattern.
Furthermore, in the normal heart, electrical activation is fast in order to assure
synchronous mechanical contraction of the sarcomeres (13). A failing electrical
conduction system can cause delays in timing of mechanical activation of the
myocytes (14), which also changes the myocardial contraction pattern. Usually,
an interaction of altered mechanical and electrical properties of the
myocardium will result in an inefficient cardiac contraction pattern, which will
eventually be accompanied by loss of pump function.
In this thesis, myocardial deformation is studied in two groups of patients. The
first group are patients with severe loss of pump function, who are eligible for
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cardiac resynchronization therapy (CRT). The second group are patients with a
genetic mutation for hypertrophic cardiomyopathy (HCM) with normal wall
thickness, in whom pump function is still normal. The different clinical pictures
of these groups underline the relevance of analysis of myocardial function in
clinical practice.

CRT CANDIDATES
End‐stage heart failure is often accompanied by a dyssynchronous contraction
pattern. In these patients, pump function can be restored by cardiac
resynchronization therapy (CRT), which involves a pacemaker that stimulates
‐earlier‐ the late activated regions of the myocardium (15). However, 30‐40%
of CRT recipients do not show improvement in pump function or symptoms
(16). The disease mechanisms in end‐stage heart failure patients and exact
modes of operation of CRT are still unclear. Analysis of myocardial deformation
can provide new information and might therefore be of help for better
understanding and prediction of response to CRT.

HCM MUTATION CARRIERS
Hypertrophic cardiomyopathy (HCM) is a disease that causes hypertrophy of
the LV myocardium, mainly the interventricular septum. HCM is associated
with heart failure and sudden cardiac death (17). Over 100 genetic mutations
that mainly encode for sarcomeric proteins have been identified in HCM
patients (18). However, in 30‐40% of patients, no causal mutation could be
found yet (19). Studying myocardial function in patients with a genetic
mutation for HCM might provide insight in the disease process and might lead
to possibilities of early detection and/or risk stratification of the disease in
family members of HCM patients.

AIMS AND OUTLINE OF THE THESIS
The main goals of this thesis are to introduce explicit measures of myocardial
mechanics and to explore their potential for use in clinical practice, involving
disease monitoring and risk‐ and/or therapy stratification, and to gain more
insight into myocardial (dys)function of the LV. The thesis is divided into three
parts.
The first part of this thesis aims to develop a standardized method for analysis
of myocardial function by quantification of LV torsion that allows for proper
data interpretation. Chapter 1 explores the prerequisites for this method, by
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reviewing literature. In Chapter 2, the standardized quantification method is
described and explored in a group of healthy volunteers. Chapter 3 compares
the standardized 2D torsion method to extensive 3D strain analysis, to
investigate whether this method provides sufficient information.
In the second part, myocardial strain and torsion in CRT candidates are
explored. Therefore, in Chapter 4, first the dyssynchrony in LV circumferential
strain as derived by MRI is compared to a newer, 3D echocardiography based
method: assessment of regional LV volume changes. In Chapter 5,
circumferential shortening patterns are studied in relation to acute response to
CRT. Chapter 6 focuses on the torsional deformation of the myocardium in
patients eligible for CRT. Its suitability as predictor for response to CRT is
explored.
The third part of the thesis intends to describe myocardial deformation in
patients with a genetic mutation for HCM who still have a normal wall
thickness. In Chapter 7, regional circumferential strain is studied in these
patients, whereas in Chapter 8, LV torsion is analyzed, both to investigate their
use for monitoring and detecting HCM mutation carriers.
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Standardized quantification of
left ventricular torsion
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Chapter 1

Left ventricular torsion: An expanding role
in the analysis of myocardial dysfunction
I.K. Rüssel, M.J.W. Götte, J.G. Bronzwaer, P. Knaapen, W.J. Paulus, A.C. van Rossum
Published in: J Am Coll Cardiol Img 2009;2:648‐655

ABSTRACT
During left ventricular (LV) torsion, the base rotates in an overall clockwise direction
and the apex rotates in counterclockwise direction when viewed from apex to base. LV
torsion is followed by rapid untwisting, which contributes to ventricular filling.
Since LV torsion is directly related to fiber orientation, it might depict subclinical
abnormalities in heart function. Recently, ultrasound speckle tracking was introduced
for quantification of LV torsion. This fast, widely available technique may contribute to a
more rapid introduction of LV torsion as a clinical tool for detection of myocardial
dysfunction. However, knowledge of the exact function and structure of the heart is
fundamental for understanding the value of LV torsion.
LV torsion has been investigated with different measurement methods during the past
two decades, using MRI as gold standard. The results obtained over the years are helpful
for developing a standardized method to quantify LV torsion, and facilitate the
interpretation and value of LV torsion before it can be used as a clinical tool.

17

Part 1

INTRODUCTION
Torsion of the left ventricle (LV) is the wringing motion of the ventricle around
its long axis induced by contracting myofibers in the LV wall (1). During initial
isovolumic contraction, both the apex and the base both rotate in
counterclockwise direction (2), when viewed from apex to base. Subsequently,
during systole, the base changes direction and starts to rotate in a clockwise
direction, while the apex continues to rotate in counterclockwise direction (Fig.
1). LV torsion is followed by rapid isovolumic untwisting of the ventricle.
During contraction, potential elastic energy is stored in the collagen matrix and
cytoskeletal proteins (titin); its release (recoil) causes rapid untwisting (3,4)
and contributes to active suction of blood from the atria (5).

Figure 1. Schematic drawing of LV torsion. ED: end‐diastole, ES:
end‐systole. The left‐most image shows the myofiber
directions. Solid lines: epicardial region, dashed lines:
endocardial region. The right‐most image shows untwisting.

The mode of contraction is determined by the oblique orientation of the
myofiber sheets (6). Sub‐endocardial fibers are right‐hand oriented, sub‐
epicardial fibers left‐handed. Therefore, LV torsion seems to occur
predominantly in the direction of the sub‐epicardial fibers. Because of its direct
relation to fiber orientation, LV torsion is a valuable addition to strain measures
such as longitudinal or circumferential shortening, or radial thickening.
Early measurements on LV torsion were often performed invasively (7‐9).
Because markers had to be implanted, measurements could only be performed
in animals or patients who underwent cardiac surgery. Possibly, the invasive
nature of these measurements also influenced LV torsion. During the last two
decades however, non‐invasive imaging techniques became available to
quantify LV torsion. Magnetic resonance imaging (MRI) with tissue tagging
(10,11) was used as gold standard, since this technique is able to create non‐
invasive markers over the entire myocardium in any anatomical plane that can
be tracked throughout the cardiac cycle (Fig. 2). The recent introduction of
speckle tracking in ultrasound again draws attention to LV torsion (12,13). The
widespread availability of this tool may lead to a fast introduction of LV torsion
as a clinical measure for detection of myocardial dysfunction. However, before
LV torsion can be used as a clinical tool, the physiology of the torsional
deformation should be well understood.
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Figure 2. Example of calculated rotations and torsion in a healthy subject using MRI. Left: horizontally and
vertically tagged end‐systolic MR images. Tag‐lines do not appear sharp, since sinusoidal tagging was used,
optimal for harmonic phase tracking (47). Top images are basal, bottom images apical. Right: corresponding
rotation and torsion (circumferential‐longitudinal shear angle) curves, starting at end‐diastole and showing the
entire cardiac cycle. However, the diastolic part of the curves is somewhat noisy, because of tag‐fading. This
explains why the curves do not entirely return to zero.

METHODOLOGICAL ISSUES AND PHYSIOLOGICAL
FUNDAMENTALS OF LV TORSION
Over the years, torsional deformation of the left ventricle has repeatedly been
studied both in animals and in man. Different definitions of LV torsion were
given in literature (Fig. 3). One definition describes LV torsion by the difference
in rotation (ϕ ) between base and apex (14), the twist. Another definition is the
normalized twist, where this twist angle is divided by the distance (D) between
the measured locations of base and apex (15). However, to make LV torsion
comparable between differently sized hearts, the normalized twist should be
multiplied by the mean radius (ρ) of base and apex (16):
(φ apex − φ base ) ⋅ ( ρ apex + ρ base )
.
[1]
T=
2D
In this way, LV torsion (T) is directly related to the circumferential‐longitudinal
shear angle (Fig. 3). A unified method to calculate LV torsion should use this
definition and must be independent of the measurement method. In this
review, studies are interpreted with regard to this definition.
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Figure 3. Different definitions of LV torsion: A sketch of a basal and an
apical plane and the torsional deformation. Twist is defined as (ϕapex
ϕbase), twist per unit length as (ϕapexϕbase)/D and LV torsion T
(circumferential‐longitudinal shear angle) as (ϕapex  ϕbase)(ρapex +
ρbase)/2D. Mostly, counterclockwise rotation as seen from the apex is
positive.

One of the first non‐invasive, MRI based LV torsion measurements in normal
human volunteers was performed by Buchalter et al. (14). It was shown, that
the twist angle increased with distance from base to apex. The circumferential‐
longitudinal shear angle, however, remained constant from base to apex, and
from endo to epicardium. Both twist and shear angles were counterclockwise
as seen from the apex and greater in anterolateral regions than in posteroseptal
regions.
Young et al. (17) stated that for calculation of LV material point rotation, the
motion of the reference centroid during the cardiac cycle should be corrected
for. This resulted in more similar rotations over different regions. A comparable
approach was used by Lorenz et al. (2). Both studies demonstrate that the
anterior and lateral walls show significantly higher twist angles than the septal
and posterior walls. Sub‐endocardial rotation was found to be higher than sub‐
epicardial rotation.
The larger anterolateral than inferoseptal rotation might be a result of
misplacement of the reference centroid (18). Possibly, rotation occurs around
the center of mass of the entire heart, which would be located more towards
the inferoseptal region, instead of only around a centroid in the LV (Fig. 4).
The gradient in the twist angle over the long axis of the ventricle and the
transmural differences in rotation seem to result in a constant circumferential‐
longitudinal shear angle over the LV. When such normalized measures of LV
torsion are used, there even is a resemblance between murine and human LV
torsion (19), despite a ten‐fold difference in heart length, much shorter RR‐
interval and more than two hundred‐fold difference in ventricular mass. These
results show that in mammals, LV torsion is fundamental to normal ventricular
function. However, comparisons rely on the assumption that fiber orientations
are similar; this was not specifically studied in the mouse heart.
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Figure 4. A displaced axis of rotation (AoR) results in a different observed rotation angle for the same
displacement (a). Inclusion of the RV mass in the calculation of the AoR will move the AoR more towards the
inferoseptal direction (b).

Besides the magnitude of rotation, also its timing provides physiological
information. A recent study measuring LV rotation in pigs (20) using
ultrasound speckle tracking interestingly showed a significant difference in
time to peak rotation between subendo‐ and subepicardial myocardial layers.
Unfortunately, no human data on this phenomenon are present yet.
Aelen et al. (16) investigated the relation between LV torsion and ejection in
healthy volunteers. It had been calculated (21) that transmural fiber shortening
is uniform when LV torsion is a function of the ratio of cavity volume to wall
volume, which is related to the amount of circumferential shortening and wall
thickening. The relation indeed exists in healthy volunteers and demonstrates
that LV torsion is an important contributor to myocardial function. Dong et al.
(22) found a similar relationship in the canine heart, where a positive relation
between LV torsion and stroke volume and LV torsion and ejection fraction was
found.

LV TORSION UNDER SPECIFIC PHYSIOLOGICAL CONDITIONS
Inotropic and chronotropic stimulation
In a dog study by Rademakers et al. (3), it was found that maximum twist
increased after inotropic stimulation by dobutamine infusion, and that
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untwisting was more rapid. This increase was confirmed by Buchalter et al.
(23). To study chronotropic stimulation, in the latter study the dogs were
atrially paced, which also increased rotation. In a study by Sorger et al. (15),
dogs were paced ventricularly (RV apex and LV free wall). It was demonstrated
that the clockwise rotation of the base and the counterclockwise rotation of the
apex were preserved during pacing at all sites. However, ventricular pacing
resulted in a reduction of normalized peak twist angles when compared to
atrial pacing. Also, during untwisting, the ventricularly paced hearts exceeded
the return to zero twist, resulting in a second small counterclockwise twist at
end‐diastole. The overshoot might have implications for LV filling, as LV
pressure might be altered by the counterclockwise twist.
Both dobutamine and atrial pacing increase rotation, probably via the
mechanism of the positive force‐frequency relation. A human study by Notomi
et al. (4) demonstrated that the LV twist angle, measured by tissue Doppler
imaging, increased during exercise, which seems a similar effect. Furthermore,
this study showed an accompanying exercise induced increased velocity of
untwisting, which suggests a link between systolic contraction and enhanced
diastolic filling by active suction. In Fig. 5, a chart is presented which proposes
the effects of physiological exercise on torsion.

Figure 5. Chart describing the pathways of changes in LV torsion during physiological exercise. LV torsion and
untwisting are interrelated. In order to increase cardiac input and output during exercise, increased and more
rapid torsion and untwisting are required. FFR: force‐frequency relation.
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Ischemia
Buchalter et al. (23) also studied ischemia in the canine heart. Ischemia was
induced at different locations. Anterior wall ischemia reduced rotation of only
the anterior wall, while posterior wall ischemia reduced sub‐epicardial
posterior wall rotation and anterior wall rotation. Gibbons Kroeker et al. (24)
showed that during coronary occlusion, peak apical rotation was delayed in the
dog heart. Since regional ischemia influenced the (timing of) rotation of several
other regions, the results suggest that LV rotation, and thereby LV torsion,
depend on the complex fiber arrangement of the whole ventricle.
Load alterations
Gibbons Kroeker et al. (24,25) measured the effects of pre‐ and afterload on
apical rotation in open‐chest dogs. With ischemia, maximum apex rotation
occurred later. Decreasing preload and afterload (vena caval occlusion)
resulted in an increase in amplitude of apex rotation, with earlier maximum
rotation. Increasing preload (volume loading with saline) or afterload (single
beat aortic occlusion) resulted in a small decrease and delay in maximum apex
rotation. The results were confirmed in a study by MacGowan et al. (26).
The effects of pre‐ and afterload on LV torsion in transplanted canine hearts
were studied by Dong et al. (22). Increased preload (increased end‐diastolic
volume) caused an increase in twist angles. Twist angles decreased under
increasing afterload (increased end‐systolic volumes). Observed changes in
torsion caused by changes in preload differ from what was found in the studies
of Gibbons Kroeker et al. and MacGowan et al. A reason could be that in these
studies only rotation was investigated, or that afterload was changed as well,
because of an increase in end‐systolic volume by the volume loading with
saline. However, the observed changes in torsion due to changes in afterload
were in agreement with these studies.
Dong et al. (27) also hypothesized that the rate of untwisting might reflect the
process of relaxation independent of left atrial pressure. As the extent of LV
torsion is correlated with cavity pressure (22), untwisting rate may be related
to the rate of pressure fall. This untwisting rate was regressed against the
relaxation time constant, which was obtained from hemodynamic analysis.
Measurements were done under different loading and contractility
circumstances. It was found that untwisting rate correlated closely and
reproducibly with the relaxation time constant, independently of pressure and
load. It is therefore a parameter that can be used for the detailed study of
diastolic function.
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LV TORSION IN PATIENTS WITH DIFFERENT DISEASES
Pressure overload
Stuber et al. (28) studied LV torsion in pressure‐overloaded hypertrophied
hearts in patients with aortic stenosis, in athletes and in a control group. They
hypothesized that in athletes, wall stress will be normal due to the unchanged
ratio of wall thickness to chamber radius. The normalized twist was not
significantly different between athletes and controls. While in patients, these
values were significantly increased. The results found in this study confirm the
relationships between LV torsion and pressure (22) and ejection (16). In a
similar study (29), rotation and LV torsion were investigated in patients with
aortic valve stenosis compared to a control group. Twist angles were calculated
at the point of maximum apex rotation. In patients, basal rotation was reduced,
but apical rotation was increased and delayed. In addition, a delay in untwisting
was observed during relaxation. A study by Sandstede et al. (30) also showed
that patients with aortic valve stenosis have significant increase of apical
rotation, which is reduced after aortic valve replacement.
These changes in rotation are underlined by the parameter TransDif (31).
When assuming myofiber shortening to be transmurally uniform, LV torsion to
shortening ratio was predicted to be a fixed number, which was already
confirmed (16). TransDif expresses the transmural uniformness of fiber
shortening. In patients with aortic valve stenosis, TransDif was increased with
respect to healthy subjects, suggesting impairment of subendocardial
myocardial fiber shortening. In patients who were treated by aortic valve
replacement, TransDif decreased but did not return entirely to normal.
Ischemic heart disease
In a study (32) by Nagel et al., cardiac rotation in patients with anterolateral
myocardial infarction (MI) was investigated. In these patients, there was less
systolic rotation at the apex and diastolic untwisting was delayed and
prolonged in comparison with controls. The same was reported recently by
Takeuchi et al. (33), who used speckle tracking echocardiography for LV torsion
analysis in patients with anterior MI. Besides the effects of systolic dysfunction
due to MI, which is reflected in less LV torsion, the subsequent impaired
untwisting might reflect the occurrence of diastolic dysfunction in these
patients.
Garot et al. (34) investigated systolic twist angles in patients after acute
anterior MI and in a control group. Myocardial ischemia caused a decrease in
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LV twist angles in the patients with respect to the controls, which was related
to global LV function. The same was observed by Buchalter et al. (23).
Paetsch and Föll et al. (35) investigated apical rotation with MRI tagging on
patients suspected of coronary artery disease (CAD). Systolic rotational velocity
was reduced in patients with CAD. Neither an increase in peak rotation nor an
increase in systolic rotational velocity was found during low‐dose dobutamine
stress. Under high‐dose dobutamine stress, these patients showed an increase
in peak rotation and systolic rotation velocity. In patients without CAD, peak
rotation and maximal rotation velocity (systolic and diastolic) increased with
increasing dobutamine stress. In patients with CAD, time to peak untwist was
delayed. Patients could be identified with CAD from the diastolic parameter
‘time to peak untwist’.
During the first seconds of ischemia, apical rotation was found to increase due
to dysfunction of only the sub‐endocardial fiber layer (24). The decrease in LV
torsion during ongoing ischemia can be explained by the finding that reduced
fiber shortening in the sub‐epicardial fiber layers occurs as a result of
impairment of mechanical function in the sub‐endocardial layers, which is
caused by tethering between the fiber layers via the stiff collagen network (36).
Cardiomyopathy
Setser et al. (37) studied LV torsion in patients suffering from dilated
cardiomyopathy (DCM) before and after partial left ventriculectomy. Clinical
indices of cardiac function showed improvement, while twist angles remained
unchanged, possibly due to disturbed fiber orientation after surgery.
MacGowan et al. (38) showed that in patients with DCM, endocardial
circumferential‐longitudinal shear was decreased relative to a control group,
while epicardial shear was similar. Uniform transmural fiber shortening
(although decreased) was maintained in these patients.
Reduced LV torsion in patients with DCM was found to be a predictor of
response to cardiac resynchronization therapy (CRT), and increased after eight
months of therapy (39).
In patients suffering from hypertrophic cardiomyopathy, LV torsion is
increased with respect to a control group (40). The same holds for the velocity
of untwisting (4).
Diabetes mellitus
Fonseca et al. (41) studied circumferential‐longitudinal shear in type‐2 diabetic
patients with diastolic dysfunction and normal ejection fraction. Peak LV
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torsion and systolic torsion rate were greater in patients than in the control
group. Peak rate of untwisting however, did not differ between both groups,
indicating impaired relaxation. Since peak circumferential and longitudinal
strains were lower in the patient group, heart function seems to be
compensated by increased LV torsion.
General heart failure
In a recent study (42) using speckle tracking echocardiography, LV untwisting
rate was studied. It was found that LV untwisting rate is related to the peak
twisting angle and the LV end‐systolic volume, both in patients with decreased
ejection fraction and in patients with diastolic dysfunction. This finding is in
line with the studies on load alterations, which found decreased twist angles
during increased end‐systolic volumes.

DISCUSSION AND PERSPECTIVES
This review shows that LV torsion is essential for proper myocardial function.
All findings show that LV torsion may be considered as a marker for cardiac
disease. Additionally, quantification of LV torsion might be helpful in clinical
decision making. It might indicate proper timing of aortic valve replacement or
response to CRT. Also, it could be used to monitor the effect of therapy.
Limited data is available on LV torsion during diastole yet, mainly because of
the fading of MRI tags during the cardiac cycle. Newly developed MRI pulse
sequences (43) and ultrasound speckle tracking are expected to solve this
problem. Despite these limitations, it has been shown that there is a relation
between the LV pressure drop during isovolumic relaxation (recoiling), which
generates diastolic suction, and untwisting (5,27,44).
Differences that were found between circumferential regions might be caused
by imprecisely defined centerpoints of the LV for the calculation of the rotation
of the tissue (2,17). This effect, studied in (18), questions the added value of
regional measurements and requires further investigation. Besides, LV torsion
was found to be a more global measure of myocardial function (23). A
standardized method for calculation of LV torsion should be adopted, to
address this problem. Several reference values for LV torsion were presented in
literature. However, different definitions of LV torsion were used. LV torsion
measurements should be comparable between different hearts. This can be
achieved by the following:
LV torsion should be quantified as the circumferential‐longitudinal shear angle
(see Table 1 for reference values) to be clinically most useful. In this way,
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length and radius of the heart are taken into account. Furthermore,
circumferential‐longitudinal shear is most related to the deformation process
within the myocardial wall. Also, a unified way to describe LV torsion should be
independent of the measurement method. Non‐invasive measurement methods
such as MRI tissue tagging and speckle tracking echocardiography must
provide reproducible and comparable measurements of LV torsion, before it
can be used as a clinical tool for detection of myocardial dysfunction. It might
be difficult to incorporate the circumferential‐longitudinal shear angle
approach in echocardiography, due to the lack of a reference coordinate
system. However, new methods such as 3D speckle tracking might be able to
overcome this problem (45). Furthermore, recent ultrasound speckle tracking
LV torsion studies are in agreement with MRI studies (12,13). The ultrasound
speckle tracking method seems promising, also because of its excellent
temporal resolution, but at this moment, MRI is still considered the gold
standard for LV torsion measurements because of superior image quality and
validated tissue tracking procedures (46,47).
Table 1. Reference values for LV torsion and its timing between base and apex, base and mid and mid and apex
levels in 12 healthy subjects, calculated as the circumferential‐longitudinal shear angle using MRI tagging,
adapted from (18).
BASEAPEX BASEMID MIDAPEX
Peak torsion (°)

7.7±1.4

8.2±2.3

8.1±1.1

Time to peak torsion (ms)

366±24

357±33

370±28

The difference in magnitude of rotation between the endo‐ and epicardial
regions (circumferential‐radial shear) is not in complete agreement with the
net direction of rotation, which is in favour of the sub‐epicardial fibers. The
larger sub‐endocardial rotation might also be a mechanism to evenly distribute
fiber shortening and circumferential‐longitudinal shear over the transmurality
of the myocardial wall.
To fully understand the physiological principles of LV torsion, additional
studies are necessary. Despite important technical limitations, considerable
knowledge about LV torsion in the healthy heart has already been obtained.
However, only a uniform calculation method, which describes torsion as the
circumferential‐longitudinal shear angle over the complete cardiac cycle, and
corrects for centroid motion, will allow for the use of LV torsion as a measure
for quantification of myocardial dysfunction, associated with a broad range of
cardiac diseases. Since the amount and timing of LV torsion are directly related
to the structure and function of the myocardium and myocytes, LV torsion is a
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promising measure for qualitive, as well as quantitive detection of (sub)clinical
(systolic and diastolic) dysfunction.
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ABSTRACT
Purpose: To introduce a standardized method for calculation of left ventricular torsion
by CMR tagging and to determine the accuracy of torsion analysis in regions using an
analytical model.
Methods: Torsion between base and apex, base and mid, and mid and apex levels was
calculated using CSPAMM tagging and Harmonic Phase tracking. The accuracy of torsion
analysis on a regional basis (circumferential segments and transmural layers) was
analyzed using an analytical model of a deforming cylinder with a displaced axis of
rotation (AoR). Regional peak torsion values from twelve healthy volunteers calculated
by the described method were compared to literature.
Results: The deviation from the analytical torsion per % AoR‐displacement (of the
radius) was 0.90 ± 0.44% for the circumferential segments and only 0.05% for the
transmural layers. In the subjects, circumferentially, anterolateral torsion was larger
than inferior (12.4 ± 3.9° vs. 5.0 ± 3.3°, n.s.). Transmurally, endocardial torsion was
smaller than epicardial (7.5 ± 1.3° vs. 8.0 ± 1.5°, p < 0.001).
Conclusion: Variability in the position of the AoR causes a large variability in torsion in
circumferential segments. This effect was negligible for global torsion, and torsion
calculated in transmural layers. Results were documented for the healthy human heart
and are in agreement with data from literature.
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INTRODUCTION
Torsion is the wringing motion induced by contracting myofibers in the left
ventricular (LV) wall, in order to eject blood from the ventricle. The subsequent
fast untwisting during early diastole is a major indicator of the restoring forces
that contribute to rapid filling, since the blood is actively sucked from the left
atrium (1) into the LV.
Subendo‐ and subepicardial myofibers are obliquely oriented in opposite
directions, with a smooth, transmural transition between the fiber directions
(2). Since torsion is directly related to myofiber orientation, structure, and
function, it is an important indicator for the condition of the heart. Torsion was
found to be a sensitive marker for both systolic and diastolic dysfunction (3‐
10). This may allow for an early differentiation between diseased and normal
myocardium, and discrimination between systolic and diastolic heart failure.
However, no uniform method to calculate torsion is yet available. There is still a
debate on how to describe and analyze LV torsion in an optimal way. Several
methods to describe torsion have been published (11‐13). Calculation of
torsion as the circumferential‐longitudinal (CL) shear angle, takes both the
length and the radius of the heart into account (Fig. 1). Therefore, it allows for
comparison between hearts of different sizes and is directly related to fiber
orientation and the processes in the cardiac wall (14). In this article, this
definition is used as the torsion.

Figure 1. A sketch of a basal and an apical plane and the torsional
deformation. Twist is defined as (ϕapex  ϕbase), the twist per unit length as
(ϕapex  ϕbase)/D and the torsion T (CL shear angle) as ( ϕapex  ϕbase)ρm/2D,
with ρm the mean radius of the basal and apical level, in the undeformed
and the deformed state. Counterclockwise rotation as seen from the apex
is positive.

Furthermore, the question whether analysis of torsion on a regional basis is
clinically useful, remains unanswered. In studies on healthy subjects,
information on reference values of regional torsion is available (11,15,16),
whereas in patient studies, data on regional torsion is scarce. The canine study
by Buchalter et al. (17), showing that inferior wall ischemia influenced both
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inferior and anterior wall rotation, illustrates that torsion is a global measure of
heart function.
An important issue that may affect analysis of regional torsion is the definition
of the axis of rotation (AoR). Regional differences in torsion might be explained
by the placement of the AoR. Although not previously applied, it was suggested
that the AoR might be the center of mass of both the LV and the right ventricle
(RV) together (15,16), which places the point closer to the septum than when
only the LV mass is taken into account (Fig. 2). Besides the uncertainty in
definition, the accuracy of the AoR will also depend on correct contouring of the
cardiac wall.

Figure 2. A displaced axis of rotation results in a different observed rotation angle for the same displacement (a).
Inclusion of the RV mass in the calculation of the AoR as the center of mass will move the AoR more towards
inferoseptal (b).

In this paper, a method is described that is comparable between subjects and is
relatively fast to calculate. It computes torsion from existing techniques such as
tagging and HARP‐tracking. Furthermore, it is investigated whether it is
feasible to calculate rotation and torsion on a regional basis. By absence of a
gold standard for torsion calculation, an analytical test case is used. The results
obtained in healthy subjects are presented and compared to values from
literature.
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METHODS
Calculation of rotation
The rotation of material points inside the LV myocardium at a certain level is
calculated as the rotation φ around the AoR in a cardiac phase t relative to the
previous cardiac phase using a cross product as follows:
⎛ A(t − 1) × A (t ) ⎞ ,
⎟
⎟
⎝ A(t − 1) A(t ) ⎠

ϕ (t ) = arcsin⎜⎜

[1]

where
⎛ k x (t ) − cx (t ) ⎞ ,
A(t ) = ⎜
⎟
⎝ k y (t ) − cy (t ) ⎠

[2]

with k a point in the myocardium and c the AoR. |A(t)| is the radius of a point.
After the rotation has been calculated for every point, the rotations are
averaged to generate a global mean rotation φm. The rotation Φ at a timeframe
n is then set relative to the first timeframe as follows:
n

Φ(n) = ∑ ϕ m (t ) .

[3]

t =1

Calculation of torsion
The radius ρ of the ventricle at a certain level is calculated as the average of the
radii of every myocardial point k. To calculate the torsion T at timeframe t as
the mean CL shear angle from the rotation Φ, first the base rotation is
subtracted from the apical rotation and divided by the distance D between the
base and apex levels. This gives the twist per unit length. Then, the result is
multiplied by the mean radius ρm of the two levels and the first and the current
cardiac phase, to take the mean radial location of the rotating point into
account:
ρm =

(ρ

T (t ) =

apex

(Φ

(t ) + ρapex (1) + ρ base (t ) + ρ base (1) )
4

apex

(t ) − Φ base (t ) ) ⋅ ρm
D

.

[4]
[5]

Regional rotation and torsion
To calculate rotation or torsion on a regional basis, the myocardium was
divided in circumferential segments and transmural layers (Fig. 3). For
circumferential analysis, the rotation and the radius were averaged over the
image points within circumferential segments. Torsion was calculated for each
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of the segments separately, using the same segments on the basal and apical
level.

Figure 3. (a) Arrangement of the LV myocardial wall into circumferential segments (left), or transmural layers
(right). (b) To localize the basal, mid and apical planes, the length (L) between the apex and the mitral valve in
end systole is divided into four equal parts. The planes that are used for short‐axis tagging are then located at a
distance of 1/4, 1/2 and 3/4 of L from the mitral valve plane.

For transmural analysis, the endo‐ and/or epicardial contours that delineate
the myocardium were shifted towards the desired transmural area. Then the
rotation and the radius were averaged over the image points in the transmural
layer and torsion was calculated as described above. Also in this case, the same
transmural layers on the basal and apical levels were used.
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Analytical test case
To explore the influence of AoR location on the observed rotation and torsion,
an analytical computer model test case was used (18). Briefly, this was a 100
mm long incompressible deforming cylinder with a displacement given by
analytical expressions. The deformed positions (r, θ, z) correspond to the
undeformed positions (R, Θ, Z) as follows:

r = ri 2 + ( R 2 − Ri2 )

[6]

θ = φR + Θ + γZ + ε

[7]

z = ωR + Z + δ
[8]
In this test case, the parameters were chosen such that human heart
deformation was exaggerated (RC shear: φ = 0.556°/mm, CL shear: γ =
0.6°/mm, rigid body rotation: ε = 18.334°, RL shear: ω = 0.556, rigid body
displacement: δ = 8.334 mm, initial outer radius: 50 mm, inner radii before and
after deformation: Ri = 25 mm, ri = 15 mm).
Rotation and torsion were calculated in circumferential segments and in a
transmural layer using the test case. The test case had a fixed AoR over time,
which was the center of the cylinder. The AoR was moved in all timeframes in
order to test the sensitivity of the torsion value for small changes in AoR
location. The AoR in the test case was displaced from the center of the cylinder
between 0 and 20% of the mean radial length. This displacement, expressed as
percentage, is indicated as the AoRdisp. The AoR was displaced separately for
the slices on both ends of the cylinder in identical and opposite directions. Peak
rotation and torsion were calculated in six circumferential segments and as a
global mean (one transmural layer). In case of calculation in circumferential
segments, the deviation per segment in rotation and torsion was averaged over
all segments, and the results were presented as mean ± SD.
Healthy subjects
In twelve healthy subjects (49 ± 11 yr, 3 female), rotation and torsion were
calculated in circumferential segments and transmural layers, and as a global
mean. The subjects had no history of cardiac disease, normal ECG, ejection
fraction > 50% and blood pressures under 160/90 mmHg. Written informed
consent was obtained from all volunteers. Circumferential analysis was
performed in six segments: inferoseptal (IS), anteroseptal (AS), anterior (AN),
anterolateral (AL), inferolateral (IL) and inferior (IN). Transmural analysis was
performed in the endo‐ and epicardium (data from the endocardial 50% and
the epicardial 50% of the myocardial wall were used).

38

Chapter 2

Image acquisition in the subjects
Tagged MR images were acquired on a 1.5T whole body MR scanner
(Magnetom Sonata, Siemens, Erlangen, Germany). Sinusoidally, complementary
spatial modulation of magnetization (CSPAMM) (19‐21) short‐axis cine MR
images in two orthogonal directions were made with a SSFP sequence (22,23).
The temporal resolution was 14 ms, the FoV was 300 × 300 mm, the matrix size
was 256 × 78, the slice thickness was 6 mm and the tag spacing was 7 mm (TR
= 4.7 ms, TE = 2.3 ms, bandwidth = 369 Hz/pixel, flip angle = 20°). Prospective
triggering and a multiple brief expiration breath hold scheme were used.
Short‐axis images were acquired at basal, mid and apical levels in the LV. The
levels were determined by taking the distance between the apex‐endocardium
and the mitral valve plane in an end‐systolic phase of a 2‐chamber cine and
dividing this distance into four equal parts (Fig. 3). With these sets of CSPAMM
images (Fig. 4), automatic Harmonic Phase (HARP) tissue tracking was
performed (18,24).

Figure 4. (a) Example of the horizontally and vertically tagged images for a healthy volunteer. Left: end‐diastole,
right: end‐systole. Tags do not appear very sharp because they are sinusoidal, which is optimal for the HARP‐
tracking procedure. (b) Visualization of tracked points using the extended HARP tracking method (18). The lines
represent the myocardial contours, the markers the tracked points.

Additionally, a 3‐chamber cine with the same high temporal resolution was
acquired to determine the moment of aortic valve closure (AVC).
LV contouring and extended HARPtracking of subject data
In order to delineate the myocardium, harmonic‐magnitude (HARM) images
(magnitude image of the harmonic peak in the Fourier transform of a CSPAMM
image) were calculated. LV endo‐ and epicardial contours were drawn semi‐
automatically on these images using a commercially available software package
(Mass, Medis, Leiden, the Netherlands). Subsequently, automatic extended
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HARP tracking analysis (18) was applied using in house developed software.
This method tracks all parts of the myocardium in all phases of the cardiac
cycle with high spatial resolution, since it is not limited to tag line intersections
(every pixel in the myocardium is considered to be a material point and is
tracked, however, true spatial resolution is determined by the applied filtering
and therefore lower than one pixel). Newly appearing material points that
appear inside the contours as a result of longitudinal (through plane) motion
are also tracked (Fig. 4).
Rotation and torsion in subject data
With the displacement obtained from the tracking procedure, the rotation of
the myocardium can be calculated for every tracked point inside the contours
of the short‐axis images. In this case it is assumed that the myocardium rotates
around its center of mass. Therefore, the AoR is calculated from the mean of all
image points inside the contours in every phase of the cardiac cycle. This means
that the AoR is moving over time. The radius of the LV is calculated as the mean
of all distances from every point in the myocardium to the AoR. As a result, the
radius then also changes over time.
Torsion was analyzed between basal and apical slices (base‐apex), and, in order
to also provide longitudinal regional information, between basal and mid
ventricular slices (base‐mid), and mid and apical slices (mid‐apex). Peak
rotation, time to peak rotation, peak torsion and time to peak torsion were
compared over circumferential segments (between segments with largest and
smallest values and neighboring segments), transmural layers, and longitudinal
levels using a paired Student's t‐test. Correcting for multiple comparisons
(Bonferroni), p‐values below 0.003 were considered significant. The results are
presented as mean ± SE.

RESULTS
Analytical test case
In Fig. 5, the results for circumferential rotation and torsion deviation for a
displaced AoR are presented as the absolute average deviation over the regions
± SD. The observed deviation by moving the AoR in the slice on one end of the
cylinder is larger than on the other end of the cylinder, since the overall
rotation was larger in that slice per definition (Eq. [7]. The relative deviation in
rotation or torsion from the analytical value as a function of AoRdisp can be
found in Table 1.
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Figure 5. Circumferential rotation and torsion in the analytical test case: (a) Deviation in peak rotation per
segment. (b) Deviation in peak torsion per segment. Z is the longitudinal axis of the cylinder. The mean global
radius was 37.4 mm, but the radius per segment is used for the calculation of torsion. The simulated apex and
base depict the largest and smallest Z in Eq. [5,6,7]. The maximum applied rotation at the simulated apex was
99.1°, and 39.7° at the simulated base. The error bars represent the SD of values among segments.
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Table 1. Analytical test case: Relative deviation of analytical peak rotation (°) and torsion (°) per AoRdisp.
Simulated apex Simulated base
Both displaced in
Both displaced in
displaced
displaced
same direction
opposite direction
Torsion: global
and transmural layers
Torsion: circumferential
segments
Rotation: global and
transmural layers
Rotation:
circumferential
segments

0.03

0.03

0.05

0.05

0.56±0.27

0.45±0.26

0.50±0.29

0.90±0.44

0.001

0.002

n/a

n/a

0.64±0.29

0.68±0.40

n/a

n/a

For the displaced AoR in the test case, the relative error in the global torsion
was below 0.05% per AoRdisp (Table 1). In contrast, the relative error in
torsion in circumferential segments was up to 0.9% per AoRdisp.
Healthy subjects
For the healthy subjects, peak and time to peak rotations (Table 2), and peak
and time to peak torsion (Table 3) are given as mean ± SD. Peak values are
given for global, transmural and circumferential calculations. Time to peak
values are shown for global and transmural calculations only.
Circumferential segments in subjects
When rotation and torsion are calculated in circumferential segments,
differences in peak values and timing of peak values are present (Fig. 6, Tables
2, 3). Anterior/anterolateral rotation and torsion were larger than
inferior/inferoseptal. However, no significant differences between segments
were found in peak values (p = 0.01) or time to peak values (p > 0.1).
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Table 2. Healthy subjects: Global and regional peak rotation (°) and global time to peak rotation (ms).
Peak apex rotation
Segments

Peak mid rotation

Total

Endo

Epi

Total

Endo

Epi

IS

8.7±3.2

9.2±3.7

8.4±3.1

3.5±2.1

3.5±2.1

3.5±2.1

AS

12.4±5.5

13.5±5.7 11.3±5.0

6.4±1.8

6.8±1.9

6.2±1.8

AN

16.4±7.7

17.5±8.2 15.9±7.5

6.9±2.5

7.1±2.6

6.6±2.4

AL

15.7±6.1

16.6±6.3 15.5±6.1

5.5±2.4

5.8±2.3

5.4±2.4

IL

9.7±3.9

9.8±4.0

9.6±3.6

4.8±2.1

5.0±2.2

4.7±2.1

IN

7.3±3.6

7.6±4.1

7.4±3.3

4.3±1.8

4.4±1.7

4.3±1.8

11.0±3.5 10.2±3.3

3.8±1.6

3.9±1.6

3.8±1.6

194±94

194±94

194±94

Global

10.5±3.4

Global timing

384±98

384±98

387±98

Peak base rotation
Segments

Peak negative base rotation

Total

Endo

Epi

Total

Endo

Epi

IS

2.3±2.0

2.3±2.0

2.4±2.0

‐5.6±4.1

‐6.1±4.3

‐5.4±4.0

AS

4.4±2.1

4.6±2.2

4.4±2.1

‐4.6±2.3

‐4.8±2.4

‐4.5±2.2

AN

3.3±1.8

3.3±1.9

3.1±1.7

‐7.1±3.5

‐7.8±4.0

‐6.8±3.0

AL

1.9±1.3

1.9±1.3

1.8±1.3

‐9.4±3.7 ‐10.2±4.0

‐9.1±3.7

IL

3.3±1.6

3.4±1.7

3.3±1.5

‐4.6±2.2

‐4.9±2.3

‐4.5±2.2

IN

3.8±3.0

3.8±3.1

3.9±3.0

‐3.5±3.0

‐4.1±3.4

‐2.9±2.7

Global

2.1±1.2

2.1±1.2

2.1±1.2

‐4.4±1.8

‐4.9±1.8

‐4.1±1.8

Global timing

117±19

108±28

109±28

377±41

373±42

378±39

Table 3. Healthy subjects: Global and regional peak torsion (CL shear angle (°)) and global time to peak torsion
(ms).
BASEAPEX
Segments

BASEMID

MIDAPEX

Total

Endo

Epi

Total

Endo

Epi

Total

Endo

Epi

IS

6.7±3.3

6.6±3.2

6.9±3.6

8.6±4.3

8.5±4.1

9.0±4.5

8.8±4.5

8.6±4.3

9.3±4.9

AS

8.3±3.2

8.2±3.1

8.3±3.3

10.4±3.6

10.0±3.6

10.7±4.1

10.1±5.8

10.0±5.5

10.0±5.8

AN

11.7±4.7

11.4±4.6

12.2±4.7

13.3±6.1

13.3±6.0

13.3±6.0

13.5±5.5

13.1±5.5

14.4±5.8

AL

12.4±3.9

11.9±3.7

13.1±4.0

14.8±4.4

14.6±4.3

15.4±4.6

13.5±5.6

12.8±5.3

14.5±6.1

IL

6.5±2.5

5.9±2.5

6.8±2.5

9.3±4.2

9.2±4.2

9.8±4.4

8.0±4.5

7.1±4.4

8.4±4.5

IN

5.0±3.3

5.0±3.4

5.0±3.2

7.7±4.2

7.9±4.1

7.9±4.4

6.7±3.6

6.5±3.5

7.0±3.8

Global
Global
timing

7.7±1.4

7.5±1.3

8.0±1.5

8.2±2.3

8.2±2.2

8.3±2.3

8.1±1.1

7.6±1.1

8.5±1.3

366±24

366±32

367±25

357±33

356±32

355±33

370±28

369±26

367±25
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Figure 6. Segmental base‐apex torsion in a healthy volunteer. Counterclockwise torsion is positive when viewed
from the apex. IS: inferoseptal, AS: anteroseptal, AN: anterior, AL: anterolateral, IL: inferolateral, IN: inferior.

Transmural layers in subjects
In Fig. 7, transmural basal, mid and apical rotations and transmural base‐apex,
base‐mid and mid‐apex torsion are shown for the same subject. It can be seen
that the endocardium rotates more than the epicardium. The base starts
rotating similar to the apical slice, but subsequently rotates in the opposite
direction. Besides the first, positive peak, this results in a negative peak value at
the basal level. The rotation in the mid‐slice follows an averaged path between
base and apex. The mean rotation over all subjects is shown in Fig. 8. The
torsion demonstrates a comparable pattern for all combinations between the
slices (Fig. 8).
Transmural differences (Table 2, 3) in peak rotation and peak torsion were
significant for all calculated values on the basal and apical level (all p < 0.001),
except for peak positive base rotation. No significant difference was found
between base‐mid and mid‐apex peak torsion (p = 0.9).
Transmural (p > 0.05) and longitudinal (p = 0.03) differences in timing were
not significant. Also, no significant difference was found between AVC and time
to peak torsion (p > 0.2).
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Figure 7. Rotation and torsion in a healthy volunteer. The different colors divide transmural layers; the different
shapes indicate different longitudinal levels. Transmural and longitudinal differences are visible in this subject.
Positive rotation is counterclockwise when viewed from the apex. Note that in this subject, torsion is not constant
over the long axis.

Figure 8. Mean, interpolated
rotation (a) and torsion (b) over
all 12 healthy subjects. 100%
systole is defined as AVC. The
remaining parts of the curves
(imaged after AVC) are also
interpolated over a 100% range,
note that this is not the entire
diastolic period. The calculated
average of base and apex rotation
is nearly the same as the
measured mid rotation.
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DISCUSSION
This study demonstrates that the calculation of LV rotation and torsion in
circumferential segments using an AoR provides unreliable results, since these
results are strongly dependent on the location of the AoR. Through the
availability of displacement data with high spatial resolution, LV rotation and
torsion could also be calculated transmurally. These results are hardly
dependent on AoR location.
Displaced AoR in the test case
The influence of a displaced AoR on the observed rotation and torsion in the
analytical test case appears to be larger when the AoR was moved in a slice
where the actual rotation was larger (Fig. 5). However, when looking at the
percent deviation (Table 1), the percentage from the analytical value is higher
in a slice with a small rotation than in a slice with a large rotation. This
suggests, that in a human heart (where the rotation is smaller than in the
exaggerated test case), the relative deviation in rotation from a displaced AoR
will increase even more at increasing AoRdisp. For torsion, displacement of the
AoR in the slice with the largest original rotation results in the largest error at
increasing AoRdisp (Table 1). This is caused by the fact that torsion has one
analytical value for both combined slices (unlike rotation, where both separate
slices have different analytical rotations). This value is used for the error
calculation for AoR displacements in both slices. In case of calculation in
circumferential segments, the deviation in observed rotation is hundreds of
times larger than in the global calculation.
For torsion calculation, the radius of each segment is taken into account, which
reduces the rotational effect (Fig. 2) of the displaced AoR a little. However,
observed deviations in segmental torsion from a displaced AoR are still up to
25 times higher than for a global calculation of torsion. From the analytical test
case, it can be concluded that calculating rotation and torsion in circumferential
segments is very much influenced by the position of the AoR and is therefore
unreliable.
In the transmural calculation of rotation and torsion, the influence of AoR
location was not found to be of critical importance. For example, in case of a
10% AoRdisp (which generally corresponds to a displacement of about 2.5 mm
in a normal human heart) caused by inadequate contouring, the deviation
calculated in circumferential segments would be up to 0.9 ± 0.4° on an average
torsion of 10°. For a calculation in a global or transmural segment, this
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deviation would be no more than 0.05°. AoRdisp might be even larger in case of
local heart wall thickening, for example.
Healthy subjects
In the subjects, the transition in rotation direction between base and apex
proceeds gradually (Figs. 7, 8). This was in line with previous reporting (16).
Mid‐slice rotation is almost the exact average of base and apex rotation over the
entire measurement period (Fig. 8). This implies that the change in LV rotation
is very evenly distributed over the long axis of the LV. The gradient in LV
rotation causes the constant torsion over the whole LV (Fig. 8). However,
torsion was not constant over the LV in every individual subject (e.g. Fig. 7).
The mechanism that causes the whole LV to rotate clockwise initially remains
to be investigated. Ingels et al. (25) suggested an explanation for the direction
of torsion during the systolic period, by describing how the transmurally
different obliquely oriented myofibers are subsequently activated and cause
torsion, but does not speculate about the cause of the rotational directions.
Torsion in circumferential segments in the subjects
In several studies it was found that the septal and inferior wall show less
torsion than the anterior and lateral wall (11‐13,15,16). The difference
between these segments appears to be around 50% in literature, but was not
always found to be statistically significant. This study is in line with this finding.
In previous studies, torsion was measured under different definitions of the
AoR. The AoR was either chosen as a moving center of the LV (15,16), or was
fixed over time (11,12). Nevertheless, the AoR was always placed somewhere
near the center of the LV, resulting in a difference of around 50% between the
IS and AL locations. Moreover, the definition of torsion (Fig. 1) is not always the
same, and not all studies used human subjects, which makes a comparison
between studies difficult.
Definition of the AoR
Our findings are very much consistent with the study of Lorenz et al. (16), who
also used a moving LV center of mass as AoR. Only our circumferential peak
torsion (CL shear angle) values are somewhat larger, which may be the result of
their measuring at 80% of systole.
The variance between segments could have a physiological origin, or could be
caused by the fact that the septum is more fixed to the RV and therefore can
rotate less. However, if this were the cause, one would expect also a lower
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anteroseptal/anterior value. Segmental differences caused by errors in AoR
location might be more random than segmental differences of physiological
origin. The large variance in segmental values found in this study therefore
suggests that the observed differences are not physiological, but caused by a
deviation in the AoR. Small variations between segments (up to 10%) might be
caused by only a slight error in AoR position (e.g. miscontouring). For larger
variations, it seems likely that the choice of the AoR is wrong, and that the RV
mass plays a role in the process of torsion, such that the heart rotates around
its total center of mass. It can be seen in a short axis image that the majority of
RV mass is located in its inferolateral region, which would move the combined
center of mass more towards inferoseptal, as seen from the LV (Fig. 2). This
would perhaps balance circumferential regional rotation more.
Clinical implications
Since relatively large variations in circumferential regional torsion at only small
variations in AoR position were found in the test case, and regarding the above
mentioned limitations of the segmental analysis of rotation and torsion in
human volunteers, it seems secure to calculate rotation and torsion over the
whole circumference only. Therefore, torsion values from circumferential
segments should be interpreted with great awareness. Moreover, considering
fiber orientation and its relation to torsion, torsion seems to be a more global
measure. An abnormality originating at a certain circumferential location will
influence torsion in the whole heart due to the connection of the myofibers. For
example, local ischemia was found to influence torsion on multiple locations
(17). Therefore, it seems more interesting to focus on the obliquely oriented
endo‐ and epicardial fibers, which cause the heart to twist, and study
transmural variations in torsion. Since abnormalities in myocardial function are
found to express themselves via the torsion (3‐9,26‐28), it might be a suitable
tool for early detection of for instance subclinical heart failure.
The fibers in the cardiac wall are known to vary in orientation in the
transmural direction. These fiber orientations are well described by the
ventricular‐myocardial band concept (29) which was confirmed by several
studies using diffusion tensor imaging fiber tracking CMR (30,31). In this study,
the cardiac wall was divided into two equal segments, an endo‐ and an
epicardial segment, which should cover the most important fiber directions
(ascending and descending) causing the torsional deformation.
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Torsion in transmural layers in the subjects
In line with the studies of Buchalter et al. (11) and Young et al. (15), we found
that in the endocardium, rotation was larger than in the epicardium. However,
our finding that endocardial torsion was smaller than epicardial torsion is in
contrast to the study of Buchalter et al., who found a constant CL shear angle
through the wall. In a canine study of Prinzen et al. (32), endocardial torsion
(CL shear) was found to be higher than epicardial torsion in a control group.
These results may be due to a different definition of the radius for calculating
the CL shear angle (Buchalter et al. did not include the basal slice for
determining the radius and the rotation), or to the use of a 3D strain tensor for
the calculation, which is a different calculation method. However, in this 3D
approach, information about torsion in circumferential segments will also not
be reliable. That is, differences in the regional circumferential‐longitudinal
shear angle can also result from longitudinal displacement (Fig. 9). This is an
effect that cancels out when the local CL shear is averaged over the whole
circumference. To compare the proposed torsion calculation method with the
local CL shear angle as computed by a 3D strain tensor, which is very time
consuming, is part of our current research.

Figure 9. Two modes of deformation resulting in the
same CL shear angle [33]. a) Undeformed LV, b) LV
deformed due to torsion, c) LV deformed due to
differences in longitudinal displacement.

CONCLUSION
It was shown that the analysis of torsion in circumferential segments is
unreliable. Analysis in transmural layers however, was found to be accurate
and of great interest for further exploration of the mechanics of contraction and
relaxation in the left ventricle. Torsion could be easily calculated by the
proposed, comparable method in healthy subjects and was in conformity with
previous studies. The transmural results from the healthy subjects can be used
as reference data for future patient studies. With the obtained knowledge,
torsion data from circumferential segments should be interpreted as unreliable.
The proposed method to calculate torsion may be used to provide more
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understanding in cardiac function and it may serve as a tool for early detection
of subclinical heart disease.
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Comparison of 2D and 3D calculation of
left ventricular torsion as circumferential
longitudinal shear angle using
cardiovascular magnetic resonance tagging
I.K. Rüssel, S.R. Tecelão, J.P.A. Kuijer, R.M. Heethaar, J.T. Marcus
Published in: J Cardiovasc Magn Resonance 2009, 11:8

ABSTRACT
Purpose: To compare left ventricular (LV) torsion represented as the circumferential‐
longitudinal (CL) shear angle between 2D and 3D quantification, using cardiovascular
magnetic resonance (CMR).
Methods: CMR tagging was performed in six healthy volunteers. From this, LV torsion
was calculated using a 2D and a 3D method. The cross‐correlation between both
methods was evaluated and comparisons were made using Bland‐Altman analysis.
Results: The cross‐correlation between the curves was r2=0.97±0.02. No significant
time‐delay was observed between the curves. Bland‐Altman analysis revealed a
significant positive linear relationship between the difference and the average value of
both analysis methods, with the 2D results showing larger values than the 3D. The
difference between both methods can be explained by the definition of the 2D method.
Conclusion: LV torsion represented as CL shear quantified by the 2D and 3D analysis
methods are strongly related. Therefore, it is suggested to use the faster 2D method for
torsion calculation.
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INTRODUCTION
Left ventricular (LV) torsion is a sensitive marker for both systolic and diastolic
dysfunction (1‐3), and is therefore a useful addition to other strain measures
such as radial, circumferential and longitudinal strain. LV torsion can be
assessed using several techniques like speckle tracking echocardiography (4,5)
and cardiovascular magnetic resonance (CMR) myocardial tagging (6,7).
However, there is still a debate on how to describe and calculate torsion in an
optimal way, as a gold standard is not yet available. A straightforward
determination method for LV torsion will facilitate clinical use of this measure.
Several methods to describe LV torsion have been previously published. First,
the twist angle is used (8). In this approach, the basal and apical rotations of the
ventricle are subtracted, giving an indication of its twist. A second method is to
divide this angle by the length of the ventricle, which describes a LV twist per
unit length (9). This parameter has the advantage of allowing the comparison of
torsion between hearts of different sizes. A third method is to also take the
radius of the heart into account. This describes torsion as the circumferential‐
longitudinal (CL) shear angle (Fig. 1) (10), which is completely comparable
between hearts of different sizes and is directly related to fiber orientation and
the processes in the cardiac wall during torsion (Fig. 1).

Figure 1. (a) Torsion (T) defined
as the CL shear angle (ρ: radius, ϕ :
rotation, D: distance between
slices). (b) Orientation of myofiber
layers and normal rotational
directions in the LV wall. Dashed
lines: endocardial fiber direction,
solid lines: epicardial fiber
direction. ED: end‐diastole, ES:
end‐systole.
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Calculating the CL shear angle in this way, is a fast approach that can be applied
using only 2D short‐axis (SA) image data. A method closer to the true CL shear
angle, is the calculation of the local CL shear angle from extensive 3D strain
analysis. However, this requires a dataset with SA and long‐axis (LA) image
data, from which 3D information on displacement of myocardium can be
extracted. The additional acquisition time of the LA images and the large
amount of additional post‐processing time make 3D strain analysis time‐
consuming and less usable in clinical practice.
In this study, the results for CL shear strain from the 2D calculation and the 3D
strain analysis methods are compared in healthy volunteers. The results will
indicate whether it is sufficient to calculate torsion from only 2D SA CMR
images.

METHODS
Subjects
Six healthy male volunteers (26‐56 years old, mean age: 43 years, ejection
fraction: 56±6%) with no history of cardiac disease were studied. Informed
consent was obtained according to our institutional guidelines.
Image acquisition
Imaging was performed on a 1.5T whole body MR scanner (Magnetom Sonata,
Siemens, Erlangen, Germany), using a four‐element phased‐array receiver coil.
Cine imaging with complementary myocardial tagging (CSPAMM) was acquired
with a steady state free precession (SSFP) sequence and a multiple brief
expiration breath hold scheme as described in (11) (Fig. 2). Prospective
triggering was used with a temporal resolution of 14 ms. The field of view
(FOV) was 300x300mm, the excitation flip angle 20°, repetition time (TR) = 4.7
ms, echo time (TE) = 2.3 ms, receiver bandwidth (BW) = 369 Hz/pixel, imaging
matrix size = 256x78. Five SA slices, evenly distributed over the LV, as seen on
an end‐systolic 4‐chamber image, were acquired with both horizontal and
vertical tagging. For the 3D analysis, three additional LA planes uniformly
distributed around the LV and perpendicular to the SA with the tagging
direction parallel to the SA slices were acquired. Tag line distance was equal to
7 mm.
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Figure 2. Example of horizontally
and vertically tagged CSPAMM
images of an apical slice, showing
rotation at end‐systole.

Postprocessing
Harmonic magnitude (HARM) and harmonic phase (HARP) images were
computed from the SA and LA CSPAMM images as described in (12). LV
endocardial and epicardial contours were drawn on the HARM images using a
dedicated software package (MASS, Medis, Leiden, the Netherlands). The
myocardial tissue inside the contours was tracked by applying the previously
described automatic extended HARP tracking method to the HARP images (13).
Calculation of the CL shear angle using 2D analysis
For each tracked point in the basal, mid and apical SA slices, the rotation
around the moving center of mass of the myocardium in the slice was
calculated. Counterclockwise rotation as seen from apex to base was
considered positive. Rotation (ϕ ) was averaged over the entire myocardium
and set relative to the first timeframe. Two‐dimensional torsion (T2D) between
two slices can then be calculated as follows:
(φ apex − φ base )( ρ apex + ρ base )
,
[1]
T2D =
2D
here shown for torsion between base and apex, where D is the distance
between the slices and ρ the radius, calculated from the average pixel location
inside the contours. In this way, the torsion can be interpreted as the global CL
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shear angle. The approach described in Eq. [1] has been previously applied by
e.g. Aelen et al. and Delhaas et al. (10,14). Another approach is to calculate the
difference in circumferential displacement directly, which is geometrically
closer to the 3D definition of shear angle (Fig. 1):
(φ apex ρ apex − φ base ρ base )
*
.
[2]
=
T2D
D
Analytically, the difference between Eq. [1] and Eq. [2] is:
(φ apex + φ base )( ρ base − ρ apex )
*
,
[3]
=
T2D − T2D
2D
generally resulting in larger values for T2D, since in the normal situation, (ϕapex +
ϕbase ) and (ρbase – ρapex) will be positive.
Both definitions of torsion (Eqs. [1,2]) use the small angle approximation
(tan x ≈ x) for calculation of the shear angle and both will be used for
comparison with 3D analysis. CL shear will be calculated at three levels:
between base and apex, between base and mid, and between mid and apex.
Calculation of the CL shear angle using 3D analysis
The longitudinal displacement of the LV was quantified by tracking the tag lines
in the LA image planes (15). The 3D displacement was obtained from
interpolating the displacements between the LA planes and combining the
trajectories on the SA planes with the trajectories on the LA planes (16). A
mesh of tetrahedrons was defined using the tracked points in intersecting
regions of contours of neighbouring image planes (16). The 3D Lagrangian
strain tensor E was computed in RCL‐coordinates with the knowledge of the
displacements of the points, from which the CL shear angle (αCL) could be
computed:
ε i = 1 + 2Eii − 1; α ij = sin−1 (

2Eij
(ε i + 1)(ε j + 1)

) (i ≠ j) ,

[4]

where Eii are diagonal elements and Eij are off‐diagonal elements of the strain
tensor, ε is the axial strain and i and j are indices of the circumferential and
longitudinal direction, respectively. Therefore, three‐dimensional torsion (T3D)
is defined as: T3D = αCL.
The results were averaged over the entire 5 slices for base‐apex torsion, the
entire top 3 slices for base‐mid torsion and the entire bottom 3 slices for mid‐
apex torsion to obtain a measure equivalent to that obtained with the 2D
analysis.
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Comparisons and statistics
The 2D and 3D shear angle curves were compared to evaluate the difference
between the two analysis methods. First, cross‐correlations were calculated
between the torsion curves obtained with both methods (base‐apex, base‐mid
and mid‐apex). The 2D and 3D curves were shifted with respect to each other.
One time‐lag was defined as the time between two subsequent cardiac phases
(14 ms) as acquired during tagged CMR. Furthermore, paired T‐tests and
Bland‐Altman analysis was performed on the global torsion curves. Limits of
agreement for the Bland‐Altman analysis were calculated using linear
regression (17) in case of comparison with T2D.
Results are presented as mean ± SD. P‐values below 0.05 are regarded as
statistically significant.

RESULTS
Crosscorrelations
An example of torsion curves using the T2D, T*2D and T3D calculation methods is
presented in Fig. 3. The average maximum cross‐correlation over all regions
(base‐apex, base‐mid and mid‐apex) and subjects between the T2D and the T3D
was high (r2=0.97±0.02, see Table 1) and there was no time delay between the
curves. The highest correlation between the two calculation methods was
obtained for the base‐apex torsion (r2=0.99±0.01).
Table 1. r2 values and time‐delays for the cross‐correlations between the 2D and the 3D torsion calculation
method. One time‐lag corresponds to 14 ms. A negative delay would indicate that the 3D method was delayed
with respect to the 2D method.
r2 (T2D)
r2 (T*2D)
Time delay (time lags) (T2D,T*2D)
Baseapex
0.99±0.01
Basemid
0.97±0.02
Midapex
0.95±0.02
Average
0.97±0.02
Values are mean±SD.
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0.98±0.02
0.96±0.03
0.93±0.06
0.96±0.04

0.0±0.0
0.0±0.0
0.0±0.0
0.0±0.0
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Figure 3. Example of a global base‐apex torsion curve from a healthy subject, calculated with the 2D (black: T2D,
Eq. [1]; light grey: T*2D, Eq. [2]) and the 3D (grey: T3D, Eq. [5]) method.

When using T*2D, the cross‐correlation was slightly lower (r2=0.96±0.04, see
Table 1), although the time delay between the curves was still zero.
Comparison of 2D and 3D torsion
The torsion values obtained with T2D were significantly (p<0.0001) higher than
those obtained with T3D (Table 2). Bland‐Altman analysis revealed a significant
positive linear relationship between the difference in torsion and the average
torsion (Fig. 4, Table 2). This linear relationship was observed in all curves
(base‐apex: r=0.67; base‐mid: r=0.71; mid‐apex: r=0.69; all p<0.0001). The
limits of agreement are therefore calculated as a regression line (17) and can be
found in Table 2.
Table 2. Comparison between the 2D and 3D torsion curves, top values: T2D as 2D method, bottom values: T*2D as
2D method.
Limits of agreement regression line
Average values
Regression line
Correlation
(top) (Difference vs. Average),
(3D vs. 2D) (deg)
(3D vs. 2D)
coefficient
Limits of agreement (bottom)
(Difference vs.
(Difference)
Average)
Base
2.9±1.9 vs. 3.4±2.3
y = 0.77*x + 0.21
r = 0.67
y = 0.23*x – 0.15 ± 1.01
apex
2.9±1.9 vs. 2.9±2.1
y = 0.86*x + 0.38
r = 0.39
0.03 ± 1.14
Base
mid

2.9±1.9 vs. 3.7±2.6
2.9±1.9 vs. 3.4±2.4

y = 0.70*x + 0.32
y = 0.75*x + 0.32

r = 0.71
r = 0.56

y = 0.32*x – 0.23 ± 1.37
0.51 ± 1.71

Mid
apex

2.8±1.8 vs. 3.5±2.4
2.8±1.8 vs. 2.4±2.0

y = 0.71*x + 0.31
y = 0.82*x + 0.81

r = 0.69
r = 0.26

y = 0.30*x – 0.23 ± 1.31
‐0.39± 1.61
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Figure 4. Bland‐Altman plots for the base‐
apex (a), base‐mid (b) and mid‐apex (c)
torsion values of the subjects, using T2D.
The difference between the values from
both methods increases linearly when the
average torsion value becomes higher.

When using T*2D, the difference between the 2D and 3D method between the
base‐apex curves was no longer significant (p=0.35). For the base‐mid curves,
T*2D was significantly higher (p<0.0001) and for the mid‐apex curves T*2D was
significantly lower (p<0.0001). In the Bland‐Altman analysis, only weak
correlations were found between the difference and the average of both
methods (Fig. 5, Table 2); therefore the limits of agreement were no longer
calculated as a regression line. Limits of agreement are slightly increased using
T*2D, however (Table 2).
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Figure 5. Bland‐Altman plots for the
base‐apex (a), base‐mid (b) and mid‐
apex (c) torsion values of the subjects,
using T*2D. Notice that the linear
relationship between difference and
average is reduced as compared to Fig.
4.

DISCUSSION
Comparison of 2D and 3D measurement methods
This study shows that there is a high correlation between global torsion
calculated as the CL shear angle using the 2D and the 3D methods, and that the
curves are not delayed with respect to each other. However, when the 2D CL
shear is calculated as the LV twist per unit length, multiplied by the average
radius (T2D, Eq. [1]), the difference between the 2D and 3D method increases as
61
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the torsion value increases. T2D gives the highest values. When the 2D CL shear
is calculated as the difference in circumferential displacement per unit length
(T*2D, Eq. [2]), the linear trend in the difference is much smaller.
Considering that T3D is obtained from information on local deformations
following from 3D displacements, the T3D is expected to be closest to the true
torsion. A strong relationship and no time delay between curves obtained with
the 2D and the 3D method was found.
For T*2D, no linear relationship between the difference and average of the 2D
and 3D method was observed. However, only when torsion was calculated
between the basal and apical plane, was there no bias between both methods.
For the other two longitudinal regions (base‐mid, mid‐apex), respectively an
overestimation and an underestimation of torsion were found with respect to
T3D. For T2D on the other hand, the difference between the 2D and 3D methods
was relatively constant over the longitudinal regions.
This might be explained by the difference between T2D and T*2D. Errors in the
radius of the LV might be introduced by including too many trabeculae in the
contours (underestimation of radius, usually on apical level), or by including
pericardial fat in the contours (overestimation). Contours in tagged images are
difficult to delineate, because of the low resolution of the HARM images. An
overestimation of the radius in the basal slice or an underestimation of the
radius in the apical slice will both lead to an overestimation of T2D, regarding
the (ρbase ‐ ρapex) term from Eq. [3], causing the relatively constant
overestimation of torsion over the longitudinal regions. From error‐
propagation (assuming similar variance in radii, and constant D and ϕ) it can be
derived that the variance in T*2D is larger than in T2D. Under‐ or overestimations
of radii are directly reflected in the torsion value, but less so in T*2D, which also
explains the slightly lower cross‐correlation found with this method (Table 1).
Several other aspects might explain the differences between the 2D and 3D
methods. Since the tetrahedrons in the 3D analysis can only be defined in the
intersecting region of the contours of neighbouring image planes, the 3D
analysis represents less myocardium than the 2D analysis (15). The difference
between the methods is probably not explained by the difference in the amount
of myocardium used for averaging in the 2D and 3D methods, since the CL
shear angle is thought to be constant over the transmural direction of the
myocardial wall (8,18). However, the difference might be an explanation for the
somewhat reduced correlation at the apical level between the 2D and 3D
methods (Table 1).
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Since T2D is less sensitive to errors in the radius of the ventricle, its bias to T3D is
relatively constant, and it has been often used in literature, this is probably the
best method to calculate 2D CL shear. Furthermore, when reference data
obtained with the same method is present, the observed deviation between T2D
and T3D is less important.
Clinical implications
Torsion calculated as the 2D CL shear angle is very fast, both in acquisition as in
post‐processing, as compared to the 3D analysis. Acquisition of a horizontally
and vertically tagged CSPAMM CMR slice requires up to 5 minutes with the
protocol that was used in this study. Post‐processing for the 2D method is fully
automatic, except for the contours that have to be drawn manually. The
calculation part of the post‐processing requires only a few minutes on a
standard PC. The main drawbacks of the 3D analysis are that additional images
have to be acquired, and that the accompanying contours need to be drawn.
These extra LA images also require additional post‐processing.
Both 2D methods show strong (cross‐)correlation with T3D. The constant bias
and narrower limits of agreement of T2D, together with the fact that T2D has
already been used more often in literature, providing more reference data on
torsion calculated in this way (8,10,19), demonstrates that this measure is
suitable to be used in clinical practice.
Limitations
In this study, no patients were included. It is known that torsion can be altered
in several ways in patients with different diseases (2,20‐24). Therefore,
comparisons should be made in patients with different alterations in torsion.
This might be a topic of future investigation.
Furthermore, no comparisons were made for different (circumferential)
regions in the LV. In the 3D method, differences in regional CL shear angle can
be the result of two deformation modes: differences can be the result of either
longitudinal displacement, or they can be due to torsion (Fig. 6) (25). In the 2D
method, differences observed in shear between circumferential segments are
related to the choice of the axis of rotation for calculation (Fig. 6) (18,26,27).
Therefore, the origin of the unreliability in torsion calculated in circumferential
segments between the 2D and 3D methods is different. Hence, it is expected
that no strong relation between torsion in circumferential segments calculated
by the 2D or the 3D method will be present.
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Figure 6. (a) Two modes of deformation
resulting in the same CL shear angle: left
image: undeformed LV; middle image: LV
deformed due to torsion; right image: LV
deformed due to differences in longitudinal
displacement. (b) Influence of the location
of the axis of rotation (AoR) on the
observed rotation (φ) for the same
displacement. The axis of rotation will be
affected by conditions such as RV
hypertrophy.

CONCLUSION
Global LV torsion represented as the CL shear angle quantified by a 2D method
and a 3D method show a very strong relationship. Observed differences
between both methods can be explained by the definition of the 2D method.
Consequently, it is suggested to use the faster and easier 2D method for
calculation of global LV torsion.
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ABSTRACT
Objectives: To compare regional left ventricular (LV) volume curves obtained with real
time three‐dimensional echocardiography (RT3DE) with two‐dimensional
circumferential strain curves obtained by MRI in cardiac resynchronization therapy
candidates.
Background: Several methods using either ultrasound or MRI are used to quantify
mechanical dyssynchrony (MD). Theoretically, LV volume and circumferential strain
seem related, since both measures are connected to the radius of the ventricle.
Methods: In 21 patients with chronic heart failure, RT3DE and tagged MRI were
performed subsequently. Regional LV volume was computed from the ultrasound
images. From the MR images, regional circumferential strain was calculated. Cross‐
correlations with time lags of 1% of the cardiac cycle were performed to compare the
curves in corresponding LV segments. Furthermore, peak septal to lateral (SL) delays
were compared between modalities.
Results: High correlations were found between the curves (r2 = 0.65 ± 0.19), but regional
differences in time delay between modalities were observed. In the septum, the volume
curve was earlier than the strain curve by 1.8 ± 17.0 time‐lags (n.s.), while in the lateral
wall, the volume curve was earlier by 3.3 ± 12.0 time‐lags (p < 0.02). There was a non‐
significant difference between SL delays in the two modalities (volume: −1.0 ± 8.6%,
strain: 3.0 ± 12.7%, p = 0.17, a positive sign indicates that the lateral wall is delayed).
Conclusions: High correlations were observed between both modalities, but regional
differences in time‐delay were found. This is possibly inherent to the method of
echocardiographic volume calculation and hampers the comparison of both measures
for the quantification of MD.
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INTRODUCTION
Since only 70–80% of chronic heart failure patients receiving CRT respond to
this therapy (1–5), better methods for prediction of response are mandatory.
Mechanical dyssynchrony in LV contraction is thought to predict the response
to CRT better than electrical dyssynchrony (6–8). Both echocardiography and
MRI are used to quantify mechanical dyssynchrony. While several measures of
mechanical dyssynchrony are commonly used in ultrasound, such as tissue
Doppler imaging (velocity (9, 10), strain (11)) or 3D‐echo (volume (12, 13)),
MRI predominantly focuses on circumferential strain (6, 14). Myocardial strain
is probably a more robust parameter for assessing mechanical dyssynchrony
than regional wall motion or velocity, as it is less affected by overall heart
motion and tethering (15).
In an animal study, circumferential strain was found to be a better measure of
dyssynchrony than longitudinal strain (14). MRI can probably best quantify
circumferential strain since the heart can be imaged in any plane. However, this
is a relatively time consuming approach.
Assessment of circumferential strain by ultrasound is limited due to the
acoustic window and the angle of the ultrasound beam (15). However, with the
technique of real‐time 3D‐echocardiography, regional LV volume can be
quantified during the whole cardiac cycle. This technique was found to provide
fast and accurate quantification of mechanical dyssynchrony (12, 13).
Since both the strain assessment by MRI and the volume assessment by 3D‐
echocardiography have their own advantages for quantifying mechanical
dyssynchrony and seem theoretically related, a comparison is useful.
The relation between LV volume and circumferential strain is thought to be as
follows (see also the Appendix of this chapter): End‐stage heart failure is often
associated with a remodeled LV, which usually gets a more spherical shape.
Because of this change in ventricular geometry, LV volume is probably
dependent on the radius in these patients. LV circumferential strain is also
directly related to the change in radius of the heart, since it describes the length
changes in the circumference of the ventricle. Since both measures are
dependent on the radius of the ventricle, it is expected that there will be a
relation between (the third root of) the measured volume and the
circumferential shortening of the LV. In this study, this relation is investigated.
The result will give insight in whether it is likely that quantification of
mechanical dyssynchrony performed with the less time‐consuming 3D‐
echocardiography technique provides the same results as quantification of
dyssynchrony with MRI circumferential strain. Furthermore, since myocardial
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scar changes tissue properties, the influence of the presence of scar tissue on
the results is explored.

METHODS
Subjects
A total of 21 patients referred for CRT were studied (age 64 ± 10 years, 10 male,
11 female). Patients were included according to the following selection criteria:
ejection fraction (EF) <35%, NYHA‐class III–IV despite optimal pharmacological
therapy, and sinus rhythm (16). The patients had to be clinically stable and
received standard heart failure therapy including diuretics, beta‐blockers,
angiotensin‐converting enzyme inhibitors and/or ATII receptor blockers.
Furthermore, five healthy subjects (age 30 ± 5 years, 4 male, 1 female) with no
history of cardiac disease were included as a control group.
Written informed consent was obtained according to our institutional
guidelines (VU University Medical Center, Amsterdam, the Netherlands).
Transthoracic realtime 3Dechocardiography and regional volume
Ultrasound was performed using either a Sonos 7500 or iE33 echo machine
(Philips Medical Systems, Eindhoven, the Netherlands) with a matrix
transducer. Transthoracic apical acquisitions were obtained during 5–7 s of
breath hold, with a temporal resolution of 6–7 ms, while the patient was in left
lateral position. The entire LV volume was included in the pyramid‐shaped 3D
scan‐volume. For quantification of LV volumes, specially designed software was
used (Research‐Arena 1.2.2TM 4D‐LV‐Analysis, TomTec Imaging Systems,
Munich, Germany).
In apical long‐axis planes of the LV, endocardial contours were semi‐
automatically detected during the complete cardiac cycle. Based on these
contours, a LV cast was created. The cast was divided into 16 pie‐shaped
segments, pointing towards a central line between the apex and center of the
mitral valve, and 1 additional apical segment. The segments correspond to the
17‐segment model as described by the American Heart Association (17). For
each segment, a volume curve was generated, starting at the R‐top of the ECG.
Only the first 16 segments were used for comparison.
MRI and regional circumferential strain
MR imaging was performed on a 1.5 T whole body system (Magnetom Sonata,
Siemens, Erlangen, Germany). Complementary tagged (CSPAMM) myocardial
images were acquired using steady state free precession imaging and a multiple
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brief expiration breath hold scheme as described before (18, 19). Images for 2D
strain analysis were acquired in three short‐axis planes, evenly distributed over
the LV, as planned on an end‐systolic 4‐chamber image. A retrospective
triggered protocol was used with a temporal resolution of 15 ms.
For analysis of scar tissue, the delayed contrast enhancement (DCE) MRI
technique was used in all patients. A contrast agent was administered after the
tagging procedure (Gadolinium‐DPTA, Magnevist, Schering AG, Berlin,
Germany) with a dose of 0.2 mmol/kg. About 10 to 15 min after contrast
application, the LV was imaged in the same orientation as the tagged images
using a segmented inversion‐recovery gradient‐echo pulse sequence. The
inversion time was approximately 250 ms. Images were acquired in late
diastole. The imaging parameters are given in Table 1.
Table 1. Imaging parameters.
Voxel size
(mm3)
Tagging cines
1.2 x 3.8 x 6.0

256 x 78

Conventional
cines

1.3 x 1.3 x
6.0‐8.0

256 x
208

DCE images

1.6 x 1.3 x 5.0

Matrix

Temporal
resolution (ms)
15

α
(°)
20

TR/TE
(ms)
3.6/1.8

BW
(Hz/pixel)
850

35‐48

60

3.2/1.6

930

208 x
‐
25
9.6/4.4
130
256
Matrix: number of readout × phase encoding samples; α: excitation flip angle; TR: repetition time, TE: echo time;
BW: receiver bandwidth

From the tagged images, circumferential strain (εc) curves were obtained from
the 50% mid‐myocardial wall using the harmonic phase method (20) at 6
circumferential segments of each slice: inferoseptal, anteroseptal, anterior,
anterolateral, inferolateral and inferior. The circumferential strain reflects the
percent change in length of a small line segment in the circumferential direction
over the cardiac cycle, with respect to end‐diastolic length. The segments in the
basal and mid‐ventricular slice correspond to the first 12 segments of the 17‐
segment model used for echocardiography. The inferoseptal and anteroseptal
segments in the apical slice were averaged to form one septal segment, the
anterolateral and inferolateral segments were averaged to form one lateral
segment, to become comparable to the segments 13–16 from the 17‐segment
echocardiography model (with the septal and lateral segments from MRI
slightly larger than from echocardiography). Thus, a total of 16 segments were
used for comparison.
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Data analysis and statistics
The data of all 336 segments (16 segments × 21 patients) were linearly inter‐
or extra‐polated to obtain 100 data points per cardiac cycle, such that the time
points in the cardiac cycle can be expressed as a percentage. Only the first 80%
of the cardiac cycle was used for comparison, to eliminate the noise present in
the last part of the strain curves, due to MRI tag fading.
RR‐interval times were recorded during measurements with both modalities
and compared using a paired Student’s t‐test.
Subsequently, the cross‐correlation r was calculated between the third root of
the volume curves and the strain curves, using 35 time‐lags, where 1 time‐lag
corresponds to 1% of the cardiac cycle length, in all the segments and slices.
This means that the strain curve was shifted with respect to the volume curve
for 35 time‐lags in each direction. For the maximum cross‐correlations in the
segments, a regression analysis was performed for every segment over all
patients. The squared maximum cross‐correlation r2 was used to calculate
average values over patients. For regional information, average values were
also calculated over the septal, anterior, lateral and inferior regions and over
the slices. For efficiency reasons, results were not averaged over all segments
separately.
Furthermore, times to peak volume and strain were determined from the
volume and strain curves, again, as a percentage of the cardiac cycle. From this,
the average septal and lateral times to peak were calculated and subtracted to
give the septal to lateral delay for each subject. Septal to lateral delays were
compared between both modalities using a paired t‐test and Bland‐Altman
analysis was performed.
P‐values lower than 0.05 were considered significant. Results are presented as
mean±SD, unless indicated otherwise. Subsequently, the comparison was
repeated while excluding segments that did not reach their overall maximum
cross‐correlation within the computed range of 35 time‐lags. Finally, in the
patients, it was explored whether there is a relation between these curves and
the presence or absence of fibrosis as assessed by DCE.

RESULTS
In Table 2, characteristics and functional parameters of the heart failure
patients and the healthy subjects are shown. Using the 3D echo 16‐segment
dyssynchrony index previously described by Kapetanakis et al. (13), 15
patients (71%) had significant mechanical dyssynchrony (>3SD above the
mean for normal subjects, which is 5.6% in our case).
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Table 2. Characteristics, medication and function parameters of the heart failure patients (n = 21) and the healthy
subjects (n = 5).
Patient parameter
Value
Value healthy
patients
subjects
Age (yrs)
64 ± 10
30 ± 5
Sex (male/female)
10 / 11
4/1
Ischemic cardiomyopathy (n, %)
10 , 48
Diuretics (n, %)
15 , 71
Beta‐blockers (n, %)
17 , 81
ACE‐inhibitors (n, %)
19 , 90
ATII receptor blockers (n, %)
9 , 43
QRS width (ms)
132 ± 33
QRS width >= 120 ms (n, %)
13 , 62
Heart rate (beat/min) during MRI
68 ± 7
69 ± 11
Heart rate (beat/min) during ultrasound
64 ± 6
69 ± 16
End‐diastolic volume (ml)
172 ± 125
122 ± 35
End‐systolic volume (ml)
62 ± 49
53 ± 14
Ejection fraction (%)
28 ± 6
56 ± 4
16‐segment dyssynchrony index (%) (13)
8.4 ± 3.7
3.5 ± 0.7

The average RR‐interval during 3D‐ultrasound was 934 ± 96 ms versus 881 ±
99 ms during MRI. This was not statistically different (p = 0.09). Since each
curve has 100 data points, on average, 1 time‐lag corresponds to an
intermodality delay of 9.1 ± 1.0 ms.
Crosscorrelations
The average maximum cross‐correlation between the volume obtained by 3D‐
ultrasound and the circumferential strain obtained by tagged MRI was r2 = 0.65
± 0.19. The mean intermodality delay at maximum cross‐correlation was −1.9 ±
12.4 time‐lags, which is significant (95% confidence interval: −3.2 to −0.6 time‐
lags) and corresponds to an average time‐delay of −16.9 ± 112.8 ms. The
negative sign indicates that the strain curve was delayed with respect to the
volume curve. The accompanying average regression coefficient was 43.0 ±
5.6%cm−1 (mean ± SE), and the constant was −87.2 ± 10.9% (mean ± SE). An
example of the volume and strain curves and cross‐correlations for one patient
can be seen in Fig. 1.
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Figure 1. Strain, volume and cross‐
correlation curves of all segments in one
patient. From top to bottom: base, mid, apex.
From left to right: inferoseptal, anteroseptal,
anterior, anterolateral, inferolateral and
inferior segments (apex: septal, anterior,
lateral, inferior). In the cross‐correlation
curves, a positive peak cross‐correlation
value depicts that the strain curve reached its
peak before the volume curve. Cross‐
correlation curves marked with * indicate a
segment with DCE.
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In Table 3 and Fig. 2, the results for the separate regions are shown. Only in the
lateral region of the mid‐slice the cross‐correlation delay was statistically
different from 0 (95% confidence interval: −7.1 ± 3.1 time‐lags (mean ± SE)).
Furthermore, regional differences in time‐delays can be seen; some regions
show negative delays, while others show positive delays. For example, the
average intermodality delay in the septal region was −1.8 ± 17.0 time‐lags (not
significant), while the delay in the lateral region was −3.3 ± 12.0 time‐lags (p <
0.02).
Table 3. Maximum cross‐correlation results between 3D‐echocardiography derived volume and 2D MRI derived
circumferential strain per region for 336 segments.
base
mid
apex
33 ± 6
37 ± 4
42 ± 8
septal
r.c. (%cm‐1)
‐65 ± 11
‐72 ± 9
‐85 ± 16
con (%)
0.62 ± 0.20
0.71 ± 0.19
0.71 ± 0.19
r2
‐1.9 ± 17.9
‐3.3 ± 16.3
‐0.1 ± 16.4
delay (lags)
anterior

r.c. (%cm‐1)
con (%)
r2
delay (lags)

37 ± 4
‐78 ± 8
0.68 ± 0.18
1.8 ± 15.6

33 ± 4
‐69 ± 8
0.69 ± 0.20
0.8 ± 15.1

34 ± 4
‐69 ± 8
0.66 ± 0.26
‐1.6 ± 15.3

lateral

r.c. (%cm‐1)
con (%)
r2
delay (lags)

67 ± 6
‐138 ± 11
0.76 ± 0.22
‐1.8 ± 11.1

53 ± 5
‐109 ± 10
0.73 ± 0.23
‐7.1 ± 10.1

41 ± 4
‐86 ± 9
0.66 ± 0.25
‐0.9 ± 13.9

inferior

r.c. (%cm‐1)
34 ± 6
27 ± 3
53 ± 8
‐66 ± 12
‐55 ± 6
con (%)
‐99 ± 14
0.53 ± 0.26
0.66 ± 0.22
r2
0.70 ± 0.21
‐0.6 ± 20.1
‐1.4 ± 13.5
‐1.5 ± 12.7
delay (lags)
Values are mean ± SE for r.c.: regression coefficient; con: constant. Values are mean ± sd for r2 and the delay.
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Figure 2. Averaged regional r2 and time‐delay
values. Averaged regional r2 values for the
maximum cross‐correlations of the 5 healthy
volunteers and 21 patients shown before and after
exclusion of the 38 segments that did not reach a
peak within the calculated time‐lags. Also, the
regional differences in time‐delay between both
modalities are shown. The error bars correspond to
the SD. Sept: septal, ant: anterior, lat: lateral, inf:
inferior.

Septal to lateral delay
The average septal to lateral delay in the subjects was −1.0 ± 8.6% of the
cardiac cycle in the volume curves, and 3.0 ± 12.7% in the strain curves. The
negative sign indicates that the septum was delayed with respect to the lateral
wall in the volume curves, while the positive sign indicates that the lateral wall
was delayed with respect to the septum in the strain curves. The difference
between both modalities in septal to lateral delay was not significant: p = 0.17.
A schematic illustration of regional differences and septal to lateral delays can
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be found in Fig. 3. Pearson correlation between septal to lateral delay in both
modalities was non‐significant (r = 0.34, p = 0.13), and the mean difference
between both measures was 4.0 ± 12.7 ms.

Figure 3. Schematic illustration of regional
differences between modalities and differences in
septal to lateral delays. In both the septum and the
lateral wall, the volume curve was delayed with
respect to the strain curve. In the strain curves, the
septum reached its peak before the lateral wall,
whereas in the volume curves, the lateral wall
reached its peak earlier.

Segments with low crosscorrelation
In 38 of the 336 segments (from 16 out of 21 patients), predominantly present
in the septal region (Fig. 4), the cross‐correlation curve did not reach its overall
peak within the calculated time‐lags. In 5 of the segments, this was due to an
unusual volume curve, whereas in 33 segments, this could be explained by the
presence of a strain curve with very low or positive strain (“bulging”).

Figure 4. Bulls‐eye plots. Bulls‐eye plots of the number of excluded segments (left) and number of segments with
DCE (right). From the outside to the inside of the bulls‐eye, the base, mid and apex slices are shown. Excluded
segments are predominantly located in the septal region. Segments showing DCE seem to be more evenly
distributed, with a slight preference for the lateral region. Ant: anterior, lat: lateral, inf: inferior, sept: septum.

Crosscorrelation after exclusion of ‘abnormal’ segments
The newly obtained average r2 over 170 segments and time‐delay values (Table
4) were not significantly different from the values obtained with 336 segments
(p = 0.28). The standard deviation of the time delay, however, was significantly
lowered (p < 0.0001). The mean maximum cross‐correlation with 178
segments was r2 = 0.70 ± 0.21, with an average delay of −2.2 ± 10.7 time‐lags,
corresponding to −20.1 ± 96.6 ms. The accompanying average regression
coefficient was 42.6 ± 5.1%cm−1 (mean ± SE), and the constant was −86.3 ±
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9.8% (mean ± SE). In Table 3 and Fig. 2, regional results are presented. Again, in
the lateral region of the mid‐slice the cross‐correlation delay was significantly
different from 0 (95% confidence interval: −4.9 ± 2.2 time‐lags (mean ± SE)).
The regional differences in time‐delays were reduced (septal: −2.5 ± 12.0 time‐
lags (n.s.), lateral: −2.4 ± 8.8 time‐lags (p < 0.03).
Table 4. Maximum cross‐correlation results between 3D‐echocardiography derived volume and 2D MRI derived
circumferential strain per region for 298 segments.
base
mid
apex
29 ± 4
37 ± 3
41 ± 8
septal
r.c. (%cm‐1)
‐58 ± 8
‐71 ± 6
‐84 ± 16
con (%)
0.64 ± 0.20
0.71 ± 0.19
0.72 ± 0.19
r2
‐1.5 ± 13.7
‐5.2 ± 10.4
‐0.9 ± 11.8
delay (lags)
anterior

r.c. (%cm‐1)
con (%)
r2
delay (lags)

39 ± 4
‐85 ± 8
0.70 ± 0.17
0.9 ± 11.0

33 ± 3
‐67 ± 5
0.71 ± 0.16
‐0.7 ± 8.4

34 ± 5
‐68 ± 8
0.65 ± 0.26
‐4.3 ± 13.3

lateral

r.c. (%cm‐1)
con (%)
r2
delay (lags)

67 ± 6
‐137 ± 11
0.78 ± 0.18
‐1.7 ± 8.9

54 ± 5
‐112 ± 9
0.77 ± 0.20
‐5.0 ± 6.9

43 ± 5
‐91 ± 9
0.69 ± 0.25
‐0.6 ± 10.3

inferior

r.c. (%cm‐1)
con (%)
r2
delay (lags)

47 ± 6
‐92 ± 13
0.72 ± 0.20
‐1.6 ± 9.4

27 ± 3
‐53 ± 6
0.66 ± 0.23
‐1.4 ± 8.8

32 ± 5
‐60 ± 9
0.54 ± 0.27
‐0.5 ± 15.6

Values are mean ± SE for r.c.: regression coefficient; con: constant. Values are mean ± SD for r2 and the delay.

Septal to lateral delay after exclusion of ‘abnormal’ segments
After exclusion of the segments, the difference in septal to lateral delay
between the modalities was also reduced. The septal to lateral delay in the
volume curves was −0.7 ± 7.3% of the cardiac cycle and 0.5 ± 12.7% in the
strain curves (p = 0.64). Pearson correlation between septal to lateral delay in
both modalities remained the same after exclusion of the segments (r = 0.35, p
= 0.12), but the mean difference between both measures decreased to 1.3 ±
12.2 ms.
Healthy subjects
In the healthy subjects, 80 segments (16 segments × 5 subjects) were
compared. RR‐intervals were not significantly different between the two
measurements (Table 2, p > 0.98), and the 16‐segment dyssynchrony index was
similar to the value reported by Kapetanakis et al. (13) (3.5 ± 0.7% vs. 3.5 ±
1.8%, respectively).
The average maximum cross‐correlation was r2 = 0.88 ± 0.09, and the mean
intermodality delay was 1.9 ± 4.3 time‐lags, corresponding to 16.5 ± 37.3 ms.
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The regression coefficient was 35.2 ± 1.6%cm−1 (mean ± SE), and the constant
−65.5 ± 2.7% (mean ± SE). Regional r2‐values and intermodality time‐delays
can be found in Fig. 2.
The septal to lateral delay in the healthy subjects was 4.5 ± 4.2% of the cardiac
cycle in the strain curves, and 1.2 ± 3.0% in the volume curves (p = 0.20).
Pearson correlation between the septal to lateral delays was not significant (r =
0.13, p = 0.83), and the mean difference was 3.3 ± 4.9 ms.
DCE
In 10 of the patients, scar tissue was identified based on observed DCE in the
MR images. In general, the location of the DCE seemed not to be related to the
location of the excluded segments (Fig. 4). DCE was observed in only 4 of the
excluded segments (out of 3 patients), while a total of 59 segments showed DCE
(out of 10 patients). Segments with DCE showed normal cross‐correlation
curves (Fig. 1).

DISCUSSION
In this study, the curves of regional change in LV volume and circumferential
strain as obtained with 3D‐ultrasound and tagged MRI, respectively, were
compared. In addition, the influence of scar tissue on the relation was explored.
The results show that the correlation between the curves is relatively high, but
that there are regional differences in time‐delay between curves derived from
both techniques. Furthermore, there is a difference between septal to lateral
delays measured with both modalities (Fig. 3). The presence of abnormal,
positive circumferential strain, indicating stretch or “bulging”, causes poor
cross‐correlation curves. Areas of delayed enhancement, indicating scar tissue,
seem not related to these curves. Exclusion of these curves led to a significant
reduction in the standard deviation of the time‐delay, less regional difference in
time‐delay and more similarity in septal to lateral delay between the methods,
but not to better correlation. In healthy volunteers with no signs of
dyssynchrony, correlation was higher and less regional difference in time‐delay
was observed.
Heart rate
The difference in heart rate of the subjects between the subsequent
measurement modalities might have influenced the results. The time points in
the cardiac cycle were expressed as a percentage. Since it is known that
shortening or lengthening of the RR interval mainly influences the length of the
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diastolic part of the cardiac cycle (21, 22), some shifts between the curves from
the two modalities could have been expected. However, the differences in heart
rate were not found to be statistically significant. Furthermore, this would only
lead to a shift in one direction, not to the observed regional differences in time‐
delay. However, it is not fully known how the different parts of the cardiac cycle
are altered at varying heart rates in patients with a dyssynchronous
contraction.
Crosscorrelations
Even though the measured maximum cross‐correlations were high, it is no
proof of equality. For the quantification of mechanical dyssynchrony, regional
information on time delay, such as the septal to lateral delay, is by far more
important. Intermodality delays differed between the tested regions, and had a
negative sign on average (Fig. 2). This implicates that the values of mechanical
dyssynchrony might be over‐ or under‐estimated with respect to the other
imaging modality. This was shown by the septal to lateral delay, which
surprisingly had a different sign in both modalities, but was not found to be
significantly different. Furthermore, the standard deviations of the maximum
cross‐correlations and accompanying time‐delays were relatively large,
indicating a substantial amount of variation between the comparisons.
In the healthy subjects, there was also some regional variation in time‐delay
(Fig. 2). However, in this case the delays had a positive sign and the standard
deviations were very low compared to the patient group. The regional time‐
delay differences might have been caused by the non‐fixed reference centerline
used for the volume calculations. It is known from literature (23), that
circumferential strain is somewhat larger in the anterior region. Our results
show that the largest intermodality delay occurs in this region. If the regional
volume curves become more balanced because of the moving reference
centerline, this may result in regional variation in time‐delay between both
measurements.
The same effect might have played a role in the measured septal to lateral
delays. In the healthy subjects, this delay was larger in the strain
measurements.
Segments with low crosscorrelation
The most striking finding was the poor cross‐correlation between the volume
curves and the segments with little or positive circumferential strain, indicating
dyskinesia or “bulging”, which are commonly found in CRT candidates.
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Apparently, there is little resemblance between regional lengthening
(“bulging”) and change in volume. This discrepancy seems to have great
influence on the observed regional differences in time delay and on the septal
to lateral delay as shown in Fig. 3.
Once again, a possible explanation for this finding could be the non‐fixed center
line in the 3D LV volume cast of the ultrasound measurements. Circumferential
lengthening in patients with a dyssynchronous contraction can be caused by
the counteracting opposite region. In other words, the region that shows
lengthening, is pushed away by the opposite wall. When in this case the center
line of the LV volume cast moves to the center of both walls, no regional
increase in volume will be observed and the volume curve will appear more
normal.
Therefore, it might be concluded that the postulation of a direct relationship
between circumferential strain calculated from MRI tagging and regional
volume calculated from 3D ultrasound is not valid in patients these patients,
and that 3D echo and MRI strain represent different, not directly related
measures of mechanical dyssynchrony.
Clinical implications
After the exclusion of the segments with low cross‐correlation, no significant
change in maximum cross‐correlation was observed. The SD of the time delay
on the other hand, decreased significantly, and the septal to lateral delay
became more similar, indicating that exclusion of the poorly correlating
segments had a positive effect on the overall comparison of MRI derived LV
circumferential strain and 3D‐ultrasound derived LV volume. Nevertheless, the
need to exclude segments to make good comparisons is undesirable in clinical
practice, and the difference seems to be caused by the regional volume
calculation in 3D ultrasound. Moreover, these regional contraction patterns are
characteristic for patients with a dyssynchronous contraction pattern.
Considering the much better results obtained in the control group, MRI strain
and 3D echo volume might represent different measures of mechanical
dyssynchrony, which are intrinsic to the regional volume calculation. On the
other hand, the finding that the presence of DCE did not influence the cross‐
correlation between the two measurement methods could be considered an
advantage, because comparison seems correct in segments with scar tissue.
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Limitations
A possible limitation is the inter‐ or intra‐observer variability in the contouring
of the myocardium. For the ultrasound measurements, this variability was
found to be low (24). For the tagged MR images, a study using the harmonic
phase method showed good inter‐ and intra‐observer variability (25). We only
included the midwall layer in the strain analysis, since this region is expected to
contain mainly circumferentially oriented myofibers (26). In the reproducibility
study (25), it was shown that inter‐ and intra‐observer agreement were best in
the midwall layer and increased with improved image quality. In our study,
only subjects with good image quality on both modalities were included.
3Dechocardiography and MRI
In previous studies comparing ultrasound and MRI dyssynchrony
measurements, good correlations were found (27, 28). However, in contrast to
this study, in these cases no different measures were compared. Both studies
compared the similarity of velocity measurements in ultrasound and MRI. In
the comparison of real‐time 3D echocardiography and MRI, global LV function
and regional wall motion were found to correlate well between the two
modalities (29, 30). It requires further study, which modality or technique will
be superior for predicting the response to CRT. Furthermore, strain analysis is
focusing on the deformation in the cardiac wall, whereas in the volume
measurements in 3D‐ultrasound, only the endocardial border is used. Besides,
regional change in LV volume seems influenced by the moving centerline in the
volume measurement.

CONCLUSION
High cross‐correlations were observed between regional MRI derived LV
circumferential strain and real‐time 3D‐echocardiography derived regional LV
volume. However, regional differences in time delay between the curves were
found, leading to discrepancies in the quantification of mechanical
dyssynchrony. This could mainly be ascribed to the poor correlation between
regions with little or positive circumferential strain (dyskinesia or “bulging”)
and the accompanying regional volume curves, and is probably inherent to the
calculation method of regional LV volume. Therefore, both modalities might
represent different measures of mechanical dyssynchrony.
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APPENDIX
The relation between LV volume and circumferential strain is thought to be as
follows:
The remodeled, more spherical heart will have a volume V as a sphere:
V=

4 3.
πr
3

[1]

Circumferential strain describes the length changes in the circumference of the
LV (2πr). Assuming a circular ventricle with homogeneous strain, the
circumferential length change εc can be represented as:
r −r
[2]
εc = n 1 ,
r1
where r is the radius and n a time point in the cardiac cycle. In this equation, r1
can be considered as a constant term.
Since both volume and circumferential strain are dependent on the radius of
the heart, a relation between the third root of the volume and the
circumferential strain is expected.
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Mechanical dyssynchrony or
myocardial shortening as MRI predictor
of response to biventricular pacing?
I.K. Rüssel, J.J.M. Zwanenburg, T. Germans, J.T. Marcus, C.P. Allaart, C.C. de Cock, M.J.W. Götte, A.C. van
Rossum
Published in: J Magn Reson Imaging 2007;26:1452‐1460

ABSTRACT
Purpose: To investigate whether mechanical dyssynchrony (regional timing differences)
or heterogeneity (regional strain differences) in myocardial function should be used to
predict the response to cardiac resynchronization therapy (CRT).
Materials and Methods: Baseline mechanical function was studied with MRI in 29
patients with chronic heart failure. Using myocardial tagging, two mechanical
dyssynchrony parameters were defined: the standard deviation (SD) in onset time
(Tonset) and in time to first peak (Tpeak,first) of circumferential shortening. Electrical
dyssynchrony was described by QRS width. Further, two heterogeneity parameters were
defined: the coefficient of variation (CV) in end‐systolic strain and the difference
between peak septal and lateral strain (DiffSLpeakCS). The relative increase in
maximum rate of left ventricle pressure rise (dP/dtmax) quantified the acute response to
CRT.
Results: The heterogeneity parameters correlated better with acute response (CV: r =
0.58, DiffSLpeakCS: r = 0.63, p < 0.005) than the mechanical dyssynchrony parameters
(SD(Tonset): r = 0.36, SD(Tpeak,first) r = 0.47, p = 0.01, but similar to electrical dyssynchrony
(r = 0.62, p < 0.001). When a heterogeneity parameter was combined with electrical
dyssynchrony, the correlation increased (r > 0.70, pincr < 0.05).
Conclusion: Regional heterogeneity in myocardial shortening correlates better with
response to CRT than mechanical dyssynchrony, but should be combined with electrical
dyssynchrony to improve prediction of response beyond the prediction from electrical
dyssynchrony only.
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INTRODUCTION
In patients with end‐stage heart failure (HF) and asynchronous contraction,
multisite pacing can be applied to resynchronize contraction (1,2). Cardiac
resynchronization therapy (CRT) has been shown to acutely improve global
ventricular function (3‐5). In the long term, reverse remodeling is observed,
associated with a reduction in left ventricle (LV) volume (6,7). A major issue in
CRT remains successful selection of candidates, as about 30% of the patients do
not benefit from CRT when common selection criteria are applied (8).
To improve the selection of candidates, mechanical dyssynchrony (regional
difference in timing of contraction) was proposed as a key parameter for
prediction of response to CRT, instead of electrical dyssynchrony (QRS width)
(9‐11). Mechanical dyssynchrony can be assessed noninvasively with tissue
Doppler echocardiography, which has been shown to improve the prediction of
response (11,12). Advantages of using tissue Doppler imaging to assess
mechanical dyssynchrony include the widespread availability of this modality,
low cost, and the possibility to repeat the measurements after implantation of
the biventricular pacemaker. Nonetheless, echocardiography also has inherent
limitations including its dependency on the quality of the acoustic window and
the fact that echocardiographic measurements are affected by the angle of the
ultrasound beam (13). Another limitation so far relates to the function
parameter that is being measured by echocardiography. Myocardial strain (or
its time‐derivative, strain‐rate) is probably the best parameter for assessing
regional myocardial contraction, as it is less affected by overall heart motion
and tethering than regional myocardial motion (or its time‐derivative, velocity)
(14). With the current state of the art of tissue Doppler imaging, however,
technical challenges seem to prevent taking advantage of assessing strain over
motion (14,15).
With the possibility of myocardial tagging, MRI allows noninvasive assessment
of myocardial strain, without the aforementioned limitations of echo. MRI
systems are becoming more and more available, and pacing in MRI is expected
to become feasible soon (16).
Nelson et al (9) were the first to use MRI tagging to demonstrate that
mechanical dyssynchrony is a better parameter to predict the response to CRT,
than electrical dyssynchrony. However, that study did not measure the
mechanical dyssynchrony directly, but assessed the heterogeneity in the
amount of end‐systolic circumferential shortening (called coefficient of
variation ). This heterogeneity in end‐systolic strain is generally not a pure
measure of mechanical dyssynchrony. Scar tissue from an old infarction, for
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example, will show no shortening and thereby induce a heterogeneous strain
pattern that is not due to dyssynchrony. To our knowledge, no previously
published MR‐based study has investigated the correlation of pure mechanical
dyssynchrony versus response to CRT.
The aim of this study was to evaluate two types of regional function
parameters, derived from MRI, as predictors of response to CRT. These
parameter types consisted of, first, pure mechanical dyssynchrony parameters
(time differences between regions, such as differences in onset time (Tonset) and
in first peak time (Tpeak,first) of circumferential shortening), and, second,
heterogeneity‐based parameters (strain differences between regions, such as
differences in end‐systolic or peak circumferential shortening).

METHODS
Subjects
Twenty‐nine patients referred for CRT were studied (age 66 ± 10 years, 16
male, 13 female). Patients were included according to the following selection
criteria: ejection fraction (EF) < 40%, NYHA class III‐IV despite optimal
pharmacological therapy, and sinus rhythm (17). Patients were clinically stable
and received standard heart failure therapy including diuretics, beta‐blockers,
angiotensin‐converting enzyme inhibitors and/or ATII receptor blockers. In 27
patients, the classifications ischemic or nonischemic were based on the
presence of delayed contrast enhancement (DCE) in myocardial MR images. In
two patients this classification was based on a possible history of myocardial
infarction, or when significant coronary artery disease was observed at
coronary angiography. Written informed consent was obtained according to
our institutional guidelines (VU University Medical Center, Amsterdam, The
Netherlands).
Imaging
MR imaging was performed on a 1.5T scanner (Magnetom Sonata, Siemens,
Erlangen, Germany). Complementary tagged (CSPAMM) myocardial images
were acquired using steady‐state free precession imaging and a multiple brief
expiration breath‐hold scheme as described in (18). Images for 2D strain
analysis were acquired in three short axis planes, evenly distributed over the
LV, as seen on an end‐systolic 4‐chamber image. In the first 12 patients a
protocol with prospective triggering and a temporal resolution of 14 msec was
used. In the remaining 17 patients a retrospective triggered protocol was used
with a temporal resolution of 15 msec.
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Steady‐state free precession cine imaging (without tagging) was performed
with full coverage of the LV (stack of short axis slices) to assess LV volumes and
EF. Further, high temporal resolution cine imaging of the LV in the three‐
chamber view was performed to assess the opening and closure times of the
mitral and aortic valves (18).
For analysis of DCE, a contrast agent was applied after the tagging procedure
(Gadolinium‐DPTA, Magnevist, Schering, Berlin, Germany) with a dose of 0.2
mmol/kg. Ten to 15 minutes after contrast application the LV was imaged in
the same orientation as the cine images using a segmented inversion‐recovery
gradient‐echo pulse sequence. The inversion time was 250 msec. Images were
acquired in diastole. The complete imaging protocol required around 75
minutes per subject. The imaging parameters are given in Table 1.
Table 1. MR Imaging Parameters of the Acquisitions.
Voxel size
Matrix
(mm3)
Tagging cines (first
1.2×3.8×6.0
256×78
12 patients)

Temporal
resolution (ms)
14

α
20°

TR/TE
(ms)
4.7/2.3

BW
(Hz/pixel)
369

Tagging cines
(last 17 patients)

1.2×3.8×6.0

256×78

15

20°

3.6/1.8

850

Cine for valve
timing

1.4×1.4×6.0‐
8.0

256×160

14

60°

3.4/1.7

1085

Conventional cines

1.3×1.3×6.0‐
8.0

256×208

35‐48

60°

3.2/1.6

930

DCE images

1.6×1.3×5.0

208×256

‐

25°

9.6/4.4

130

Matrix: number of readout x phase encoding samples; α: excitation flip angle; TR: repetition time; TE: echo time;
BW: receiver bandwidth.

Temporary Biventricular Stimulation
One day after the MRI session, patients underwent temporary biventricular
stimulation to assess the acute response to CRT (1). A sensing lead was placed
in the right atrium and pacing leads were placed at each of the following four
locations: right ventricular (RV) apex, RV outflow tract, LV
inferior/inferolateral wall (via coronary sinus), and LV anterior/anterolateral
wall (via coronary sinus). Atrial‐sensed ventricular stimulation was performed
using all possible combinations of two ventricular leads and with each of the
four leads separately. The AV delay was set to the maximum value with full
ventricular capture, typically around 100 msec.
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LV pressure was measured, using a 0.35‐mm catheter‐tip manometer (Volcano
Therapeutics, Rancho Cordova, CA). LV pressure was recorded during pacing
with each lead combination, and baseline measurements were taken between
each change of lead combinations. The optimal pacing configuration was
determined by the maximum increase in dP/dtmax relative to baseline. The
increase during optimal configuration was regarded as the response to
temporary biventricular stimulation (19).
Data Analysis
From the MRI tagged images, circumferential strain (εc) curves were obtained
using the harmonic phase method (20) at six circumferential segments of each
slice: inferoseptal (IS), anteroseptal (AS), anterior (AN), anterolateral (AL),
inferolateral (IL), and inferior (IN). The circumferential strain reflects the
percent change in length of a small line segment in the circumferential
direction, with respect to the end‐diastolic length.
The onset time of circumferential shortening (Tonset) and the time to first peak
of shortening (Tpeak,first) for each segment were also computed as described
elsewhere (21). Three dyssynchrony parameters were then defined: the QRS
width (defined as the average QRS width on a 12‐lead electrocardiogram), the
standard deviation (SD) in Tonset, and the SD in Tpeak,first.
Next, two strain heterogeneity‐based parameters were calculated from the
strains at the 18 LV segments (three slices with six circumferential segments).
First, the coefficient of variation (CV) as defined by Nelson et al (9): CV =
SD(εc*)/mean(εc*) × 100%, where the asterisk denotes the time at which global
LV circumferential shortening is maximal. Second, the difference between the
septal strain at peak shortening and the lateral strain at peak shortening
(DiffSLpeakCS) was calculated. DiffSLpeakCS = mean(peak(septal εc))‐
mean(peak(lateral εc)), where septal represents the IS and AS segments, and
lateral the AL and IL segments. The second heterogeneity‐based parameter
was studied since we observed large differences in septal to lateral peak strain
between subjects.
The following global parameters were determined from the nontagged cines,
using MASS software (v. 5.1b, MEDIS, Leiden, Netherlands): LV volumes, SV and
EF.
Statistics
Using univariate linear regression the correlation between the maximum
relative increase in dP/dt and all dyssynchrony and heterogeneity parameters
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was evaluated for the whole group, and for the ischemic and nonischemic
patients separately. With multivariate linear regression, the best predictive
model for % dP/dtmax using a combination of all parameters was explored on
the pooled patient data. The p‐value for the increase in r2 with respect to a
univariate analysis is indicated as pincr. P‐values below 0.05 were regarded as
significant.

RESULTS
Twelve patients (11 from DCE) were classified as nonischemic and 17 (16 from
DCE) as ischemic. The majority of the patients had a left bundle branch block
(LBBB) (see Table 2). Global function parameters of the patients are shown in
Table 3. No significant differences in global function were observed between
the ischemic and the nonischemic patients. QRS width was 150 ± 35 msec for
the nonischemic group and 141 ± 26 for the ischemic group (p = 0.49).
Temporary biventricular stimulation improved dP/dtmax by 17 ± 13% for the
whole group. The response tended to be higher in the nonischemic patients
than in the ischemic patients, but this difference was not significant (Table 4).
Table 2. Clinical Characteristics of the Heart Failure Patients.
Patient
Age (years)
EF (%)
QRS (ms)
Ischemic
Block
1
45
16
198
No
LBBB
2
61
8
190
No
LBBB
3
71
24
160
Yes
LBBB
4
80
19
177
No
LBBB
5
73
17
178
No*
LBBB
6
51
15
137
No
LAH
7
79
21
168
Yes*
LBBB
8
73
9
175
Yes
LBBB
9
66
15
125
Yes
IVCD
10
58
15
132
Yes
IVCD
11
59
24
138
Yes
LBBB
12
63
17
160
Yes
IVCD
13
69
23
152
Yes
LBBB
14
61
32
100
Yes
‐
15
66
40
140
No
LBBB
16
78
39
120
No
IVCD
17
60
21
182
Yes
LBBB
18
77
23
126
Yes
IVCD
19
73
19
130
Yes
LBBB
20
62
24
100
Yes
‐
21
50
34
86
No
‐
22
60
18
130
Yes
IVCD
23
54
18
102
No
‐
24
56
9
130
Yes
IVCD
25
85
24
133
Yes
IVCD
26
74
29
192
No
LBBB
27
74
24
148
No
LBBB
28
55
16
160
No
LBBB
29
70
13
180
Yes
LBBB
*Not determined by DCE. EF: ejection fraction; LBBB: left bundle branch block; LAH: left‐anterior hemiblock;
IVCD: intraventricular conduction delay.
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Table 3. Global Function Parameters of the Heart Failure Patients.
Global function parameter

Value

Enddiastolic volume (ml)

pooled
(n=29)
338 ± 96

ischemic
(n=17)
351 ± 90

nonischemic
(n=12)
319 ± 105

Endsystolic volume (ml)

273 ± 97

286 ± 88

255 ± 109

Stroke volume (ml)

65 ± 15

65 ± 17

65 ± 13

Ejection fraction (%)

21 ± 8

19 ± 6

23 ± 10

Heart rate (beat/min)

67 ± 10

65 ± 9

70 ± 11

Table 4. Response to Temporary Biventricular Stimulation.
NonischemicIschemic
(n = 12)
(n = 17)
13±10*
%ΔdP/dtmax (%) 22 ± 14
Values are means ± SD. % dP/dtmax: maximum relative increase in dP/dtmax , *p = 0.06.

For the whole group, a significant positive correlation was observed between
baseline QRS width and the response to temporary biventricular stimulation: r
= 0.62, p = 0.001 (Fig. 1a, Table 5). Mechanical dyssynchrony, however,
correlated weakly to the temporary biventricular stimulation response. For the
dyssynchrony in the onset of shortening r = 0.36, p = 0.06 was found (Fig. 1b).
For the dyssynchrony in the time to first peak of shortening, the result was r =
0.47, p = 0.01 (Fig. 1c).

Figure 1. Response to biventricular pacing versus three dyssynchrony parameters. a: QRS width (electrical
dyssynchrony). b,c: Standard deviation in Tonset and in Tpeak,first, respectively (mechanical dyssynchrony). The
response to biventricular pacing was quantified as the maximum increase in dP/dtmax during temporary pacing
from different locations, relative to baseline dP/dtmax. Triangles: nonischemic patients, squares: ischemic patients.
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Table 5. Univariate Relations between Baseline Parameters for Dysfunction and the Response to Temporary
Biventricular Stimulation (Maximum Relative Increase in dP/dtmax) for the Pooled (n = 29), the Ischemic (n = 17)
and the Nonischemic (n = 12) Group.
Regression coefficient
Parameter
Constant
Value
Unit
r
(%)
‐21 ± 9 0.26 ± 0.06‡
QRS width
pooled
0.62
‐25 ± 11 0.27 ± 0.07† (%ms–1) 0.68
ischemic
‐13 ± 16 0.23 ± 0.11
nonischemic
0.58
3 ± 7 0.40 ± 0.20
5 ± 8 0.26 ± 0.22
2 ± 15 0.53 ± 0.38

0.36
(%ms–1) 0.28
0.42

SD(Tonset)

pooled
ischemic
nonischemic

SD(Tpeak,first)

pooled
ischemic
nonischemic

CV

pooled
ischemic
nonischemic

4±4
4±6
8±7

0.19 ± 0.05†
0.17 ± 0.09
0.18 ± 0.08*

‐

0.58
0.44
0.62

DiffSLpeakCS

pooled
ischemic
nonischemic

7±3
9±3
3±6

1.64 ± 0.39‡
1.03 ± 0.47*
2.63 ± 0.67†

‐

0.63
0.48
0.79

‐3 ± 7 0.16 ± 0.06*
0.47
‐1 ± 8 0.13 ± 0.07 (%ms–1) 0.41
‐2 ± 14 0.19 ± 0.11
0.51

Values are mean ± SE.
SD(Tonset): standard deviation in time to onset of circumferential shortening; SD(Tpeak,first): SD in time to first peak
of shortening; CV: coefficient of variation in end‐systolic strain; DiffSLpeakCS: difference between septal and
lateral peak strain. *p < 0.05, †p < 0.005, ‡p < 0.001.

The two heterogeneity‐based parameters performed approximately equal to
the QRS width in the correlation to the temporary biventricular stimulation
response (Table 5, Fig. 2).

Figure 2. Response to biventricular pacing vs. two heterogeneity‐based parameters (which reflect regional
differences in myocardial shortening). a: Coefficient of variation in end‐ systolic strain (CV). b: DiffSLpeakCS,
defined as the difference between septal and lateral strain at the moment of peak shortening. Triangles:
nonischemic patients, squares: ischemic patients.

In the ischemic group, all correlations between the dyssynchrony and
heterogeneity parameters and the biventricular pacing response were lower
than in the nonischemic group, except for the electrical dyssynchrony (Table 5).
In the nonischemic group, only the heterogeneity‐based parameters correlated
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significantly with dP/dtmax (CV: r = 0.62, p = 0.04, DiffSLpeakCS: r = 0.79, p =
0.004). In the ischemic group, only the QRS width (r = 0.68, p = 0.002) and the
DiffSLpeakCS (r = 0.48, p = 0.04) were significant.

Figure 3. a: Mid‐ventricular circumferential strain curves ( c) from patients 4 and 17 (Table 2), who have similar
dyssynchrony, but marked regional differences in the amount of peak shortening. Patient 17 had epicardial DCE
in the apical IS segment. The mechanical dyssynchrony parameters differed less than 6 ms for patients 4 and 17,
while the increase in dP/dtmax with biventricular pacing was 50% for patient 4, and 15% for patient 17. From left
to right, the vertical lines denote opening (dashed) of the aortic valves, closure (solid) of the aortic valves and
opening (dashed) of the mitral valves, respectively. b: End‐systolic horizontally and vertically tagged images for
both patients. IS, inferoseptal; AS, anteroseptal; AN, anterior; AL, anterolateral; IL, inferolateral; IN, inferior.
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The differences in peak strain between a subject with high response and a
subject with low response are illustrated in Fig. 3. In this figure the strain
curves of a mid‐ventricular slice for the patient with maximum response (50%
increase in dP/dtmax) are compared with the curves of a subject with similar
mechanical and electrical dyssynchrony, but much lower response (15%
increase in dP/dtmax). A large difference in septal to lateral peak circumferential
strain was observed between the subjects.
In a linear combination (Table 6) of all three dyssynchrony parameters, the QRS
width was the only significant regression parameter, and no significant
increase in r2 was obtained. When using the QRS width and the best‐performing
strain parameter, DiffSLpeakCS, r significantly increased to r = 0.72, pincr = 0.01.
By adding the CV to the QRS width, r significantly increased to r = 0.70, pincr =
0.03. When both heterogeneity parameters were added to the QRS width, the
QRS width becomes insignificant as a regression parameter (p = 0.09, not
shown in Table 6). A linear combination of the CV and DiffSLpeakCS results in r
= 0.74, with a significant increase in r2 with respect to one heterogeneity
parameter alone: pincr = 0.002.
Table 6. Multivariate Regression Models for the Relation between Combinations of Baseline Parameters for
Dysfunction and the Response to Temporary Biventricular Stimulation (Maximum Relative Increase in dP/dtmax),
for All Patients (n = 29).
Regression coefficients
Parameters (1,2)
1. QRS

Constant

Value 1

Unit 1

Value 2

Unit 2

r

‐23±10

0.23±0.07b

%ms‐1

0.16±0.19

%ms‐1

0.63

‐21±10

0.23±0.09a

%ms‐1

0.04±0.07

%ms‐1

0.62

‐18±9

0.18±0.07a

%ms‐1

0.12±0.05a

‐

0.70*

‐14±9

0.17±0.07a

%ms‐1

1.12±0.41a

‐

0.72*

0±4

0.13±0.05a

‐

1.27±0.37b

‐

0.74†

2. SD Tonset
1. QRS
2. SD Tpeak,first
1. QRS
2. CV
1. QRS
2. DiffSLpeakCS
1. CV
2. DiffSLpeakCS
Values are mean ± SE. SD(Tonset): standard deviation in time to onset of circumferential shortening; SD(Tpeak,first):
SD in time to first peak of shortening; CV: coefficient of variation in end‐systolic strain; DiffSLpeakCS: difference
between septal and lateral peak strain. ap <0.05, bp <0.005. pincr is the p‐value for the increase in r2 with respect
to a univariate model. *pincr <0.05, †pincr < 0.01.

The global function parameters EDV, ESV, SV, and EF did not show significant
correlations with increase in dP/dtmax (r < 0.20, data not shown).
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DISCUSSION
We studied the relation between baseline myocardial dysfunction assessed
with MRI tagging and the response to biventricular pacing in 29 patients with
heart failure. Surprisingly, mechanical dyssynchrony did not highly correlate
with the response to biventricular pacing, and did not perform better than the
baseline electrical dyssynchrony (Fig. 1). Heterogeneity‐based parameters
(reflecting the regional variation in myocardial shortening), however,
demonstrated a good correlation with the response to CRT, comparable to
electrical dyssynchrony. A combination of electrical dyssynchrony and a
heterogeneity‐based parameter performed better than one of the parameters
alone. The combination of the two heterogeneity‐based parameters performed
best.
According to the common selection criteria for CRT (22), only patients with
QRS > 120 msec and EF < 35% should be included in the study. However,
symptomatic status was regarded as more important than QRS width and EF.
Therefore, patients who did not meet the QRS and EF criteria were included as
well. For the calculation of myocardial strain, only circumferential strain was
regarded, as in an animal study this parameter was found to perform better
than the longitudinal strain (23).
The low correlation between mechanical dyssynchrony and the response to
CRT observed in this study was not expected. Several echocardiographic
studies have shown a high correlation between mechanical dyssynchrony and
the response to CRT (11,12,24). Nevertheless, these dyssynchrony parameters
are mainly based on velocity and motion, which were found to be strongly
dissociated with dyssynchrony in strain (25), and may therefore not be directly
comparable with our results.
There are several studies that have studied the influence of CRT on regional
strain or motion (5,9,25‐27). The present study is in agreement with these
studies. However, the correlation between the acute response to CRT and the
baseline coefficient of variation in our study (r = 0.58) is lower to that observed
by Nelson et al (9) (r = 0.85), in an MRI study on eight patients with dilated
cardiomyopathy. Our higher number of included patients and slightly different
selection criteria may have caused this difference. A study with tissue Doppler
echocardiography showed a correlation between baseline coefficient of
variation in (longitudinal) LV strain and the acute improvement in end‐systolic
LV strain upon CRT (5).
Our results suggest that there is no one‐to‐one relationship between
mechanical dyssynchrony and the consequences of this dyssynchrony on the
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regional myocardial contraction. It appears that the extent to which
dyssynchrony influences regional myocardial shortening can be highly variable
between subjects. This is illustrated by Fig. 3, which shows an example of two
subjects with comparable electrical and mechanical dyssynchrony and other
baseline characteristics, but with remarkable differences in the amount of
regional shortening. A similar observation of variable sensitivities to
dyssynchrony has been made in an animal study, where dogs had different
responses to the induction of a left bundle branch block (28).
The correlation between DiffSLpeakCS and the acute response to CRT suggests
that resynchronization predominantly reduces the difference between septal
and lateral peak strain. We could not prove this concept, as strain was not
measured during pacing. The difference between septal and lateral peak strain
seems to be mainly caused by differences in peak septal strain, as can be found
in the literature. Using Doppler echocardiography, Breithardt et al (25) found
that septal longitudinal strain during ejection increased significantly from ‐7%
at baseline to ‐11% at CRT. Popovic et al (5) also observed improved
longitudinal strain in the septum during pacing. Kawaguchi et al (26) reported
increased inward excursion and rate of inward excursion of the septum upon
CRT, using echocardiography with echo‐contrast. No consistent change in
function of the lateral wall was reported: Breithardt et al observed a decrease
(normalization) of lateral longitudinal strain, while Popovic et al observed an
increase and Kawaguchi et al did not observe a significant difference in lateral
wall motion. Also myocardial oxygen consumption, glucose metabolism, and
myocardial blood flow increases in the septum during CRT, indicating improved
septal function (29‐31). Further, it has been observed that right‐ventricular
pacing, which induces an activation pattern similar to that in a LBBB,
immediately reduces septal function in dog hearts (32,33). Similarly, septal
function in dog hearts is almost completely lost immediately after creation of a
LBBB (28).
In this study it was shown that in nonischemic patients, all parameters
correlated better with the acute response to biventricular pacing than in
ischemic patients, except for the QRS width (Table 5). Only the heterogeneity‐
based parameters correlated significantly with dP/dtmax in the nonischemic
patients. Probably, regional heterogeneity in strain is more reversible in
nonischemic patients and therefore correlates highly with response to CRT.
Nevertheless, it is unclear to what extent these findings are independent of the
etiology. A larger group is needed to investigate whether regional
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heterogeneity in strain is also a good predictor for patients with different
conduction abnormalities.
Another unresolved issue is the cause of the differences in peak strain (Fig. 3)
while dyssynchrony is similar. A number of factors that affect the myocardial
function are: interaction between the right and left ventricle (34,35), regional
wall stress, fibrosis and scar tissue, regional contractility, and the increased
strength of the lateral wall due to early stretching (32). These factors will vary
from patient to patient, and may thus lead to a highly variable relation between
initial dyssynchrony and myocardial dysfunction. In a canine study, the degree
of ventricular remodeling subsequent to the occurrence of a LBBB differed
considerably between dogs, suggesting that individual hearts may have
different sensitivities to abnormal conduction (28).
The observation that the heterogeneity‐based parameters correlate better with
the response to CRT than the dyssynchrony parameters may have important
consequences for the selection of CRT candidates. With the recent development
of speckle‐tracking echocardiography (37), the strain measures are no longer
dependent on the angle of insonation, making strain(‐rate) assessment with
echocardiography, besides with MRI, more robust and clinically applicable.
However, a heterogeneity‐based parameter alone seems not sufficient for
improved prediction of response to temporary biventricular pacing, since
electrical dyssynchrony predicts as good. It was found that a large, significant
improvement in this prediction could be obtained by the combination of QRS
width and a heterogeneity‐based parameter, or better, by combining the two
heterogeneity‐based parameters, CV and DiffSLpeakCS (Table 6).
As there is a considerable variety in etiology between HF patients (38), a large
group is needed to study the dependency of the prediction of response on
etiology. Special attention should be paid to differences in conduction blocks
and to the location of old infarctions. Old infarctions lead to changes in strain
that probably do not relate to improvement by CRT. Further, as scar tissue is
not conductive, the pacing leads should be positioned in viable tissue.
We did not analyze the location of the pacing leads at which maximal response
was obtained or the location where DCE was present. The most beneficial
pacing position is probably the most delayed site (39) with the least DCE (40).
Whether or not maximal response corresponds to pacing of the region with
most delay in Tonset regions without DCE requires more sophisticated analysis of
the data.
In the present study only immediate response to CRT was assessed, using
dP/dtmax as a measure of response. We did not show that the immediate
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response is a valid measure of clinical improvement. However, Yu et al (6)
found that improvement in dP/dtmax observed after 1 week persisted after 3
months, and was accompanied by improvements in 6‐minute walk distance,
quality of life score, left ventricular volume, ejection fraction, mitral
regurgitation, shortening of isovolumic contraction time, and lengthening of left
ventricular filling time. A future prospective study should be performed
focusing on the predictive value of, e.g., the peak strain for the long‐term effect
of CRT.
A possible technical problem is that the true onset time of early septal
shortening could be missed because the septum may have already begun to
contract at the time of placement of the tags following the ECG‐trigger. This will
lead to an underestimation of the dyssynchrony in Tonset, which may reduce the
predictive value of Tonset. It should be noted, however, that the dyssynchrony in
Tpeak,first does not show a significant correlation with the response either, while
Tpeak,first is closely correlated with the onset time (21). Therefore, we expect that
the effect of the underestimation of the dyssynchrony in Tonset is negligible.

CONCLUSION
When using MRI tagging, mechanical dyssynchrony at baseline seems not to be
useful as a parameter for the prediction of acute response to cardiac
resynchronization therapy with biventricular pacing. However, heterogeneity‐
based parameters (reflecting the heterogeneity in myocardial strain) correlate
well with the acute response to CRT, similar to electrical dyssynchrony. A linear
combination of QRS width and a heterogeneity‐based parameter provides a
better prediction of the acute response to biventricular pacing than QRS width
alone. In nonischemic patients, all mechanical dyssynchrony and heterogeneity‐
based parameters performed better as predictor than in ischemic patients.
Global LV dysfunction at baseline is not associated with CRT response.
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Loss of opposite left ventricular
basal and apical rotation
predicts acute response to
cardiac resynchronization therapy and is associated
with longterm reversed remodeling
I.K. Rüssel, M.J.W. Götte, G.J. de Roest, J.T. Marcus, S.R. Tecelão, C.P. Allaart, C.C. de Cock, R.M. Heethaar,
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ABSTRACT
Background: Normal left ventricular (LV) torsion is caused by opposite basal and apical
rotation. Opposite rotation can be lost in heart failure, but might be restored by pacing.
Therefore, the predictive value of the loss of opposite base‐apex rotation in heart failure
patients for the response to cardiac resynchronization therapy (CRT) was studied.
Methods: In 34 CRT‐candidates and 12 controls, basal and apical LV rotations were
calculated using MRI tagging. Loss of opposite rotation was quantified by the correlation
between both rotation curves. A negative correlation indicates normal, opposite rotation
and a positive correlation indicates that base and apex rotate in the same direction.
In patients, LV pressure was measured invasively during biventricular stimulation.
Acute response to CRT was defined by >10% increase in dP/dtmax relative to baseline. LV
volume was determined at baseline and 8 months follow‐up using echocardiography.
Results: The base‐apex rotation correlation (BARC) was significantly higher in acute
responders (n=22) than in non‐responders (n=12) and controls (0.64±0.51, ‐0.23±0.67
and ‐0.68±0.22, respectively, p=0.001). The sensitivity and specificity for prediction of
acute response were 82% and 83%, resp., at a cut‐off value of 0.5. At follow up, volumes
could be analyzed in 18 patients. In the group with BARC>0.5, EDV decreased by 7%
(n.s.), ESV by 16%, and EF increased by 28% (both p=0.02), whereas in the group with
BARC<0.5, no significant changes were observed.
Conclusions: The loss of opposite base‐apex rotation in patients eligible for CRT is an
excellent predictor of acute response and is associated with LV reversed remodeling.
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INTRODUCTION
Left ventricular (LV) torsion, defined as the wringing motion caused by
opposite rotation of the LV base and apex, is essential for optimal cardiac
functioning (1‐3). The opposite basal and apical rotations are the result of the
oblique, crosswise orientation of the myofiber layers throughout the
myocardial wall (4,5). In the apex, the counterclockwise rotation (as seen from
the apex) is the net result of the contraction of crosswise oriented endocardial
and epicardial layers, where the direction of rotation is in favor of the
epicardial layer (6). For the clockwise basal rotation this is more complex, since
multiple fiber layers in various directions exist at this level (7,8).
Several studies have shown that in heart failure (HF) patients with dilated or
ischemic cardiomyopathy, the magnitude of the wringing motion is decreased
(9‐12). Moreover, Setser et al. (11) observed that in some HF patients, basal
and apical rotation follow the same direction, resulting in a loss of opposite
rotation. Another study by Kanzaki et al. (10) showed early reversal of the
direction of apical rotation in HF patients. These observations suggest that in
HF patients, apical rotation (gradually) inverts and follows the same path as
basal rotation.
End‐stage HF patients who are candidates for cardiac resynchronization
therapy (CRT) have a slow electrical conduction (13). One hypothesis is that
this may lead to a delayed activation of the epicardial fiber layer. The resulting
possible epicardial dysfunction might cause the apex to change rotational
direction, in favor of the endocardial layer.
It has been shown that CRT, which involves stimulation of the epicardium of the
left ventricular free wall, improves cardiac function in HF patients (14,15).
Therefore, it can be hypothesized, that the loss of opposite basal and apical
rotation in end‐stage HF patients eligible for CRT predicts response to CRT.
This concept is studied by determining the predictive value of the basal and
apical rotation for response to biventricular pacing in CRT‐candidates, using
magnetic resonance imaging (MRI).

METHODS
Patients
Thirty‐four consecutive patients (65±10 yrs, 18 male) with drug‐refractory HF
were enrolled.
All patients had EF<=35% based on MRI, QRS>=120ms, NYHA class III‐IV and
were in sinus rhythm. Patients received standard HF therapy, including
diuretics, beta‐blockers, angiotensin‐converting enzyme inhibitors and/or ATII
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receptor blockers. Eighteen patients were classified as having ischemic dilated
cardiomyopathy, based on ECG, CAG, delayed contrast enhancement MRI or
MIBI‐SPECT.
Twelve healthy subjects (43±11 yrs, 7 male), with no history of cardiac disease,
normal ECG and EF>=50% were used as control group.
The local Ethics Committee approved the study protocol and all subjects gave
informed consent.
MR image acquisition
Both patients and controls were imaged on a 1.5T whole body MRI scanner
(Magnetom Sonata, Siemens, Erlangen, Germany). Sinusoidal, complementary
tagged (CSPAMM) MR images of the LV were acquired using a steady state free
precession (SSFP) sequence and a multiple brief expiration breath hold scheme
(16) (Fig. 1). Retrospective triggering was used with a high temporal resolution
of 15 ms. Imaging parameters were as follows: field of view: 300x300mm2, flip
angle: 20º, repetition time: 3.6ms, echo time: 1.8ms, receiver bandwidth:
850Hz/pixel, matrix size: 256x78, slice thickness: 6mm, tag‐line distance: 7mm.
Two short‐axis slices (basal and apical), positioned at ¼ and ¾ of the length
between the mitral valve and the apex, seen on an end‐systolic 4‐chamber view,
were acquired. Additionally, a 3‐chamber view SSFP cine with the same
temporal resolution as the tagged images was acquired, to determine opening
and closing times of the valves. Furthermore, conventional SSFP short‐axis
cines with full coverage of the LV were acquired for quantification of LV
volumes and EF, using a dedicated software package (Mass, Medis, Leiden, the
Netherlands).

Figure 1. Tagging and tracking. Horizontally and vertically tagged images (a) in end‐diastole (left) and end‐
systole (right). Tag‐lines are sinusoidal, which is optimal for the tracking procedure. Therefore, they do not
appear as sharp lines. Tracked myocardial points (b) are plotted over the combined tagged images, where the
lines are the myocardial contours.
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Postprocessing: torsion
After drawing myocardial contours on the tagged images using commercially
available software (Mass, Medis, Leiden, the Netherlands), the displacement of
the myocardium in the basal and apical tagged MRI slices was tracked, using
extended Harmonic Phase (HARP) tracking (17) (Fig. 1). For every tracked
point in the myocardium, the rotation around the moving center of mass of the
LV myocardium was calculated. The rotation of the points was averaged over
the myocardium, and set relative to the first timeframe (end‐diastole).
In order to assess the amount of loss of opposite basal and apical rotation, the
correlation between basal and apical rotation from end‐diastole until the time
to mitral valve opening was calculated, since the most important part of the
torsional deformation is thought to occur in the period from end‐diastole until
the end of rapid‐untwisting (mitral valve opening) (18,19).
This calculated correlation demonstrates to which extent the apex and base
follow the same rotational path. Positive correlation reveals loss of opposite
rotation and negative correlation shows that apex and base rotate normally, in
opposite directions. This number, ranging from ‐1 to 1, was named the basal‐
apical rotation correlation (BARC).
Acute response to pacing
One day after the MRI exam, patients underwent a temporary biventricular
pacing procedure. Via the femoral approach, under fluoroscopy, an 8‐French
guiding catheter (Cordis, Miami Lakes, United States) was introduced for access
of the coronary sinus. After a balloon‐occlusive venogram of the coronary sinus
and its tributaries, two 0.014‐inch unipolar pacing wires (Visionwire®
Biotronik GmbH, Berlin, Germany) were inserted in the posterolateral and
anterolateral side‐branches of the coronary sinus. In addition, three bipolar
pacing catheters (Bard Inc. Lowell, Ma, USA) were positioned in the right atrial
appendage, right ventricular outflow tract, and right‐ventricular apex,
respectively. Atrial‐sensed ventricular stimulation was performed using all
possible combinations of two ventricular leads and with each of the 4 leads
separately. In total, 10 configurations were examined. The atrio‐ventricular
delay was adjusted to the longest delay with full ventricular capture. The VV‐
delay was set to 0 ms. Left ventricular pressure was measured at baseline and
during pacing, using a catheter‐tip manometer (Volcano Therapeutics, Rancho
Cordova, CA, USA).
The optimal pacing configuration was determined by the maximum increase in
dP/dtmax relative to baseline measurements before and after every pacing
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configuration, as this is considered a reliable, reproducible and operator‐
independent measure of cardiac function (20‐24). The increase during optimal
configuration was regarded as the acute response to biventricular pacing. In
case of an increase in dP/dtmax of more than 10% (22,25), a patient was
classified as an acute responder; otherwise the patient was classified as a non‐
responder.
Within one week after the temporary pacing protocol, permanent biventricular
pacemaker implantation was performed using standard techniques under local
anesthesia. Lead positioning was attempted at the optimal site as determined
during the temporary pacing procedure. Within 10 days after implantation,
pacemaker settings were optimized using the echocardiographic aortic velocity
time integral method and the mitral inflow method (26).
Echocardiographic imaging
At baseline and eight months after implantation, echocardiography was
performed to assess LV volume. Echocardiographic images were obtained in
the left lateral decubitus position using a commercially available system (iE33,
Philips, Andover, MA.).
Standard 2‐dimensional data, triggered to the QRS complex, were saved in cine‐
loop format for offline analysis (QLAB, Version 4.2, Philips). Echocardiographic
data were analyzed by two independent observers who were blinded to all
other patient data. LV end‐diastolic and end‐systolic volumes and EF were
derived from conventional apical 2‐ and 4‐chamber images, using Simpson's
biplane method of discs (27).
Statistical analysis
Baseline characteristics are summarized and expressed as mean±SD or as
frequencies and percentages in case of categorical data. BARC was compared
between patient groups with characteristic torsion patterns (normal rotational
directions, apex rotation inverted, or basal rotation inverted), and between
acute responders, non‐responders and controls using one‐way ANOVA with
Bonferroni post‐hoc test. Also, linear regression was performed between BARC
and baseline dP/dtmax , and BARC and acute response.
The optimal cutoff‐value of BARC for prediction of response was determined by
ROC curve analysis, using Youden’s index (sensitivity + specificity ‐ 1) (28).
LV reversed remodeling was analyzed by comparing changes in
echocardiographically derived EDV, ESV and EF between patients with a BARC
value above and below the cut‐off value, using a Student’s T‐test. Paired
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Student’s T‐test was used to analyze the changes in volume and EF within these
groups.
A p‐value ≤ 0.05 was considered as statistically significant.

RESULTS
Baseline characteristics are reported in Table 1.
Table 1. Baseline characteristics of the patients.
Parameter
Value
Age (yrs)
65±10
Sex (male/female)
16/16
Ischemic cardiomyopathy (n)
18 (53%)
QRS duration (ms)
153±23
LVEDV (ml)
309±98
LVESV (ml)
249±96
LVEF (%)
21±8

Acute hemodynamic response
Twenty‐two patients (65%) were classified as acute responders. In the majority
of patients (n=29, 85%) a pacing configuration including pacing in the
posterolateral region obtained the best result (Table 2). Of this group, 18 (62%)
responded best to univentricular pacing in the posterolateral location.
Table 2. Most optimal pacing configurations in the patients.
Non
responders

Responders

p

Best response at
this location
(NR, R (n))
Baseline dP/dtmax (mmHg)
923±225
813±214
0.18
‐
PL pacing (Incr. dP/dtmax (%))
1.1±4.6
23.2±13.2
<0.01
7, 11
PL+RVA pacing (Incr. dP/dtmax (%))
‐1.9±6.1
17.8±12.7
<0.01
1, 2
PL+RVOT pacing (Incr. dP/dtmax (%))
1.4±4.8
18.7±12.5
<0.01
2, 5
‐5.2±6.0
12.3±13.9
<0.01
0, 3
AL pacing (Incr. dP/dtmax (%))
AL+RVA pacing (Incr. dP/dtmax (%))
‐6.5±4.2
8.2±11.4
<0.01
1, 1
AL+RVOT pacing (Incr. dP/dtmax (%))
‐5.7±4.7
8.2±10.5
<0.01
0. 0
PL+AL pacing (Incr. dP/dtmax (%))
1.7±7.2
17.4±12.1
0.06
1, 0
‐10.8±8.9
3.6±9.8
<0.01
0, 0
RVA pacing (Incr. dP/dtmax (%))
RVOT pacing (Incr. dP/dtmax (%))
‐6.9±5.6
5.4±7.3
<0.01
0, 0
RVA+RVOT pacing (Incr. dP/dtmax (%))
‐7.4±7.3
5.2±8.2
<0.01
0, 0
NR: Non‐responders, R: Responders, PL: Posterolateral, RVA: Right ventricular apex, RVOT: Right ventricular
outflow tract, AL: Anterolateral.

After visual inspection of all rotation curves, all control subjects showed
normal, opposite rotation directions. Of the patients, 20 (59%) showed an
abnormal rotation pattern, of which 18 showed an inverted apical rotation that
followed the direction of basal rotation, resulting in a high value for BARC
(BARC=0.85±0.14). In two patients, basal rotation was inverted and followed
the apical rotation path (BARC=0.50±0.47). The remaining 14 patients (41%)
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showed normal rotational directions, resulting in low values for BARC (BARC=‐
0.35±0.58). Those were not significantly different from the control group
(BARC=‐0.68±0.22, p=0.08, Table 3). Examples are given in Fig. 2.
Table 3. Observed rotational directions and BARC characteristics.
n
BARC
Number of acute responders
Controls – normal rotation directions
12
‐0.68±0.22
N/A
Patients – normal rotation directions
14
‐0.35±0.58
3 (21%)
Patients – inverted apical rotation
18
0.85±0.14*
17 (94%)
Patients – inverted basal rotation
2
0.50±0.47*
1 (50%)
*Significantly different from control subjects and patients with normal rotation directions (p<0.001).

Figure 2. Basal and apical rotation curves. Example of rotation curves for a healthy subject (left), a non‐responder
(middle) and a responder (right). Positive rotation is counterclockwise when viewed from the apex. It can be seen
that although the amount of rotation is impaired, the non‐responder shows normal rotational directions, while in
the responder, apical rotation is inverted. Vertical black dotted lines indicate aortic valve opening, aortic valve
closure and mitral valve opening, respectively.

When patients were divided into acute responders and non‐responders, BARC
was significantly higher in responders than in non‐responders
(BARC=0.64±0.51 vs. 0.23±0.67, p<0.001, Fig. 3). BARC in the non‐responder
group was not significantly different from BARC in the control group (BARC=‐
0.23±0.67 vs. ‐0.68±0.22, p=0.11). The wringing motion resulting from basal
and apical rotation was markedly impaired in all patients, but rotational
directions were normal in the non‐responders.
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Figure 3. Base‐apex rotation correlation. BARC error‐bar plot (a) and plot showing all BARC values (b) for the
controls (n=12), the non‐responders (n=12) and the responders (n=22). In the responder‐group, two outliers
were present (>3 times interquartile‐range distance), but were included in the comparisons. The largest outlier
died of worsening of symptoms after CRT implantation. The other outlier showed a decrease in EF of 12% after 8
months. Controls and non‐responders have similar BARC‐values.

The relationship between BARC and baseline dP/dtmax was not significant:
r=0.16, p=0.38. However, a significant positive linear relationship between
BARC and the maximum increase in dP/dtmax was found (r=0.49, p<0.01, Fig.
4). The equation for this relationship is dP/dtmax = (9±3) · BARC + (14±2),
where the regression coefficient and the constant are shown as mean±SE, and
BARC is limited between ‐1 and 1.

Figure 4. Response vs.
BARC.
Relationship
between BARC and the
acute
response
to
biventricular
pacing,
represented by dP/dtmax.
A
significant
linear
relationship
can
be
observed.

ROC curve analysis resulted in an area under the curve (Fig. 5) of 0.86, p<0.01,
95% CI: 0.74 to 0.99, indicating that BARC is a good predictor for acute
response to biventricular pacing. The maximum Youden index was 0.65, at a
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cutoff‐value of BARC=0.5. At this cut‐off value, a sensitivity of 82% and a
specificity of 83% for the prediction of response were obtained (Fig. 5). The
positive predictive value of BARC for acute response to pacing was 90%, the
negative predictive value 71%.

Figure 5. Receiver operating characteristic curves for prediction of acute response to biventricular pacing with
BARC. The area under the curve was 0.92 (a). A cutoff‐value of 0.5 yielded a sensitivity of 82% and specificity of
83% (b).

There was no significant difference in response between the ischemic and the
non‐ischemic group (both 11 responders (61% and 69%, resp.), p=0.65), which
was expected since myocardial torsion is a global measure of cardiac function
and pacing was performed at the most optimal location (hypothetically then,
the pacing leads were positioned in viable tissue).
Longterm reversed remodeling
Six patients were lost to follow‐up. In three patients, the permanent CRT device
was not implanted. Two patients died of worsening of symptoms (BARC=0.16
and 0.96). In five patients, echocardiographic image quality was not sufficient
for analysis of LV volumes. Therefore, 8 month follow‐up could be analyzed in
18 patients.
The LV EDV changed from 196±57ml to 184±65ml on average, while LV ESV
changed from 141±49ml to 123±54ml and LV EF from 30±8% to 34±11%.
In patients with BARC<0.5 (n=5.), EDV increased from 192±43ml to 196±49ml
(p=0.66), ESV increased from 133±39ml to 139±54ml (p=0.56), and EF
decreased from 31±8% to 30±14% (p=0.71). In patients with BARC>=0.5
(n=13), EDV decreased from 198±63ml to 179±71ml (p=0.13), ESV decreased
from 144±54ml to 118±55ml (p=0.02) and EF increased from 30±8% to 36±9%
(p=0.02). The results are shown in Fig 6.
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Figure 6. LV volume and EF changes at 8 months follow
up. LV volume and EF changes between baseline and
follow‐up are shown for patients with a BARC below
(n=5) and above (n=13) the cut‐off value of 0.5. *p≤0.05.

The reduction in EDV was not significantly different between the high BARC
group and the low BARC group (‐7±28% vs. 2±11%, p=0.17). ESV reduction
was higher in the high BARC group with borderline significance (‐16±30% vs.
3±15%, p=0.05), whereas EF increase was significantly higher in the high BARC
group (28±56% vs. ‐8±22%, p=0.04). For comparison, when the patients were
divided into a group with acute increase in dP/dtmax<10% (n=5) and a group
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with acute increase in dP/dtmax>=10% (n=13), p‐values were 0.07, 0.08 and
0.35, respectively, implying that BARC might be more associated with LV
reversed remodeling than acute increase in dP/dtmax.

DISCUSSION
This study demonstrates a new approach for evaluation of the relation between
cardiac mechanics and CRT‐response. A novel imaging parameter was
presented that is able to distinguish between responders and non‐responders.
It is demonstrated that the loss of opposite LV basal and apical rotation,
quantified by the correlation between basal and apical rotation (BARC), is
related to the acute hemodynamic response to biventricular pacing. A cutoff‐
value of 0.5 for this correlation can be used to predict acute response with high
sensitivity and specificity and is associated with long‐term LV reversed
remodeling.
BARC seems a good, non‐invasive substitute for measuring acute response to
CRT. The findings underline the importance of the torsional wringing
deformation of the heart by oppositely rotating base and apex for expelling
blood.
Inverted apical rotation
In 20 of the patients (59%), basal and apical rotation occurred in the same
direction, which is in line with the findings of Setser et al. (11). In the remaining
patients, the amount of LV wringing motion was also markedly impaired, but
rotational directions were opposite, analogous to the control group. Nearly all
patients with a high BARC value demonstrated a disorder in rotation where the
apical rotation was inverted. All were likely to immediately respond to pacing.
Pacing and response
As cardiac rotation and torsion are the result of the contraction of oppositely
arranged myofiber layers throughout the myocardial wall (4,5), where apical
rotation is normally in the direction of the epicardial layer (apex rotates
counterclockwise when viewed from the apex (29)), inverted apical rotation
might be the result of dysfunction in this particular layer.
Hypothetically, pacing the epicardium of the LV could restore this dysfunction,
by activating ‐earlier‐ the epicardial fiber layer. The recent study by Sade et al.
(30), showing that LV torsion (wringing) was restored after 8 months in CRT
responders, supports this hypothesis.
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The finding that in most responders, pacing was most successful in the
posterolateral region, might be related to more effective stimulation of the
epicardial layer in this territory. In a large number of responders,
posterolateral or anterolateral pacing only (univentricular pacing) gave the
best response. This suggests that late activation of the LV lateral (epicardial)
wall plays a key role in the disturbed rotation pattern and that univentricular
pacing is more optimal than biventricular pacing with a non‐optimized VV‐
delay (simultaneous pacing). However, when this delay is optimized, the
difference between uni‐ and biventricular pacing should become minimal (21).
Clinical implications
BARC gains high sensitivity and specificity for prediction of response to pacing
as compared to other measures in literature, for example QRS width,
echocardiographic mechanical dyssynchrony parameters, or myocardial
contractile reserve (31‐33). Therefore, it seems to be a promising measure.
As the scope of this study was only to introduce the concept of torsional
dysfunctions in CRT candidates, future research should also focus on the exact
relation between torsion and electrical and/or mechanical dyssynchrony
and/or the presence of scar tissue.
BARC is a measure that might also be quantified by the new speckle tracking
technique in ultrasound (34‐36), which would make it faster to acquire and
therefore more suitable for clinical practice. Also, speckle tracking will allow for
studying the changes in LV rotation and torsion after CRT, which is currently
not possible with MRI.
Limitations
The number of patients evaluated in the current study is still small and larger
studies are required to understand the true clinical value of BARC.
Baseline dP/dtmax may be reduced in patients with mitral regurgitation. Several
studies show that pacing might restore mitral valve functioning immediately,
by resynchronizing the papillary muscles (37‐39). These mechanisms might
have influenced and over‐estimated the measurement of response.
During the temporary pacing procedure, AV and VV‐delays were not optimized.
This might have influenced the results, but standardizes the method over all
patients.
To what extent the acute response to pacing, as used in this study, represents
long‐term clinical improvement, needs to be further investigated. However,
several studies suggested that acute effects maintain over time (40‐42). This
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study also supports these findings. However, several factors, such as lead
positioning/dislocation or pacemaker optimization, might influence the
relation between acute and long‐term response.
Finally, baseline echocardiographic volumes and EF were different from those
obtained with MRI (Table 1), which is not unexpected regarding to previous
studies comparing MRI and echocardiographic analysis of LV volume, and
methods of LV contouring (43,44). However, significant correlations between
baseline MRI and echo volumes were obtained in this study (EDV: r=0.57, ESV:
r=0.65, EF: r=0.82, all p<0.001).

CONCLUSION
The pathological loss of opposite LV basal and apical rotation can be quantified
by the correlation between basal and apical rotation. In most of the patients
with a high correlation, apical rotation was inverted compared to a control
group. The loss of opposite base and apex rotational direction, was found to be
a good predictor for acute response to CRT and was associated with LV
reversed remodeling at 8 months follow‐up.
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ABSTRACT
Background: Clinical data on myocardial function in HCM mutation carriers (carriers) is
sparse but suggests that subtle functional abnormalities can be measured with tissue
Doppler imaging before the development of overt hypertrophy. We aimed to confirm the
presence of functional abnormalities using cardiac magnetic resonance (CMR) imaging,
and to investigate whether this sensitive imaging technique could be employed to
identify carriers.
Methods and Results: 28 carriers and 28 controls were studied. Global left atrial (LA)
and left ventricular (LV) dimensions, segmental peak systolic circumferential strain
(SCS) and peak diastolic circumferential strain rate (DCSR) were determined with CMR.
Septal and lateral myocardial velocities were measured with echocardiographic tissue
Doppler imaging. LV mass and volumes were comparable between groups. Maximal
septal to lateral wall thickness ratio was larger in carriers (1.3±0.2 versus 1.1±0.1,
p<0.001). Also, LA volumes were larger in carriers compared to controls (p<0.05). Both
peak SCS (p<0.05) and peak DCSR (p<0.01) were lower in carriers compared to controls,
particularly in the basal lateral wall. Systolic and diastolic tissue Doppler imaging
derived myocardial velocities were comparable. The combination of a septal to lateral
maximal wall thickness ratio >1.2 (positive predictive value (PPV): 81%) and a peak
DCSR <105 %.s‐1 (PPV: 73%) was present in 45% of carriers and in none of the controls.
Conclusions: Myocardial dysfunction is present and detectable with CMR in carriers with
normal wall thickness. Functional abnormalities in an otherwise normal left ventricle
have a high PPV for identifying HCM mutation carriers. Contrarily, the absence of
functional abnormalities does not rule out HCM mutation carriership.
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INTRODUCTION
Hypertrophic cardiomyopathy (HCM) is a relatively common cardiomyopathy
with an estimated prevalence of 1:500 in the general population (1). The
clinical course has a large inter‐ and intrafamilial heterogeneity, ranging from
mild symptoms of heart failure late in life to the onset of sudden cardiac death
at young age. Over 430 mutations in mainly sarcomeric genes have been
identified to cause HCM. It has been suggested that the hypertrophy in HCM is a
compensatory mechanism for mutant‐induced myocardial dysfunction (2‐4).
This hypothesis is supported by experimental data demonstrating that
sarcomeric dysfunction precedes hypertrophy in HCM animal models (5‐7).
Limited clinical data is available on regional myocardial function in human HCM
mutation carriers (carriers) when wall thickness is still within normal limits.
Several studies using tissue Doppler imaging with echocardiography
demonstrated that predominantly diastolic longitudinal myocardial velocities
were reduced prior to the development of manifest hypertrophy (8, 9). In one,
studying carriers who developed overt HCM two years after inclusion, also
subtle systolic dysfunction was found, as well as left atrial (LA) dilation (8). In
another study in which carriers were younger and had smaller wall
thicknesses, slightly reduced diastolic but not systolic myocardial velocities
were found, no LA dilation, and higher left ventricular (LV) ejection fraction.
These findings suggest that diastolic dysfunction is an earlier consequence of
the mutant protein than systolic dysfunction (9). However, evaluation of
myocardial function with tissue Doppler imaging was not accurate enough to
rule out HCM mutation carriership (8, 9).
The high spatial and temporal resolution of cardiac magnetic resonance (CMR)
and its well developed capabilities to assess morphology and intramural
myocardial deformation, are of specific interest to evaluate the regional
function of human carriers with normal wall thickness (10, 11).
In this study, we investigate whether segmental systolic and diastolic
myocardial dysfunction is detectable with CMR and can be used to identify
carriership in carriers with normal LV wall thickness when compared to
controls.

METHODS
Patient selection
Carriers were included in whom LV wall thickness was less than 10 mm
measured by routine echocardiography within one year before inclusion (11).
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All carriers were free of any other systemic or cardiac disease, which might
attribute to the development of LV hypertrophy.
As a control group, age and gender matched non‐smoking healthy volunteers
were selected who had no medical history, no known familial cardiac disease,
no obesity and normal blood pressure. Family members of the carriers without
the pathogenic mutation, who met the inclusion criteria of healthy volunteers,
were also included. Study participants had to be in sinus rhythm, and free from
standard exclusion criteria for CMR examination. In all participants, standard
physical examination, CMR acquisition, and echocardiography were performed.
The study was approved by the institutional medical ethics committee and
conducted according to the declaration of Helsinki. Written informed consent
was obtained from all participants before entering the study.
Cardiac Magnetic Resonance
CMR studies were performed on a 1.5‐Tesla whole body scanner (Magnetom
Sonata, Siemens, Erlangen, Germany), using a six‐channel phased‐array body
coil. All cine studies were acquired in a single breath hold of 8‐10 seconds
during mild expiration.
Cine imaging. After survey scans, a retro‐triggered, balanced, steady‐state free
precession gradient‐echo sequence was used for cine imaging. A cine dataset
fully covering the LA and LV was acquired as described previously (12). Image
parameters were: slice thickness 5 mm, slice gap 5 mm, temporal resolution
<50 ms, repetition time 3.2 ms, echo time 1.54 ms, flip angle 60 degrees and a
typical in‐plane image resolution of 1.3 by 1.6 mm. The number of phases
within the cardiac cycle was set at 20. A high temporal resolution (14 ms) 3‐
chamber cine was obtained to determine opening and closure times of aortic
and mitral valves. Brachial blood pressure was non‐invasively measured
directly after acquisition of the high temporal resolution 3‐chamber cine.
Myocardial tissue tagging. A multiple breath‐hold, retrospective triggered
balanced steady state free precession myocardial sinus tagging sequence was
obtained using the linearly increasing start‐up angle approach (10). Three LV
short axis planes were positioned at 25 percent, 50 percent and 75 percent of
the distance between the mitral valve annulus and the endocardial border of
the apex on an end‐systolic LV 4‐chamber view, avoiding inclusion of the LV
outflow tract. Imaging time per slice was approximately 3‐4 minutes. Image
parameters were: 7 mm slice thickness, temporal resolution 14.1 ms, repetition
time 4.7 ms, echo time 2.3 ms, flip angle 20 degrees, and in‐plane image
resolution of 1.2 by 3.8 mm, with 7 mm tag spacing.
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Late gadolinium enhancement imaging. Late gadolinium enhanced (LGE)
images were obtained 10‐15 minutes after injection of 0.2 mmol∙kg‐1
gadolinium‐DTPA (13). A single breath‐hold, inversion recovery turbo Fast Low
Angle Shot sequence was used. All LGE images were ECG‐gated to end‐diastole
and planned at the same image positions as the long and short axis LV cines.
Image parameters were: 5 mm slice thickness, repetition time 4.0 ms, echo time
4.4 ms, flip angle 25 degrees and typical in‐plane image resolution 1.3 by 1.3
mm. Typical inversion recovery time was 250 to 300 ms.
Post processing
Cine images were analyzed off‐line, using MASS analysis software (Medis
medical imaging systems, Leiden, The Netherlands) blinded for genotypes.
From the LA cine dataset, LA volumes were calculated from manually drawn
endocardial contours in every phase of the cardiac cycle, excluding the
pulmonary veins and including the LA appendage, as described previously (12).
LA maximum volume, LA minimum volume, LA volume at diastasis and LA
volume prior to atrial contraction were determined. From these volumes, LA
reservoir volume and LA passive emptying volume LA active emptying volume
and LA ejection function were calculated as described previously (12).
On the LV cine data set, epi‐ and endocardial contours were manually drawn in
end‐diastole and end‐systole. Global LV parameters, including LV end‐diastolic
volume, LV end‐systolic volume, stroke volume, LV ejection fraction (LVEF) and
LV mass were determined. Also, LV mass to LV volume ratio in end‐diastole was
determined (12). All volumes and mass were normalized to body surface area.
Isovolumetric relaxation time (IVRT) was calculated by subtracting aortic valve
closure time from mitral valve opening time, determined on the high temporal
resolution 3‐chamber view.
For segmental analysis, the basal, mid and apical LV cine slices best
corresponding with the myocardial tissue tagging slices were selected. These
three slices were subdivided into 16 segments – excluding the apex‐ according
to the standardized myocardial segmentation for tomographic imaging of the
heart (14). Per LV segment, mean end‐diastolic wall thickness and mean end‐
systolic wall thickness were measured. Wall thickening was calculated by
dividing end‐systolic wall thickness by ED wall thickness. In addition, maximal
septal‐to‐lateral wall thickness ratio (SL‐ratio) was calculated by dividing
maximal ED wall thickness of the septum by maximal lateral ED wall thickness,
and ED wall radius was defined as the mean radial distance for the centre point
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of the LV slice to the endocardial border. This was semi‐automatically
calculated using MASS software.
Offline analysis of the myocardial tissue tagging images was performed with in‐
house developed software, programmed in a MATLAB 7.1(R14) environment
(The MathWorks, Natick, Massachusetts, United States of America), as
described previously (10). Segmental circumferential strain was calculated
from Lagrangian strain as a percent change in length of a small line segment in
the circumferential direction. Since myocardial fibers of the mid LV wall are
predominantly oriented circumferentially and lie within the short axis image
plane, circumferential strain was calculated only from the mid 50 percent of
the LV wall (15).
From these segmental circumferential strain datasets, the following parameters
were determined: peak systolic circumferential strain (peak SCS) and peak
diastolic circumferential strain rate (peak DCSR).
Echocardiography
Echocardiography was performed using a General Electric Vivid‐7 (GE Vingmed
Ultrasound, Horten, Norway) ultrasound system. Echopac (GE, Horten,
Norway), was used for offline analysis of recordings. Values of presented
parameters are the means of 3 recorded measurements per parameter. The
echocardiogram was performed immediately before or after the CMR study to
minimize the effect of differences in physiological conditions of the participants
between echocardiographic and CMR measurements.
Colour tissue Doppler imaging was performed on an apical 4‐chamber view
using a 2.5‐MHz transducer and frame rates over 80/second. Systolic, early
diastolic and late diastolic peak myocardial velocities of the septal and lateral
mitral valve annulus corner were obtained by placing a 6‐mm sample volume at
the junction of the mitral annulus at septal and lateral myocardial wall. The
angle of incidence between the scan lines and motion of the base of the heart
was minimized.
Statistical Analysis
All data are presented as mean±standard deviation. The unpaired Student’s t‐
test was used for comparison of normally distributed global LV and LA
parameters between carriers and controls or a non‐parametric Mann‐Whitney
U test when appropriate.
For segmental analysis, ED wall thickness, wall thickening, peak SCS and peak
DCSR were compared between carriers and controls. While interdependency of
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segments was considered within slices and patients, multilevel analysis
allowing random intercepts was performed. With multiple regression analysis,
the effect of HCM carriership, age, gender, ED wall thickness and ED wall radius
on wall thickening, peak SCS and peak DCSR was evaluated, correcting for
interdependency of segments. Pearson’s correlation coefficient was used to
describe bivariate correlations between continuous variables. All regression
models were evaluated for interaction of main effects. Evaluation of within slice
differences of segmental parameters was performed with a one‐way ANOVA,
using the Bonferroni post‐hoc test for multiple comparisons. The Bland‐Altman
method for agreement analysis was used to evaluate the intra‐ and
interobserver agreement of the strain data (16). Also, the coefficient of
variability was calculated by dividing the standard deviation of two
measurements by their mean, as described previously (17). MLwin 2.02 (Center
of MultiLevel Modelling (Bristol, United Kingdom) was used for multilevel
analysis and Statistical Package of Social Sciences (SPSS for windows 14.0,
Chicago, Illinois, United States of America) for all other statistical analysis. A
two‐sided p‐value at the <0.05 level was considered statistically significant. We
used receiver operator characteristics to generate cut‐off values to optimize
sensitivity and specificity to distinguish carriers from controls. Comparison
between ROC curves was performed according to the method described by
Hanley and McNeil using Analyse‐it Clinical Laboratory 2.12 (Analyse‐It
Software, Ltd.) (18).

RESULTS
In total, 28 carriers (11 males) from nine different families were included, of
whom 22 (79%) had a myosin binding protein C3 founder mutation (2327insG)
and 6 (21%) an α‐tropomyosin mutation (19). Fifteen of the 28 age‐ and
gender‐matched controls were confirmed genotype negative family members of
the carriers. All global LV and LA data and regional LV data were comparable
between genotype negative controls and selected healthy volunteers, see Table
1. Systolic and diastolic blood pressures were lower in carriers compared to
controls but within normal limits, see Table 1. In total, data from 896 segments
were obtained. All segmental data from the cine images were analyzable.
Segmental CS data from 408 out of 448 (91.1%) segments could be used for
analysis in carriers, and from 375 out of 448 (83.7%) in controls. The
remaining segments were not analyzable due to inconsistency of repetitive
breath holding. Tissue Doppler echocardiography was performed in 15 carriers
and 12 controls.
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Table 1. Baseline characteristics.
Carriers (n=28)
Controls ( n=28)
Age (years)
38±13.2
39±12.3
Gender (male/female)
11/17
11/17
Systolic BP (mmhg)
115±12
124±12*
Diastolic BP (mmhg)
66±10
72±7*
Heart rate
63±9
67±9
Body mass index (kg·m2)
22.9±2.6
22.7±2.6
Data are presented as mean±SD. BP = blood pressure, carriers = hypertrophic cardiomyopathy mutation carriers.
*=p<0.05.

Global LA and LV volumes and function
Both LA minimum and LA maximum volume were larger in carriers compared
to controls (p<0.05) but LA passive emptying and LA active emptying were
comparable, see Table 2. No differences in global LV volumes, mass and
isovolumetric relaxation time were found between both groups. In contrast, SL‐
ratio was larger in carriers compared to controls (p<0.001). In both groups, no
regional fibrosis was observed with LGE imaging.
Table 2. Left ventricular and left atrial volumes and function.
Carriers (n=28)
Controls ( n=28)
LA min (ml.m2)
24±6.7
20±3.9*
LA max (ml.m2)
56±11.7
51±6.4*
LA PE (ml.m2)
19±4.6
18±5.0
LA AE (ml.m2)
14±4.8
13±3.1
LAEF (%)
35±8.0
38±7.2
LVEDV (ml.m2)
96±13.2
94±14.2
LVESV (ml.m2)
38±7.3
37±8.3
SV (ml.m2)
58±8.9
57±7.7
LVEF (%)
60±4.9
61±4.2
99±24.2
93±22.9
LV mass (gr.m2)
LV mass/volume ratio
0.53±0.075
0.54±0.105
IVRT
102±18
100±22
S/Lratio
1.3±0.21
1.1±0.13‡
Data are presented as mean±SD. All volumes are indexed to body surface area, AE= active emptying, EDV=end‐
diastolic volume, ESV= end‐systolic volume, EXF= expansion fraction, IVRT=isovolumetric relaxation time, LA=
left atrial, LAEF = left atrial ejection function, LV= left ventricular, LVEF = left ventricular ejection fraction, PE=
passive emptying. SL‐ratio= septal‐to‐lateral wall thickness ratio, SV= stroke volume. *=p<0.05, ‡=p<0.001.

Segmental analysis
All data per segment are presented in the Appendix. The analysis of strain data
had a high level of intra‐ and interobserver agreement for all strain parameters
with a variability ranging from 1% for peak SCS, to 9% for peak DCSR, see Table
3.
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Table 3. Intra‐ and interobserver variability of strain parameters obtained with myocardial tissue tagging.
Intraobserver variability

Interobserver variability
mean
coefficient of
difference
variation (%)
±S.D.
peak SCS (%)
0.03±0.25
0.02
0.16±1.3
0.01
peak DCSR (%∙s1)
0.02±0.3
0.01
0.04±9.5
0.09
DCSR = diastolic circumferential strain rate, SCS = systolic circumferential strain.
mean
difference ±S.D.

coefficient of
variation (%)

End diastolic wall thickness. Averaged ED wall thickness was comparable
between carriers and controls (5.9±0.9mm versus 5.1±0.9mm in the basal slice,
4.9±0.9mm versus 4.7±0.8mm in the mid slice and 3.9±1.0mm versus
3.7±0.8mm in the apical slice, p=0.23). In both septal segments of the basal
slices, ED wall thickness was larger in carriers compared to controls (7.3±1.5
mm versus 6.1±1.4 mm, p<0.01 for the inferoseptal segments and 6.4±1.0 mm
versus 5.7±1.3 mm, p<0.05 for the anteroseptal segments), see Fig. 1a. In all
other segments, ED wall thickness was comparable (mean 4.9±0.8 mm versus
5.0±1.3 mm, p=0.18).

Figure 1. Segmental
comparison of basal left
ventricular
segments
between carriers and
controls.
Data
are
presented as mean ±
standard error of the
mean as indicated by the
solid bars (carriers) and
open bar (controls). A.
End‐diastolic
wall
thickness is higher in the
septal
and
inferior
segments in carriers
compared to controls.
Also the asymmetric,
predominantly
septal
distribution of increased wall thickness can be observed in the carriers. B. Wall thickening was higher in the
septum in controls. C. In controls, peak systolic circumferential strain is higher in the lateral wall compared to the
septum, but this difference was less overt in carriers. As a result, peak systolic circumferential strain is
significantly higher in the lateral segments of controls compared to carriers. D. Peak diastolic circumferential
strain rate is reduced in almost every segment in HCM carriers compared to controls. Again, the heterogeneity in
peak diastolic circumferential strain rate found in controls is less profound in carriers. IS= inferoseptal, AS=
anteroseptal, AN= anterior, AL= anterolateral, IL=inferolateral, IN=inferior, peak DCSR= peak diastolic
circumferential strain rate, peak SCS= peak systolic circumferential strain, *= p<0.05, †= p<0.01, ‡= p<0.001.

Wall thickening. In both basal septal segments, wall thickening was lower in
carriers compared to controls (0.39±0.21 versus 0.65±0.23, p<0.001 for the
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inferoseptal segment and 0.61±0.31 versus 0.84±0.28, p<0.01 for the
anteroseptal segment). In the lateral segments, wall thickening was comparable
between groups, see Fig. 1b.
Peak systolic circumferential strain. No significant differences in averaged
peak SCS were observed between carriers and controls. Peak SCS was lower
only in the basal inferolateral segment in HCM carriers compared to controls (‐
17.8±3.3% versus ‐19.9±3.5%, p<0.05), see Fig. 1c. Interestingly, peak SCS was
comparable between septal and lateral segments in carriers, but not in controls
(p<0.001), see Fig. 1c.
Multilevel regression analysis showed that HCM mutation carriership,
(ß=0.66±0.26; p<0.001; indicating lower peak SCS in carriers), gender (ß= ‐
0.86±0.26; p<0.001; indicating larger peak SCS in female compared to male
persons) and ED wall thickness (ß=0.39±0.10; p<0.01) were all independent
predictors of peak SCS in both groups. There was no interaction of main effects.
The effect of ED wall radius on peak SCS was significantly larger in controls
(p<0.05) compared to carriers; regression coefficients ß were ‐0.19±0.03
(p<0.001) and ‐0.11±0.04 (p<0.01) respectively.
Peak diastolic circumferential strain rate. Averaged peak DCSR was lower in
all slices in carriers, especially in the basal slice (98±18%∙s‐1 versus
115±17%∙s‐1, p<0.001). In addition, the difference in peak DCSR between
carriers and controls was largest in the basal lateral segments (95±23%∙s‐1
versus 130±30%∙s‐1, p<0.001 in the anterolateral segment and 116±36%∙s‐1
versus 139±26%∙s‐1, p<0.05 in the inferolateral segment), see Fig. 1d. In both
carriers and controls, peak DCSR was highest in the inferolateral segments
compared to the other segments (p<0.01).
With multilevel regression analysis, HCM mutation carriership, (ß=‐9.0±2.26;
p<0.001), gender (ß=11.4±2.4; p<0.001) and ED wall thickness (ß=‐3.5±0.9;
p<0.001) were all independent determinants of peak DCSR in both groups.
Again, ED wall radius was an independent determinant of peak DCSR in
controls (p<0.001), but not in carriers.
The effect of ED wall thickness on regional function
The effect of ED wall thickness on segmental functional parameters is
illustrated in Fig. 2. Mean peak DCSR was significantly lower in carriers when
ED wall thickness is ≥ 6 mm and further decreased with increase of ED wall
thickness. Peak SCS only tended to be lower in carriers than in controls when
ED wall thickness was >10 mm (‐15.6±3.5% versus ‐17.6±1.6%, p=0.05).
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Figure 2. Relation between functional parameters as different categories of EDWT. Note that both peak SCS (A)
and peak DCSR (B) tend to decrease with an increase in wall thickness in carriers (solid dots), but not in controls
(open dots) EDWT= end‐diastolic wall thickness, peak DCSR= peak diastolic circumferential strain rate, peak SCS=
peak systolic circumferential strain *= p<0.05, †= p<0.01, ‡= p<0.001.

Tissue Doppler Imaging
Septal and lateral systolic, early diastolic and late diastolic velocities were
comparable between both groups, see Table 4.
Table 4. Tissue Doppler imaging parameters of HCM mutation carriers and controls.
Carriers (n=16)
Controls (n=12)
septal

Sa (cm∙s‐1)
Ea (cm∙s‐1)
Aa (cm∙s‐1)

8.7±1.4
9.5±3.2
8.0±1.4

9.5±2.4
9.5±2.7
9.2±2.2

lateral

Sa (cm∙s‐1)
10.8±3.3
12.3±2.5
Ea (cm∙s‐1)
13.0±4.5
12.7±3.4
‐1
9.0±2.1
10.3±2.6
Aa (cm∙s )
Data are presented as mean±SD. Aa = late diastolic myocardial velocity at the level of the mitral valve annulus, Ea
= early diastolic myocardial velocity at the level of the mitral valve annulus, Sa = systolic myocardial velocity at
the level of the mitral valve annulus.

Identification of carriers
Receiver operator characteristics analysis identified both SL ratio and peak
DCSR of the lateral wall of the basal segment as valuable parameters to
discriminate carriers from controls. Area under curve of SL‐ratio and basal
inferolateral peak DCSR were comparable (0.72±0.07, p<0.001 and 0.69±0.08,
p=0.02). Using an optimal cut‐off value of 1.2 for SL ratio yielded a sensitivity,
specificity, positive and negative predictive value of 75%, 88%, 81% and 77%
respectively. An optimal cut‐off value of 105%.s‐1 for peak DCSR within the
lateral wall yielded a sensitivity, specificity, positive and negative predictive
value was 58%, 80%, 73% and 65% respectively. As presented in Fig. 3, only
the carriers had both an SL ratio > 1.2 ánd a peak DCSR in the lateral wall <
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105%.s‐1. Conversely, a SL ratio < 1.2 and peak DCSR > 105 %.s‐1 did not
exclude HCM carriership, see Fig. 3.

Figure 3. Combining the maximal septal to
lateral wall ratio and peak diastolic
circumferential strainrate in the basal
inferolateral segment to identify carriers.
Cut‐off was determined as >1.2 and < 105
%∙s‐1 to positively identify HCM mutation
carriers (solid bars). Note that only 2/28
(7%) of HCM did not meet this criteria, and
no controls (open bars) scored both criteria.

DISCUSSION
This is the first study that used CMR to assess global LA and LV volumes and
regional intramural myocardial function in carriers with normal wall thickness.
The asymmetry in wall thickness between the septum and lateral wall, which is
characteristic for HCM, was already present in these carriers with normal wall
thickness. Also LA volumes were larger in carriers. In addition, carriers with
normal wall thickness already exhibited regional systolic and diastolic
dysfunction, which was predominantly present in the basal lateral segments.
Peak DCSR further deteriorated with increase in wall thickness. Using both the
increased SL ratio and lower peak DCSR for identification of carriers had a high
positive predictive value.
The finding of myocardial dysfunction in carriers with normal wall thickness
supports the hypothesis that the hypertrophy in HCM represents a
compensatory mechanism in response to abnormal intrinsic myocardial
properties, as has been stated previously (2, 8, 9). In a study performed by Ho
and co‐workers, who used tissue Doppler imaging to measure myocardial
function in carriers with normal wall thickness, early diastolic velocities were
found to be lower in carriers compared to controls in all corners of the mitral
valve annulus (9). This is in line with the findings in this study. However,
myocardial velocities in that study were higher compared to this population,
which might result from the younger age in their population (24.2±10.2 in the
study of Ho and co‐workers versus 39±12 in this study) (9). The younger age
and higher early diastolic velocities might also explain why, in contrast to our
findings, LA volumes were not enlarged. Moreover, Ho and co‐workers found
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that LVEF was significantly higher in carriers. This may again be an age related
effect, but may also be caused by differences in the measurement method of
LVEF, since with echocardiography, papillary muscles are excluded from the
LV volume, while we included the papillary muscles in the LV volumes
according to standardized CMR methods (20).
The study performed by Nagueh and co‐workers, who also measured
myocardial function with tissue Doppler imaging in a small cohort of HCM
mutation carriers, found that both systolic and diastolic myocardial velocities
were reduced (9). However, wall thickness was higher in their study and most
HCM mutation carriers in their population subsequently developed HCM within
two years after inclusion into the study (21).
Therefore, diastolic dysfunction seems to be the earliest clinically detectable
functional alteration as a result of the mutation. This is in line with
experimental data on functioning of mutated sarcomeric proteins in a HCM
model, which demonstrate that as a result of the HCM mutation, Ca2+
sensitivity of the myofilaments is increased, thereby enhancing initial
contractility but reducing myocardial relaxation (22‐24). After evaluation of all
16 segments, we determined that reduced diastolic function in carriers was
mainly caused by reduced peak DCSR in the basal segments of the myocardium
and were most profound in the lateral segments. In previous observations, we
found that in controls the circumferential strain was largest in the inferolateral
segments of the LV (10). As we observed in this study, ED wall radius was
largest in the inferolateral segments. This indicates that in controls the
prestretch is highest in these segments and as a result of the Frank‐Starling
mechanism, both contractility and relaxation are largest in these segments. A
reduced response to preload in mutated sarcomeres, as has been suggested in
experimental studies and was also found in this study, might explain the largest
differences in peak DCSR to be observed in the inferolateral segments (22).
However, this needs to be confirmed in further studies.
The reduction of regional peak DCSR was further enhanced with increase in ED
wall thickness. It is unlikely that replacement fibrosis plays an important role in
the deterioration of diastolic function in carriers with increase of ED wall
thickness, since no focal LGE was found in these carriers. However, diffuse
interstitial fibrosis and/or myocyte disarray cannot be visualized with LGE
imaging, so the attribution of these histological hallmarks of HCM on the
development of diastolic dysfunction still needs to be further investigated. New
promising CMR techniques have been developed that allow quantification of
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diffuse interstitial fibrosis. This would enable to quantify the total fibrotic
burden of the LV (25).
Clinical implications
Since HCM is relatively rare disease with an estimated prevalence in general
population of 1:500, screening for carriers is only efficient in first degree,
asymptomatic family members of HCM patients, who have a 50 percent pre‐test
likelihood of disease. In this preselected population, the presence of both a SL
ratio >1.2 and a peak DCSR in the lateral segments <105 %.s‐1 had a positive
predictive value of 100% for carriership. Having a SL ratio <1.2 and a peak
DCSR >105 %.s‐1 had a negative predictive value of 89%. Therefore, functional
abnormalities alone are not specific enough to be used to exclude HCM
mutation of carriership when screening asymptomatic family members of HCM
patients in whom no mutation has yet been identified. In addition, algorithms
including not only functional, but also morphological and/or
electrocardiographical characteristics, might be more accurate in identifying
asymptomatic family members at risk (11, 26).
Furthermore, future studies may reveal if the functional abnormalities have
prognostic value in predicting progression of disease and may provide
parameters to monitor HCM mutation carriers.
Limitations
Not all circumferential strain data were analysable, which may potentially have
introduced a selection bias of the results. Also, baseline diastolic blood pressure
was significantly lower in carriers, which may be related to the selection of
carriers without LV hypertrophy.

CONCLUSIONS
Myocardial dysfunction is present in carriers with normal wall thickness. This
supports the hypothesis that hypertrophy in HCM occurs as a compensatory
mechanism to myocardial dysfunction in carriers. Finding functional
abnormalities in an otherwise normal left ventricle has a high positive
predictive value for identifying carriers among asymptomatic family members
of HCM probands, but the absence of functional abnormalities does not rule out
HCM mutation carriership.
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APPENDIX
Segmental data of carriers and controls.
ED wall thickness

ED wall radius (mm) Wall thickening

peak SCS (%)

peak DCSR (%∙s1)

apical slice

mid slice

basal slice

(mm)
Carriers

Controls

Carriers

Controls

Carriers

Controls

Carriers

Controls

Carriers

Controls

IS

7.3±1.5†

6.1±1.4

28±2.5

28±2.4

0.39±0.21‡ 0.65±0.23 ‐16.9±3.3

‐16.5±3.2

86±20*

102±25

AS

6.4±1.0*

5.7±1.3

27±2.4

27±2.7

0.61±0.31† 0.84±0.28 ‐16.8±3.2

‐18.1±3.3

93±21*

109±31

AN

5.3±1.0

4.9±0.8

31±2.4

30±2.0

0.94±0.31 0.90±0.23 ‐17.1±2.7

‐17.0±3.3

99±22

106±27

AL

5.5±1.2

5.2±1.0

27±2.1

28±2.2

0.95±0.38 0.88±0.27 ‐18.1±2.6

‐18.7±3.4

95±23‡

130±30

IL

5.4±1.1

5.1±1.0

28±2.4

28±2.7

1.02±0.34 1.11±0.28 ‐17.7±2.9

‐19.5±3.3

116±36*

138±30

IN

5.8±1.5

5.1±0.8

30±2.3

30±2.2

0.86±0.31 1.03±0.30 ‐17.8±2.9

‐17.8±2.8

106±33*

127±27

m

6.0±1.4‡

5.3±1.1

29±2.4

29±2.4

0.79±0.38†0.90±0.30 17.4±2.9 17.9±3.3 100±28‡

118±31

IS

5.9±1.5

5.4±0.9

26±2.0

26±2.7

0.84±0.23 0.89±0.25 ‐17.0±3.0

‐15.8±2.0

94±30

106±31

AS

5.0±0.9

5.0±0.9

27±2.0

26±2.7

0.88±0.23 0.85±0.25 ‐16.4±3.0

‐17.3±2.9

104±28

108±31

AN

4.3±1.0

4.5±1.0

27±2.2

27±2.7

1.0±0.37

0.88±0.27 ‐17.1±3.9

‐17.9±3.1

105±28

104±26

AL

4.3±1.0

4.7±1.0

26±2.0

26±2.8

1.11±0.43* 0.90±0.30 ‐17.2±3.1

‐18.9±3.5

98±27

114±37

IL

4.6±1.0

4.7±0.9

27±2.0

27±2.8

1.10±0.45 0.93±0.26 ‐17.7±3.3* ‐19.9±3.5

106±34*

131±33

IN

5.1±1.5

4.9±0.7

27±2.0

27±2.7

1.0±0.32* 0.88±0.25 ‐16.2±3.0

98±31

115±39

m

4.9±1.3

4.9±0.9

27±2.0

27±2.7

1.0±0.36* 0.88±0.26 17.0±3.2* 17.8±3.3 101±29†

113±34

S

4.0±1.0

4.4±0.9

20±2.7

18±3.5†

0.98±0.36 0.90±0.32 ‐15.3±4.0

‐14.3±3.1

107±32

87±36

AN

4.0±1.1

3.8±0.9

20±2.6

18±3.7*

0.88±0.34 1.0±0.32

‐15.6±4.9

‐16.0±3.5

107±36

96±41

L

3.6±1.0

3.7±0.8

21±2.6

18±3.5†

1.0±0.39

‐17.2±4.6

‐17.7±3.7

119±37

106±32

IN

3.8±1.1

3.8±0.9

20±2.6

18±3.6*

0.98±0.34 0.94±0.36 ‐15.6±4.4

‐15.2±3.4

109±32

112±42

m

3.9±1.0

3.9±0.9

20±2.6

18±3.6

0.96±0.36 0.98±0.33 15.9±4.4 15.8±3.6 111±34

101±39

1.0±0.34

‐16.9±2.9

AL= anterolateral, AN= anterior, AS= anteroseptal, DCSR= diastolic circumferential strain rate, ED=end‐diastolic,
IL= inferolateral, IN=inferior, IS=inferoseptal, L=lateral, m=mean, S=septal, SCS= systolic circumferential strain.
*=p<0.05, †=p<0.01, ‡=p<0.001.
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Increased left ventricular torsion in
hypertrophic cardiomyopathy mutation carriers
with normal wall thickness
I.K. Rüssel*, W.P. Brouwer*, T. Germans, P. Knaapen, J.T. Marcus, J. van der Velden, M.J.W. Götte, A.C.
van Rossum. *Both authors contributed equally
Submitted

ABSTRACT
Objectives: To determine left ventricular (LV) torsion in hypertrophic cardiomyopathy
(HCM) mutation carriers with normal wall thickness.
Background: Increased left ventricular (LV) torsion has been observed in patients with
manifest hypertrophy, and is thought to be caused by subendocardial dysfunction. We
hypothesize that abnormalities in myocardial contractility might already be present in
HCM mutation carriers with normal wall thickness.
Methods: Seventeen carriers with an LV wall thickness <10 mm, and seventeen age and
gender matched controls underwent CMR cine imaging and tissue tagging. LV volumes
and mass were calculated from the cine images. LV torsion, torsion rate, endocardial
circumferential strain and torsion‐to‐endocardial‐circumferential‐shortening (TECS)
ratio, which reflects the transmural distribution in contractile function, were
determined using tissue tagging.
Results: LV volumes, mass and circumferential strain were comparable between groups,
whereas LV ejection fraction, torsion and TECS‐ratio were increased in carriers
compared to controls (63±3% vs. 60±3%, p=0.04, 10.1±2.5° vs. 7.7±1.2°, p=0.001, and
0.52±0.14 vs. 0.42±0.10°/%, p=0.02, respectively).
Conclusions: Carriers with normal wall thickness display increased LV torsion and
TECS‐ratio with respect to controls. The observed difference might be due to HCM‐
related subendocardial myocardial dysfunction.
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INTRODUCTION
Hypertrophic cardiomyopathy (HCM) is characterized by asymmetrical (septal)
hypertrophy in the absence of increased external load and is caused by
mutations in mainly sarcomeric genes that have an autosomal‐dominant
pattern of inheritance (1,2). Several echocardiographic and magnetic resonance
studies demonstrated abnormal left ventricular (LV) systolic and diastolic
function in HCM patients (3‐5).
Myocardial deformation is predominantly based on contraction of helically
oriented bundles of myofibers in the endo‐ and epicardium (6). A parameter
which directly relates to the functional status of these bundles of myofibers is
LV torsion (7). Torsion is described as the overall twisting or ‘wringing’ motion
of the heart caused by an opposite rotation of the base and apex, and found to
be a sensitive marker for both systolic and diastolic dysfunction (8‐15).
Torsional deformation is important during LV contraction, since it distributes
strain homogeneously over the LV wall (16). In the absence of torsion,
subendocardial fibers would shorten to a greater extent than subepicardial
fibers, leading to non‐uniform transmural fiber shortening. Mathematical
models (16) have shown that a well balanced interplay between torsion and
ejection volume is necessary to diminish these differences in transmural
contractility. Since ejection is directly dependant on subendocardial
circumferential strain, the constant ratio’s of torsion to subendocardial
circumferential strain (so called torsion‐to‐shortening ratio (TSR) (17)),
detected in humans and animals with structural normal hearts, support this
finding in vivo (17,18). Elevated torsion and/or TSR‐ratio’s have been detected
almost exclusively in patients with LV hypertrophy caused by increased
hemodynamic loading conditions (i.e. aortic valve stenosis (8,14) or
hypertension (19)), or HCM (20). The increment of TSR, representing the
change in transmural pattern of myofiber shortening, is the primary result of
subendocardial contractile dysfunction. The accompanying increase in torsion
is regarded as the consequence of diminished counteracting subendocardial
torque relative to subepicardial torque (18). However, this finding was not only
shown in patients with LV hypertrophy, but also in aged patients with non‐
hypertrophied hearts (9), indicating that a spectrum of age‐related intrinsic
myocardial alterations, like the occurrence of subendocardial fibrosis (21),
might have directly influenced left ventricular torsion, irrespective of LV wall
dimensions.
As histological studies (22‐26) revealed a variety of structural myocardial
abnormalities in manifest HCM (i.e. myocardial disarray, thickening of the
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intima layer of small subendocardial arterioles and areas of fibrosis),
myocardial architecture might already be altered in pre‐hypertrophied HCM
carriers. Therefore, we hypothesize that torsion may be altered in HCM
mutation carriers with normal wall thickness as well. Hence, the purpose of this
study was to evaluate the amount of LV torsion in these subjects, using cardiac
magnetic resonance imaging (CMR).

METHODS
Subjects
Seventeen HCM mutation carriers and seventeen age and gender matched
controls without medical history (e.g. no evidence of other systemic or cardiac
disease associated with LV hypertrophy) were included in the study. Families of
control patients were deprived of sudden cardiac death and cardiomyopathies.
Carriers were first‐degree relatives of HCM index patients and recruited after
genetic testing at the cardiogenetic outpatients’ clinic. They had either a
2373insG mutation in the gene encoding for cardiac myosin binding protein C
(MYBPC3) (27), or a Glu62Gln missense mutation in the gene encoding for
alpha‐tropomyosin (TPM1) (28), as described previously (29). All carriers had
a LV wall‐thickness <10 mm and showed no signs of LV outflow tract
obstruction, as measured by routine echocardiography within one year prior to
inclusion. In all participants, a standard physical examination was executed
directly before CMR acquisition. The study was approved by the institutional
medical ethics committee and conducted according to the declaration of
Helsinki. Written informed consent was obtained from all participants before
entering the study.
Cardiac magnetic resonance imaging
All subjects were imaged on a 1.5 T whole body scanner (Magnetom Sonata,
Siemens, Erlangen, Germany), using a six‐channel phased‐array body coil. All
cine studies were performed in a single breath hold during mild expiration.
Retro‐triggered, balanced steady‐state free precession (SSFP) short‐axis cine
imaging with full coverage of the LV was acquired for quantification of LV
volumes, mass and ejection fraction (EF) (Fig. 1). Image parameters were: slice
thickness 5 mm, slice gap 5 mm, temporal resolution <50 ms, 20 phases per
cardiac cycle, echo time 1.54 ms, repetition time 3.2 ms, flip angle 60 degrees
and a typical image resolution of 1.3*1.6 mm. For analysis of left atrial (LA)
volume, the same acquisition was performed in a transversal orientation,
planned on an end‐diastolic 2‐chamber view at the level of the lower leading
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edge of the mitral valve annulus as described previously (30). The LA was
subsequently fully covered by a stack of transversely oriented slices.
Figure 1. CMR imaging techniques used for
morphological and functional assessment.
A: End‐diastolic basal short‐axis SSFP image
of a healthy control, used for quantification
of LV volumes and mass. B: LV basal short‐
axis end‐diastolic HARM‐image of the same
subject as (A) with manually drawn
epicardial and endocardial contours (white
markers). C: End‐systolic tagging image of
the same subject as (A), showing
myocardial deformation. By using Harmonic
phase
(HARP)
analysis,
myocardial
deformation can be monitored throughout
the cardiac cycle, allowing determination of left ventricular torsion and subendocardial circumferential strain
(inner 50% of the LV wall) throughout the cardiac cycle. D: End‐diastolic short axis SSFP image of a HCM mutation
carrier, showing normal cardiac morphology and dimensions. E: LV short axis HARM‐image of the same carrier as
(D) acquired at end‐systole. F: End‐systolic tagging image of the same carrier as (D).

A high temporal resolution (14 ms) 3‐chamber cine image was performed to
determine the opening and closing time of the valves.
In addition, in 15 of the control subjects and in 13 of the HCM mutation carriers,
velocity encoded cine MRI was applied for quantification of mitral valve inflow
velocities in order to obtain E/A ratios as reflection of diastolic function. Flow
measurements were performed in a retrospective fast low angle shot (FLASH)
phase‐contrast technique with a velocity sensitivity set at 100 cm·s‐1 (31).
Myocardial tissue tagging (Fig. 1) was performed at three short‐axis slices,
located at ¼ (base), ½ (mid), and ¾ (apex) of the length between the mitral
valve and the apex, planned on an end‐systolic four‐chamber image. Sinusoidal,
complementary tagged (CSPAMM) images were acquired with a retro‐triggered
SSFP sequence using a multiple brief expiration breath hold scheme (32).
Temporal resolution was 15 ms. The imaging parameters were as follows: field
of view: 300x300 mm2, flip‐angle: 20°, repetition time: 3.6 ms, echo time: 1.8
ms, receiver bandwidth: 850Hz/pixel, matrix size: 256x78, slice thickness: 6
mm, tag‐line distance: 7 mm. Acquisition time per slice was approximately 3‐4
minutes.
Postprocessing
LV and LA volumes, mass and blood‐flow velocities were analyzed offline, using
dedicated software packages (Mass and Flow, Medis, Leiden, the Netherlands).
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From these, volumes, ejection fraction (EF), stroke volume (SV) and E/A ratio
were derived.
From the tagging images, LV torsion was calculated as the circumferential‐
longitudinal shear angle using Harmonic Phase displacement tracking as
described before (33,34). For this, endo‐ and epicardial contours were drawn
on the harmonic magnitude (HARM) images (Fig. 1) (35). Since this method
includes the radius and the length of the ventricle, torsional values are
comparable between hearts of different sizes. Torsion was calculated between
the basal and apical slices, between the basal and mid slices and between the
mid and apical slices.
From the torsion curves, peak torsion was derived. Peak rate of systolic and
diastolic torsion was determined by calculating the time derivative of the
torsion curves, with a temporal resolution of three phases (45 ms). The peak
rates of systolic and diastolic torsion were corrected for peak torsion, since this
parameter has been shown to increase in proportion to the value of peak
torsion during exercise (36).
Furthermore, Lagrangian circumferential strain was calculated from the
tagging images using the Harmonic Phase method as described previously (37).
Strains were assessed for the inner (subendocardial) layer of the myocardium,
encompassing 50% of the LV wall. Therefore, the epicardial contour (Fig. 1)
was automatically shifted towards the centre of the wall. Peak values were
determined from the strain curves.
Besides, the ratio of peak LV torsion to peak endocardial circumferential
shortening (TECS–ratio) was calculated as an alternative to TSR. We must note
that TECS and TSR are not comparable in absolute terms, since the calculation
of subendocardial circumferential strain is based upon different definitions
(TSR see (8,9,14,18)).
Statistical analysis
All data are presented as mean ± SD. LA and LV volumes, LV mass, function,
torsion, torsion rates and circumferential strain were compared between the
carrier and the control group using Student’s T‐test or Mann‐Whitney U test,
when appropriate. Torsion was calculated on different longitudinal levels
(base‐mid, mid‐apex) and compared within patients using paired Student’s T‐
test. Interobserver variability in peak LV torsion was assessed by redrawing of
myocardial contours in 5 randomly selected healthy subjects and carriers and
recalculating peak torsion by two independent observers. Bland‐Altman
analysis and intraclass correlation (ICC) were assessed to determine
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agreement. Two‐sided p‐values < 0.05 were considered as statistically
significant.

RESULTS
Subject characteristics are presented in Table 1. No differences in baseline
characteristics were observed between the carriers and the control group. In
total, mutation carriers from 10 different families were included. The majority
of carriers (13/17) had a MYBPC3 mutation, and four had a mutation in the
TPM1 gene.
Table 1. Baseline characteristics.
Age (years)
Gender (male/female)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Heart rate (bpm)
Body surface area (m2)

Carriers (n=17)
40±12
5/12
115±12
66±9
63±9
1.90±0.19

Controls (n=17)
38±13
8/9
118±7
69±7
68±8
1.90±0.21

pvalue
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

In Table 2, volumes and function analysis can be found. The EF was slightly but
significantly higher in carriers (p=0.04). The LV mass and volumes were similar
in both groups. Furthermore, indices of diastolic function (E/A ratio, LA
volumes and isovolumetric relaxation time (IVRT)) showed no significant
differences between carriers and controls.
Table 2. LV and LA volumes and function.
Carriers (n=17)
Controls (n=17)
pvalue
LV mass (g)
104±26
104±30
n.s.
LV mass/EDV ratio (g/ml)
0.59±0.13
0.57±0.08
n.s.
LVEDV (ml)
177±29
180±35
n.s.
LVESV (ml)
67±12
72±16
n.s.
LV Stroke volume (ml)
111±19
108±20
n.s.
LV Ejection fraction (%)
63±3
60±3
0.04
LAEDV (ml)
49±16
40±9
n.s.
LAESV (ml)
111±30
101±20
n.s.
IVRT (ms)
96±14
92±18
n.s.
E/A ratio
1.62±0.70
1.64±0.61
n.s.
*EDV: end‐diastolic volume, ESV: end‐systolic volume. Isovolumetric relaxation time (IVRT); results are
mean±SD; n.s. = non significant.

A significant increase in peak base‐apex torsion was found in HCM mutation
carriers with respect to controls (p=0.001) (Table 3, Fig. 2), while peak
circumferential strain was similar. Hence, TECS‐ratio was significantly
increased in the carrier group (Fig. 2).
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Table 3. Torsion analysis.
Peak torsion (°)
Peak systolic torsion rate (°/s)
Peak diastolic torsion rate (°/s)
Peak systolic torsion rate / Peak torsion (s1)
Peak diastolic torsion rate / Peak torsion (s1)
Peak endocardial circumferential strain (%)
TECSratio (°/%)
Results are mean±SD; n.s. = non significant.

Carriers (n=17)
10.1±2.5
53±15
‐71±17
5.2±1.2
‐7.2±1.7
19.9±2.8
0.52±0.14

Controls (n=17)
7.7±1.2
39±5
‐54±13
5.2±8.9
‐7.2±1.8
18.9±2.6
0.42±0.10

pvalue
0.001
0.001
0.003
n.s.
n.s.
n.s.
0.02

Figure 2. Boxplots of Peak LV
Torsion and TECS‐ratio (torsion to
endocardial circumferential shor‐
tening) in the control and carrier
group. The difference between
both groups is significant (p=0.001
and p=0.02, respectively).

No significant differences could be detected in peak systolic and diastolic
torsion rate, after correction for peak torsion. This is also shown in Fig. 3, which
visually outlines that increased torsion is accompanied with a similar
increment of (uncorrected) torsion rates. There was no significant difference
between torsion measured at different levels (base‐mid, mid‐apex) of the LV
(data not shown).
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Figure 3. Individual, interpolated LV torsion curves for carriers (grey) and controls (black). Individual curves
were interpolated to 100 points over their cardiac cycle. It can be seen that the time courses of torsion are equal
for both groups; only the torsion values are higher during systole and early diastole in the carrier group.

Interobserver agreement for peak torsion was high, with an ICC of 0.94 (95%
confidence interval: 0.79‐0.99), and limits of agreement are ‐0.1±16.4% (Fig. 4).
It should be noted that interobserver agreement is only dependent on drawing
of contours, as further calculation of torsion and its peak value is observer‐
independent.

Figure 4. Bland Altman
plot of peak torsion
values as analyzed by
two independent obser‐
vers. Agreement is simi‐
lar in healthy subjects
(lozenges) and carriers
(squares).

DISCUSSION
This study demonstrates that HCM mutation carriers have increased LV torsion
in the absence of left ventricular hypertrophy. Most studies evaluating LV
rotation and/or torsion were performed in patients with underlying conditions
144

Chapter 8

causing overt (concentric) hypertrophy, like hypertension or aortic valve
stenosis (8,10,14,20). Increased torsion is generally regarded as the result of
impaired contraction of predominantly subendocardial myofibers (due to ‐
relative‐ hypoperfusion of the thickened wall), leading to diminished
counteraction of contracting epicardial fibers, which have a longer lever arm
(14,16). Remarkably, non‐hypertrophied HCM carriers show similar
contraction patterns including a relative increase in LV torsion with respect to
subendocardial circumferential contraction (e.g. increased TECS‐ratio). It was
expected that, due to the elevated ejection fraction in carriers, torsion and
subendocardial circumferential strain (which is related to ejection volume)
values would show parallel increments, resulting in unaltered TECS‐ratio.
Apparently, impairment of subendocardial contraction of myofibers changed
the balance between torsion and ejection in these patients irrespective of LV
wall thickness.
A variety of disease‐related morphological and functional alterations could
have attributed to this finding. Although currently unknown, changes in
transmural distribution and/or angulation of subendocardial myofibers might
have influenced regional contraction patterns in carriers. Besides,
perturbations of myocardial perfusion cannot be ruled out, since studies in
HCM hearts revealed abnormalities in small intramural coronary arteries and
subendocardial arterioles (23,24). A similar observation of increased LV
torsion with unaltered circumferential strain in asymptomatic Type I Diabetes
Mellitus patients without morphological evidence of cardiac disease (38),
contributes to the idea that intrinsic disease‐related pathology (e.g. small vessel
disease was not ruled out) might be responsible for differences in myocardial
deformation.
Except for myocardial disarray and/or disturbed regional myocardial perfusion
as potential explanations for the relatively impaired subendocardial shortening,
other factors might be affecting LV torsion in HCM carriers. The difference in
TECS‐ratio was less pronounced than the difference in LV torsion alone (Fig. 2).
This is in line with (slightly) increased ejection. Furthermore, rises in systolic
and diastolic torsional rates (36,39,40) under resting conditions (e.g. normal
blood pressure and heart rate) were found, suggesting that hearts of carriers
are in a hypercontractile state at baseline. Possibly, this might be related to
altered bioenergetics caused by the HCM‐mutations, but future studies are
needed to confirm this hypothesis.
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Limitations
The number of patients enrolled in the study is limited, and therefore results
should be interpreted with care. Nevertheless, the data indicate that significant
changes in LV torsion are present in HCM carriers.
Besides, not all control subjects were genetically screened for HCM mutations,
which theoretically might have biased results, although prevalence is rather
low for the general population.
Finally, since HCM is associated with an abundance of defects in sarcomeric
genes, findings in carriers with only two types of mutations might not be
representative for the general HCM population.

CONCLUSION
This study demonstrates that increased torsional deformation exists in HCM
mutation carriers, even in absence of hypertrophy. Although the exact
underlying mechanisms are currently unknown, we speculate that disease
related subendocardial dysfunction might be responsible for alterations in
torsion.
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Summary and future perspectives
Optimal cardiac pump function depends on contraction and relaxation of the
myocardial fibers. In many cardiac diseases, decreased pump function is
accompanied by distinct changes in the myocardial contraction pattern.
Evaluation of myocardial deformation is therefore essential for understanding
the (patho)physiology of the heart, and monitoring therapy. However,
myocardial deformation is currently not often used as a clinical measure for
cardiac function.
In this thesis, myocardial deformation is measured using magnetic resonance
imaging (MRI) with tissue tagging. This technique allows for quantification of
deformation with high spatial and temporal resolution. Myocardial mechanics
are quantified by LV circumferential shortening and LV torsion, the opposite
rotation of the base and apex, which are both measures closely related to the
orientation of the myofibers.
Explicit measures of myocardial deformation, obtained by MRI, are introduced
in healthy subjects and in patients with and without loss of cardiac pump
function. The clinical usefulness of these measures is evaluated.

PART 1
The first part of the thesis explores the analysis of myocardial function by
quantification of LV torsion, and proposes a standardized method that allows
for proper data interpretation and comparison.
Chapter 1 reviews literature about non‐invasive determination of LV torsion.
LV torsion is a measure directly related to the structure and function of the
myocardium and myocytes, and therefore a promising measure for qualitive, as
well as quantitive detection of (sub)clinical (systolic and diastolic) dysfunction.
Several reference values for LV torsion have been presented in literature.
However, different definitions for calculation were used. LV torsion
measurements should be comparable between hearts of different sizes, but also
between different imaging techniques (e.g. MRI vs. ultrasound). The results
obtained over the years are helpful for developing a standardized method to
quantify LV torsion, and facilitate the interpretation and value of LV torsion
before it can be used as a clinical tool. Based on mechanical considerations, it
follows, that LV torsion should be quantified as the circumferential‐longitudinal

149

Summary and future perspectives

shear angle to be clinically most useful. In this way, length and radius of the
heart are taken into account.
In Chapter 2, the LV torsion calculation method, which describes LV torsion as
the circumferential‐longitudinal (CL) shear angle, is implemented and tested.
Torsion was analyzed in circumferential segments and in transmural layers,
using an analytical model. In addition to this analysis, the axis of rotation was
displaced. This resulted in a large variation in LV torsion over circumferential
segments, whereas calculation in transmural layers was accurate. In a group of
healthy subjects, results were in agreement with literature values. Hence, it is
shown that LV torsion is a global measure of myocardial function and that it is
unreliable to calculate torsion in different circumferential regions, due to its
dependency on rotation axis.
Chapter 3 compares the standardized 2D torsion method, as described in
Chapter 2, to extensive 3D strain analysis in healthy subjects. It was found, that
both methods are highly correlated. However, the 2D method gives slightly
larger values, inherent to the definition of the CL shear angle calculation. From
the analysis, it is concluded that the faster 2D method is suitable for clinical
practice.

PART 2
In the second part, myocardial strain and torsion in patients with severe heart
failure who are candidates for cardiac resynchronization therapy (CRT) are
studied. The underlying disease related changes in cardiac mechanics in these
end‐stage heart failure patients and mode of operation of CRT are still unclear.
Analysis of myocardial deformation provides new information and will allow
for better understanding and prediction of response to CRT.
Chapter 4 compares two methods for analysis of LV dyssynchrony in CRT
candidates. Circumferential strain, assessed by MRI is compared to a newer, 3D
echocardiography based regional volume method. A high correlation between
both methods was observed. However, regional differences in time‐delays were
observed. The volume curve preceded the strain curve, but in the septum the
difference was smaller than in the lateral wall. This obviously leads to
discrepancies in the quantification of mechanical dyssynchrony between both
methods, and is probably related to the method used for calculation of the
regional volumes, which uses a non‐fixed center line over time for the
determination of regions. Therefore, both modalities might represent different
measures of mechanical dyssynchrony and are not interchangable.
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In Chapter 5, the patterns of circumferential strain are studied in relation to the
acute hemodynamic response to CRT, measured by the relative increase in
dP/dtmax. It is investigated whether mechanical dyssynchrony (regional
differences in the timing of strain) or heterogeneity (regional differences in the
amount of strain) are more predictive for response. The heterogeneity based
measures were found to correlate better with acute response, but were similar
to electrical dyssynchrony (QRS‐width). A linear combination of the
heterogeneity in strain measure and the electrical dyssynchrony resulted in a
significant improvement of the relation to acute response. The results suggest
that there is no one‐to‐one relationship between electrical and mechanical
dyssynchrony and its influence on regional contraction.
Chapter 6 focuses on the torsional deformation of the LV myocardium in
patients eligible for CRT. The majority of patients show a torsion pattern where
the apical rotation direction is inverted, resulting in loss of opposite basal and
apical rotation. The loss of opposite basal and apical rotation could be
quantified by calculating the correlation coefficient between the basal and
apical rotation curves. A positive correlation indicates loss of opposite rotation.
Patients with this specific torsion pattern demonstrated a better acute and
long‐term response to CRT, as determined by relative increase in dP/dtmax and
change in LV volume measured by echocardiography, respectively. Therefore,
the patterns of LV torsion in the failing heart provide new insight in the disease
and its therapeutic options. Loss of opposite basal and apical rotation is
considered to be a very promising predictor for response to CRT.

PART 3
The third part of the thesis describes myocardial deformation in patients with a
genetic mutation for hypertrophic cardiomyopathy (HCM) who still have
normal wall thickness. This is important, since knowledge about the disease
process might lead to possibilities for early detection and monitoring of the
disease, as HCM is associated with heart failure and sudden cardiac death.
Chapter 7 studies regional circumferential strain in subjects with a genetic
mutation for HCM (carriers), who still have normal wall thickness and normal
pump function. The predictive value for the genotype is explored. Both peak
systolic circumferential strain and peak diastolic circumferential strain rate
were lower in carriers relative to control subjects, particularly in the basal
lateral wall. Predominantly peak diastolic circumferential strain rate was found
to be predictive for HCM mutation carriership.
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In Chapter 8, LV torsion is examined in HCM carriers with normal wall
thickness and pump function. Relative to normal subjects, torsion was
increased, while subendocardial circumferential strain was normal. The change
in ratio of torsion to subendocardial strain implies that the increase in LV
torsion can be attributed to relatively impaired subendocardial function. All
these abnormalities in the pattern of myocardial deformation in phenotype‐
negative HCM mutation carriers provide more insight in the disease and can be
useful for early identification of patients with subclinical disease.

FUTURE PERSPECTIVES
This thesis provides new insights in measuring myocardial deformation and
shows the mechanisms of deformation in heart failure and HCM carriership. It
is once more underlined, that studying myocardial deformation is important for
understanding and quantifying systolic and diastolic myocardial function. The
introduction of these measurements in daily clinical practice is warranted, as
quantifying myocardial function helps the clinician detect and follow the
process and progress of a disease. Therefore, acquisition and processing of data
should become more time efficient. Improvement of contour detection methods
will result in more automated procedures, gaining clinical efficiency.
Echocardiographic speckle tracking (1,2) is a very promising technique which
is more widely available than MRI tagging. The use of speckle tracking could
accelerate clinical application of quantification of myocardial deformation.
However, additional comparative research is needed, since in
echocardiography, image quality is inferior and imaging cannot be performed
from any view. The development of 3D speckle tracking techniques will solve
the problem of the missing reference coordinate system in echocardiography,
such that standardized measurement methods can be used.
Furthermore, the exact physiology of normal and failing cardiac function should
be further explored by studying myocardial deformation. In addition, a more
comprehensive view on cardiac function can be obtained by the integration of
various data. Although specific fundamental knowledge such as information
about fiber structure (3,4) and electrical activation (5) is very old, little is
known about its interaction. Only the combination of information about cardiac
structure, function and electrical activation can bridge the gap in our current
understanding of cardiac (patho)physiology.
An example of such integration can be seen in Fig. 1. Here, bulls‐eye plots of
electrical and mechanical activation of the LV of a healthy subject are shown. All
data are acquired non‐invasively. Mechanical activation was quantified by
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determining onset and peak times of circumferential strain using MRI tagging,
whereas local myocardial electrical activation was measured by calculating the
inverse of a 64 lead surface electrocardiogram, using anatomical information
from MR images (6). It can be seen that electrical and mechanical activation
propagate approximately opposite, whereas the time to peak circumferential
strain shows a similar pattern as the electrical activation.

Figure 1. Bulls‐eye plots of electrical and mechanical activation of the left ventricle in a healthy subject. CS:
circumferential strain.

One can imagine that for a patient, additional information including tissue
properties could be added. Also, due to improved data acquisition techniques,
information is not limited to systole only, but diastolic function can be studied
as well.
With combined information of cardiac structure, function and
electrophysiology over time, all on a non‐invasive basis, new ways to improve
therapy are open.
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Myocardiale vervorming in het normale en
falende hart gemeten met MRI
Een optimale pompfunctie van het hart hangt af van de contractie en relaxatie
van de spiervezels in het myocard (de myocardfunctie). Bij veel hartziekten
gaat een afname van pompfunctie gepaard met veranderingen van het
myocardiale contractiepatroon. Evaluatie van de myocardfunctie is daarom van
essentieel belang voor het begrip van de (patho)fysiologie van het hart, maar
ook voor het vervolgen van de effecten van therapie. Echter, tegenwoordig
wordt het meten van de vervorming van het myocard nog niet vaak gebruikt als
klinische maat voor de hartfunctie.
In dit proefschrift wordt de vervorming van het myocard gemeten met behulp
van magnetische resonantie imaging (MRI) met tagging. Deze techniek maakt
het mogelijk om de vervorming in kaart te brengen met hoge spatiële en
temporele resolutie. De specifieke maten waarnaar is gekeken zijn de linker
ventrikel (LV) circumferentiële verkorting en de LV torsie, de tegengestelde
rotatie van de basis en de apex van het hart. Dit zijn beide maten die sterk
gerelateerd zijn aan de oriëntatie van de myocardvezels.
Met behulp van MRI tagging worden ten eerste eenduidige analysemethoden
voor de kwantificatie van de myocardvervorming geïntroduceerd, en
vervolgens worden deze toegepast in gezonde proefpersonen en in patiënten
met en zonder verlies van pompfunctie van het hart. Daarbij wordt ook de
klinische toepasbaarheid van deze maten geëvalueerd.

DEEL 1
In het eerste deel van het proefschrift wordt de analyse van myocardfunctie
door middel van LV torsie onderzocht. Er wordt een gestandaardiseerde
methode voorgesteld, die het mogelijk maakt om LV torsie op een juiste manier
te interpreteren en te kunnen vergelijken tussen verschillende harten.
Hoofdstuk 1 bestudeert de bestaande literatuur over de non‐invasieve bepaling
van LV torsie. Hieruit volgt dat LV torsie een maat is die direct is gerelateerd is
aan de structuur en functie van het myocard. LV torsie is daarom een
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veelbelovende maat voor zowel kwalitatieve als kwantitatieve detectie van
(sub)klinische (systolische en diastolische) disfunctie.
In de literatuur zijn verschillende referentiewaarden gepresenteerd. Echter,
hiervoor werden verschillende definities van torsie gehanteerd. Metingen van
torsie zouden vergelijkbaar moeten zijn tussen harten van verschillende
grootte, maar ook tussen verschillende beeldvormingtechnieken (bijv. tussen
MRI en echocardiografie). Uit de studie volgt, dat LV torsie gekwantificeerd zou
moeten worden als de circumferentiëel‐longitudinale (CL) afschuifhoek om
klinisch het meest bruikbaar te zijn. Op deze manier worden zowel de lengte als
de straal van het hart in de berekening meegenomen.
In hoofdstuk 2 wordt deze gestandaardiseerde berekeningsmethode voor LV
torsie beschreven, geïmplementeerd en getest. De LV torsie werd geanalyseerd
in circumferentiële segmenten en in transmurale lagen door het myocard, door
gebruik te maken van een analytisch model, waarin ook de rotatie‐as werd
verplaatst. Dit resulteerde in een grote variatie van LV torsie over
circumferentiële segmenten, terwijl de berekening in transmurale lagen
accuraat was. In een groep gezonde proefpersonen waren de resultaten in
overeenstemming met de literatuurwaarden. Er is dus laten zien dat LV torsie
een globale maat voor de myocardfunctie is en dat het onbetrouwbaar is om
torsie te berekenen in verschillende circumferentiële segmenten, door de
afhankelijkheid van torsie van de rotatie‐as.
Hoofdstuk 3 vergelijkt de gestandaardiseerde 2D torsiemethode, zoals
beschreven in hoofdstuk 2, met uitgebreide 3D strain analyse in gezonde
proefpersonen. Er werd gevonden dat beide methoden sterk waren
gecorreleerd. Echter, de 2D methode geeft iets hogere waarden die inherent
zijn aan de definitie van de calculatiemethode. Uit de analyse blijkt, dat de
snellere 2D methode geschikt is voor gebruik in de klinische praktijk.

DEEL 2
In het tweede deel van het proefschrift worden strain en torsie bestudeerd in
patiënten met ernstig hartfalen, die in aanmerking komen voor cardiale
resynchronisatietherapie (CRT) (biventriculair pacen). Deze patiënten hebben
een elektrocardiogram met een breed QRS‐complex en laten veelal een
dissynchroon contractiepatroon zien. De onderliggende ziektegerelateerde
veranderingen in de cardiale mechanica in deze patiënten en het
werkingsmechanisme van CRT zijn echter nog steeds niet geheel duidelijk.
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Analyse van de myocarddeformatie kan daarom helpen bij het beter begrijpen
en voorspellen van de respons op CRT.
Hoofdstuk 4 vergelijkt twee methoden voor de analyse van dissynchronie in de
myocardcontractie in CRT kandidaten. Circumferentiële strain, gemeten met
MRI, wordt vergeleken met een nieuwere, op 3D echocardiografie gebaseerde
methode die regionale volumeveranderingen in de LV bepaalt. Er werd een
hoge correlatie tussen beide methoden gevonden. Echter, de volume curve was
eerder dan de strain curve, maar in het septum was het verschil kleiner dan in
de laterale wand. Dit leidt duidelijk tot een onderscheid in de kwantificatie van
mechanische dissynchronie tussen beide methoden, wat waarschijnlijk is
gerelateerd aan de methode die gebruikt wordt voor het bepalen van de
regionale volumeveranderingen. Het is dus mogelijk dat beide technieken
verschillende maten van mechanische dissynchronie representeren en daarom
niet kunnen worden uitgewisseld.
In hoofdstuk 5 worden de patronen van circumferentiële strain bestudeerd in
relatie tot de acute hemodynamische respons op CRT, gemeten door middel van
de relatieve toename in dP/dtmax (de snelheid van drukopbouw in de kamer)
ten opzichte van baseline. Er wordt onderzocht of mechanische dissynchronie
(regionale verschillen in de timing van strain) of heterogeniteit (regionale
verschillen in de hoeveelheid bereikte strain) meer voorspellend zijn voor de
respons. De op heterogeniteit gebaseerde maten bleken beter te correleren met
acute respons, maar waren vergelijkbaar met elektrische dissynchronie (QRS‐
breedte). Een lineaire combinatie van de heterogeniteitmaten en de elektrische
dissynchronie resulteerde in een significante toename van de relatie met acute
respons. De resultaten suggereren dat er geen een op een relatie is tussen
elektrische en mechanische dissynchronie.
Hoofdstuk 6 richt zicht op de LV torsie in patiënten die in aanmerking komen
voor CRT. De meerderheid van deze patiënten laten een patroon zien waarbij
de apicale rotatierichting is omgekeerd, resulterend in verlies van
tegengestelde basis en apexrotatie. Dit verlies kan worden gekwantificeerd
door de correlatiecoëfficiënt tussen de basale en apicale rotatiecurve uit te
rekenen, waarbij een positieve correlatie verlies van tegengestelde rotatie
impliceert. Patiënten met dit specifieke torsiepatroon laten een betere acute en
lange termijn respons op CRT zien, bepaald met de relatieve toename in
dP/dtmax en de verandering van het LV volume, respectievelijk. Torsiepatronen
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in het falende hart geven nieuwe inzichten in de ziekte en de therapeutische
opties. Verlies van tegengestelde basale en apicale rotatie lijkt een
veelbelovende voorspeller van de respons op CRT.

DEEL 3
Hypertrofische cardiomyopathie (HCM) is een erfelijke ziekte die wordt
gekenmerkt door een (asymmetrisch) verdikt myocard en is geassocieerd met
hartfalen en plotse hartdood. Het derde deel van dit proefschrift beschrijft de
myocarddeformatie in patiënten met een genetische mutatie voor HCM, met
een nog normale wanddikte en pompfunctie. Dit is belangrijk, omdat kennis
over het ziekteproces kan leiden tot mogelijkheden voor vroege detectie en
betere monitoring van de ziekte.
Hoofdstuk 7 bestudeert regionale circumferentiële strain in HCM mutatie‐
dragers, die nog een normale wanddikte en een normale pompfunctie hebben.
De voorspellende waarde hiervan voor het genotype wordt onderzocht. Zowel
piek systolische circumferentiële strain en piek diastolische circumferentiële
strain rate blijken voorspellend voor HCM dragerschap.
In hoofdstuk 8 wordt LV torsie bestudeerd in HCM mutatiedragers met normale
wanddikte en pompfunctie. Ten opzichte van normale proefpersonen was de
torsie in deze groep verhoogd, terwijl de subendocardiale circumferentiële
strain normaal was. De verandering van de ratio van torsie tot subendocardiale
strain impliceert dat de toename van LV torsie toegeschreven kan worden aan
verminderde subendocardiale myocardfunctie. De beschreven afwijkingen in
het contractiepatroon van fenotype‐negatieve HCM mutatiedragers geven meer
inzicht in de ziekte en kunnen mogelijk helpen bij de vroege identificatie van
patiënten met subklinische ziekte.
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