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Abstract: Background Diastolic dysfunction with delayed relaxation and abnormal passive elastic properties has been described in patients with severe pressure overload hypertrophy. The purpose of this
study was to evaluate the time course of rotational motion of the left ventricle in patients with aortic
valve stenosis using myocardial tagging. Methods Myocardial tagging is a non-invasive method based
on magnetic resonance which makes it possible to label (‘tag’) specific myocardial regions. From the
motion of the tag’s cardiac rotation, radial displacement and translational motion can be determined.
In 12 controls and 13 patients with severe aortic valve stenosis systolic and diastolic wall motion was
assessed in an apical and basal short axis plane. Results The normal left ventricle performs a systolic
wringing motion around the ventricular long axis with clockwise rotation at the base (−4·4±1·6°)
and counterclockwise rotation at the apex (+6·8±2·5°) when viewed from the apex. During early
diastole an untwisting motion can be observed which precedes diastolic filling. In patients with aortic
valve stenosis systolic rotation is reduced at the base (−2·4±2·0°;P<0·01) but increased at the apex
(+12·0±6·0°;P<0·05). Diastolic untwisting is delayed and prolonged with a decrease in normalized
rotation velocity (−6·9±1·1s−1) when compared to controls (−10·7±2·2s−1;P<0·001). Maximal
systolic torsion is 8·0±2·1° in controls and 14·1±6·4° (P<0·01) in patients with aortic valve stenosis.
Conclusions Left ventricular pressure overload hypertrophy is associated with a reduction in basal and an
increase in apical rotation resulting in increased torsion of the ventricle. Diastolic untwisting is delayed
and prolonged. This may explain the occurrence of diastolic dysfunction in patients with severe pressure
overload hypertrophy
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Background Diastolic dysfunction with delayed relaxation
and abnormal passive elastic properties has been described
in patients with severe pressure overload hypertrophy. The
purpose of this study was to evaluate the time course of
rotational motion of the left ventricle in patients with aortic
valve stenosis using myocardial tagging.
Methods Myocardial tagging is a non-invasive method
based on magnetic resonance which makes it possible to
label (‘tag’) specific myocardial regions. From the motion
of the tag’s cardiac rotation, radial displacement and translational motion can be determined. In 12 controls and
13 patients with severe aortic valve stenosis systolic and
diastolic wall motion was assessed in an apical and basal
short axis plane.
Results The normal left ventricle performs a systolic
wringing motion around the ventricular long axis with
clockwise rotation at the base (4·41·6) and counterclockwise rotation at the apex (+6·82·5) when viewed
from the apex. During early diastole an untwisting motion
can be observed which precedes diastolic filling. In patients
with aortic valve stenosis systolic rotation is reduced at the

Introduction
Diastolic dysfunction with delayed and incomplete
relaxation has been reported to occur in patients with
severe pressure overload hypertrophy[1–4]. According to
the concept of Brutsaert et al.[5] diastolic dysfunction
may precede the occurrence of systolic dysfunction in
the development of myocardial failure. Diastolic function is predominantly altered by intracellular calcium
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base (2·42·0; P<0·01) but increased at the apex
(+12·06·0; P<0·05). Diastolic untwisting is delayed
and prolonged with a decrease in normalized rotation
velocity (6·91·1 s 1) when compared to controls
(10·72·2 s 1; P<0·001). Maximal systolic torsion is
8·02·1 in controls and 14·16·4 (P<0·01) in patients
with aortic valve stenosis.
Conclusions Left ventricular pressure overload hypertrophy is associated with a reduction in basal and an
increase in apical rotation resulting in increased torsion of
the ventricle. Diastolic untwisting is delayed and prolonged.
This may explain the occurrence of diastolic dysfunction in
patients with severe pressure overload hypertrophy.
(Eur Heart J 2000; 21: 582–589)
 2000 The European Society of Cardiology
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overload, activation of the RAAS system[6,7] and/or an
increase in collagen content with altered collagen architecture[8], and enhanced interstitial but also increased
endocardial and perivascular fibrosis[8,9]. The diagnosis
of diastolic dysfunction is most commonly achieved by
assessing diastolic filling parameters using Doppler
echocardiography[10]. These parameters depend, however, on several determinants such as heart rate, completeness and speed of relaxation, atrioventricular
pressure gradient, afterload conditions, driving pressure, atrial and ventricular chamber properties, etc.
The typical Doppler transmitral flow pattern with
‘delayed’ relaxation or a ‘restrictive’ flow pattern is
unspecific and can be also found in patients with other
cardiac diseases. Pressure–volume data allow differentiation between various mechanisms of left ventricular
 2000 The European Society of Cardiology
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Table 1 Patient characteristics. Ejection fraction and wall thickness were determined with magnetic resonance
tomography; valve area (Gorlin equation), aortic valve gradient (AVG) and peak systolic pressure (LVSP) were
determined invasively. Mean1 standard deviation and range are given
n

Controls

12

Aortic valve stenosis

13

Significance

Age
(years)

Heart rate
(beats . min 1)

Ejection
fraction
(%)

Wall
thickness
(mm)

296
23–42
6112
38–78

695
54–76
7111
60–105

616
56–76
629
53–84

14·51·3
11·1–16·1
20·73·4
13·7–25·2

P<0·001

ns

ns

P<0·001

diastolic dysfunction such as prolonged relaxation,
reduced filling rates and/or abnormal passive elastic
properties[11].
With new technologies such as myocardial tagging
based on magnetic resonance imaging, magnetization of
the myocardium can be altered by spatial modulation[12]
resulting in geometric patterns (= tags) which are fixed
to the myocardium. With these tags specific myocardial
regions can be non-invasively labelled with a star-like
pattern[13], parallel lines[12] or a rectangular grid. From
the deformation of the tags, regional three-dimensional
wall motion including left ventricular rotation can be
assessed[14–17]. Improvements in the initial technique[12]
were achieved by using variable flip angles for image
acquisition and by subtracting two measurements with
complementary tagging signs (Complementary SPAtial
Modulation of Magnetization=CSPAMM)[18,19] in
combination with the use of a breath-holding scheme for
reduction of motion artifacts. These refinements have
led to a significant increase in tag persistence, which —
in contrast to older tagging techniques — makes the
analysis of one full cardiac cycle from the beginning of
systole until late diastole with high temporal and spatial
resolution possible. Image quality and measurement
accuracy were further improved by the implementation
of a slice-following technique, which permits the visualization of the same anatomical slice during cardiac
contraction and relaxation independent of its throughplane motion.
The purpose of the present study was to determine
cardiac rotation in patients with aortic valve stenosis in
comparison to normal controls.

Valve area
(cm2)

AVG
(mmHg)

—
10·34
0·32–1·5

LVSP
(mmHg)

—
6525
29–105

21427
179–256

symptoms, such as dyspnoea or angina, two patients had
a previous syncope, in all patients signs of left ventricular hypertrophy were found in the resting ECG. In
patients with severe symptoms aortic valve replacement
was recommended.

Image acquisition
After obtaining informed consent all subjects were
imaged with a conventional 1·5 Tesla magnetic resonance system (Gyroscan ACS II, Philips, Best, The
Netherlands) in the prone position using a prototype
cardiac surface coil. ECG and breathing motion were
continuously recorded. After two short scans for the
localization of the long axis, two short-axis planes
(basal=2 cm below the valvular annulus, apical=3 cm
above the left ventricular apex) were acquired and
labelled with a rectangular grid (spacing=8 mm) using
the CSPAMM technique[18,19]. The signal of the blood is
suppressed by this technique and allows a clear definition of the endocardial border. Slice following was used
to visualize the same myocardial regions throughout
the cardiac cycle. A total of 16 images were sampled
for each imaging plane beginning 50 ms after the
R-wave and ending during the following end-diastole.
Temporal resolution was 35 ms and spatial resolution
1·4 mm1·4 mm with a slice thickness of 6 mm at the
apex and 8 mm at the base. To reduce motion artifacts a
breath-hold scheme was used. The patient was asked to
breathe regularly and stop briefly in expiration for
image acquisition during every fourth or fifth heartbeat
(TE=5·4 ms, TR=3200 ms). Examination time was
approximately 8–12 min per slice.

Methods
Patients

Image analysis

Twelve controls (four females, eight males, mean age 29
years, range 24–49 years) and 12 patients with severe
aortic valve stenosis (two females, 10 males, mean age 61
years, range 38–73 years; aortic valve gradient of
>75 mmHg or valve area below 0·5 cm2 . m 2) were
included in the present analysis. The patient characteristics are listed in Table 1. Ten of the patients had

The intersection points of the tagging lines were marked
and traced semi-automatically in the different image
planes using a custom written evaluation program
(MACAVA) on a DEC alpha work station. Epi- and
endocardial borders were defined manually in the
first and calculated automatically in the following
images using the motion of the grid crossing points.
Eur Heart J, Vol. 21, issue 7, April 2000
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End-diastole was defined as the first image after the
R-wave, end-systole as the image with the smallest left
ventricular area.
Definition of terms
Cardiac rotation (angular displacement around the
centre of myocardial gravity when viewed from the
apex) and fractional area change were determined in all
patients. Torsion was calculated as the maximal rotation
of the apex compared to the base at the same time point.
Maximal systolic and diastolic rotation velocities were
determined in all patients (=Vrot [ . s 1]) and normalized for maximal rotation: Vnorm=Vrot/Rotmax [s 1].
Time to peak rotation velocity (ms) was determined
from the R-wave to maximal systolic rotation velocity
and time to peak diastolic rotation from end-systole to
maximal diastolic rotation velocity. Early and late
diastolic filling (%) were defined as the amount of filling
during the first and second half of diastole. For graphical display, times were normalized to % of the duration
of systole.

to controls (8·02·1, P<0·01) (Fig. 2(c)). These numbers are smaller than the addition of apical and basal
rotation as maximal apical rotation occurred earlier
than maximal basal rotation. The time until peak
rotation velocity is reached is normal in patients
with pressure overload hypertrophy during systole
(37·219·6 vs 34·414·1, ns) (Fig. 4).

Diastolic relaxation and filling

A representative set of images is shown in Fig. 1 starting
at end-diastole (upper left) and ending during the next
end-diastole (lower right). Wall thickness was significantly increased in patients with aortic valve stenosis
compared to controls (P<0·001). Ejection fraction and
heart rate were similar in both groups (Table 1).

During isovolumic relaxation an untwisting motion is
observed in controls which is directed opposite to systolic rotation. Thus, diastolic rotation is counterclockwise
at the base and clockwise at the apex. Diastolic rotation
occurs predominantly during isovolumic relaxation with
minimal rotation during filling. The apical rotation left
ventricular area loop for controls and patients with
aortic valve stenosis is shown in Fig. 3. In pressure
overload hypertrophy not only systolic rotation but also
diastolic untwisting is delayed and occurs simultaneously with left ventricular filling, resulting in a
reduction in the rotation left ventricular area loop.
Time to peak diastolic rotation velocity was increased
in patients with aortic valve stenosis when compared
with controls (103·128·2 vs 56·024·5, P<0·0005)
(Fig. 4). A linear correlation between diastolic rotation
velocity and maximal rotation existed for controls and
patients with aortic valve stenosis (Fig. 5); however, the
slope between rotation velocity and rotation was much
flatter for patients with aortic valve stenosis in comparison to controls, due to a reduced peak normalized
rotation velocity (6·91·1 s 1 in patients with
pressure overload hypertrophy vs 10·72·2 s 1 in
controls, P<0·001).
Diastolic filling was delayed in patients with aortic
valve stenosis with a significant reduction in early
diastolic filling (4217% vs 669%, P<0·05) but a
significant increase in late diastolic filling when compared with controls. There was linear correlation
between early diastolic filling and peak normalized
rotation velocity (r=0·79).

Systolic contraction

Discussion

The normal left ventricle performs a systolic wringing motion with clockwise rotation at the base
(4·361·6) and counterclockwise rotation at the
apex (+6·82·5) (Fig. 2) as seen from the apex.
Systolic rotation at the apex occurs predominantly during isovolumic contraction in normal controls (Fig. 3)
with no or only minimal rotation during systolic ejection. In patients with aortic valve stenosis, basal rotation
is reduced (2·42·0, P<0·01) (Fig. 2(a)) but apical
rotation is significantly increased and delayed as compared to the normal controls (+12·06·0, P<0·05)
(Fig. 2(b)). Torsion is significantly increased in patients
with aortic valve stenosis (14·16·4) when compared

Cardiac torsion was described for the first time in the
1960s and 1970s in transplant recipients[20,21] using
intramyocardial markers which had been implanted into
the midmyocardium during open heart surgery. More
recently, cardiac rotation and relaxation have been
studied with echocardiography using echodense crystals
implanted in the subendocardium with specifically
designed catheters[22]. These authors described a twisting
motion of the left ventricle with angular displacement
(=torsion) of the apex relative to the base. However,
these markers cannot be precisely located and have to be
implanted by catheter techniques or surgically. The
implantation of the markers may cause local scarring

Statistical analysis
Comparison between groups was performed with
Student’s t-test. Differences between different regions
were tested by a paired Student’s t-test. Linear regression analysis was performed to correlate different
parameters. Mean valuesstandard deviation are given
in all tables and figures. A P-value of <0·05 was
considered to be significant.

Results

Eur Heart J, Vol. 21, issue 7, April 2000
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Figure 1 A series of four out of 16 phases of the left ventricular apex in the short axis plane. The first
end-diastolic frame is shown on the top left, an end-systolic frame on the top right, an early diastolic
image on the bottom left and the end-diastolic frame of the next cardiac cycle on the lower right. Note
the untwisting with minimal filling between the second and third image.

and may induce abnormal wall motion not only due to
the implantation procedure but also due to their weight
and inertial properties. With new technologies, such as
myocardial tagging the non-invasive analysis of regional
cardiac motion is possible. From these measurements
cardiac rotation and torsion have been determined in the
normal human heart[23,24] as well as in patients with
hypertrophic cardiomyopathy[14,15] and ischaemic heart
disease[17].
The following observations have been made in the
present study:
(1) When viewed from the apex, the normal left
ventricle performs a systolic wringing motion with
clockwise rotation at the base and counterclockwise
rotation at the apex.

(2) In severe pressure overload hypertrophy basal
(clockwise) rotation is reduced but apical (counterclockwise) rotation is increased resulting in an enhanced
torsion of the left ventricle.
(3) Diastolic untwisting is delayed and peak normalized
rotation velocity is reduced in aortic valve stenosis with
an overlap of relaxation and early diastolic filling.
(4) Early diastolic filling is delayed in patients with
aortic valve stenosis.

Pathophysiologic considerations
Systolic motion
In the normal left ventricle the clockwise rotation at the
base and the counterclockwise rotation at the apex result
Eur Heart J, Vol. 21, issue 7, April 2000
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Figure 2 Rotation–time plot at the base (a), at the apex (b) and torsion–time plot (c) in 12 controls and 13 patients
with aortic valve stenosis. End-systole is indicated by the vertical line (ES). Basal rotation in aortic valve stenosis is
reduced but enhanced at the apex, leading to enhanced torsion. — —=controls; – – –=aortic stenosis.

in a systolic wringing motion analogous to the wringing
of a wet towel to squeeze the water out. From a
theoretical standpoint, this wringing motion allows the
ventricle to generate high intracavitary pressure with
minimal shortening of the muscle fibres and, thus,
minimal energy expenditure[25]. This characteristic
motion of the left ventricle probably depends on the
muscle fibre orientation, which has been described to be
helical[26,27]. In the experimental animal it was shown
that with an acute increase of afterload cardiac torsion
as well as myocardial fibre shortening were significantly
reduced, whereas torsion, but not shortening, persisted
at isovolumic loading[28].
In aortic valve stenosis the physiological basal rotation of the left ventricle is reduced, which is consistent
with the stiffening of the valvular plane and myocardial
hypertrophy. However, apical rotation and torsion are
increased, possibly due to a compensatory mechanism to
increase intracavitary pressure.
Eur Heart J, Vol. 21, issue 7, April 2000

Diastolic motion
In the normal left ventricle most diastolic untwisting
occurs during isovolumic relaxation. Similar observations have been made in the experimental animal[29–32]
and in humans[24]. A prolongation of the untwisting
motion can be observed in patients with severe aortic
valve stenosis with a reduction in peak normalized
rotation velocity. This prolongation of diastolic untwisting may in part be responsible for the previously
reported decrease in relaxation rate and diminished early
diastolic filling velocity[33,34]. Although the extent of
maximal rotation and the maximal rotation velocity is
enhanced, the rotation velocity normalized for maximal
rotation is reduced, probably due to muscle fibre hypertrophy and structural alterations of the myocardium
with increased collagen content[8]. Thus, pressure overload hypertrophy is correlated with a prolongation of
the untwisting process, a reduced rate of relaxation
and a diminution of early diastolic filling. A linear
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Figure 3 Apical rotation left ventricular area loop in 12
controls (solid line) and 13 patients with aortic valve
stenosis (broken line). The loops begin in the bottom right
corner and are anticlockwise. Whereas rapid systolic
rotation with minimal ejection followed by ejection with
minimal rotation and a rapid diastolic untwisting with
minimal filling followed by filling with minimal rotation
can be observed in controls, ejection and rotation, as well
as untwisting and filling occur simultaneously in patients
with aortic valve stenosis.
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Figure 4 Time to peak systolic (left) and diastolic (right)
rotation velocity. The interval from end-diastole to peak
systolic rotation is normal in aortic valve stenosis ( ,
n=13) but significantly prolonged from end-systole to
peak diastolic rotation. =controls, n=12.
correlation was observed between early diastolic filling
and normalized untwisting velocity, further underlining
this interdependence. These changes may lead finally to
diastolic dysfunction, which has been reported to occur
frequently in patients with severe aortic valve stenosis[4].
A similar prolongation of diastolic untwisting has been
reported in patients with hypertrophic cardiomyopathy[14], coronary artery disease and during acute
rejection in heart transplant recipients[17,35–37].

Technical considerations
(1) Most previous studies have not used a correction
algorithm for the translational motion of the heart.
Thus, different regions of the left ventricle are imaged

0

5

10
15
20
25
Maximal rotation (°)

30

35

Figure 5 Diastolic untwisting velocity vs maximal
systolic rotation. The regression line in patients with
aortic valve stenosis ( , n=13; r=0·95) has a flatter slope
than in controls ( , n=13; r=0·95), indicating a reduced
untwisting velocity for a given amplitude of systolic
rotation.

during cardiac contraction and relaxation, as seen with
other tomographic techniques such as echocardiography, computed tomography, etc. In the current study, a
slice following technique was used to eliminate the
influence of the translational motion.
(2) In most previous analyses of cardiac motion with
myocardial tagging, temporal resolution has been
reported to be approximately 100 ms. Rapid motion
components such as diastolic untwisting cannot be
accurately studied with these techniques. In the present
study, a temporal resolution of 35 ms was employed
which makes the analysis of early diastolic events
possible.
(3) Tag persistence is limited to approximately 400 ms
with the conventional SPAMM technique and, thus,
systolic rotation and diastolic untwisting cannot be
evaluated during one single examination. The current
CSPAMM technique has an increased tag contrast and
tag persistence of more than 1000 ms and makes an
accurate analysis of one complete cardiac cycle with high
temporal and spatial resolution possible.

Limitations
The major limitation of the current study may be the
comparison of healthy controls and patients from different age groups. It has been shown in previous studies,
that ageing leads to a prolongation of diastolic filling
and may even cause diastolic heart failure in otherwise
healthy patients. However, there was a significant
inverse correlation between left ventricular wall thickness and reduction of normalized untwisting velocity
(r=0·82), but only a minimal correlation between age
and normalized untwisting velocity within each group
(r=0·31). Thus, the differences observed between the
different groups are mainly due to pressure overload,
Eur Heart J, Vol. 21, issue 7, April 2000
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rather than the ageing itself, even though some influence
cannot be excluded by our data.
A technical limitation is the long acquisition time of
approximately 8–12 min which may be associated with
motion artifacts. To overcome these problems a breathholding scheme was used. Improvements in imaging
technology help to circumvent these problems by single
breath-hold sequences in combination with echo-planar
imaging[38].
Filling and ejection were assessed from two short axis
views only, rather than from a complete volume. However, the significant differences in diastolic filling
between the groups observed from these two views
correlate well with the results from the literature.

Clinical considerations
The increase in systolic apical rotation may be a compensatory mechanism to overcome increased afterload
as cardiac rotation is an energy saving means of increasing intracavitary pressure with minimal shortening.
However, this increase in systolic rotation cannot be
adequately compensated for during diastolic untwisting.
This part of the complex cardiac motion is delayed and
prolonged, which may explain in part the occurrence
of diastolic dysfunction in these patients. Diastolic untwisting may be a useful parameter to differentiate
physiological hypertrophy, as found in athletes, from
pathological hypertrophy such as found in aortic
stenosis or hypertrophic cardiomyopathy.
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