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Background—MR tissue tagging allows the noninvasive assessment of the locally and temporally resolved motion pattern
of the left ventricle. Alterations in cardiac torsion and diastolic relaxation of the left ventricle were studied in patients
with aortic stenosis and were compared with those of healthy control subjects and championship rowers with
physiological volume-overload hypertrophy.
Methods and Results—Twelve aortic stenosis patients, 11 healthy control subjects with normal left ventricular function,
and 11 world-championship rowers were investigated for systolic and diastolic heart wall motion on a basal and an
apical level of the myocardium. Systolic torsion and untwisting during diastole were examined by use of a novel tagging
technique (CSPAMM) that provides access to systolic and diastolic motion data. In the healthy heart, the left ventricle
performs a systolic wringing motion, with a counterclockwise rotation at the apex and a clockwise rotation at the base.
Apical untwisting precedes diastolic filling. In the athlete’s heart, torsion and untwisting remain unchanged compared
with those of the control subjects. In aortic stenosis patients, torsion is significantly increased and diastolic apical
untwisting is prolonged compared with those of control subjects or athletes.
Conclusions—Torsional behavior as observed in pressure- and volume-overloaded hearts is consistent with current
theoretical findings. A delayed diastolic untwisting in the pressure-overloaded hearts of the patients may contribute to
a tendency toward diastolic dysfunction. (Circulation. 1999;100:361-368.)
Key Words: magnetic resonance imaging n hypertrophy n stenosis n mechanics

A

lterations in the local motion pattern of the myocardium
have been described previously.1– 4 In pressure-overload
hypertrophy, wall stress can be normal (adequate hypertrophy) or increased (inadequate hypertrophy).5 The left ventricle (LV) responds to the pressure overload by developing LV
hypertrophy, with addition of new sarcomeres in parallel to
the existing ones. This results in an increase in wall thickness
with little or no change in chamber radius.6 Consequently, an
increase in LV filling pressure with an upward shift of the
diastolic pressure-volume relationship (diastolic dysfunction)
occurs. In the heart that is pathologically hypertrophied as a
result of aortic stenosis, a tendency toward diastolic dysfunction has already been reported.7–9
According to previously published results describing the
mechanics that could generate torsion,10 an increased torsional deformation is predicted in such pathologically hypertrophied hearts. In contrast, normal torsion is expected in
volume-overloaded hearts with unchanged ratio of wall thickness to radius. The implications of LV hypertrophy and
altered loading conditions on the regional wall motion and

relaxation rate were investigated in aortic stenosis patients.
For comparison purposes, championship rowers with physiological LV hypertrophy were examined as well. These 2
collectives were compared with control subjects (controls)
with normal LV function.
Multiple imaging techniques for the assessment of regional
wall motion exist.
One approach is the surgical implantation of tantalum
markers into the myocardium.11,12 In combination with x-ray
angiography, the motion of these markers can then be
recorded with high temporal and spatial resolution. With such
an approach, torsional deformation of the heart can be
recorded, and alterations in diastolic untwisting have been
observed in heart transplant patients shortly before rejection.2
Although this method is very powerful, it is invasive, requires
ionizing radiation, and is inappropriate for clinical use.
Alternative angiographic “markers,” such as tracking of the
bifurcations of the coronary arteries,13 suffer from the limited
number of landmarks and their irregular geometric distribution. Furthermore, they provide motion information only with
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TABLE 1.

Patient Characteristics

Patients

n

Age, y

HR, bpm

LVSP, mm Hg

LVEDP, mm Hg

EF, %

DP, mm Hg

AAV, cm2

AS

12

58613

74610

211629

2166

6666

63611

0.860.2

PH

11

2364

6066

zzz

zzz

zzz

zzz

zzz

C

11

3469

7366

zzz
zzz
zzz
zzz
zzz
Number of measured individuals, age, and heart rate (HR). In AS patients, LV peak systolic pressure (LVSP), LV
end-diastolic pressure (LVEDP), ejection fraction (EF), mean systolic pressure gradient at the aortic valve (DP), and
the aortic valve area (AAV) are listed for the AS patients. All the values given are means including 1 SD.
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regard to epicardial layers of the myocardium. Alternative
noninvasive methods, such as echocardiography or conventional MRI, do not allow for visualization of the exact local
motion pattern of the myocardium because of the absence of
structural reliably traceable landmarks. In 1988, Zerhouni et
al14 proposed a noninvasive MRI method (MR myocardial
tagging) that locally saturates or labels the magnetization.
The labels, which might be attached as lines or grids, are
fixed with respect to the myocardial tissue and can be
visualized for different cardiac phases. The method has been
applied successfully and has been refined by several
groups.3,15–18 Because the tagging information decays under
the influence of longitudinal relaxation of the magnetization,
the fading of the tags restricts the application of these
techniques to the systolic phase of the human cardiac cycle.
A further modification of the existing tagging techniques
was proposed by Fischer et al19 in 1993. This technique
(complementary spatial modulation of magnetization, or
CSPAMM) allows access to systolic as well as diastolic
motion data, whereby the tagging contrast remains constant during the entire cardiac cycle.
If slices that are spatially fixed with respect to the scanner
coordinate system are acquired, long-axis contraction during
systole results in through-plane motion on short-axis images.
This means that it is not always the same tissue elements that
are imaged in the different heart phases and thus leads to
interpretation errors and inaccurate results of the analysis.
However, by the combination of CSPAMM with a slicefollowing imaging technique, the effects of through-plane
motion can be suppressed.20 Therefore, real 2D projections of
the complex 3D motion pattern of any point on the myocardium can be traced reliably for the entire heartbeat cycle.

The first transverse scout is followed by a single oblique scout in
cine mode. On the end-diastolic image of the second scout, 2
double-oblique short-axis slices for the tagging examination of apex
and base are defined. The apical imaging plane is positioned 1 cm
above the apical endocardium, the basal plane 1 cm below the
valvular plane. For motion tracking at these levels, a slice-following
CSPAMM-based tagging pulse sequence19,20 was implemented on a
1.5-T Gyroscan ACS II whole-body system (Philips Medical Systems). By this technique, a periodic sinusoidal modulation of the
magnetization is attached to a thin slice of the myocardium (Figure
1, Tagging A) immediately after the detection of the R wave of the
ECG. Subsequently, a thick slice encompassing the potential extent
of motion of the selected thin slice is imaged periodically during the
cardiac cycle (Figure 1, Imaging A). A multi– heart-phase gradient
echo imaging sequence in partial echo mode with a short echo time
of Te53.4 ms is used that strongly suppresses motion- or flowinduced artifacts. The same experiment is then performed a second
time, whereby the modulation is inverted compared with the first
experiment (Figure 1, Tagging B). Subsequent subtraction of the 2
temporally resolved data sets (Imaging A and Imaging B) results in
signal components that exclusively contain information of the
initially labeled thin slice. Signals of the surrounding tissue of the
thick slice are suppressed by the subtraction procedure.20
Two sets of images with horizontally and vertically modulated
stripe patterns, respectively, are acquired. By the multiplication of
these 2 acquisitions, a grid pattern with 8-mm interstripe distance
typically results, as documented in Figure 2. The time interval
between the subsequently acquired 16 to 20 heart-phase images is 35
ms. The field of view is 360 mm, with an acquisition matrix of
2563256 data points and an in-plane resolution of 1.431.4 mm. The
thickness of the tagged slice is 6 mm; the thickness of the imaged
volume is related to the long-axis contraction and varies from 25 to
30 mm at the base and from 15 to 20 mm at the apex. Because of the
location of the relevant tag information in a limited area of k space,
a reduced k-space acquisition is applied with a scan percentage of
35%.18,20 It considerably reduces overall measurement time but does
not affect spatial resolution for motion detection. To obtain constant

Methods
Study Population
A total of 34 subjects were included in the present analysis: 12
patients with pressure overload due to aortic stenosis (AS group), 11
healthy volunteers (C group), and 11 athletes of a worldchampionship rowing team with physiological hypertrophy (PH
group) were investigated by use of CSPAMM myocardial tagging.
Written informed consent was obtained from all participants, and the
research protocol was approved by the hospital Committee on
Clinical Investigation. Patients with aortic stenosis underwent cardiac catheterization for diagnostic purposes. In Table 1, the patient
variables are summarized. Mean age, heart rate, LV systolic pressure, LV end-diastolic pressure, ejection fraction, mean systolic
pressure gradient at the aortic valve, and aortic valve area are listed
for the AS patients.

MR Examination Protocol
For the localization of the double-oblique imaging plane for the
short-axis views of the myocardium, 2 scout scans are performed.

Figure 1. Pulse sequence for CSPAMM myocardial tagging.
Before multi– heart-phase gradient echo imaging sequence
(Imaging A), tagging pattern is attached to magnetization of
selected slice (Tagging A). Entire sequence is applied twice,
whereby sign of modulation function (Tagging B) of magnetization is inverted for every second acquisition (Imaging B).
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Figure 2. Representative apical images (n58) in a healthy volunteer (top, a through h) and an AS patient (bottom, i through p). For both
examples, every second acquisition out of a series of 16 images is shown. Temporal resolution for measured images is 35 ms, and
spatial resolution is 1.431.4 mm.

tagging contrast for each heart phase, optimized radiofrequencyexcitation angles are used (25° to 90°). Breathing-induced motion
artifacts are reduced by a coached breathing pattern.21 All patients
and controls are investigated in the prone position with a cardiac
surface coil (30-cm diameter) for signal acquisition.

Image Analysis
Individual end-diastolic long-axis length was measured in the images
of the second scout scan. For the extraction of the tagged structures
in the images, a user-assisted grid detection procedure22 based on
snake algorithms23 is applied to each line-tagged time frame. With
such sophisticated semiautomatic algorithms, the tags may be identified with subpixel resolution.24 All evaluation steps for which user
interaction is needed are performed on images that are zoomed by a
factor of 6.
The next step of the procedure involves the definition of epicardial
and endocardial contours of the LV by manual contouring. The
center of gravity of the LV segment is used as a reference point. This
allows for wall thickness measurements and the determination of the

chamber radius, defined as the distance between the center of gravity
and the midmyocardium. Fractional area change of the LV contour is
also calculated. End systole is determined by the software by
searching for the smallest inner cavity lumen in the time series of the
images. To describe the local heart wall motion in a polar coordinate
system, the 2 points at which the right ventricular endocardium
merges with the LV epicardium are used as additional reference
points. The interpolation of the original grid points by use of linear
“shape functions” then allows for the characterization of the local
heart wall motion in equidistant steps with respect to the circumference of the heart (Figures 3 and 4). Epicardial, endocardial, and
midmyocardial points are calculated every 5° for each heart phase,
resulting in 3372 trajectories, which are partly visualized in Figures
3 and 4. The rotation of these points with respect to their initial
position and to the center of gravity is then calculated by the software
(Figure 5). Positive angle change or counterclockwise rotation is
defined as viewed from the apex.2 For all the measured collectives,
average rotation of the 72 midmyocardial points are determined for
the apical and basal levels of the heart. Torsion is defined to be
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Figure 3. End-diastolic apical image in a healthy human. Tagged image is overlaid with corresponding local trajectories. Arrows start at
beginning of systole (red) and end in late diastole (yellow). Regional differences are typical for healthy subjects as well as for AS
patients.

proportional to the difference of averaged apical and basal rotation as
measured in the midmyocardium. For normalization of torsion to
heart size, torsion is measured as a function of end-diastolic
base-to-apex distance.
Because isovolumic backrotation (untwisting) has been proved to
be a sensitive parameter for the description of diastolic relaxation
and filling,17 rotation velocity and its peak value during diastolic
untwisting is calculated as well. To account for individually dependent HRs, all the data are related to the duration of systole; ie, 100%
on the time axis of Figure 6 refers to end systole. If measurements of
time intervals are discussed, however, the values are provided in
milliseconds as well.

Statistics
All values are given as mean6SD. Comparisons between the 3
groups (AS, PH, and C) are performed with Student’s t test for
unpaired comparisons. A value of P,0.05 is considered to be
statistically significant.

Results
MR studies were completed in all subjects without complications. All the patients and volunteers were able to fulfill the
requirements of the coached breathing pattern. In Tables 2
through 4, the parameters that are discussed in the following
are summarized for AS, C, and PH.

Chamber Dimensions
End-diastolic ratio between apical wall thickness and chamber radius as measured on the end-diastolic MR images (first
acquired heart-phase image after the detection of the R wave
of the ECG) amounts to 0.8460.1 in the patients (Table 2).
This ratio differs significantly from the values found in the
athletes (0.6660.06; P,0.01) or the controls (0.6560.07;
P,0.01). If the same parameter is compared for athletes and
controls, no significant difference can be reported (P50.7).
At the base, a similar tendency may be observed. The ratio of
wall thickness to chamber radius amounts to 0.5960.04 in the
patients and to 0.5060.09 in the athletes (P50.07). In the
controls, a value of 0.4960.08 is found, which is slightly
different from that in the patients (P50.1) but the same as in
the rowers (P50.9).
If the end-diastolic wall areas at the apex are compared
(Table 3), the AS patients and the rowers show a significantly
increased muscle area (3368 and 2663 cm2) compared with
the controls (2163 cm2, P,0.01 and P,0.01). At the base,
the AS patients and rowers show an increased muscle area
(3365 and 3364 cm2) compared with the controls (2362
cm2, P,0.01 and P,0.01). The athletes show a significantly
enlarged lumen at the base (PH-C, P,0.05) and a moderately
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Figure 4. Ejection phase of LV at apex (left) and at base (right) of a healthy subject. End-systolic acquisitions are overlaid with corresponding local trajectories. At apex, contraction is associated with a counterclockwise rotation (as viewed from apex), whereas at base,
a clockwise rotation is observed.

enlarged lumen at the apex. Compared with the controls, the
AS patients show a highly significant increased wall area at
both levels of the heart. If the lumina of apex and base are
compared for these 2 groups, the AS patients show no
significant chamber enlargement. If the rowers are compared
with the healthy subjects, an increased cross-sectional muscle
mass can be reported at apex and base of the athletes.

Torsional Deformation of the Heart
During systole, a clockwise rotation at the base is observed as
viewed from the apex. Thus, ejection is supported by a
torsional deformation of the heart (Figure 6A), with a
counterclockwise rotation at the apex and a clockwise rotation at the base.1–3,11,17 End-systolic torsion in the controls
was 0.660.1°/cm when normalized to the long-axis length
(Table 3). During systole, a counterclockwise apical rotation

Figure 5. Quantification of local rotation angles of epicardial,
endocardial, and midmyocardial regions. Angle is defined by
position of a specific tissue element at 2 different time points,
and center of gravity by endocardial and epicardial borders,
respectively, of corresponding cardiac phase.

(positive angle change) as viewed from the apex can be
observed in the healthy heart. Maximum rotation at the apex
was 6.862.0° in the control group (Figure 6B). During
isovolumic relaxation, a rapid clockwise untwisting with a
peak untwisting velocity of 54.8616.5°/s is observed at the
apex (Table 4). Diastolic relaxation time, Tuntwist (time delay
between end systole and maximum untwisting velocity)
(Figure 6C, Table 4) was 46.6623.0 ms in controls, or
1667.6% in relation to the duration of systole.2 Analogous to
conventional pressure-volume loops, Figure 7 shows an
apical rotation-area loop of 1 cardiac cycle. The loop is
oriented clockwise and starts with the contraction of the LV.
In controls, contraction and rotation occur almost simultaneously (Figure 7, 1). After the ejection phase, a fast
backrotation in the direction opposite the systolic rotation can
be observed (Figure 7, 2). During this period, almost no
changes in cavity lumen are detected (isovolumic relaxation).
In the subsequent filling phase (Figure 7, 3), no major
rotational component can be seen. This means that there is a
distinct separation between untwisting and filling in the
healthy heart.
In the athletes, end-systolic torsion was 0.760.1°/cm
(Table 3), which does not differ significantly from the value
seen in the controls (P50.58).
Maximum rotation at the apex was 5.761.8° in rowers
(P5NS versus controls). Maximum untwisting velocity was
55.967.8°/s (Table 4), identical to that of the controls
(P50.9). The time interval between the time point of the
smallest lumen and maximum backrotation velocity (Tuntwist)
was 50.7623.3 ms (16.967.7% in percent of end systole).
This time interval was identical for rowers and controls
(P5NS). In the rotation-area loop of Figure 7, a distinct
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TABLE 2.

MR Data 1
Wall Thickness/Radius
Patients

Apical

Basal

AS

0.8460.10

0.5960.04

C

0.6560.07

0.4960.08

PH

0.6660.06

0.5060.09

Ratio of end-diastolic wall thickness to radius as measured on the first
acquired image (35 ms after the detection of the R wave of the ECG). These
values are given for the base and apex. All the values given are means
including 1 SD.

Downloaded from http://circ.ahajournals.org/ by guest on May 10, 2017

seen in the volunteers (6.861.0°, P,0.01) or athletes
(5.761.8°, P,0.01). In all the patients, maximum apical
untwisting velocity (Table 4) is increased with respect to
controls (80.0628.8°/s versus 54.8616.5°/s, P,0.08) or
athletes (55.967.8°/s, P,0.08). The apical untwisting time in
AS patients is 88.43619.3 ms (32.466.3%) and is prolonged
not only for the absolute value (P,0.01) but also when
normalized to the duration of systole (P,0.001). AS patients
also show a delayed apical untwisting with respect to the
rowers (P,0.05; P,0.001 for percent changes). The
rotation-area loop in Figure 7 clarifies the differences of
the apical untwisting/relaxation pattern found in the patients.
During diastole, untwisting and filling of the LV occur almost
simultaneously. This suggests that there is a less distinct
separation of untwisting and filling than seen in the normal
heart.

Discussion

Figure 6. A, Mean torsional deformation (normalized to longaxis length) of LV (degrees/cm) including 1 SD in AS patients,
controls, and rowers during 1 cardiac cycle. Torsion is plotted
as a function of time normalized to end systole (5100%). B,
Mean apical rotation angle (degrees) including 1 SD in AS
patients, controls, and rowers during 1 cardiac cycle. Rotation
angles are plotted as a function of time normalized to end systole (5100%). C, Mean apical rotation velocity (degrees/s)
including 1 SD in AS patients, controls, and rowers normalized
to end systole. Values above x axis (rotation velocity .0°/s) indicate counterclockwise rotation, whereas values below x axis
refer to clockwise rotation as viewed from apex.

separation of untwisting and filling can be observed in the
rowers. Again, apical untwisting in the rower’s heart occurs
mainly during isovolumic relaxation.
In the AS patients, a systolic torsion of 1.460.5°/cm is
observed (Table 3). This value is significantly increased
(P,0.05 versus controls and athletes).
Maximum apical twist amounts to 12.364.7° in patients
with aortic stenosis. This significantly exceeds the values

In the healthy heart, the basoapical torsional deformation is
built up during systole (systolic wringing motion). During
isovolumic relaxation, a rapid apical clockwise untwisting
that precedes diastolic filling of the LV can be reported.17
Apical backrotation and ventricular filling are temporally
separated. In the physiologically hypertrophied heart, exactly
the same motion pattern as in the volunteers was found. The
data do not suggest any difference in torsion, apical peak
rotation, or untwisting time, despite the increased size of the
athlete’s heart.
Pressure-overload hypertrophy is associated with a significantly increased systolic torsional deformation of the LV.
This increased torsional deformation is accompanied by an
increase in apical rotation. Systolic torsion tends to equalize
sarcomere shortening between endocardial and epicardial
layers of the LV.10 Without torsional deformation of the
heart, substantial transmural inhomogeneities of sarcomere
shortening may be expected. Thus, with an increased wall
thickness (in relation to the chamber radius), such inhomogeneities would be increased. According to this hypothesis,
no increased torsional deformation is expected in volumeoverload hearts in which the ratio of thickness to radius is
maintained. This may be supported by the present findings in
the athletes (with nonincreased ratio of wall thickness to
chamber radius), in whom no increase in torsional deformation of the heart was found. In contrast, the hypothesis also
predicts an increased torsion in the presence of an increased
ratio of thickness to radius. This can also be confirmed by the
present torsion data found in the pressure-overloaded hearts.
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MR Data 2
Torsion, °

Llong axis, cm

TorsionN, °/cm

Wall Area, Apex,
cm2

Wall Area, Base,
cm2

Cavity Area, Apex,
cm2

Cavity Area, Base,
cm2

AS

1465

1061

1.460.5

3368

3365

763

1463

C

661

1061

0.660.1

2163

2362

862

1463

PH

862

1261

0.760.1

2663

3364

962

1964

Patients

367

Systolic torsion, long-axis length (Llong axis), and torsion normalized to the long-axis length (TorsionN). Wall area and volume of the lumen are indicated
for end diastole as determined on the images acquired 35 ms after the detection of the R wave of the ECG. These values are given for the base and
the apex. All the values given are means including 1 SD.

TABLE 4.

MR Data 3
Tuntwist
Rotation, °

vmax, °/s

ms

3100% ES

AS

1265

80629

88619

3266

C

762

55617

47623

1668

PH

662

5668

51623

1768

Patients
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Apical systolic peak rotation, peak diastolic untwisting velocity at the apex
(vmax), and relaxation time (Tuntwist) (ms) and in percent of end systole (3100%
ES). Untwisting time is defined as time delay between time of minimum inner
cavity area and peak untwisting velocity. All the given values are means
including 1 SD.

The potentially rearranged fiber architecture in the AS patients7 may support the alterations in the torsional deformation of the heart.25
Most obviously, the amount of systolic apical twist needs
to be compensated by a diastolic backrotation, or untwisting.
In AS patients, apical peak rotation is significantly increased.
Thus, during diastole, an increase in untwisting velocity or a
prolongation of untwisting is expected. In the pressureoverloaded hearts due to aortic stenosis, a tendency toward an
increased untwisting velocity and a significant prolongation
of untwisting duration into the filling phase of the LV is seen.
Because of the prolongation of apical diastolic untwisting,
there is an overlap of untwisting and filling. Apical systolic
rotation behavior basically restates the findings for torsion.
Moreover, untwisting at the apex may also be used for the
characterization of diastolic properties of the LV. Thus,
apical rotational mechanics may be important but remain to
be further investigated.
CSPAMM MR myocardial tagging has potential for noninvasive study of regional cardiac motion of the LV with high
spatial and temporal resolution. A temporal resolution of 35

Figure 7. LV rotation-area loop (apical plane) in controls, rowers,
and patients with aortic stenosis. Loop is separated into 3 phases:
ejection (1), isovolumic relaxation (2), and filling (3) of LV.

ms allows assessment of rapid cardiac motion components,
such as diastolic untwisting. By the application of a sophisticated MR tagging procedure, the fading of the tags is
suppressed, and thus, systolic as well as diastolic motion
becomes accessible within 1 single imaging procedure. In
addition, by the application of a slice-following procedure,
the disadvantageous effects of through-plane motion may be
avoided. As a consequence, motion of the same tissue
elements can be traced throughout the entire cardiac cycle. A
further enhancement of the technique toward clinical applicability may be expected if the method is combined with
respiratory gating or navigator-controlled techniques.26

Conclusions
The predicted systolic torsional behavior of hypertrophied
hearts (both pathological and physiological) could be successfully verified in the present study. In terms of torsion or
apical untwisting, a volume-overloaded heart does not differ
from the heart of a healthy subject without volume overload.
In the AS patients investigated, a delayed apical untwisting
during diastole may contribute to a potential diastolic
dysfunction.
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