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GÉRARD R. CRELIER,1 and PETER BOESIGER1,*

1Institute for Biomedical Engineering, University and ETH Zürich, Switzerland
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ATFEPI-CSPAMM sequence is introduced, which is optimized with respect to acquisition speed and image quality. The sequence is used in
a stress study, where a short breath-hold duration is crucial, and tested for reproducibility of deformation parameters extracted by HARP for
repeated measurements.
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1. Introduction

The investigation of cardiac function under pharmacological
or physical stress is a widely accepted method in clinical
cardiology for the diagnosis of ischemia (1–4). For physical
exercise, clinically frequently used devices are the treadmill
and the ergometer (5). The advantage of examinations under
physically induced stress include the better resemblance of
cardiovascular stress encountered in daily life. Further, it has
been reported that physically induced stress performs equally
well or even better than pharmacological stress with respect to
sensitivity or specificity when investigating for coronary
artery diseases (6).

During stress examination, cardiac function is typically
monitored by echocardiography in order to detect ischemia-
induced dysfunction. Alternatively, MRI has been used for
function assessment during inotropic stress (7). Myocardial
tagging, such as Spatial Modulation of Magnetization
(SPAMM) (8) or Complementary SPAMM (CSPAMM) (9),
is a powerful technique for assessing quantitative, time
resolved tissue deformation parameters that may provide
superior information content in regard to accuracy and
significance when compared with usual assessment (10).
Under pharmacologically induced stress, myocardial tagging
has successfully been applied in several studies (11–13). Also

MR measurements under physical stress have successfully
been performed (7, 14).

Since physical exercise not only increases the heart rate but
also enhances breathing, it is important to reduce the required
breath-hold time for the stress tagging measurements to a
minimum in order to reduce image artifacts. However,
shortening of acquisition time at a given spatial resolution
decreases the signal-to-noise ratio (SNR) and, hence, affects
data quality and consequently the feasibility of an automatic
data analysis. To address these problems, CSPAMM was
combined with a Turbo-Field Echo-Planar Imaging (TFEPI)
(15) technique. TFEPI is a very efficient readout technique,
which combines the advantages of the EPI technique, i.e., a fast
read-out, with a short echo time, which leads to a reduction of
flow artifacts. With a TFEPI sequence, a line tagged SPAMM
data-set can be acquired in one RR-interval. Even tough the
acquisition time for CSPAMM is doubled compared to
SPAMM, it was chosen to be applied in this study because it
allows for compensating the long-axis contraction of the heart
by a slice-following procedure (16) and additionally provides
better tag-line persistence throughout the cardiac cycle.

The focus of the study was to develop a TFEPI-CSPAMM
sequence, which on one hand requires only a short breath
hold in order to enable measurements under stress condition
and on the other hand, produces sufficiently high image
quality allowing for a reproducible semi-automatic quantifi-
cation of deformation parameters. In order to balance these
antipodal requirements, the TFEPI-CSPAMM sequence was
improved in two steps. First, the sequences were evaluated
under rest condition with respect to image quality and
reproducibility of deformation parameters extracted by a
HARmonic Phase (HARP) (17) evaluation technique. For this
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purpose, a semi-automatic algorithm was developed, which
reproducibly detects endo- and epicardial borders in the
modulus part of the HARP image [HARM (18)], from which
various parameters such as circumferential shortening of the
centerline (cFS) can be derived. Second, the performance of
the optimal TFEPI-CSPAMM sequence was tested during
ergometer stress in a series of volunteer studies.

2. Methods

The MRmeasurements were performed on a commercial 1.5 T
whole body scanner (Gyroscan Intera, Philips Medical
Systems), equipped with a five-element cardiac phased-array
coil for signal reception and a vectorcardiogram (VCG) (19)
for R-wave detection. Written informed consent was obtained
from all subjects according to the laws of the ethical com-
mittee of the hospital (Universitätsspital Zürich). The patient
protocols were approved by the hospital ethical committee
(Kantonsspital Chur, Universitätsspital Zürich).

2.1. Tagging preparation

For the CSPAMM tagging preparation, two 90� radio
frequency (RF) pulses were used, interspersed by a tagging
gradient for spatial magnetization modulation. The second

RF pulse was either a +90� or a �90� pulse, thus producing
either a positive or a negative sinusoidal modulation of the
z-magnetization, respectively. The CSPAMM tagging scheme
involved subtraction of the two images with the positive and
the negative modulations, consequently yielding an image
with a net modulation of twice the amplitude (9). Two
CSPAMM images with orthogonal one-dimensional stripe
patterns with 8 mm tag distance were acquired with a slice
following technique (16). All sequences were performed
without fat saturation preparation.

2.2. TFEPI sequence optimization

2.2.1. Flip angle optimization

In order to achieve a constant tagging contrast throughout the
whole cardiac cycle, a flip angle optimization similar to the
one introduced for EPI CSPAMM (20) was applied. For an
EPI-CSPAMM sequence with n cine frames per cardiac cycle,
the signal intensity Ik of the kth (k = 1. . .n) frame is (9):

Ik / Mss � TAGðx; yÞ � expð�Dt=T1Þ �
Yk�1

j¼1

cosðajÞ � sinðakÞ

ð1Þ
where

Mss stands for steady state magnetization,

Figure 1. A: TFEPI sequence, B: modified TFEPI sequence, C: EPI sequence. In order to achieve a constant tagging contrast, the excitation
flip angles are ramped. In the modified TFEPI sequence EPI-phase correction (EPI PC) is performed in a separate breath hold before the
image acquisition and a dummy image acquisition is performed in order to achieve a better steady state. This leads to two breath holds of
4 and 5 RR-intervals respectively (B). In the TFEPI- (A) and the EPI-sequence (C), imaging is intercepted with the EPI-phase correction.
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TAG (x, y) stands for spatial modulation of magnetization,
Dt stands for time between two successive RF-excitations,

and
a1. . .an stands for RF-excitation angles.

To obtain a constant signal intensity for each acquired cine
frame (Ik = Ik�1), the required flip-angle series a1. . .an can be
calculated as a function of T1 and Dt (9):

ak�1 ¼ arctanðsinðakÞ � expð�Dt=T1ÞÞ for k ¼ 2 . . . n

ð2Þ

In contrast to EPI, where each heart phase is imaged with
an individual excitation angle ai, a variable number of m
excitations with excitation angles bj, j = 1. . .m (m: turbo
factor) are applied in case of TFEPI. As a result, each bj
excitation must produce an equal amount of transversal
magnetization in order to get constant tag-line intensity:

bjþ1 ¼ arcsinðtanðbjÞ � expðDt=T1ÞÞ ð3Þ

The total effect of all bj flip angles for each heart phase
must comply with the ai excitation for the optimized EPI
case (9):

ai ¼ arccos
Ym
j¼1

cosðbjÞ
 !

ð4Þ

In the example on Fig. 1, ramped flip angles between 3.3� and
13.5� were used to achieve a final flip angle of 25�.

The performance of the flip-angle optimization is shown in
Fig. 2. With constant flip angles, the tagging pattern is no
longer visible in later heart phases. The application of the
optimized flip angles leads to a constant tagging contrast
throughout the cardiac cycle.

2.2.2. Steady-state optimization

Because of the short acquisition time of the TFEPI sequence,
the first image is acquired in a non-steady-state. The
subtraction with the complementary image acquired in a

Figure 2. Optimized flip angle scheme. The optimized flip angles lead to a constant tagging contrast over the whole cardiac cycle (upper
row) while a constant flip-angle scheme decreases the tagging contrast for later heart phases. Middle row: constant flip angle a = 8�, lower
row: constant flip angle a = 25�. In each row, all four images have the same windowing level.
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steady-state leads to an alternating tag-line intensity in the
final CSPAMM image. To avoid this effect, a dummy RR-
interval was introduced in the measurement (i.e., the first
image acquired in a transient state of magnetization is
subsequently rejected.) In the second RR-interval, the same
image is acquired again, but this time in the steady-state and
used for subtraction with the complementary image. This
procedure prolongs the acquisition of the whole TFEPI-
CSPAMM data set by one RR-interval.

Further, in order to not disturb the steady state and to
shorten the breath-hold duration, the EPI-reference data for
phase correction are acquired in a separate breath hold
performed before the actual acquisition. The procedure of this
modified TFEPI sequence is illustrated in Fig. 1. In contrast,
the EPI and the TFEPI data acquisition is interleaved with the
EPI-phase correction.

2.2.3. Rest measurements

Seven healthy subjects (5 male, age: 29 ± 5 years) were
investigated under rest conditions. CSPAMM images were
acquired with an EPI sequence, with a TFEPI sequence with
optimized flip angles and with the modified TFEPI sequence
including flip-angle and steady-state optimization. The
measurements were performed twice in each subject in an
equatorial short-axis view.

For both imaging methods, a FOV of 380 � 304 mm2, a
slice thickness of 8 mm, and a final flip angle of 25� were
chosen, 20 frames with a temporal resolution of 35 ms were
acquired. The EPI-sequence (TE: 7.5 ms, EPI factor: 13,
matrix: 128 � 39) had a duration of 12 RR-intervals plus 4
RR-intervals for the EPI phase correction and was acquired in
one breath hold. An adaptive flip angle scheme introduced by
Stuber et al. (20). was applied. The TFEPI-sequence (TE:

2.6–2.9 ms, TR: 7.1–8.9 ms, EPI factor: 9, turbo-factor: 4,
matrix: 128 � 36, partial fourier: 0.67), was combined with
the flip-angle optimization described above and had a
duration of 4 RR-intervals plus 4 RR-intervals for the EPI
correction. With the modified TFEPI-CSPAMM sequence
data were acquired in two breath holds lasting 4 and 5 RR-
intervals respectively.

2.2.4. Stress measurements

Nine healthy subjects (6 male, age: 27 ± 5 years) underwent
stress testing. Exercise was performed in the supine position
on a MR compatible bicycle ergometer (MRI cardiac
ergometer, Lode BV, Groningen, The Netherlands). After
the survey, the baseline rest measurements were performed
with the modified TFEPI pulse sequence described above.

For the stress measurements, the load was gradually
increased until a heartrate of 140 bpm was reached (125–
300 W, depending on the training status of the subject), and
the volunteer then continued cycling during approximately
five minutes at this level of workload.

Imaging was performed again with the modified TFEPI-
CSPAMM sequence described above immediately after
exercise and at time points 1 minute, 5 minutes, and 10 min-
utes after exercise. Depending on the heartrate, 10–20 frames
(heart phases) with a temporal resolution of 28–36 ms were
acquired. In each volunteer, the stress measurements were
performed twice applying the same protocol.

2.3. HARM evaluation

A magnitude image of the underlying anatomical structure in
a tagged image is obtained by filtering k-space to retain a
single harmonic peak, applying the inverse Fourier transform

Figure 3. Extraction of anatomical structure in HARM images. The endocardial and epicardial contours are extracted automatically from
HARM images and the centerline is calculated. Reference point � (A): Anterior junction of the right and the left ventricle. The centerline
determined on HARM images is compared to the centerline extracted from anatomical images (B). The distance to the center (R) of the two
centerlines are compared. The difference is displayed along the circumference in steps of 5�. Mean value and the 95% confidence interval
are displayed.
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and using the magnitude part of the complex image. For a
semi-automatic extraction of the endo- and epicardial walls,
the observer has to approximate the centerline of the
myocardium by setting a few landmarks along its circumfer-
ence. A closed spline is fitted through these markers and
signal intensity along the contour is determined. Starting
radially from the center of the contour and in 72 equally
distributed directions (approximately 1 per pixel) covering the
entire circumference, the application of an adaptive threshold,
depending on the mean signal intensity on the spline in a
rotating sector surrounding the direction both inside and
outside of the contour yields the first guess for the endo- and
epicardial contours. Of these initial guesses, outlier landmarks
are identified by comparing their distance to the center with
the average distance of all landmarks. If the distance
difference exceeds two standard deviations the landmark is
discarded. The contours are then resampled along a closed
spline through the remaining landmarks. Finally, in order to
smooth out papillary muscles, the contours are smoothed by
averaging the radial distances of the neighbors inside a 45�
sector around each landmark. The landmarks are then radially
displaced to match the corresponding average distance. Based
on these final endo- and epicardial contours, the centerline is
finally calculated (Fig. 3A). After the manual definition of
the landmarks, the whole computation time is 	2 sec on a
pentium 4 1.8 GHz.

In a preliminary study, the centerline extracted semi-
automatically from the HARM image was compared with the
centerline extracted manually from a corresponding anatom-
ical image. Five hypertensive patients (2 male, age: 63 ± 3
years) with mild left ventricular hypertrophy on echocardi-
ography were recruited for this study. Left ventricular short
axis slices were acquired at three cardiac levels. The ana-
tomical images were acquired with an EPI sequence (FOV:
192 � 192 mm2, slice thickness: 8 mm, matrix: 128 � 80,
EPI factor: 9, TE: 4.1 ms). At the same positions, EPI-
CSPAMM images were acquired with the protocol described
above. For all breath-hold acquisitions, identical position of
the heart was achieved by real time navigator control where
the subject was guided into the same breath-hold position
(acceptance range: ± 1.5 mm of initial diaphragm position).
On the anatomical images, the endo- and epicardial contours
were delineated manually, on the CSPAMM images the
contours were extracted semi-automatically as described
above. The centerlines were calculated and the distance be-
tween the anatomical centerline and the CSPAMM centerline
was determined at 72 positions along the circumference.

Additionally to investigate the reproducibility of deforma-
tion parameters extracted by HARP after applying the
described method, CSPAMM data acquired in 23 patients
with non-ischemic dilated cardiomyopathy at two different
time points (2 months apart) were used. [Data from this study
analyzed manually were reported by Myers et al. (21)]. The
data were acquired on a 1.0 T Philips scanner, spatial
resolution: 2.8 � 2.8 mm2, 16 cardiac phases’ temporal res-

olution: 35 ms, tag distance: 8 mm. To compare inter-observer
reproducibility, two observers independently identified the
midwall contour manually (22) and semi-automatically as
described above. The contour was tracked throughout the
cardiac cycle using HARP incorporating peak-combination
(23) and maximum cFS was compared. For the calculation of
cFS, see below (2.7. HARP evaluation).

2.4. HARP evaluation

To extract deformation parameters under rest and stress,
HARP evaluation was performed using a peak-combination
HARP technique (23) for improved evaluation accuracy. The
centerline was semi-automatically defined using the HARM-
method as described before, and subsequently tracked over all
heart phases.

Circumferential fiber shortening in percent (cFS) was
calculated over the cardiac cycle for each sector:

cFSðhpÞ ¼ 1� CLðhpÞ
CLð0Þ

� �
� 100% ð5Þ

where hp indicates the heart phase and CL the length of
the centerline.

Radial displacement and rotation were calculated with
respect to the center of gravity of the centerline. The radial
displacement (RD) of each heart phase (hp) is:

RDðhpÞ ¼ 1�
P

p j~rðp; hpÞjP
p j~rðp; 0Þj

 !
� 100% ð6Þ

where~rðpÞ is the vector from the dynamic center of gravity
(cg) to the point p on the centerline.

The rotation angle f (hp) was defined as the angle between
~rðp; hpÞ and~rðp; 0Þ averaged over all p:

mðhpÞ ¼ yðp; hpÞ � yðcg; hpÞ
xðp; hpÞ � xðcg; hpÞ ð7Þ

fðhpÞ ¼ atan
mðhpÞ � mð0Þ

1þ mð0Þ � mðhpÞ

� �
ð8Þ

In order to correct for different heart rate, temporal resolution
and number of frames, all shortening-, displacement- and
rotation-curves were resampled and normalized to end systole
(end systole: 100% ES). End systole was defined as the heart
phase with the minimal circumference of the centerline.

Circumferential shortening velocity was defined as cFS at
end systole divided by the duration of systole.

2.5. Statistics

The extracted deformation parameters were compared with
an analysis of variance (ANOVA) for repeated measure-
ments followed by Bonferroni posthoc testing (InStat, 3.01,
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Figure 4. One of two tag-line directions in an equatorial CSPAMM short axis view acquired with a TFEPI sequence (A) a modified TFEPI
sequence (B) and an EPI sequence (C). For the TFEPI sequence (A), the alternating tagging pattern can be observed, which is eliminated
with the modified TFEPI sequence (B). The image acquired with EPI (C) shows the most homogeneous tagging pattern and less noise.

Figure 5. Reproducibility of cFS measurements, A: TFEPI, B: modified TFEPI, C: EPI. The modified TFEPI sequence shows best
reproducibility with a 95% confidence interval from �1.5–1.7% of absolute values for the difference between repeated measurements. For
the EPI acquisition (C) one subject had difficulties to cooperate adequately during the 16 heart beat breat hold.

Ryf et al.698



Graph-Pad Software Inc.). P-values < 0.05 were considered
statistically significant.

3. Results

3.1. TFEPI CSPAMM

Figure 4 shows examples of short-axis views in a volunteer
with the TFEPI- (A), the modified TFEPI- (B) and the EPI-
(C) sequence acquired over 8 (1 breath hold), 9 (2 breath
holds) and 16 (1 breath hold) heart beats respectively. As
expected, an alternating tagging pattern for the TFEPI can be
observed (A), whereas the image acquired with the modified
TFEPI sequence shows a more homogeneous tagging pattern
and a better contrast between blood and myocardium (B). The
acquisition with EPI (C) yields the most homogeneous
tagging pattern and least noise, provided the subject is able to
perform an adequate breath hold over the entire 16 RR
acquisition period.

In order to decide which one of the two TFEPI sequences
should be used during stress conditions, the sequence per-
formance was compared to the EPI sequence, which served as
a state of the art reference (the EPI sequence was not expected
to be applicable during stress because of the long breath hold
time). A comparison of the maximum cFS of repeated mea-
surements with all three methods is displayed on Fig. 5. While
the mean values for repeated measurements are comparable
for the three pulse sequences (TFEPI: �0.2%; modified
TFEPI: 0.1%; EPI: �0.6%), the 95% confidence intervals,

i.e., reproducibility, vary substantially (TFEPI: �3.2–2.7%;
modified TFEPI: �1.5–1.7%; EPI: �3.2–2.0% in absolute
percentage of cFS). Because of the better performance of the
modified TFEPI sequence under rest conditions, it was
selected for the measurements under stress conditions.

3.2. Stress measurements

In 9 volunteers, a total of 70 stress measurements were
performed (4 time points for 2 stress measurements each; due
to time constraints, in one volunteer the measurements 10 min
after stress were not performed). In one volunteer, cardiac
triggering did not work properly during the acquisition
performed immediately after ergometer stress. Finally, in two
subjects, the stress measurements were performed at an apical
position because of a displacement of the subject during
cycling. These data were compared with rest data acquired at
the apical level.

At time points 0 min, 1 min, 5 min, 10 min after exercise,
the heart rate was 118 ± 19 bpm, 98 ± 19 bpm, 79 ± 21 bpm,
74 ± 16 bpm respectively (p < 0.001 vs. rest at 0 min, 1 min,
p < 0.01 at 5 min).

Different deformation parameters were evaluated for all
data sets in order to quantify recovery after the stress
measurements. In Fig. 6, maximum cFS (A), cFS velocity
(B), maximum radial displacement (C) and rotation defined as
(max (rot)–min (rot)) (D) are displayed during recovery. The
maximum cFS at 1 min after exercise differs significantly
from maximum cFS at rest (p < 0.01), whereas maximum
cFS immediately after stress does not differ from rest value.

Figure 6. Evolution of peak deformation during recovery acquired with modified TFEPI. The deformation parameters measured after
exercise are compared to the rest values. The values that differ significantly from the rest value are indicated (*: p < 0.05, **: p < 0.01, ***:
p < 0.001).
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Though the cFS velocity is significantly increased compared
to rest immediately after exercise (p < 0.001) and at 1 min
after exercise (p < 0.001). Like cFS, the maximum radial
displacement differs only 1 min after stress from the rest value
(p < 0.01), whereas the rotation is elevated immediately after
exercise (p < 0.01) and 1 min afterwards (p < 0.05).

Reproducibility of deformation parameters 1 min after
exercise is displayed in Fig. 7. For maximum cFS the 95%
confidence interval for repeated measurements is �13.5–
15.1% of the mean value, whereas for the rest measurement

it is �6.9–7.6% of mean. For cFS velocity the 95%
confidence interval is �42.4–25.3% of mean, for radial dis-
placement �15.7–14.1% of mean, and for rotation �25.8–
39.5% of mean.

3.3. HARM evaluation

Figure 3B shows the difference between the centerlines
extracted from the anatomical and the HARM images. The
semi-automatically defined centerline is shifted towards the

Figure 7. Reproducibility of deformation parameters for repeated measurements. cFS, cFS-velocity, radial displacement and rotation were
compared for repeated measurements. The mean value and the 95% confidence interval are indicated on the plot (in units of relative
percentage of mean). cFS, acquired with modified TFEPI at a mean heart rate of 100 bpm, shows a high reproducibility with a 95%
confidence interval of ± 	4.0% (absolute percentage of cFS, corresponding to a confidence interval of ± 	18% for relative percentage
of cFS).

Figure 8. Reproducibility of cFS measurements, automatic vs. manual. The inter-observer reproducibility for the extracted parameters is
tested for a manually defined HARM-centerline and a semi-automatically defined HARM-centerline.
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endocardium in the free wall and towards the epicardium in
the septal wall. The mean difference between the manually
and the automatically defined centerlines was 0.9 ± 2.7 mm
for the basal, 1.3 ± 2.9 mm for the equatorial, and 2.1 ±
3.0 mm for the apical slices respectively.

The differences of the HARP-analysis between two
observers could be reduced by the semi-automatic evaluation
and hence inter-observer reproducibility improved. Maximum
circumferential shortening differed by 0.08 ± 0.88% for a
manually identified contour and by 0.03 ± 0.54% for a
contour detected by the algorithm (Fig. 8).

4. Discussion

The goal of our study was to optimize anMR-tagging approach
which first allows for a fast data acquisition during a short
breath-hold period under stress condition and secondly to
provide sufficient quality of these rapidly acquired data for a
semi-automatic quantification of various functional indices
by HARP.

4.1. Detection of anatomical structures on
tagging data

Since function parameters vary with varying location within
the myocardial wall, e.g., subendo- vs. subepicardial systolic
deformation, it is crucial to detect the endo- and epicardial
borders in tagging data in order to calculate the centerline.
It has been shown previously (24) that deformation param-
eters extracted from the myocardial centerline give reliable
and load-independent measures of myocardial contractility
(25, 26). Therefore, we first demonstrated in a preliminary
study that the contours defined on HARM images match the
contours extracted from anatomical images. This led to a
reproducible definition of the centerline improving the overall
reproducibility of the HARP evaluation. In this study, only
the global cardiac deformation parameters were evaluated.
Therefore, the shift of the centerline towards the epicardium
in the septal wall (due to the junction with the right ventricle)
was compensated by the shift towards the endocardium in the
free wall (due to papillary muscles). For an analysis of local
motion parameters, these shifts should be considered. The
method has only been implemented for short-axis views and
would require further development for long-axis views.

4.2. Optimization of the tagging sequence

4.2.1. Rest studies

The TFEPI sequence was optimized in two steps. First, a flip-
angle optimization was applied leading to a constant tagging
contrast over the cardiac cycle. In a second step, a dummy
RR-interval was introduced for improved image quality. This
produced a more uniform tagging pattern and better contrast
between blood and myocardium. In a study under rest

condition, it was shown that the modified TFEPI sequence
performed better with respect to image quality which
translated into improved reproducibility of the HARP
evaluation. Because of the better performance of the modified
TFEPI sequence, it was used for the stress study.

One subject had difficulties performing a breath hold of 16
RR-intervals leading to a worse image quality of the EPI pulse
sequence for this subject, and, as a result, reproducibility of the
EPI sequence was lower than that of the modified TFEPI
sequence. For this reason, the modified TFEPI CSPAMM
sequence might be a valid alternative for patients unable to
perform long breath holds even under rest condition.

4.2.2. Stress studies

The feasibility of using the modified TFEPI-CSPAMM
sequence under ergometer stress is demonstrated in the
volunteer studies. Except for one acquisition, where ECG
triggering failed, all stress data could be evaluated. This
suggests that the modified TFEPI-CSPAMM protocol is
appropriate for heartrates up to 140 bpm. The cFS velocity
was increased immediately after exercise even though
maximum cFS was not increased at this time but only 1
min later. The finding that maximum cFS is not augmented
for heart rates higher than 100 bpm but for heart rates of
approximately 100 bpm is in accordance with earlier findings
under dobutamine stress (11). Unlike cFS, rotation did not
show a biphasic recovery pattern but decreased steadily
following exercise.

While the heart rate was still increased 5 min after exercise,
the parameters studied were no longer increased at this time
point. This may be explained by the fact that the evaluated
deformation parameters describe systolic function and
changes in duration of systole with changing heartrate is
relatively small compared with duration of diastole.

An ideal parameter describing myocardial mechanics
should both, detect subtle changes in mechanics in relation
to the stress level and also demonstrate high reproducibility.
Such a parameter would allow for reliable detection of altered
mechanics in response to changes in stress level. Circumfer-
ential shortening reliably discriminates resting conditions from
post-stress conditions (at 1 min) and is further characterized by
a high reproducibility, i.e., a narrow 95% confidence interval
for repeated measurements. Similar observations hold for
radial displacement whereas cFS velocity shows a better
differentiation between different phases of recovery, however,
at the cost of higher variability. For the rotation, although
sensitive for altered mechanics, they are less reliable.

4.2.3. Limitations

During the stress tests, the goal heart rate for conventional
stress examinations, which is normally 0.85 � (220-age
[years]) bpm, was not achieved. However, it has been shown
that for supine bicycle exercise examinations ischemic
reactions occur at somewhat lower heart rates (	110–130
bpm) (27, 28) where the modified TFEPI sequence performed
adequately. During exercise a displacement of the subject in
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the scanner may occur. This displacement was minimized by
a test-cycling prior to starting the MR study.

Since the ECG in the magnet does not allow for assessment
of the ST segment, a supervision of the patient might be
accomplished by a real-time HARP analysis (29) allowing to
detect ischemia during stress. With a contour detection on the
HARM images and the fast tagging sequence, the current
approach can potentially provide the means for an automatic
and reproducible extraction of deformation parameters.

5. Conclusions

A TFEPI-CSPAMM sequence has been introduced, which
allows for a fast and reproducible acquisition of cardiac
deformation parameters at high heart rates and is, therefore,
suitable for measurements under ergometer stress. Despite
acquisition times as short as 2 seconds (at 140 bpm), data
quality allowed for reproducible semi-automatic quantifica-
tion of function indices. Further refinements of post-
processing are needed to enable objective monitoring and
ischemia detection in patients under stress conditions.
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