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Detailed Analysis of Myocardial Motion in
Volunteers and Patients Using High-Temporal-
Resolution MR Tissue Phase Mapping
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Purpose: To detect and investigate details in left ventricu-
lar (LV) motion patterns with a temporal resolution compa-
rable to that of echocardiography.

Material and Methods: To assess global and regional myo-
cardial motion in high temporal detail, respiratory-gated
MR phase-contrast measurements with three-directional
velocity encoding (venc) were performed in 12 healthy vol-
unteers and two patients with LV hypertrophy in basal,
midventricular, and apical locations of the LV with a tem-
poral resolution of 13.8 msec.

Results: The volunteer data revealed details in LV motion
patterns that were known only from echocardiography. For all
volunteers, characteristic myocardial motion patterns, such
as triphasic global diastolic expansion, could be detected with
high accuracy. One volunteer underwent an additional echo-
cardiographic measurement in order to corroborate the com-
plex motion features as measured by MRI. Patient examina-
tions revealed substantial changes in diastolic function
compared to motion patterns in healthy volunteers.

Conclusion: The proposed high-temporal-resolution velocity-
mapping technique provides previously undetectable infor-
mation on LV performance, and is highly promising for the
detection of local and global motion abnormalities in patients
with disturbed LV performance, such as diastolic dysfunction.
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ABNORMAL REGIONAL LEFT VENTRICULAR (LV) wall
motion is an important clinical marker for multiple car-
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diac pathologies, and its diagnosis is of critical impor-
tance. Diastolic dysfunction accounts for up to half of
all heart-failure cases (1). Many experimental studies
suggest that regional myocardial relaxation disorders
are related to specific cardiac diseases, such as isch-
emic or hypertrophic cardiomyopathy and LV hypertro-
phy (2-6).

Tissue Doppler imaging (TDI) is a well-established
method that allows the noninvasive assessment of re-
gional LV function (7), which can be used to perform a
detailed analysis of diastolic function (8,9). The draw-
backs of TDI are related to limitations of the acoustic
window due to interferences from bone or lung. In ad-
dition, pulsed Doppler techniques such as TDI can re-
sult in low velocity resolution and unreliable measure-
ments (7). Furthermore, TDI lacks spatial information
and myocardial velocities are affected by the angle of
insonation of the ultrasound beam from the transducer
(10). The benefit of TDI is that it can provide a high
temporal resolution of up to 5 msec, which allows for a
detailed analysis of myocardial motion and results in
characteristic findings in normal subjects (e.g., a small
biphasic wave) within a short temporal window of 50
msec during isovolumetric relaxation (IVR) (11,12). Due
to the brief duration of such motion patterns, high
temporal resolution is necessary to detect and investi-
gate any changes in these patterns related to LV dis-
ease.

MRI provides noninvasive tools for investigating myo-
cardial function that have the potential to overcome the
limitations of TDI. In addition to techniques for assess-
ing qualitative and quantitative global wall motion with
cine imaging, such as balanced SSFP, methods for as-
sessing regional and global heart wall motion have been
introduced (13,14). Established methods for quantita-
tive analysis of myocardial wall motion include tagging
(15), phase-contrast velocity mapping (tissue phase
mapping (TPM)) (16), and displacement encoding with
stimulated echoes (DENSE) (17). These methods can be
used to extract parameters such as strain or radial and
tangential (circumferential) velocity components (18,19).
TPM and DENSE offer high spatial resolution of the
functional information (1-3 mm), which is limited in
tagging by the number and density of the tag lines (4-8
mm). In contrast to the recently presented two-dimen-

1033



1034

sional (2D)-Cine-DENSE method (20), TPM provides
time-resolved information and a constant signal-to-
noise ratio (SNR) over the cardiac cycle. For breath-held
TPM and Cine-DENSE, the temporal resolution is typi-
cally in the range of 60-80 msec, while tagging provides
a somewhat higher temporal resolution of 20-40 msec,
depending on the breath-holding capability of the in-
vestigated subject. Recently a high correlation between
TPM and TDI measurements for the analysis of LV myo-
cardial velocities was demonstrated in healthy volun-
teers (21).

Since data acquisition with TPM is typically based on
multiple breath-held 2D measurements (22,23), the
spatial and temporal resolution are limited due to the
length of the breath-hold period. A potential solution to
this drawback may be found in a recently reported
method for high-temporal-resolution velocity mapping
using multiple breath-hold scans for reference and sen-
sitive scans (24). However, separate breath-holds may
result in a slight variability in heart position between
different scans. To overcome these limitations related to
breath-holding, we used a prospective respiratory gat-
ing technique with two navigators and paired accep-
tance criteria for the acquisition of TPM data (25). This
gating technique allows a robust suppression of respi-
ration artifacts and corruption of the measured tissue
velocities while maintaining high scan efficiency. As a
result, limitations with respect to the total scan dura-
tion are effectively removed and permit the acquisition
of TPM images with flexible and high temporal and
spatial resolution. Phase-contrast measurements with
three-directional velocity encoding (venc) were per-
formed in a study with 12 healthy volunteers with a
temporal resolution of 13.8 msec. One volunteer under-
went an additional TDI examination in order to verify
the complex motion pattern as measured by TPM. Fur-
thermore, TPM data were acquired in two patients with
LV hypertrophy with the same temporal resolution as in
the volunteer examinations.

MATERIALS AND METHODS

Data Acquisition

All measurements were performed on a 1.5 T Magnetom
Sonata (Siemens Medical Solutions, Erlangen, Ger-
many). TPM images were acquired in 12 volunteers
(mean age = 32 years, range = 23-65 years) and two
patients with LV hypertrophy (mean age = 38 years,
range = 32-43 years). The human studies were ap-
proved by the local ethics committee of our institution,
and informed consent was obtained from all subjects.

A black-blood k-space segmented gradient-echo se-
quence (TR = 6.9 msec, flip angle = 15°, bandwidth =
650 Hz/pixel) with first-order flow compensation was
used for data acquisition. The pixel size was 1.3 X 1.3
mm (96 X 256 matrix interpolated to 192 X 256). We
performed venc by adding a bipolar gradient with a venc
of 15 cm/s in-plane and 25 cm/s through-plane ac-
cording to typical velocity values observed in the wall
motion of the LV.

Advanced navigator respiratory gating was performed
using two navigator echoes per cardiac cycle in combi-
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nation with real-time acceptance criteria based on sig-
nal from successive navigator echo pairs, in the middle
and at the end of the cardiac cycle, as recently de-
scribed (25). The total time required for the navigators
and their evaluation was 40 msec. Data were accepted
when the current diaphragm position was inside a
6-mm acceptance window in end-expiration.

To achieve high temporal resolution, reference and
motion-sensitized scans were performed in a sequential
manner (i.e., in consecutive cardiac cycles), since an
interleaved venc order limits the minimal temporal res-
olution to 4 * TR = 27.6 msec for a given TR. In addition,
view-sharing (as described previously (26)) was imple-
mented for sequential venc, resulting in a temporal
resolution of 13.8 msec. Full three-directional velocity
information from the beating heart for 96 phase encod-
ings was obtained in 128 heartbeats, assuming a scan
efficiency of 100%. Three slices with a slice thickness of
8 mm were acquired in the short-axis plane, in basal,
midventricular, and apical locations.

To compare the velocity time courses obtained by
MRI, we performed TDI measurements in one healthy
subject with a current standard ultrasound machine
(General Electric, Vivid 7). Data from regional myocar-
dial velocity profiles of the longitudinal component
(shortening/lengthening of the long axis) were acquired
in a midventricular anteroseptal region with a temporal
resolution of 9.5 msec and compared with a corre-
sponding regional analysis of the TPM data for the same
volunteer.

Postprocessing

Data postprocessing was performed on a personal com-
puter using customized software programmed in Mat-
lab (The Mathworks Inc., Natick, MA, USA). Following
contour segmentation (manual contour definition using
snakes) and bulk motion correction based on subtrac-
tion of global translation velocities from the local veloc-
ity components (19), the measured in-plane velocities
were transformed into an internal polar coordinate sys-
tem positioned at the center of mass of the segmented
LV. As a result, the motional parameters are described
in terms of a cylindrical coordinate system based on
radial (contraction/expansion), circumferential (rota-
tion, twisting), and longitudinal (shortening/lengthen-
ing) velocities, leading to a more adapted representation
of myocardial motion.

To investigate regional variations in myocardial veloc-
ities, we visualized the vector field plots and color-coded
maps for each velocity component for each phase of the
cardiac cycle. For better orientation, velocity vector
fields and motion components were overlaid onto cor-
responding anatomical images (see also Fig. 2) . For the
analysis of global cardiac motion features, velocity com-
ponents were averaged over the entire segmentation
mask, resulting in velocity time courses in basal, mid-
ventricular, and apical locations for each volunteer. For
a cumulative assessment of myocardial motion, the ob-
tained time courses were averaged over all volunteers
for each acquired slice and each velocity component. To
avoid temporal jitter, time series were normalized to the
end-systolic time, as defined by the first minimum peak
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Figure 1. ROI analysis in 16
segments according to AHA/
ACC recommendations. Each
acquired slice of the LV was
subdivided into 24 segments.
Mean velocities were calculated
inside every segment according
to the 16-segment model.

of the global radial velocities during diastole (see Fig. 3),
which could be observed in all volunteer measure-
ments. Since the length of the diastolic period indicated
by the time point after expansion with zero velocities
was the same for all volunteer measurements, the dia-
stolic period was not normalized separately.

To analyze local differences in LV performance, we
performed an ROI analysis based on the 17-segment
model according to American Heart Association (AHA)
and American College of Cardiology (ACC) recommen-
dations (27). Each acquired slice of the LV was subdi-
vided into 24 angular segments. The mean velocities
were calculated as illustrated in Fig. 1 to generate re-
gional velocity time courses in six basal, six midven-
tricular, and four apical regions according to the 17-
segment model (the 17th purely apical segment was
excluded from this analysis).

For comparison of TDI and TPM measurements, an
ROI was chosen in the midventricular anteroseptal re-
gion in the TPM images, and the mean longitudinal
velocities within the region were calculated from the
TPM data. Both TPM and TDI velocity time courses were
drawn in a single graph and temporally normalized to
the upslope of velocities during early systole. To visually
aid the comparison of both data sets, the time course

Magnitude

5cm/s

V radial

-5¢cm/s

ector field plot

Vi
Q

1035

Apical

anterior

Jousyut

measured by TPM was interpolated to the slightly
higher temporal resolution (9.5 msec) of the TDI data.

RESULTS

The mean scan efficiency over all acquired slices was
43%, resulting in an acquisition duration of about 4.5
minutes per slice. The total scan time for a volunteer
measurement was about 20 minutes, including posi-
tioning and planning of the short-axis TPM scans.
Figure 2 shows magnitude images (upper row) in a
basal slice of a data set with a temporal resolution of
13.8 msec acquired during free breathing. Five charac-
teristic cardiac frames are shown: early systole (during
isovolumetric contraction (IVC); Fig. 2a), mid-systole
(Fig. 2b), early diastole (during IVR; Fig. 2c), mid-dias-
tole (Fig. 2d), and late diastole (Fig. 2e). Corresponding
color-coded maps of radial velocities are shown in the
middle row, and pixelwise arrow plots of in-plane veloc-
ity vector fields are shown in the lower row. During early
systole, in-plane motion is mainly determined by a
counterclockwise rotation, whereas in mid-systole the
rotational direction has changed and myocardial mo-
tion includes high radial components (red: positive ve-
locities) that describe the contraction of the LV. The

Mid-diastole

L ate diastole

Figure 2. Magnitude images (upper row), color-coded maps of radial velocities (middle row), and pixelwise arrow plots of in-plane
velocity vector fields (lower row) in a basal slice for five cardiac frames (isovolumetric contraction/relaxation (IVC/IVR). The data set
of a healthy volunteer was acquired during free breathing with a temporal resolution of 13.8 msec.
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Figure 3. Time courses of radial (top), circumferential (mid-
dle), and longitudinal (bottom) velocities with high temporal
resolution averaged over all volunteers. Each graph shows a
comparison of data for basal, midventricular, and apical slice
locations. ES = end-systole. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

highest radial velocities occur in the endocardial region,
which is mainly responsible for myocardial wall thick-
ening. During early diastole regional anteroseptal ex-
pansion (indicated by negative radial velocities (blue))
precedes other LV areas and the inferolateral region
shows a slight contraction (see also Fig. 4). During
mid-diastole the main part of the myocardial wall ex-
pands (except for the septum, which expands some-
what later; results not shown). No significant motion
components were detected in late diastole.

Figure 3 shows the averaged time courses over all
volunteers for radial (contraction/expansion, top), cir-
cumferential (rotation, middle), and longitudinal (length-
ening/shortening, bottom) velocities with high tempo-
ral resolution. For each motion component, global
velocity time courses are plotted for basal, midventricu-
lar, and apical slices to allow for direct comparison of
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LV performance in different locations. Note the low in-
terindividual variability as indicated by the small stan-
dard deviations (SDs; shown only for the basal slice for
better visualization).

Radial velocities (Fig. 3, top) evolved similarly during
systole in all locations, whereas motion patterns during
diastole were successfully resolved in high temporal
detail and demonstrated a somewhat different behav-
ior. A small biphasic pattern during early diastole is
clearly visible in all slices (arrow 1). The diastolic peak
velocity occurs later in locations toward the apex. Fur-
thermore, the basal slice shows the above-mentioned
triphasic diastolic expansion, as indicated by a third
negative peak in the later diastole (arrow 2).

The circumferential velocities (Fig. 3, middle) demon-
strate considerable differences between the apical and
basal slices, indicating that the well-known velocity
twist (counter-rotation of basal vs. apical slices) oc-
curred during mid-systole. During diastole the circum-
ferential velocities show a different and complex motion
pattern in different slice locations. For example, basal
slices undergo five identifiable changes of rotational
direction during a single cardiac cycle (arrows 1-5),
indicating a highly complex rotational behavior of nor-
mal myocardial motion.

The motion pattern of the longitudinal velocities (Fig.
3, bottom) is similar in all slices except for decreasing
amplitudes toward the apex. Systolic motion shows an
initial displacement toward the apex (arrow 1) followed
by a velocity decrease, and ending in a distinct increase
of velocities near end-systole (arrow 2). The small bi-
phasic pattern during early diastole for all slice loca-
tions, which was also observed for radial velocities dur-
ing the same cardiac phase, is clearly visible (arrow 3).
Following rapid motion toward the base during diastole
(arrow 4), the longitudinal motion patterns demon-
strate an overshoot (increased longitudinal lengthening
before returning to the equilibrium position prior to the
next systolic contraction) in all three slices, as indicated
by the positive velocity peaks (arrow 5).

Figure 4 shows the evolution of regional radial veloc-
ities averaged over all volunteers in the ROIs depicted in
Fig. 1 (the SDs were again omitted for better visualiza-
tion). The systolic velocity time courses are similar in all
segments (except for the amplitudes), whereas motion
patterns during diastole exhibit considerably different
local ventricular expansion in segments inside a single
slice and between different slices.

Notably, the septum demonstrates highly complex
motion patterns (brown and violet lines), especially in
the basal slice, where much lower peak velocities occur,
indicating distinct differences in regional expansion be-
havior. The early diastolic biphasic pattern (arrow 1 in
Fig. 4, top and middle) can be observed in all ROIs and
is most evident in basal and midventricular locations,
but with different amplitudes. An overshoot after the
rapid relaxation during diastole similar to the longitu-
dinal velocities (see Fig. 3) can be observed in the ante-
rior and inferolateral regions of the midventricular slice
(middle, arrow 2).

Figure 5 shows a comparison of regional longitudinal
time courses between TDI (yellow) and TPM (blue) ac-
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Figure 4. Regional time courses of radial velocities with —
high temporal resolution according to the 16-segment -5 . - Septal
model in the three acquired slices averaged over all vol- 8 AEICﬁL e e e’ - E§ L E - T
unteers. ES = end-systole. Normalized tim

quired in a healthy volunteer. Complex motion pat- DISCUSSION
terns, such as the small biphasic wave of brief duration
during IVR in early diastole, are clearly visible in both
measurements, indicating that ventricular dynamics
that were previously not seen with MRI can be detected
and correlated with TDI data with the use of high-
temporal-resolution TPM.

Figure 6 shows an example of a patient with LV hy-
pertrophy. The time courses of the patient (blue) and

time courses averaged over all healthy volunteers (yel- short but distinct biphasic expansion pattern during
low) are drawn on the same graph (global radial veloc-  1yR) quring a large fraction of the cardiac cycle, and
ities in a midventricular slice location (top), and global especially during diastole, that were previously known
longitudinal velocities in a basal slice location (bot- only from diffusion tensor imaging (DTI) measurements
tom)). It is evident that the motion patterns during (11,12).

diastole are prolonged and the peak velocities are re- The high-temporal-resolution data obtained in this
duced. The small biphasic pattern during early diastole study provide much more detail about global contrac-
(see also Fig. 4, arrow 3) is strongly reduced for the time  tion and expansion patterns, such as additional peaks
course of longitudinal velocities (b). during diastole, compared to previously reported

We have presented an efficient strategy for combining
TPM acquisition and navigator respiratory gating that
permits the acquisition of TPM data with high temporal
resolution. The dual navigator gating technique com-
bined with paired acceptance/rejection criteria allows
for a robust suppression of respiration artifacts, as il-
lustrated by the magnitude images in Fig. 1. All mea-
surements revealed detailed motion patterns (e.g., the
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breath-hold measurements (22). The dynamics of myo-
cardial motion patterns revealed by high-temporal-res-
olution TPM measurements can also be corroborated by
TDI measurements. A detailed comparison between TDI
and TPM in well-defined myocardial points in a large
group of healthy volunteers was recently performed
with a somewhat lower temporal resolution (21). In ad-
dition, a previous study compared breath-hold mea-
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Figure 6. Global time courses of radial velocities in a midven-
tricular slice (top) and longitudinal velocities in a basal slice
(bottom) in a patient with LV hypertrophy, and averaged over
all volunteers. ES = end-systole. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.
com.]

wiley.com.]

surements with a lower temporal resolution and free-
breathing measurements with a high temporal resolution
(25).

The presented comparison of TDI and TPM measure-
ments focused on the verification of the complex motion
patterns, and not on a quantitative comparison of peak
velocities. While the shape of local longitudinal motion
patterns exhibited excellent agreement, velocity ampli-
tudes were somewhat different from each other. This
disagreement may be explained by the dependence of
the amplitudes in TDI measurements on the angle of
insonation of the ultrasound beam from the trans-
ducer. Further volunteer and patient studies and more
extensive comparisons between both modalities are
needed to validate and explore the limitations of each
technique.

Because we used prospective gating in this study, the
A-wave (see Fig. 3) in late diastole caused by the con-
traction of the left atrium and the IVC phase (Fig. 5)
cannot be seen by the TPM measurements. The use of a
retrospective gating technique could provide these mo-
tion features during late diastole. Future improvements
therefore include the implementation of retrospective
gating to allow full coverage of the cardiac cycle (with
the exception of the time needed for navigator execution
and evaluation). However, since many specific cardiac
diseases are related to regional myocardial relaxation
disorders, the current TPM measurements provide the
most important information during the cardiac cycle.

The results of the patient examinations showed clear
differences in motion patterns compared to the healthy
volunteers. Specifically, patients with LV hypertrophy
demonstrated a prolongation of diastolic motion pat-
terns and a clear reduction of peak velocities.

The presented TPM measurements suggest that the
high-temporal-resolution technique may be valuable
for assessing the efficacy of pharmaceutical or other
therapeutic procedures. Specific cardiac diseases
known from TDI measurements that may be suitable
for TPM investigations include ischemic cardiomyopa-
thy (2), hypertrophic cardiomyopathy (3), heart trans-
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plant recipients (4), LV hypertrophy (5), and differenti-
ating constrictive pericarditis from restrictive
cardiomyopathy (6). It has been suggested that regional
relaxation dysfunction induces a prolongation of the
IVR in ischemic cardiomyopathy (2).

It should be noted, however, that the data presented
here were acquired in young, healthy volunteers. A clin-
ically valid reference standard would require a larger
database and especially data from different age groups
to permit a correlation of local motion patterns between
age-matched volunteers and patients with potentially
disturbed myocardial motion. Further studies at our
institution are already under way to examine age-re-
lated differences in cardiac motion and to generate a
database for future clinical applications.

A technical limitation of this study is the long acqui-
sition time needed to acquire TPM data for a single slice.
The scan time may be reduced by the use of radial
acquisition strategies with interleaved undersampled
projections for 2D and 3D phase-contrast data (28).
Additional scan time reduction could be achieved by
using parallel imaging techniques, such as sensitivity
encoding (SENSE) and generalized autocalibrating par-
tially parallel acquisitions (GRAPPA) (29,30), in combi-
nation with imaging at the higher field strength to
compensate for the SNR loss associated with parallel
imaging (31).

In conclusion, high-temporal-resolution TPM pro-
vides insights into global and local myocardial wall mo-
tion with high spatial and temporal detail. The resulting
myocardial velocities obtained in volunteers and pa-
tients show that this method has the potential to pro-
vide valuable information for evaluating global and
regional systolic and diastolic function in cardiac pa-
thologies.
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