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Purpose: To establish prospectively a database of normal three-
dimensional systolic and diastolic endocardial and epicar-
dial velocity values for all myocardial segments in healthy
volunteers by using cine phase-contrast velocity magnetic
resonance imaging, also called tissue phase mapping
(TPM).

Materials and
Methods:

The study was approved by the institutional ethics commit-
tee and was conducted according to principles of the Dec-
laration of Helsinki; each subject provided informed writ-
ten consent. Ninety-six healthy volunteers (57 [59%] men,
39 [41%] women; mean age, 38 years � 12 [standard
deviation]) underwent cardiac phase-contrast imaging
with a black blood segmented k-space gradient-echo se-
quence for the analysis of three-dimensional myocardial
velocity with high spatial resolution at 1.5 T on basal,
midventricular, and apical short-axis views. Eighteen con-
secutive volunteers were imaged twice to determine inter-
study reproducibility, and intra- and interobserver vari-
ability values were analyzed. Systolic and diastolic velocity
curves were analyzed for peak velocity and time to peak
velocity in the radial, circumferential, and longitudinal di-
rections, as well as for torsion rate and longitudinal strain
rate. Mixed-effects models with a random intercept for
volunteers were used to test differences among the three
ventricular sections and the transmural, endocardial, and
epicardial parameters.

Results: TPM enabled reproducible assessment of myocardial ve-
locity with small intra- and interobserver variability val-
ues. Systolic peak radial velocity was lowest at the apical
level (P � .001); diastolic peak radial velocity was similar
at all three myocardial levels (P � .73). As viewed from the
apex, a relative counterclockwise rotation during systole
was followed by a relative clockwise rotation of the apex
against the base. Diastolic and systolic peak longitudinal
velocity values decreased from base to apex (P � .001). A
gradient between endocardium and epicardium was ob-
served for radial velocity values, with greater endocardial
velocity values (P � .001).

Conclusion: TPM is a reproducible comprehensive modality for assess-
ment of regional wall motion, and intra- and interobserver
variability values are low.
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Assessment of myocardial regional
wall motion plays a key role in
many diagnostic and therapeutic

decisions in current clinical practice.
Studies about both stress-induced ische-
mia and about myocardial viability (ie,
high- and low-dose dobutamine stress
echocardiography [1], respectively) or
about cardiovascular magnetic reso-
nance (MR) imaging (2) are based on
regional wall motion analysis results.
Semiquantitative grading of regional
wall motion is the most frequently ap-
plied technique, but it is highly subjec-
tive and has limited reproducibility. De-
spite dramatic improvements in echo-
cardiography and cardiovascular MR
imaging technology that permit quanti-
tative and objective regional wall mo-
tion analysis, none of these has yet been
widely applied in clinical practice. A
possible explanation for this lack of ap-
plication is that no existing technique
has as yet provided noninvasive, quanti-
tative, reproducible, three-dimensional
systolic and diastolic regional wall mo-
tion analysis with sufficient spatial reso-
lution to allow identification of transmu-
ral variation (endocardial and epicardial
differences) in all myocardial segments
(3).

Tissue Doppler ultrasonography
(US), strain imaging, and strain-rate im-
aging with echocardiography are highly
dependent on transducer angulation
and thus have inherent limitations in
regard to complete three-dimensional
myocardial coverage and reproducibil-
ity (4,5). Cardiovascular MR imaging of-
fers different techniques for regional
wall motion analysis: myocardial tag-
ging (6–13), phase velocity (11,14–20),
phase displacement (21–23), and opti-
cal flow methods (24). Tagging ap-
proaches deliberately obliterate lines or
grids of signal and watch-grid deforma-
tion, as these regions move during the
cardiac cycle. Phase-velocity–based
methods allow direct observation of the
velocity of the tissue by using the phase
of the signal, hence the term tissue
phase mapping (TPM), and allow deter-
mination of the displacement with inte-
gration over time. Traditionally, TPM
methods have been used to measure the
displacement during short intervals and

yield measurements of instantaneous
velocity; the interval can be extended
with use of the displacement encoding
with stimulated echoes (or DENSE) ap-
proach (21–23) that allows measure-
ment of displacement during most of the
cardiac cycle. Optical flow of cine MR
images provides an alternative ap-
proach for defining cardiac velocity val-
ues and displacement, and with it, high-
resolution cine MR images that are not
encoded with additional displacement
information are used. Computerized al-
gorithms are used to generate motion
fields that explain the evolution of the
images from one frame to the next.
Such an approach is an extension of the
function that is performed naturally by
the human brain (24).

We hypothesized that TPM would
allow quantitative measurements of mo-
tion parameters that are reproducible
and independent of analyzers. Further,
given the high spatial resolution of TPM,
we hypothesized that this method would
show differences between endocardium
and epicardium for radial, circumferen-
tial, and longitudinal velocity parame-
ters in healthy volunteers. Thus, the
purpose of our study was to establish
prospectively a database of normal
three-dimensional systolic and diastolic
endocardial and epicardial velocity val-
ues for all myocardial segments in
healthy volunteers by using cine phase-
contrast velocity MR imaging (also
called TPM).

Materials and Methods

Study Participants
Ninety-six healthy volunteers (57 [59%]
men, 39 [41%] women; mean age, 38
years � 12 [standard deviation]) with
normal electrocardiograms were en-
rolled to undergo cardiovascular MR
imaging. The mean age of men (39
years � 13) was similar to that of
women (37 years � 12) (P � .05).
None of the subjects indicated that
they had a history of cardiovascular
disease, diabetes, cardiovascular
symptoms, or long-term use of medi-
cation other than contraceptives. The
study was performed according to the

principles of the Declaration of Hel-
sinki and was approved by the Oxford-
shire Clinical Research Ethics Com-
mittee. Each subject provided in-
formed written consent. Baseline
characteristics of the healthy volun-
teers are included in Table 1.

MR Imaging
All cardiovascular MR imaging examina-
tions were performed with a 1.5-T MR
imager (Sonata; Siemens Medical Solu-
tions, Erlangen, Germany). After pilot-
ing was performed, steady-state free
precession cine images (repetition time
msec/echo time msec, 3.0/1.5; flip an-
gle, 60°; section thickness, 7 mm; inter-
section gap, 3 mm; temporal resolution,
45 msec; number of lines of k-space per
heartbeat, 15; number of heartbeats
per breath hold, 14–17) were acquired
in horizontal and vertical long-axis
views, and short-axis views were ob-
tained parallel to the atrioventricular
groove and included the entire left ven-
tricle.

Phase-contrast images were ac-
quired with a prospectively triggered
black blood segmented k-space gradi-
ent-echo sequence (6.2/4.5; flip angle,
15°) with first-order flow compensation
in all dimensions to minimize artifacts
from flow or motion, and this technique
is described in detail elsewhere (15,16).
The pixel size was 2.7 � 1.3 mm (255 �
340-mm field of view, with 96 � 256
matrix interpolated to 192 � 256), and
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the section thickness was 8 mm. Veloc-
ity encoding was performed by adding a
bipolar gradient in the read, phase, and
section directions to the otherwise iden-
tical sequence after each radiofre-
quency pulse (in-plane velocity encod-
ing, 20 cm/sec; through-plane velocity
encoding, 30 cm/sec). The temporal
resolution was 37–87 msec in a single
breath hold (baseline and x-, y- and z-
axis velocity components) during 17–29
heartbeats (adjustable to breath-hold-
ing capability). The temporal resolution
was achieved by using view-sharing
techniques for which the resulting ve-
locity errors have been shown to be
small in structures that are the size of
the myocardium (16). The temporal
resolution (mean, 62 msec � 12) used
for our study population had very low
correlation coefficients for midventricu-
lar radial peak systolic (r � 0.003) and
diastolic (r � 0.19) velocity values, and
these values suggested that the tempo-
ral resolution applied would not sub-
stantially confound the acquired velocity
parameters.

Three short-axis sections at basal
(between the LV outflow tract and the
papillary muscles), midventricular, and
apical levels were acquired according to
recommended guidelines (3). The typi-
cal distance between the basal and the
apical short-axis section was 4–6 cm,
and positioning of the sections, which
was expressed as the percentage of the
distance between the atrioventricular
groove and the apex in the horizontal
long axis, showed low variability. The
basal, midventricular, and apical sec-
tions were located at means of 28% � 5,
51% � 4, and 74% � 5, respectively, of
that distance. All acquired data sets
were of sufficient image quality, without
respiratory artifacts in the magnitude
images, and could be included in the
analysis (Fig 1).

The first consecutive 18 of 96
healthy volunteers were imaged twice
within 1 week to determine interstudy
reproducibility. The mean age of men
(n � 8; 36 years � 15) in this group was
similar to that of women (n � 10; 37
years � 14) (P � .05). These 18 repeat
sets of TPM data were acquired with an
initial sequence that provided only ra-

dial and circumferential velocity infor-
mation. Consequently, no variability in-
formation was available for longitudinal
velocity and strain rate.

Data Analysis
Cine images were analyzed manually by
one author (S.E.P., with 6 years of ex-
perience in cardiac MR imaging) with

Figure 1

Figure 1: (a) End-diastolic and (b) end-systolic magnitude images obtained at midventricular level by
using a black blood segmented k-space gradient-echo sequence (also called TPM) in a healthy 31-year-old
male volunteer.

Table 1

Baseline Characteristics and LV Volume Results in 96 Healthy Volunteers

Data Value*

Characteristic
Age (y) 38 � 12
No. of patients

Men 57
Women 39

Height (cm) 174 � 8
Weight (kg) 73.0 � 12.9
Body surface area (m2) 1.87 � 0.19
Heart rate (beats/min) 65 � 10
Duration of systole (msec) 324 � 34
Systolic blood pressure (mm Hg) 123 � 18
Diastolic blood pressure (mm Hg) 81 � 17

LV volume parameter
LV ejection fraction (%)† 69 � 6
LV mass index (g/m2)‡ 58.7 � 10.5
LV end-diastolic volume index (mL/m2)§ 80 � 12
LV end-systolic volume index (mL/m2) 25 � 7
LV stroke volume index (mL/m2) 55 � 8

Note.—LV � left ventricular.

* Except where indicated otherwise, values are the mean � standard deviation.
† The normal range for male patients is 55%–73%, and that for female patients is 54%–74%, according to Alfakih et al (25).
‡ The normal range for male patients is 46–83 g/m2, and that for female patients is 37–67 g/m2, according to Alfakih et al
(25).
§ The normal range for male patients is 53–112 mL/m2, and that for female patients is 56–99 mL/m2, according to Alfakih et
al (25).
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software (Argus and Syngo 2002B; Sie-
mens Medical Solutions), with exclusion
of papillary muscles from the blood pool
in end diastole and end systole. For
each set of cine images, standard LV
volume parameters were generated to
further document healthiness of the vol-
unteers (Table 1) as follows: LV ejection
fraction, LV mass index, LV end-dia-
stolic volume index, LV end-systolic vol-
ume index, and LV stroke volume index.
All parameters were within normal lim-
its. TPM data analysis was performed at
a personal computer with customized
software (Matlab, version 6.5; Math-
works, Natick, Mass) (17). After man-
ual endocardial and epicardial contour

segmentation performed by one author
(S.E.P.) and a correction for transla-
tional motion components of the left
ventricle in the image plane (15), radial
and circumferential velocity values were
calculated from in-plane velocities for
each pixel on the basis of an internal polar
coordinate system positioned at the cen-
ter of mass of the left ventricle. The longi-
tudinal velocity values were already en-
coded in the acquisition and were used
without correction. The mean velocity
was computed for pixels within the epi-
cardial (inner half of the wall thickness),
endocardial (outer half of the wall thick-
ness), and transmural regions for each of
the 16 segments of the 17-segment model

according to the American Heart Associa-
tion and American College of Cardiology
recommendations (3).

The temporal axis of the three-di-
mensional systolic velocity information
obtained was then normalized to the
end-systolic time, as defined by the
smallest LV cavity on midventricular
cine images to avoid temporal jitter. Di-
astolic velocity information was simi-
larly normalized to the duration of dias-
tole (duration of systole subtracted
from R-R interval). For each of the ra-
dial and longitudinal velocity values, two
systolic and two diastolic parameters
were computed: systolic peak velocity,
systolic time to peak velocity, diastolic
peak velocity, and diastolic time to peak
velocity. These parameters were com-
puted for endocardial, epicardial, and
transmural velocity values in 16 segments
(3) and for averaged global basal, midven-
tricular, and apical velocity values.

In addition, the relative speed of
motion between the basal and apical
sections was plotted during the cardiac
cycle as the difference between the cir-
cumferential (torsion rate [degree �

sec�1 � cm�1], defined as the rate of
change of angular velocity along the
heart) and the longitudinal (longitudinal
strain rate [sec�1]) velocity values of
the global basal and apical sections nor-
malized to the midventricular short-axis
diameter and to the ventricular length.
Peak systolic torsion rate, peak diastolic
torsion rate, systolic time to peak tor-
sion rate, diastolic time to peak torsion
rate, peak systolic longitudinal strain
rate, peak diastolic longitudinal strain
rate, systolic time to peak systolic longi-
tudinal strain rate, and diastolic time to
peak longitudinal strain rate were then
derived from those graphs.

One observer (S.E.P.) analyzed the
images in the first 18 volunteers twice,
with 6 months between analyses, and
these data were also analyzed by a sec-
ond observer (F.W., with 8 years of
experience in cardiac MR imaging) to
allow determination of intra- and inter-
observer variability, respectively.

Statistical Analysis
All data are presented as the mean �
standard deviation unless stated other-

Figure 2

Figure 2: Graphs show data from three-dimensional TPM of basal (top row), midventricular (middle row),
and apical (bottom row) short-axis views. Data are presented as mean (solid line) � standard deviation
(dashed lines) after piecewise cubic Hermite interpolation. A, D, and G show radial velocity (n � 96) informa-
tion; positive velocity values represent contraction and negative velocity values represent expansion. B, E, and
H display circumferential velocity values (n � 96); positive velocity values represent clockwise rotation and
negative velocity values represent counterclockwise rotation. C, F, and I show plots for longitudinal velocity
values (n � 78); positive velocity values indicate base movement away from the apex, and negative velocity
values indicate base movement toward the apex. Longitudinal velocity values during the cardiac cycle can be
classified into five steps: The base of the heart undergoes initial displacement toward the apex (step 1) fol-
lowed by a decrease in velocity (step 2). At end systole (ES), a small increase in velocity directed toward the
apex occurs (step 3) before rapid motion of the base away from the apex during early diastole (step 4). This is
followed by a rapid decrease in velocity (step 5). ED � end diastole, Mid � midventricle.
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wise. To establish differences in contin-
uous data among data obtained for the
base, the midventricle, and the apex
and to compare endocardial and epicar-
dial parameters (transmural gradient),
mixed-effects models were fitted (Stata
8.0; StataCorp, College Station, Tex),
with a random intercept for volunteer
and categoric fixed effects for sector
and transmural gradient. Throughout
the analyses, a two-tailed P value of less
than .05 was considered to indicate a
statistically significant difference.

For analysis of interstudy reproduc-
ibility and inter- and intraobserver vari-
ability, the mean difference � the stan-
dard deviation of the mean difference
were determined (26). All other compu-
tations were performed with software
(SPSS 11.5, SPSS, Chicago, Ill; Matlab,
version 6.5, Mathworks).

Results

Radial Velocity
Contraction (positive radial velocity val-
ues) and expansion (relaxation, nega-
tive radial velocity values) patterns in
the basal, midventricular, and apical
levels were characterized by an increase
in contraction velocity during early sys-
tole, followed by a slowing down of con-
traction velocity later in systole. The in-
verse pattern was observed in diastole.
Similarly, an initial increase in radial
expansion velocity values was followed
by a decrease later during diastole (Fig 2).

Systolic peak radial velocity was
lowest in the apex with the mixed-ef-
fects model (z � �10.38, P � .001), but
the systolic time to peak radial velocity
was similar at all levels (z � �1.21, P �
.23) (Tables 2 and 3, Fig 3). The dia-
stolic time to peak radial velocity was
shorter in the basal section compared
with that in the midventricular and in
the apical sections (z � 8.44, P � .001),
and these values were accompanied by
similar diastolic peak radial velocity val-
ues at those myocardial levels (z � 0.35,
P � .73).

Transmural gradients for systolic
and diastolic peak radial velocity values
could be observed in each myocardial
section (P � .001 across levels for both

Table 2

Segmental and Myocardial Layer Distribution of Systolic Radial and Longitudinal
Velocity Parameters

Myocardial
Layer Basal Level

Midventricular
Level Apical Level

Peak Radial Velocity (cm/sec)
Epicardial 2.97 � 1.22 3.09 � 1.27 2.57 � 0.96
Endocardial 3.92 � 1.26 3.83 � 1.12 3.22 � 0.94
Transmural 3.44 � 1.33 3.46 � 1.25 2.90 � 1.00

Time to Peak Radial Velocity*
Epicardial 47.8 � 29.9 48.0 � 25.3 46.0 � 20.8
Endocardial 48.3 � 25.6 47.4 � 18.5 47.4 � 16.1
Transmural 48.1 � 27.8 47.7 � 22.1 46.7 � 18.6

Peak Longitudinal Velocity (cm/sec)
Epicardial �5.59 � 2.73 �4.14 � 3.01 �2.66 � 2.71
Endocardial �5.65 � 2.61 �4.11 � 2.82 �2.71 � 2.65
Transmural �5.62 � 2.67 �4.12 � 2.92 �2.68 � 2.68

Time to Peak Longitudinal Velocity*
Epicardial 37.3 � 38.8 50.6 � 61.0 64.4 � 67.4
Endocardial 38.4 � 41.8 54.4 � 62.8 65.5 � 67.2
Transmural 37.9 � 40.3 52.5 � 61.9 65.0 � 67.3

Note.—Values are the mean � standard deviation.

* Values are the percentage of end systole.

Table 3

Segmental and Myocardial Layer Distribution of Diastolic Radial and Longitudinal
Velocity Parameters

Myocardial
Layer Basal Level

Midventricular
Level Apical Level

Peak Radial Velocity (cm/sec)
Epicardial �3.52 � 1.71 �3.72 � 1.54 �3.36 � 1.37
Endocardial �4.62 � 2.13 �5.05 � 1.80 �4.61 � 1.56
Transmural �4.07 � 2.01 �4.38 � 1.80 �3.98 � 1.60

Time to Peak Radial Velocity*
Epicardial 21.7 � 11.2 23.1 � 11.1 26.0 � 11.5
Endocardial 21.5 � 10.5 21.4 � 11.7 25.6 � 9.56
Transmural 21.6 � 10.8 22.2 � 11.4 25.8 � 10.6

Peak Longitudinal Velocity (cm/sec)
Epicardial 9.25 � 3.04 6.94 � 2.80 4.27 � 2.49
Endocardial 9.59 � 3.18 7.28 � 2.80 4.35 � 2.45
Transmural 9.42 � 3.11 7.11 � 2.80 4.31 � 2.47

Time to Peak Longitudinal Velocity*
Epicardial 21.7 � 7.36 22.7 � 8.19 15.2 � 17.7
Endocardial 21.5 � 7.54 22.2 � 8.90 11.7 � 19.4
Transmural 21.6 � 7.45 22.4 � 8.55 13.4 � 18.7

Note.—Values are the mean � standard deviation.

* Values are the percentage of end diastole.

CARDIAC IMAGING: 3D Myocardial Regional Wall Motion at MR Petersen et al

820 Radiology: Volume 238: Number 3—March 2006



systolic and diastolic velocities), with
higher endocardial than epicardial ve-
locity values (Fig 3).

Circumferential Velocity and Torsion Rate
During systole, a counterclockwise ro-
tation (negative velocity values in Fig 2),
as viewed from the apex, was followed
by a clockwise rotation (positive veloc-
ity values in Fig 2) in the base and at the
midventricular level. The apical myo-

cardium, however, showed a counter-
clockwise rotation during the entire
length of systole. Circumferential veloc-
ity values were generally lower during
diastole. The base revealed a counter-
clockwise rotation in contrast to a
clockwise rotation in the apex during
diastole. Consequently, peak velocity
values and time-to-peak value parame-
ters for clockwise and counterclockwise
rotations were systolic or diastolic, de-

pending on the location of the myocar-
dial segments. Therefore, we plotted
the torsion rate during the cardiac cycle
(Fig 4a). A relative counterclockwise
rotation during systole was followed by
a relative clockwise rotation of the apex
against the base. Peak systolic torsion
rate, peak diastolic torsion rate, time to
peak systolic torsion rate, and time to
peak diastolic torsion rate are shown in
Table 4.

Figure 3

Figure 3: Graphs show segmental and myocardial layer distribution of radial velocity parameters (n � 96). Segments 1– 6 are basal, 7–12 are midventricular, and
13–16 are apical, according to American Heart Association (AHA) and American College of Cardiology (ACC) recommendations (3). Epicardial (■ ) and endocardial (E)
velocity parameters are shown as mean � standard error of the mean. Positive radial velocity values indicate contraction; and negative radial velocity values, expansion.
Transmural gradients for systolic and diastolic peak radial velocity values are observed in each of the three myocardial levels (P � .001 for both), with higher absolute
endocardial velocity values than epicardial velocity values. The basal, midventricular (Mid), and apical sections were located at points that signify the percentage of the
distance between the atrioventricular groove and the apex in the horizontal long axis of 28% � 5, 51% � 4, and 74% � 5, respectively. The error bars signify � 1 stan-
dard error of the mean. ED � end diastole, ES � end systole.
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No statistically significant differ-
ences between endocardial and epicar-
dial velocity values were observed for
clockwise and counterclockwise peak
velocity values and time to peak circum-
ferential velocity values (P � .05 for all).

Longitudinal Velocity and Longitudinal
Strain Rate
Longitudinal velocity values during the
cardiac cycle could be classified into five
steps (the numbers of the steps corre-
spond to those in Fig 2): The base of the
heart underwent an initial displacement
toward the apex (step 1 [mean peak
systolic longitudinal velocity of �5.3
cm/sec � 2.0]), followed by a decrease
in velocity (step 2). At end systole, a
small increase in velocity directed to-
ward the apex occurred (step 3) before
rapid motion of the base away from the
apex during early diastole (step 4 [mean
peak diastolic longitudinal velocity of
9.2 cm/sec � 2.5]). This was followed
by a rapid decrease in velocity away
from the apex (step 5). The same pat-
tern of motion was present at the mid-
ventricular (mean peak systolic and dia-
stolic longitudinal velocity values of
�3.7 cm/sec � 2.1 and 7.0 cm/sec �
2.3, respectively) and apical (mean
peak systolic and diastolic longitudinal
velocity values of �2.2 cm/sec � 2.1
and 4.1 cm/sec � 2.0, respectively) lev-
els, with decreasing amplitudes. Maxi-
mal basal movement toward the apex
occurred during systole and away from
the apex during diastole (Fig 4b).

Systolic peak (z � �0.25, P � .81)
and time to peak (z � 1.04, P � .30)
longitudinal velocity values were similar
in the endocardial and epicardial layers,
while diastolic peak (z � 3.12, P � .002)
and time to peak (z � �2.72, P � .006)
longitudinal velocity values differed.
Both diastolic (z � �44.64, P � .001)
and systolic (z � 27.11, P � .001) peak
longitudinal velocity values decreased
from base to apex (Tables 2 and 3, Fig
5).

Intra- and Interobserver Variability and
Interstudy Reproducibility
Intra- and interobserver variability
were low and interstudy reproducibility
was high for all velocity parameters at

apical, midventricular, and basal levels
(Table 5, Fig 6).

Discussion

Both of the mature cardiovascular MR
imaging–based methods, tagging and
TPM, essentially are used to evaluate
myocardial motion. TPM offers the bet-
ter spatial resolution, whereas tagging
has a better temporal resolution and
may thus be superior in terms of identi-
fication of peak deformation. TPM cov-
ers most of the cardiac cycle and allows
quantification of endocardial and epi-
cardial wall motion in both systole and a
large portion of diastole with consistent
data quality, whereas tag fading pre-

Figure 4

Figure 4: Graphs show (a) myocardial torsion rate (n � 96) and (b) myocardial longitudinal strain rate (n � 78). Data in graphs are presented as mean (solid line) �
1 standard deviation (dashed lines) after piecewise cubic Hermite interpolation. Relative counterclockwise rotation during systole is followed by a relative clockwise rota-
tion of the apex against the base. On b, basal movement occurs toward the apex during systole and away from the apex during diastole. ED � end diastole, ES � end
systole.

Table 4

Myocardial Torsion and Longitudinal Strain Rates in Healthy Volunteers

Parameter Value*

Peak systolic torsion rate (n � 96)† 16.2 � 4.7
Time to peak systolic torsion rate (n � 96)‡ 53 � 21
Peak diastolic torsion rate (n � 96)† �15.0 � 5.7
Time to peak diastolic torsion rate (n � 96)§ 13 � 8
Peak systolic longitudinal strain rate (n � 78)� �1.09 � 0.32
Time to peak systolic longitudinal strain rate (n � 78)‡ 51 � 13
Peak diastolic longitudinal strain rate (n � 78)� 1.49 � 0.60
Time to peak diastolic longitudinal strain rate (n � 78)§ 23 � 8

* Values are the mean � standard deviation.
† Values are degree � sec�1 � cm�1.
‡ Values are percentage of end systole (ie, quotient of time from R wave divided by time from R wave to end systole).
§ Values are percentage of end diastole (ie, quotient of time from end systole divided by time from end systole to R wave).
� Values are sec�1.
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vented diastolic motion assessment un-
til newer tagging sequences were intro-
duced. TPM data acquisition and post-
processing are quick and simple in
contrast to the time-consuming and
complex tagging analysis, although the
latter is continually being improved
(27,28). The temporal resolution for
TPM could potentially be improved with
use of a navigator sequence, although
such an approach would remove the
need for breath holding but might in-

crease the total imaging time. Within
the temporal resolution applied in our
study population, no dependency was
found for peak systolic and diastolic
midventricular radial velocity. This lack
of dependency suggests that the current
range of temporal resolution for TPM
might be sufficient.

Typical transmural radial velocity
patterns in healthy hearts have been de-
scribed by Markl and co-workers (17)
by using TPM and agree with our find-

ings. In addition, we report transmural
differences with higher systolic and dia-
stolic endocardial than epicardial radial
velocity values. Hashimoto and col-
leagues (29) found an increase in sys-
tolic and diastolic strain rate in sections
from the endocardium to the midmyo-
cardium to the epicardium in an animal
model, but they did not observe signifi-
cant differences in myocardial velocity
values by using tissue Doppler US. This
discrepancy might be partly explained

Figure 5

Figure 5: Graphs show segmental and myocardial layer distribution of longitudinal velocity parameters (n � 78). Segments 1– 6 are basal, 7–12 are midventricular,
and 13–16 are apical, according to American Heart Association (AHA) and American College of Cardiology (ACC) recommendations (3). Epicardial (■ ) and endocardial
(E) velocity parameters are shown as mean � standard error of the mean. Positive longitudinal velocity values indicate base movement away from the apex; and negative
values, base movement toward the apex. Systolic peak (z � �0.25, P � .81) and time to peak (z � 1.04, P � .30) longitudinal velocity values were similar in the endo-
cardial and epicardial layers, whereas diastolic peak (z � 3.12, P � .002) and time to peak (z � �2.72, P � .006) longitudinal velocity values differed. Both diastolic
(z � �44.64, P � .001) and systolic (z � 27.11, P � .001) peak longitudinal velocity values decreased from base to apex. The error bars signify � 1 standard error of
the mean. ED � end diastole, ES � end systole.
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by the slightly better spatial resolution
for TPM (2.7 � 1.3 mm for TPM vs
�3 � �2 mm for tissue Doppler US
imaging [28]) and more likely by the
fact that, in our study, we compared
only two rather than three myocardial
layer velocity values. The lower systolic

peak radial velocity values at the apex
might reflect the fact that this region is
constrained by the diaphragm. Smaller
diastolic peak radial velocity values in
the basal myocardium compared with
those in the midventricular and apical
myocardium might be explained by the

proportionally smaller myocardium-to-
cavity area at the base of the heart.

Our findings of a counterclockwise
rotation followed by a clockwise rota-
tion in the base of the heart during sys-
tole and the apical counterclockwise ro-
tation during the entire length of sys-

Figure 6

Figure 6: Graphs show intra- and interobserver variability and interstudy reproducibility for (a) radial and (b) circumferential velocity values during the cardiac cycle
at midventricular level as the mean value for the first 18 consecutive healthy volunteers. Data for observer 1 and measurement 1 (solid line), for observer 1 and measure-
ment 2 (dashed-dotted line), and for observer 2 (dashed line) and second image (dotted line) were plotted. Note the small variation in systolic and diastolic peak velocity
values and systolic and diastolic time to peak velocity values. Keys are the same as those for Figure 4.

Table 5

Intra- and Interobserver Variability and Interstudy Reproducibility at Basal, Midventricular, and Apical Level

Parameter and Level
Value for 18 Healthy
Volunteers*

Intraobserver
Variability†

Interobserver
Variability†

Interstudy
Reproducibility†

Systolic peak radial velocity‡

Basal 2.70 � 0.63 �0.009 � 0.17 0.02 � 0.13 �0.003 � 0.59
Midventricular 2.94 � 0.71 �0.07 � 0.29 0.005 � 0.31 �0.12 � 0.84
Apical 2.40 � 0.75 �0.04 � 0.13 0.02 � 0.13 0.18 � 0.76

Diastolic peak radial velocity‡

Basal �3.05 � 1.06 �0.04 � 0.37 �0.05 � 0.36 �0.72 � 1.46
Midventricular �3.88 � 1.33 �0.10 � 0.25 �0.06 � 0.21 �0.76 � 1.84
Apical �4.03 � 1.33 �0.08 � 0.17 0.04 � 0.13 �0.37 � 1.55

Clockwise peak circumferential velocity‡

Basal 2.48 � 0.55 �0.16 � 0.34 0.04 � 0.11 0.51 � 1.03
Midventricular 1.61 � 0.69 �0.04 � 0.41 �0.05 � 0.23 0.29 � 0.87
Apical 1.80 � 0.66 0.02 � 0.11 0.05 � 0.13 0.14 � 0.87

Counterclockwise peak circumferential velocity‡

Basal �2.55 � 1.03 �0.14 � 0.65 �0.006 � 0.10 �0.22 � 1.43
Midventricular �2.99 � 1.37 0.02 � 0.49 �0.03 � 0.24 �0.72 � 1.18
Apical �2.97 � 1.31 �0.03 � 0.09 0.04 � 0.12 �0.56 � 1.12

Peak systolic torsion rate§ 12.6 � 4.6 0.3 � 1.1 0.2 � 0.6 0.1 � 5.7
Peak diastolic torsion rate§ �14.3 � 5.7 0.2 � 1.1 �0.1 � 0.6 �3.4 � 7.4

* Values are the mean � 1 standard deviation.
† Values are the mean difference � standard deviation.
‡ Values are centimeters per second.
§ Values are degree � sec�1 � cm�1. Because the torsion rate is defined as the rate of change of angular velocity along the heart and is calculated as the difference between circumferential velocity
values of the global basal and apical sections normalized to the midventricular short-axis diameter, there are no values for the three myocardial levels.
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tole, as viewed from the apex, are
consistent with findings in studies with
cardiovascular MR tagging (30). This
pattern of circumferential velocity in the
myocardium is responsible for the fact
that peak circumferential clockwise and
counterclockwise velocity values occur
quite variably during either systole or
diastole. Plotting the torsion rate as the
difference between the basal and apical
circumferential velocity values by nor-
malizing the velocity values according to
the distance between these sections, we
obtained the basic system-independent
measurement of this motion. This al-
lows determination of true systolic and
diastolic parameters, such as peak sys-
tolic torsion rate, time to peak systolic
torsion rate, peak diastolic torsion rate,
and time to peak diastolic torsion rate.
We did not find a transmural gradient of
circumferential velocity values, a finding
that is consistent with three-dimen-
sional tagging results reported by
Moore and colleagues (30).

Our results for mean diastolic peak
longitudinal velocity at the myocardial
base (9.2 cm/sec � 2.5) match those for
basal mean longitudinal velocity values
with the use of TPM (8.2 cm/sec � 2.2)
reported by Karwatowski et al (31).
Similarly, the decrease in longitudinal
velocity values from base to apex ob-
served in our cohort was confirmed by
findings in a previous study on echocar-
diography, with mean peak systolic and
diastolic longitudinal velocity values at
the basal level of �9.3 cm/sec � 1.3 and
14.8 cm/sec � 3.2, respectively, and
those at the midventricular level of �7.7
cm/sec � 1.6 and 12.3 cm/sec � 2.8,
respectively (32). Longitudinal velocity
values were generally smaller with use
of TPM compared with those with use of
echocardiography, and this finding
might be explained by the better tempo-
ral resolution at echocardiography than
at TPM. Surprisingly, we could not de-
tect a statistically significant transmural
gradient for peak systolic longitudinal
velocity values, although longitudinally
directed fibers are mainly located in the
subendocardium (33,34). A possible ex-
planation might lie in the helical orienta-
tion of the epicardial fibers (35), an ori-
entation that potentially only inhibits

systolic transmural velocity differences,
as peak diastolic longitudinal velocity
values were greater in the endocardial
layers.

Our results suggest that TPM is a
reproducible comprehensive modality
for assessment of regional wall motion,
and intra- and interobserver variability
values are low. For analyses of longitu-
dinal velocity values, findings in a previ-
ous study (30) suggested that reproduc-
ibility is high in the assessment of pa-
tients twice but within the same imaging
time. The variation seen in true inter-
study reproducibility, however, should
reflect not only variability in measure-
ment but also varying preload, blood
pressure, and different section selec-
tion, and this variability of all these fac-
tors necessitates the acquisition of im-
ages at separate times. The variability in
section positioning in our study popula-
tion was very low (�5%, calculated by
dividing the standard deviation by the
mean of the position of the section; the
position of the section was expressed as
a percentage of the distance of the sec-
tion to the mitral valve plane divided by
the distance between the mitral valve
plane and the apex). Interobserver vari-
ability found in our study compares fa-
vorably with that obtained for echocar-
diographic strain and strain-rate imag-
ing (approximately 15%) (36).

Our study was performed in young
healthy volunteers and was not de-
signed for investigation of effects of age,
preload, and medication on myocardial
velocity values. The effects on the de-
scribed parameters will have to be ad-
dressed in future studies.

TPM currently is limited because of
a lower temporal resolution when com-
pared with echocardiographically deter-
mined strain and strain rate (5) (one
order of magnitude) and cardiovascular
MR tagging (30) (two- to threefold).
Furthermore, the prospectively electro-
cardiographically triggered TPM natu-
rally misses about 10%–20% of the car-
diac cycle in late diastole. High-field-
strength magnets, improved gradient
systems, and implementation of parallel
imaging may further improve temporal
resolution.

An inherent problem in the use of

myocardial velocity parameters is
caused by the nature of continuous
structures, such as the myocardium, to
transmit deformation to adjacent tissue,
and the transmittal of deformation often
is referred to as “tethering.” Any locally
measured myocardial velocity might re-
flect active or passive motion (37–39).
As described in detail elsewhere (15),
TPM is performed in a breath hold to
avoid bulk motion of the internal or-
gans, and it corrects in-plane transla-
tional motion. Furthermore, our mea-
surements of torsion rate and longitudi-
nal strain rate are independent of
tethering effects.

In conclusion, TPM is a reproduc-
ible comprehensive modality for assess-
ment of regional wall motion, and intra-
and interobserver variability values are
low. Our results may potentially serve
as reference data with which data from
abnormal hearts can be compared, al-
lowing TPM to be used as part of a
multiparametric cardiovascular MR im-
aging approach in clinical practice.
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