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FULL PAPER

Complementary Radial Tagging for Improved Myocardial
Tagging Contrast

Zhe Wang,1,2 Abbas Nasiraei-Moghaddam,1,3 Meral L. Reyhan,1,4

Subashini Srinivasan,1,2 J. Paul Finn,1,4 and Daniel B. Ennis1,2,4*

Purpose: To develop and evaluate complementary radial tag-

ging (CRT) for improved myocardial tagging contrast.
Methods: We sought to develop and evaluate CRT, which

aims to preserve the radial tag contrast throughout the cardiac
cycle. Similar to complementary spatial modulation of magnet-
ization, CRT acquires two sets of images with a phase shift in

the tag pattern. The combination of a ramped imaging flip
angle and image subtraction enhances tag contrast throughout
the cardiac cycle. The proposed CRT technique uses a small

table shift away from the isocenter to improve the uniformity
of the radial tag pattern. We provide a mathematical solution

for the optimal table shift and validate the solution in using a
retrospective analysis of images from 500 patients in the Car-
diac Atlas Project database.

Results: CRT simulations, phantom experiments, and in vivo
images all demonstrate the improved tag contrast of CRT

compared to RT. The retrospective evaluation demonstrated
that acceptable CRT images could be acquired in over 98% of
the clinical exams.

Conclusion: The CRT technique improves radial tag contrast
throughout the cardiac cycle and should produce high quality

tag patterns in nearly all patients. Magn Reson Med
73:1432–1440, 2015. VC 2014 Wiley Periodicals, Inc.

Key words: myocardial tagging; complementary radial tag-
ging; spatial modulation of magnetization; complementary spa-

tial modulation of magnetization

INTRODUCTION

Cardiac magnetic resonance imaging is a proven tech-
nique for the evaluation of myocardial structure and
function. In particular, MRI tagging can be used to non-
invasively generate tissue landmarks, which facilitate the
qualitative and quantitative assessment of left ventricular
(LV) myocardial deformation in both research and clini-
cal settings (1–3). The first demonstration of myocardial

tagging by Zerhouni et al. (1) used radial saturation
bands. Therein, several thin tagging planes were gener-
ated perpendicularly to the imaging plane. During imag-
ing, the tagging planes appear as dark lines within the
imaging plane and the tag pattern deformation reflects
the underlying myocardial motion. This method of tag
generation was surpassed by Cartesian line or grid tag-
ging patterns, which can be generated by spatial modula-
tion of magnetization (SPAMM) (2). T1 relaxation effects,
however, contribute to tag fading, which typically result
in the tags only being detectable for the first �500 ms of
the cardiac cycle at 1.5 T (4). Complementary spatial
modulation of magnetization (CSPAMM) was introduced
by Fischer et al. (5) to enhance tag contrast and increase
the tag persistence in late cardiac phases.

Recently, Nasiraei-Moghaddam and Finn (6) developed a
new pulse sequence, which uses time-varying sinusoidal-
shaped RF pulse and gradients to generate radial tags effi-
ciently. Whereas previous radial tagging techniques used
multiple discrete RF pulses within a relatively long tag
preparation time, this radial tagging sequence uses continu-
ous RF pulses and gradient waveforms. Due to the contri-
bution of both on-resonance excitation and off-resonance
excitation, this radial tagging method has lower specific
absorption rate and can be generated in a shorter period of
time compared to previous radial tagging sequences.

Radial tagging patterns have the potential advantage of
better conforming to the annular geometry of the LV in the
short axis (SA) view, but no radial tagging technique has
been presented that produces contrast similar to
CSPAMM. Hence, in this article, we define the principles
that govern combining the CSPAMM concept with radial
tag encoding to create complementary radial tags (CRT);
demonstrate LV SA images acquired in healthy subjects;
and discuss the requirements for obtaining high quality
CRT images. The in vivo tag contrast is also compared
with theoretical simulation results. Furthermore, with the
CRT technique used herein the scanner table is translated
to an optimal table position relative to the isocenter of the
main magnetic field to improve the uniformity of the
radial tag pattern. Lastly, we use the Cardiac Atlas Project
(7) to retrospectively calculate the optimal table position
of LV SA images from a large population of patients and
demonstrate that the new CRT technique can be used in
the majority of clinical cases.

THEORY

Complementary Radial Tagging

We combine the principle of CSPAMM (5) with the
radial tag encoding technique (6) to generate CRT
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images. Two series of RT images are encoded to generate
phase-shifted tag patterns followed by a spoiled gradient
imaging sequence. The pixel intensity in a RT image can
be expressed by the sum of the image contrast profile
(Iimage) and the tag contrast profile (Itag) (5).The tag pro-
file is more easily expressed in polar coordinate system
with the tag center as the origin, r as radius, u as the
polar angle, and t as time

Itotal r; u; tð Þ ¼ Iimage r; u; tð Þ þ Itag r; u; tð Þ [1]

Two RT image sets have the same Iimage (Iimage,1¼ Iimage,2).
The subtraction of two RT image sets generates CRT images
that contain only tag information.

Itotal;1 r; u; tð Þ � Itotal ;2 r; u; tð Þ ¼ Itag ;1 r; u; tð Þ � Itag ;2 r; u; tð Þ
[2]

Two series of images are acquired with the same RF
pulse, but sinusoidal gradients with different phases.
The requisite phase shift (u) between the gradients is:

w ¼ p

2Ntag
[3]

Ntag is the number of tag lines. Consequently, the two
tag profiles exhibit similar, but rotated tag patterns:

Itag;1 r; u; tð Þ ¼ Itag ;2 r; uþ w; tð Þ � �Itag;2 r; u; tð Þ [4]

The two tag profiles have opposite signs and the tag
contrast is, therefore, enhanced after subtraction.

Itotal;1 r; u; tð Þ � Itotal;2 r; u; tð Þ � 2 Itag;2 r; u; tð Þ [5]

Due to T1 relaxation tag contrast gradually decreases
and eventually becomes 0. Further application of the
ramped imaging flip angle scheme on CSPAMM (5)
images generate constant tag contrast throughout the

entire cardiac cycle. In this article, the ramped imaging
flip angle scheme was used for image acquisition.

We use five half-sinusoid lobes for the RF pulse to gen-
erate a total of 10 intersections with the LV and 20 CRT
line intersections after subtraction (Fig. 1). RF pulse not
only excites the spins in the on-resonance plane to form a
radial tag line but also contributes to circumferential adja-
cent lines, which sharpens the tag profile and leads
to lower specific absorption rate of the preparation
sequence compared to Zerhouni’s methods. Also, note
that the CRT approach requires fewer lobes compared to
Nasiraei-Moghaddam’s method to achieve the same num-
ber of tags.

Optimal Table Position

RT technique uses a combination of sinusoidal gradients
and RF pulse envelopes to select an on-resonance plane,
which rotates about the applied gradient direction (g,
unit vector, Fig. 2). The hardware design for modern
MRI machines requires g pass through the isocenter (O)
of the main (B0) magnetic field. The intersection of g on
the imaging plane defines the location of the radial tag
center (Ctag). In general, the imaging plane can be
described by a normal vector (n, unit vector), which can
be selected independent of g.

Once a subject is positioned inside the MR scanner,
the LV short axis plane’s normal vector (n) is defined rel-
ative to the scanner’s coordinate system. If the angle (a)
between n and g is minimized, then the intended radial
tag pattern is generated, but the center of the radial tag-
ging pattern is not guaranteed to coincide with the LV
cavity center (CLV; Fig. 2a). If, however, g is chosen to
point to CLV, but is not coaxial with n, then a is not be
minimized. Consequently, tagging will be centered cor-
rectly (Ctag¼CLV), but with nonuniform profile (Fig. 2b).
The ideal radial tagging pattern is only generated when
both g and n pass through CLV, which requires: (1) g and
n point to CLV¼Ctag. (2) Minimizing the angle (a)
between n and g (Fig. 2b).

To satisfy requirement (1), Ctag is forced to coincide
with CLV by tilting the g away from the image plane nor-
mal n (Fig. 2b) such that g ¼ Mrot � n where Mrot is a rota-
tion matrix determined by the imaging plane parameters.
This generates a projection of the radial tag pattern on
the SA imaging plane (Fig. 2b).

To satisfy requirement (2), the scanner table can be
moved away from the isocenter to an optimal table posi-
tion (Hopt) to improve the tag profile. As indicated in
Figure 2c, at the new table position, a uniform tag pattern
is generated on a new oblique plane with a smaller a.

The ideal tag profile can be achieved when a¼ 0�,
however, the MRI scanner table can only be moved along
the head-foot direction (6H direction). In practice, for an
arbitrary imaging plane in 3D space, a may only be
reduced to a minimum, non-zero value.

Hopt ¼ argmin < a > [6]

The angle a between g and n and can be expressed as:

a ¼ acos g � nð Þ [7]

FIG. 1. RF pulse (magnitude and phase) and gradient waveforms
for the CRT pulse sequence. Sinusoidal-shaped gradients gener-

ate one set of radial tags (solid line), while phase-shifted Gx and
Gy gradients (dashed line) generate the complementary set of

radial tags. The five sinusoidal lobes in the RF pulse create five
radial tagging lines and 10 radial tags intersections with the LV
wall. The number of tag intersections doubles again after CRT

image subtraction.
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Once the imaging slice is defined, the image normal n
is known:

n ¼

n1

n2

n3

2
664

3
775 [8]

g can be derived if Ctag is equivalent to CLV

g ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 þ P2 þH2
p

L

P

H

2
664

3
775 [9]

L (left-right), P (anterior-posterior), and H (head-foot)
indicate the subject’s CLV relative to isocenter (O). Sub-
stitution of Eqs. 8 and 9 into Eq. 7 results in the
following:

a ¼ a cos
n1L þ n2P þ n3Hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 þ P2 þH2
p

� �
[10]

n1, n2, n3, L, and P are fixed, whereas H remains the
only variable. Take the derivative of Eq. 10 and set it to
zero. Hopt can be derived as:

Hopt ¼ argmin < a > ¼ n3ðL2 þ P2Þ
n1L þ n2P

[11]

METHODS

Complementary Radial Tagging Bloch Simulations

Radial tagging involves a highly nonlinear excitation of
spins, wherein the pulse duration t, maximum RF ampli-
tude B1,max, maximum gradient amplitude Gmax, and Ntag

contribute together to generate the radial tagging pattern
(6). To better visualize and analyze the tagging pattern,
simulated results were generated with a Bloch equation
simulator (http://mrsrl.stanford.edu/�brian/bloch/) using
MATLAB (The MathWorks, Natick, MA).

LV CRT images in the SA plane were simulated with
the T1¼ 1000 ms (8), T2¼ 60 ms (8,9) representing myo-
cardium at 1.5 T.The magnetization of the myocardium at
thermodynamic equilibrium was set to one. Based on the
average size of a normal human heart (10), an annulus of
myocardium in the SA plane was defined with an inner
diameter of 3 cm and an outer diameter of 5 cm. The fol-
lowing parameters were also used: 350 � 350 mm2 field
of view, 1.8 � 1.8 mm2 pixel spatial resolution,
B1,max¼5 mT, Gmax¼ 10 mT/m, and total tag preparation
duration of 10 ms. The results were used to evaluate the
tag pattern seen in Figure 2. Tag contrast ratio in RT and
CRT simulations were calculated and compared with in
vivo data in Figure 3.

Phantom Imaging Experiments

A stationary phantom was imaged using a 1.5 T Siemens
Avanto scanner (Siemens Medical Solutions, Erlangen,
Germany). The phantom’s T1 value was measured to be
�970 ms using spin echo inversion recovery. Similar to
the traditional line or grid tag acquisitions, the CRT
preparation module is played at the beginning of each
cardiac cycle followed by spoiled gradient imaging
acquisition. This modified spoiled gradient sequence
with electrocardiogram (ECG) triggering was used to
acquire images with different a for comparison to the
simulation result. Imaging parameters were: total tagging
preparation duration¼10 ms, TE/TR¼ 3.75/5.13 ms,
field of view¼ 250 � 250 mm2, receiver bandwidth¼ 200
Hz/pixel, matrix size¼ 196 � 196, and 1.3 � 1.3 mm2

FIG. 2. Optimization of the position of the LV SA imaging plane (thick black line) and orientation of the tagging plane relative to the B0

isocenter (O) to achieve the uniform radial tag pattern for the LV short axis. a: Subsequent to landmarking the gradient direction (g)

used for tagging and the SA image plane normal (n) coincide, in general, but the center of the tags (Ctag) may not be coincident with
the center of the LV (CLV). b: g is updated to pass through the center of the LV (CLV coincides with Ctag) and the tagging pattern is uni-
form on the tagging plane (gray line), but not on the SA imaging plane. c: Calculation of an optimal table shift (H¼HOpt) is achieved by

minimizing a, which results in g intersecting CLV and the optimum tagging pattern is generated on the SA imaging plane.

1434 Wang et al.
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resolution with slice thickness¼ 6 mm. External ECG
trigger with RR interval of 1000 ms. Image flip angle is
set to be 12�.

In the first experiment, tag pattern was generated on
an oblique plane with different projection angle a. In the
second experiment, Ctag was moved away from the CLV

with different off-center shift L to test the sensitivity of
the correct placement of Ctag relative to CLV. In both
experiments, the arc length (d) between two adjacent tag
lines was calculated and reported as mean 6 standard
deviation. The coefficient of variation (CV) is calculated
as the standard deviation of d (dstd) divided by the mean
of d (dmean).

In Vivo Imaging Experiments

In accordance with institutional, state, and federal guide-
lines, all subjects were informed about the potential risks
and benefits of the study and asked to provide signed
statements of informed consent prior to commencing the
imaging studies. The local institutional review board
approved this study.

The CRT sequence used in the phantom experiment

was slightly modified to acquire in vivo images. The

new sequence included automated table position adjust-

ments based on Eq. 11. In vivo images were acquired to

demonstrate the CRT pattern in healthy volunteers

(N¼ 10, 2 females and 8 males; age 26.5 6 2.4 years) with

no previous history of cardiovascular disease. Volunteers

were positioned headfirst and supine. Localizer sequen-

ces and functional cine images were first acquired to

locate the apical, middle, and basal slices in the cardiac

SA plane using a six-element anterior coil array and a

six-element posterior coil array. Short axis basal LV

images were acquired at a basal position where the myo-

cardium retains an annular shape for the entire cardiac

cycle. Short axis apical LV images were acquired at the

most apical level wherein the blood pool was apparent

for all cardiac phases.

The following imaging parameters were used: total tag
preparation duration was 10 ms, TE/TR¼ 3.75/5.13 ms,
field of view¼ 300–350 � 300–350 mm2, receiver
bandwidth¼ 200 Hz/pixel, matrix size¼196 � 196, and
1.5–1.8 � 1.5–1.8 mm2 resolution with slice thickness¼ 6
mm. Twenty cardiac phases were acquired using 8 ky-
lines per segment for a temporal resolution of 41 ms. A
12� constant imaging flip angle was used for the RT
sequences to calculate the tag CNR and compared with tag
contrast in simulation data. A ramped image flip angle
with a final flip angle of 20� (11) was used for the CRT
sequence to demonstrate the rather uniformed tag contrast
throughout the entire cardiac cycle. The acquisition win-
dow was adjusted to cover �90% of the R-R interval for
each volunteer. Parallel imaging with rate-2 GRAPPA (12)
and three-fourth partial Fourier imaging were used to
reduce the total breath hold time to be 11–13 and 22–26 s
for the RT and CRT sequences, respectively.

Both the phantom and in vivo CRT images were recon-
structed offline using MATLAB. The CRT images were
reconstructed by taking the complex difference of the
two RT images for each cardiac phase.

Basal and apical LV SA tagged images were acquired
from 10 healthy volunteers with off resonance insensi-
tive SPAMM line tags (13) and CRT tags. LV twist from
line and CRT tagged images was calculated using Fourier
analysis of stimulated echoes (14). LV twist was calcu-
lated as the rotational difference between apical and
basal LV images (15) for each cardiac phase.

Tag Contrast-to-Noise Ratio Measurement

The tag contrast-to-noise ratio (TCNR) for RT and CRT in
vivo images were measured in a subset of five healthy
volunteers. Small regions-of-interests were placed on the
tagged and untagged myocardium. The ratio of TCNR

between RT and CRT images was calculated and com-
pared to the tag contrast (TC) ratio acquired from noise-
free simulation results. TC and TCNR are defined (16):

FIG. 3. a: Tag contrast in RTþCFA (dashed), CRTþCFA (dash dotted) and CRTþRFA (solid) images was calculated from simulation data.
b: Tag contrast-to-noise ratio was measured in RTþCFA (dashed), CRFþCFA (dash dotted) and CRTþRFA (solid) in vivo images from 10

healthy volunteers. Error bars reflect the standard deviation for each cardiac phase.

Complementary Radial Tagging 1435



TC ¼ ðSI myocardium � SI tag Þ [12]

TCNR ¼
ðSI myocardium � SI tag Þ

sc
[13]

where SImyocardium and SItag are the mean regions-of-
interest signal intensities for the untagged and tagged
myocardial tissue and rc is the noise standard deviation
(SD) measured from the background regions-of-interest
and corrected by Dietrich et al.’s method (17).

Retrospective Analysis of Optimal Table Position Shifts

Though the hardware design varies among different MRI
manufactures, the scanner table for modern MRI machines
can only be moved within a limited range while maintain-
ing image quality because of both the field homogeneity
and the limits of gradient linearity. A previous study indi-
cated images acquired out of this range (6100 mm) suffer
from severe gradient nonlinear distortion and the image
quality can be affected dramatically (18). However,
whether the optimal table position for a particular SA
imaging slice falls within the gradient linearity range for
most patients is unknown. Therefore, to evaluate the abil-
ity to acquire acceptable radially tagged images in clinical
practice, the optimal table position shifts for a large num-
ber of subjects was retrospectively evaluated using images
from the Cardiac Atlas Project database (7).

We retrospectively evaluated the Hopt and a values for
500 patients and 1537 LV SA images obtained from the
Cardiac Atlas Project database. Patient-specific image
information was extracted from the DICOM header file of
each image including the normal of the image plane (n),
the pixel spacing value (pixel/mm), and the top-left pixel
location (L, P, H). CLV was manually identified for each
image and transformed to scanner coordinates using
information in the DICOM header. The image normal
vector (n) was obtained from the cross product of the

two unit vectors along the image edge directions. The
optimal table position and corresponding amin for each
patient and each SA plane was then calculated according
to Eq. 11.

RESULTS

TC and TCNR Results

Figure 3a shows the tag contrast (TC) as a function of
time for RT with Constant Flip Angle (CFA), CRT with
CFA, and CRT with ramped flip angles (RFA) from simu-
lations. Figure 3b shows the mean TCNR measured from
in vivo images (N¼ 10). The simulation results show
that the CRTþRFA maintains a constant Tc throughout
the cardiac cycle. For the in vivo CRT measurements,
subtraction of two image sets reduced the noise SD and
further increased the TCNR by a factor of about

ffiffiffi
2
p

com-
pared to the RT sequence.

In Vivo Images

Figure 4 shows the CRT images at different table posi-
tions acquired in a healthy subject at �40% of the car-
diac cycle. Figure 4a shows the nonuniform CRT pattern
acquired 60 mm away from the optimal table position.
The tag pattern improves as the table position
approaches Hopt ðDH ¼ 0Þ (Fig. 4b). The best CRT pat-
tern is achieved when imaging at Hopt (Fig. 4c) and
degrades beyond Hopt (Fig. 4d,e).

Figure 5 shows a comparison of the RT and CRT tag
contrast different cardiac phases. LV SA images were
acquired at the apical and basal levels. The dense tag-
ging pattern combined with flowing blood results in
the loss of tag information inside the LV cavity during
all cardiac phases for both techniques. Additional
blood pool suppression in the CRT images results from
image subtraction. CRT technique combined with
ramped imaging flip angle is used to obtain rather

FIG. 4. CRT images acquired with
a range of nonoptimal table posi-

tion shifts. DH (mm) is defined as
the table shift away from the

optimal position. Note the tag
pattern improvement in C where
DH¼0 mm and H¼Hopt.
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uniform tag contrast throughout the entire cardiac
cycle. The tags in the radial tagging images start to
fade and become more difficult to observe in late car-
diac phases, while the tag contrast is relatively pre-
served in the CRT images. Note also that due to tag
fading in tissues outside the heart, there is significant
background tissue suppression in CRT, which aids vis-
ualization of cardiac function.

Phantom Analysis

Equation 11 shows in some cases, a can be only mini-

mized to a non-zero value. However, if amin remains

very large the tag profile is still significantly affected.

The CRT profiles acquired in a stationary phantom

with different projection angles are shown in Figure 6a.

The white circle indicates the approximate LV

FIG. 5. Comparison between RT images and CRT images in a healthy human subject. For RT and CRT images, apical and basal LV

images in the SA view are annotated as RT Apex, CRT Apex, RT Base, and CRT Base. The tag lines fade in RT images, but retain higher
contrast in the CRT images, especially in the later cardiac phases.

FIG. 6. a: CRT images with different projection angles a (0�, 10�, 20�, 30�, 40�, and 50�) were acquired in a stationary phantom. b: CRT
images with the tag center moved away from the LV cavity by a distance L (0, 2, 4, 6, 8, and 10 mm). The white circle indicates the

approximate myocardium location in LV SA image.

Complementary Radial Tagging 1437



myocardial position in a SA image. Results are reported
in Table 1.

The in-plane image resolution for CRT in vivo images
was 1.5–1.8 � 1.5–1.8 mm2. Images with a� 30� have
excellent tag profiles that are only subtly different from
the ideal uniform tag profile (CV�20%, dstd< 1 pixel).
For 30�< a� 40� the tag profiles are affected, but still
qualitatively acceptable (CV� 30%, dstd � 1 pixel).
When a> 40�, a distinguishable pattern of more closely
and more distantly spaced tags is apparent (CV> 30%,
dstd>1 pixel). Based on these images, we conclude that
a� 30� produces an excellent tag pattern, whereas a� 40�

produces an acceptable tag pattern, but a>40� produces
an unacceptable tag pattern.

In Figure 6b, Ctag was moved away from CLV with
different off-center shifts L, d is calculated for each L
in Table 1. When the Ctag does not coincide with CLV

we find that dstd 1.4 (<1 pixel) and the CV� 20% if

L< 6 mm and that the tag pattern is more variable for
L> 6 mm.

Retrospective Analysis

Figure 7 shows a two-dimensional histogram from the
retrospective analysis of patients (N¼500) in the Cardiac
Atlas Project database. The x-axis shows the absolute
value of the optimal table positionðjHopt j) and the y-axis
shows the corresponding minimum projection angle
(amin). Analysis of the 2D histogram demonstrates that
90% (1383/1537) of the clinical cases fall within
amin�30� and jHopt j � 55 mm (Fig. 7 solid white line),
which should produce an excellent CRT pattern. An
acceptable tag pattern can be generated in 99% (1521 of
1537) of the clinical cases (Fig. 7 dashed white line)
when amin� 40� and jHopt j � 70 mm).

LV Twist Analysis

Figure 8 demonstrates the LV twist measurement using
the Fourier analysis of stimulated echoes method for off
resonance insensitive SPAMM line tagged and CRT
tagged images in 10 healthy volunteers. t-test between
the two measurement results show no statistical differen-
ces (P¼ 0.28). Linear regression results in a correlation

Table 1
Measured Distance between Adjacent Radial Tag Lines for a Range of Projection Angles (a) and Off-Center Distances (L) of the

Radial Tags’ Center (CV: Coefficient of Variation)

Projection angle

a (�) 0 10 20 30 40 50
d (mm) 6.7 6 0.1 6.7 6 0.3 6.7 6 0.6 6.8 6 1.3 6.8 6 2.0 6.8 6 2.8

CV 1% 4% 9% 20% 30% 41%
Off-center distance

L (mm) 0 2 4 6 8 10
d (mm) 6.7 6 0.1 6.7 6 0.5 6.7 6 0.9 6.7 6 1.4 6.7 6 1.8 6.7 6 2.3
CV 1.5% 4.5% 9.0% 20% 27% 34%

FIG. 7. Two-dimensional histogram of the optimal table position
shift (jHopt j) and minimum projection angle (amin) for 1537 SA

images retrospectively analyzed from patients (N¼500) in the Car-
diac Atlas Project database. A cut-off of jHopt j is applied.

amin�30� and jHopt j �55 mm (solid white line) indicates 90% clin-
ical cases could have been imaged with an excellent radial tag-
ging profile. amin�40�and jHopt j �70 mm (dashed white line)

indicates 99% clinical cases would have an acceptable radial tag-
ging profile.

FIG. 8. LV mean twist measurement from 10 healthy volunteers
using Fourier analysis of stimulated echoes method for CRT (solid)

and off resonance insensitive SPAMM line tagged images
(dashed). The one-sided error bars reflect the standard deviation

for each cardiac phase.
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coefficient of r¼0.99. Figure 9 shows the Bland–Altman
analysis with a measured bias of �0.13� and a 95% con-
fidence interval of 60.98�. There are small apparent dif-
ferences in mid-diastasis and late diastolic phases
between the two tagging methods compared with the
subtle apparent differences during systole.

DISCUSSION

In this article, we defined the theory, demonstrated sim-
ulation and phantom results, and evaluated in vivo
images using CRTs. CRT extends tag contrast throughout
the cardiac cycle and affords the potential advantages of
a tagging pattern that is more closely matched to the
annular geometry of the LV.

Simulation results show that the magnetization pattern
near the tag center is complex and difficult to predict. In
practice, the center of the radial tag pattern is placed in
the LV blood pool and subsequent convection mixes the
blood signal and eliminates any tag pattern inside the
LV cavity. In the CRT images, the LV blood pool tag sig-
nal is further reduced by image subtraction, which pro-
duces dark blood LV images while the radial tagging
pattern remains apparent in the myocardial wall
throughout the cardiac cycle.

As described in Eq. 1, RT images contain both tag and
image information while CRT images contain only
enhanced tag contrast information. With the additional
use of the RFA scheme, the CRT tag contrast remains rel-
atively constant throughout the entire cardiac cycle.

CRT also suppresses background tissues outside the
heart as a consequence of image subtraction and the
shallow tagging pattern, which fades quickly. This con-
trast property is being further explored as a means for
enabling segmentation of the heart for quantitative evalu-
ation of LV function.

Both RT and CRT tag profiles are affected by the RF
pulse duration, tag number, amplitude of the RF pulse,
and gradients lobes. In this article, these parameters
were particularly chosen to make sure spins at the LV
myocardial radius have the highest tag contrast, whereas
the contrast for other tissues still follows the approxima-
tion in Eqs. 4 and 5. The relationship of the tag profile

as a function of the above parameters needs to be further
studied.

The center of the radial tags should be at the center of
the LV cavity to obtain the best radial tagging pattern.
This can be achieved by moving the table to an optimal
position. However, image quality decreases dramatically
if the images are acquired outside of the gradient linear-
ity range. A retrospective analysis of the clinical data
shows that our sequence can generate acceptable tag pat-
tern quality for a majority of patients (over 99%). Even
with observable tag pattern imperfections, CRT may still
provide useful landmarks for the assessment of cardiac
function.

CRT images can be generated from the subtraction of
the two sets of radial tagging images in several ways. We
initially used an inversion pulse after the radial tags and
subtracted the two sets to generate CRT images. How-
ever, this resulted in a blurry tag edge profile due to the
asymmetric pattern of the inverted and noninverted mag-
netization. Our current method using a phase shift
between the two sets of tag profiles, conversely, pro-
duces shaper tag profiles and results in better quality
CRT images.

CRT images require the subtraction of the two sets of
radial tagged images, which are acquired in a single
breath hold. Our current sequence scheme acquires the
first set of images completely before acquiring the sec-
ond set of images. Therefore, high image quality
depends on the subject’s breath hold stability. A small
movement of the diaphragm during the breath hold can
result in poor tag and image quality after image subtrac-
tion. This may be improved by interleaving the two sets
of radial tagging acquisitions to further minimize the
potential subtraction error. Currently, the acquisition
duration for the CRT sequence is �20 s. While it is not
a difficult task for a healthy adult, this can be challeng-
ing for patients and children with impaired cardiac or
respiratory function.

The CRT method generates a tag pattern with
enhanced tag contrast that better matches the annular
shaped LV myocardial wall in SA images. These prop-
erties may enable more accurate measurements of the
LV rotational mechanics, including LV twist and torsion
or measures like circumferential strain, especially in
mid-diastasis and late diastolic cardiac phases. Cur-
rently, the Fourier analysis of stimulated echoes analy-
sis method is validated for line tagged images to
provide a global LV twist measurements, but needs to
be further evaluated for application to CRT patterns. A
previous study also indicates that the RT technique can
estimate regional LV rotation (19) and an extension to
CRT should be evaluated. Future work involves devel-
oping a faster and robust analysis method, then evaluat-
ing accuracy, precision, and reproducibility in a clinical
setting.

CONCLUSIONS

In conclusion, the CRT technique is a novel myocardial
tagging method that generates high tag contrast in the
later cardiac phases. It can be potentially used for

FIG. 9. Bland–Altman plot comparing the LV twist measurements
obtained using the off resonance insensitive SPAMM and CRT
methods.
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evaluating cardiac function and performing quantitative
analysis of LV rotational function.
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