Improved Myocardial Tagging Contrast

S. E. Fischer, G. C. McKinnon, S. E. Maier, P. Boesiger

Myocardial tagging is a new noninvasive MRl method that
llows the study of myocardial motion with high accuracy.
{owever, with conventional tagging techniques tagging con-
rast is impaired at later heart phases due to longitudinal re-
axation. An improved method, called Complementary SPAtial
Aodulation of Magnetization (CSPAMM), which separates the
;omponent of the magnetization with the tagging information
rom the relaxed component by subtraction of two measure-
nents with first a positive and then a negative tagging grid, is
resented. This technique improves the grid contrast and
jreatly facilitates the automatic evaluation of the myocardial
notion. Thus the motion assessment of the entire heart cycle
yecomes possible. The improvements are documented by nu-
aerical simulations and by experiments on phantoms and on
-uman volunteers.
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-eart motion analysis.

‘NTRODUCTION

‘here is an increasing interest in noninvasive myocardial
1otion studies of patients suffering from different kinds
{ heart diseases, such as aorta stenosis, hypertrophic
ardiomyopathy, or mvocardial infarction. Based on the
roperty of nuclear magnetic resonance imaging that a
'gion with presaturated magnetization is fixed with re-
sect to the tissue, a method has been proposed (1),
hich allows one to evaluate the motion of the myocar-
ium by following the deformation of saturated stripes
1 conventional MR images. An important extension
- ostulated by Axel and Dougherty (2, 3), called spatial
: »odulation of the magnetization or SPAMM, can be used
generate a two-dimensional grid of stripes of saturated
»»ins, a so-called tagging grid. Usually this grid is ap-
i ‘ied immediately after the R-wave (using ECG-trigger-
i :g) in the end diastolic heart phase, preceding the ac-
cuisition of a set of images at different phases of the heart
cle. The tagging grid is induced by the application of a
¢ -quence of binomial RF pulses interspersed with weak
'phasing gradients. The application of this grid permits
highly accurate quantification of the two dimensional
vocardial motion in a slice.
With the conventional SPAMM technique followed by
multiheart phase imaging sequence. the problem arises
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that the tagging contrast at later heart phases becomes
poor, partly due to longitudinal or T, relaxation of the
tagging grid, and partly due to the fact that the image
intensity contains a component arising from that magne-
tization which has relaxed since the application of the
grid. This “relaxed” component, which is T,-dependent,
contains no tagging information and seriously degrades
the tagging grid contrast. Thus, efficient automatic iden-
tification of the tagging grid is difficult. One motivation
for tagging contrast enhancement is the need for accurate
diastolic motion assessment. A second motivation for the
development of an improved MRI tagging sequence is the
need for a reliable computerized extraction of the motion.

The new method, called Complementary SPAtial Mod-
ulation of Magnetization (CSPAMM), separates the com-
ponent of the magnetization with the tagging information
from the relaxed component by performing two measure-
ments. first with a positive and then a negative tagging
grid. A conventional two-dimensional 1-1 SPAMM tag-
ging sequence is applied to produce a positive grid; and,
by inversion of one of the four RF pulses, a negative grid.
The subtraction of these two measurements results in an
image containing the grid, free of any contribution of the
relaxed component of the magnetization. Thus, the tag-
ging contrast is considerably enhanced.

In order to analyze the motion of the left ventricle of
the heart, the reference points (4-7), usually the cross-
points of the tagging grid, have to be identified. With
conventional tagging this procedure becomes difficult, as
the images and the shape of the grid in the different heart
phase images strongly depend on the time of acquisition
and on the tagging flip angle. Therefore shape filters for
the identification of the tags are required, which take the
modification of the tag profiles over time into account. It
is shown that the gridlines of the improved tagging se-
quence (7] are always represented by sharp local minima
near the zero line, which makes an automatic reconstruc-
tion of the grid much easier.

In this paper we give a theoretical analysis of the tag-
ging contrast, i.e., the contrast between the tagging grid
and the untagged tissue for the conventional SPAMM
technique. Theoretical conditions are derived under
which the contrast may be improved and a correspond-
ing examination technique called CSPAMM is evolved.

Following that the tagging contrast of SPAMM and CS-
PAMM is compared using simulations and by phantom
experiments as well as by in vivo examinations.

THEORY AND METHOD

To compare different tagging methods, the tagging con-
trast is applied as an objective measure, which has rele-
vance to the ability for the identification of the tagging
grid. This tagging contrast can be defined as the ratio
between the amplitude of the tagging modulation and the
maximum image amplitude within a specified area of the
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image. If the whole image intensity range is covered by
the tagging modulation, then the tagging contrast be-
comes maximal; that is one. An image area without a
tagging pattern has of course a minimal tagging contrast,
which is zero.

Contrast in Conventional Tagging

To calculate the temporal behavior of the tagging contrast
during MR imaging, we consider a series of n images
acquired by a conventional multiphase imaging sequence
(Fig. 1). For each image the sequence includes a slice
selective excitation pulse during the application of a gra-
dient G, in the slice selection direction, a phase encoding
gradient G,, and a readout gradient G,. We assume that
the object to be imaged at thermal equilibrium, before any
MR experiment has been performed, shows a spatial-
dependent magnetization My(x, y, z), for simplicity M,.
We denote the steady state component of the magnetiza-
tion before the tagging sequence is applied by M,, (x, y.
z), or M. Immediately after the application of an indi-
vidual tagging sequence at the time t,, the z-component
of the spatially modulated magnetization is given by

M, (t)) = M,, TAGx, v): (1]
where TAG(x, v) represents the modulation function. The
value of the tagging function lies always in the range of
cos B and 1, where B represents the total tagging angle.
The z-magnetization immediately before the first RF im-
aging excitation pulse at ¢, is given by
M,(t)) = (M TAG(x, v) — M,) exp(—t/Ty) + M,. (2]
The z-magnetization may be decomposed into two parts
Qv and Qp;:

Qry = M TAG(x. v) exp(—1,/T,) [3]
Qm = My[1 ~ exp(—t,/T))] [4)

The term Q;, holds the tagging information, and Qp,
represents an image of the object that is built up only of
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FIG. 1. Timing diagram of a typical tagging experiment. Prior to a
standard multiphase imaging sequence, starting at t = 0, a tagging
grid is applied to the tissue by a tagging sequence. The sequence
for the acquisition of one image is composed of the slice selective
RF excitation pulse, the slice selection gradient Gz, the phase
encoding gradient Gy, and the readout gradient Gx.
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that part of the magnetization, which has relaxed since
the application of the tagging pattern. After the first RF
imaging excitation pulse, with a flip angle of a,, the
z-magnetization is scaled by the factor of cos «,. Thus
the two components of the longitudinal magnetization
just before the RF excitation pulse of the kth heart phase
image can be written as

k-1
Qi = M TAG(x, y) exp(—t,/T,) T cos o (5]

j=0

for the tagging component, and recursively
Qri

(6]
= (Que 1 €Oy ~ M) exp(-(t, — 1, Ty + M,

for the relaxed term.

Immediately after the application of the tagging grid at
to, the relaxed component is zero (Qro = 0), and as no RF
pulse is applied «, = 0. The xy-magnetization, which
contributes to the kth image I, is that part of the sum of
the tagging component Qyy and the relaxed component
Qnx, which is rotated into the xy plane by the excitation
angle ay:

Iy = (Qpi + Qpy) sin ¢y (7]

Equation [5] indicates that the tagging contrast decays
due to longitudinal relaxation, and due to the RF excita-
tion pulses of the imaging sequence. The component Q;
of Eq. [6] of the magnetization becomes dominant in later
images of the heart cycle, especially in tissues with short
longitudinal relaxation times T, such as fat, and does not
contain any tagging information at all. Thus, this term
gives an offset to the tagging grid in such a manner as to
reduce the tagging contrast. In the case of a total tagging
flip angle of 90°, the value of the term TAG(x, ¥) is be-
tween 0 and 1. Thus, the tagging contrast is directly given
as

Qi

. 8
Qn + Qns 18]

tagging-contrast =

Myocardial Tagging Contrast Improvement

The basic idea of the tagging contrast enhancement is to
separate the term Qg containing the tagging information
(Eq. [5]) from the relaxed component Qg of Eq. [6]. Ex-
perimentally this can be achieved by the acquisition ot
two images, denoted by A and B, whereby the tagging
grid TAG(x, y) of image A is different from the tagging
grid TAGy(x, y) of image B. For simplicity assume that
the steady state magnetization for both images is the same
and denoted by M,,. The subtraction of both kth images
of the sequence leads to
A = By n M [TAG4(x. v) — TAGy(x, V)] 9]
|
k-1
exp(=4,/T)) (11 cos a;) sin .
j=0
Equation [9] shows that the relaxed term can be elimi-
nated, and the tagging information preserved. Maximum
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arid amplitude is obtained when both grids fulfill the

:ondition
TAG,(x, v) + TAG(x, y) = 0. [10]
n this case the “tagged image” is
Ap = By =2 Qyy. [11]

Vhile the sum of the two tagging grids is zero, the addi-
ion of the signals of the two measurements leads to

Ap+ By =2 Q. [12]

vhich represents a T,-weighted anatomical image free of
iny tagging information.

Experimentally two complementary tagging grids that
atisfy condition [10] can be induced by two sequences of
I-1 binomial SPAMM (Fig. 2) pulses. Such sequences are
omposed of four nonselective RF pulses B,,, B.. and
Sv1 Buzs two tagging gradients Gy, and Gy, which define
he grid spacing and orientation, and two dephasing gra-
lients Gy,,, and G, in the slice selection direction to
lespoil the remaining Xv-magnetization. The longitudi-
1al magnetization after application of the tagging pattern
n the x-direction and neglecting relaxation effects is
iiven by
[z[tii) “3]
= M, [sin By, sin B, cos(d, x) + cos By1 €os By, I;

vhere ¢, depends on the tagging gradient

b=y f Gry dt (4]

he term ¢, defines the frequency of the spatial modu-
ttion. To have maximum tagging contrast the flip angles
‘w1 and B,, have to be 290°, and the sign of the tagging
inction depends on the signs of B, and By2. With the
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~'G. 2. Timing diagram of the CSPAMM tagging sequence. For
ich direction a pair of 90° RF pulses B,1, Bxo, and By1. Byo with
terspersed tagging gradients Gr, and Gy are used to define the
‘id. Gpz and Gp,, are the dephasing gradients. The letters +1 to
> indicate time points used in the context and the equations. To
>tain a complementary tagging grid the RF pulse By2 is inverted.
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two excitation angles 8., and Byz, of + and -90¢°, respec-
tively, the simple sequence can be used to generate two
different grid patterns, which fulfil] the condition of Eq.
[10]. The transversal and the longitudinal relaxation can
be neglected, as the intervals t; and t; for the applica-
tion of the tagging gradients and toz1 and tp,, for the
dephasing gradients are very short.

For calculation of the two dimensional tagging grid
(Fig. 2), the two orthogonal one-dimensional tagging
functions of Eq. [13] are multiplied, supposed that the
magnetization in the xy-plane at time , is sufficiently
dephased. For sufficient dephasing, the gradient Gpn
must be strong enough relative to the slice thickness s, or
more exactly

2
b, = yf(?lm dt >> —, [15]
s
The two dimensional modulation of the magnetization,
after the final dephasing gradient in the slice selection
direction at 7; of Fig. 2, in good approximation can be
described by

TAG(x, v) = sign(B,,) cos(¢, x) cos(d, v). [16]

Again for maximum tagging contrast and to tulfill Eg.
(10], B,1, By, and Bi1, By2 have to be = 90°. The choice at
which the RF pulse has to be inverted for one of the two
tagging profiles is not very critical. Any one of the four
pulses can show a negative sign to produce a comple-
mentary grid pattern. However, the inversion of the last
RF pulse eliminates most relaxation influences arising
during the tagging sequence and thus is preferred.

Optimization of the RF Imaging Excitation Pulse Angle

The tagging contrast can further be improved by optimiz-
ing the angle of the RF pulse, which is applied for the
imaging procedure. The idea is to choose the imaging
excitation angle for every imaged heart phase in such a
manner that the xy-magnetization of the tagging grid is
equal for each image of the sequence (8). The signal am-
plitude of the kth tagged image Iy is proportional to

Iy » M, TAG(x, y) (17]

I
exp(=ty/Ty) | [T cos o, | sin a;.
7170

To distribute the tagging information equally between the
n images of the sequence, the condition

[r”\, = ['I'kwl for k= {1, 2,.. , 11— l} []8]

has to be fulfilled. Because of the presence of the T,
relaxation term, this can only be achieved for a single
specified tissue, preferably for the myocardium with its
T, of about 850 ms at 1.5 T (9). For investigations of the
systolic heart motion, the measurements are only per-
formed over about 30% to 60% of the cardiac cycle. The
remaining 40% to 70% of the cycle are a sufficiently long
magnetization recovery time, so that the last excitation
angle «, can be set to 90°. This gives a reasonable con-
dition for the solution of the recursive Eg. [18]. For a first
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approximating optimization, the steady state magnetiza-
tion is not taken into account. The solution, with con-
stant heart phase interval At, for the (n-i)th excitation
angle, is

1 Ci

/21 CZ;

\ o

where C depends on the tissue relaxation, and is given by

a,. ;= sin’ f19]

C=exp (—AUT)). [20]

Steady State Magnetization

The steady state magnetization is dependent on both the
tissue relaxation and the tagging modulation function.
The z-magnetization at the end of a heart cycle of period
Ty can be calculated from Eq. [5] and Eq. [6]:

M,(T,) = M,, TAG(x, v) 1y + Ry [21]

where r, describes the decay of the tagging information

r, = exp(—Tx/T,) H oS q; [22]

J=0
and R, the relaxed term
HZ = QHn Cos «a CXp[ - (TH - tn)/Tl]
+ M1 —exp(—(Ty—t,)/T)}. 123]

Therefore the steadv state magnetization for a constant
heart period Tp is

R,

My(x. V) = oo
VTG I

(24]

Using CSPAMM with constant excitation pulses «y, the
steady state magnetizations for the images A and B are
not equal because of the different tagging grids. These
variations are the cause that the tagging grid is slightly
visible in the anatomical image calculated from the re-
laxed component. The resident tagging grid can be re-
moved from the anatomical images as r, is zero, which
can be achieved by choosing the last excitation pulse
angle «,, = 90°.

SIMULATIONS

Consider a one-dimensional tagging sequence applied to
a virtual phantom, which is composed of three different
types of tissue. The first tissue corresponds to fat with a
T, of 250 ms at 1.5 T (9): the second tissue has the similar
characteristics as the myocardium (7, = 850 ms at 1.5 T);
and the third tissue has the same T, as the myocardium
but a spin density of only 70% of that of the other two
tissues. This third tissue is helpful to study the shape of
the tagging grid at the boundary between organs of dif-
ferent spin densities, such as between the myocardium
and lung. However, due to susceptibility effects the sig-
nal, which can be expected from the lung, is much lower
than 70% of the signal of the myocardium.

The spatial variation of the steady state magnetization
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due to the modulation, the influence of the imaging se-
quence, and the relaxation are simulated. Three image
intensity profiles of modulus images, using constant ex-
citation pulse angles of 35° and with a heart phase inter-
val time of 150 ms, are calculated. The profile of the first
image, obtained just after the application of the tagging
pattern is represented by the solid line, the second by the
dashed and the third by the dotted line. Before every
single excitation RF pulse of the imaging sequence is
applied, the xy-magnetization is completely despoiled.
The duration of the entire heart cycle Ty is assumed to be
1s.

Conventional Tagging

Jsing conventional tagging methods, a grid pattern with
narrow stripes and high tagging and anatomical contrast
is desired. The narrowness of the stripes is important to
reduce the spatial error in the identification of the cross-
points of the grid and for the definition of the heartwall
as exactly as possible for later analysis of the motion. A
binomial SPAMM sequence of higher order (3) such as a
1-2-1 sequence, or a DANTE tagging sequence (10) pro-
duces such an image whereby the grid and the anatomi-
cal details can be observed simultaneously. However, the
identification of the gridlines presents some problems.
which are illustrated by the following simulations.

To avoid an inversion of the modulated longitudinal
magnetization in a one dimensional 1-2-1 SPAMM exper-
iment a total tagging angle of 90° is applied (Fig. 3). The
contour of the tagging profile varies strongly in the sub-
sequent images. Additional local minima occur near the
boundaries of the tissues {arrows in Fig. 3). Also the
amplitude of the tagged areas is very dependent on M,,
T,. and the imaging time point. These characteristics
makes an automatic detection of the tagged regions very
difficult, even on a phantom that does not move. The
domination of the “fat” in the third image is not becausc
the tagging contrast is better than in the “myocardium,”

Fat Myocardium 707 Lower SD

FiG. 3. Simulated 1-2-1 SPAMM image intensity profiles along th=
x axis through a phantom composed of three different types of
tissue for a tagging angle B = 90°. The profiles are calculated fcr
an interval time of 150 ms by 1 s of repetition time; the solid lin2
corresponds to the first, obtained just after the application of th2
tagging sequence, the dashed line to the second, and the dotted
line to the third image of the sequence (0, 150 ms, 300 ms:.
respectively.
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but because the relaxed component becomes more prom-
inent. At both tissue boundaries additional local minima
can occur for different spatial offsets of the tagging grid.
These additional local minima, which do not correspond
to any gridline, cause errors when using automatic grid
detection procedures.

When applying a tagging angle greater than 90° (for
instance to increase the tagging contrast in the myocar-
dium for the third, in this case the systolic image), the
evaluation of the tagging grid becomes even more diffi-
cult, because one has to decide whether the magnetiza-
tion of the bright image areas has been inverted or not.
This problem is illustrated in Fig. 4, where a tagging
angle of 140° is applied. Here, not every local minimum
can be related to a gridline. Dependent on tissue and time
of the image acquisition some local maxima can corre-
spond to a gridline. The profile differences at the various
imaging times make a fully automatic detection of the
tagged region even more difficult.

Improved Tagging Contrast

[igure 5 shows the results of the simulation of the
CSPAMM sequence with By, Byz, By = 90° and B,, =
=90°. On the three images at different times the shape of
the tagging profile remains the same, apart from tissue
dependent amplitude variations. The influence of the
tissue parameters M,, and T, also modifies the shape of
the profile, but do not influence the amplitude of the
minima of the gridlines, which is zero for all images of
the sequence.

Additional local minima may also appear at both tissue
boundaries (e.g., third image, boundary fat-myocardium),
but their amplitude is greater than the amplitude of those
local minima corresponding to the gridlines. Because the
gridlines are always represented by local minima near
the zero line, the development of a procedure for the
identification of these lines becomes relatively simple.

For the computerized evaluation it is not necessary to
use modulus images only. With CSPAMM there is no
offset to the gridlines. Thus, the search can be performed
on the real and imaginary part of the images. This dou-
bles the signal-to-noise ratio compared with the conven-
tional SPAMM technique; and also ‘the tracking of the

Myocardium

FIG. 4. Simulated 1-2-1 SPAMM image intensity profile for a total
agging angle B = 140°. The same phantom and imaging param-
3ters as described in Fig. 3 are used.

Myocardium 70% Lower SD

FIG. 6. Simulated CSPAMM image profiles of the phantom de-
scribed in Fig. 3 using constant imaging excitation angles of a =
35°.

grid is easier because of the positive and negative checker
board pattern on the image.

Tagging Contrast for Optimized RF Imaging Excitation
Pulse Angles

Figure 6 shows the amplitude of the tagging grid relative
to the steady state magnetization for n = 10 images ac-
quired with a time interval of 100 ms. These tagged parts
of the magnetization for constant (dashed lines, empty
symbols) and for optimized excitation pulses using Eq.
[19] (solid line, filled symbols) are calculated for three
different types of tissue—fat (&, A), water (¢, ), and the
myocardium (O, @). Using constant excitation angles, the
tagging amplitude, and thus the signal-to-noise ratio of
the images, decreases with the number of excitations for
all types of tissue, being more severe for those with lower
T, values. The tagging amplitude in the myocardium us-
ing optimized excitation pulse angles is constant. There-
fore, the signal-to-noise ratio in the later images
is considerably increased. With the optimized sequence
the steady state magnetization is lower compared with

rel. Myy

03-1

T { T images

2 3 4
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FIG. 6. Simulated amplitudes of the tagged magnetization relative
to the steady state magnetization of 10 tagging images using con-
stant (dashed lines, empty symbols) and optimized (solid lines,
filled symbols) RF excitation pulse angles. Three different tissues
(different T;), such as fat (triangles), water (squares), and myocar-
dium (circles), are compared. The time interval between subse-
quent images is 10C ms.
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the sequence with constant excitation pulses. However.
for myocardial tagging experiments the improvement of
the signal-to-noise ratio is evident (compare Figs. 5 and
7). As a consequence of the 90° excitation pulse for the
last image of the sequence, the steady state magnetization
is no longer dependent on the spatial modulation.

Figure 7 shows a simulation of the same one-dimen-
sional phantom and with the same parameters as used in
Figs. 3 through 5. but with the optimized excitation an-
gles. The tagging contrast in the mvocardium and in the
tissues with the same T, is equal for all images.

As the amplitude of the tagged component is propor-
tional to the steady state magnetization, one could in
principle optimize the amplitude of the steady state mag-
netization by modification of the angle of the last excita-
tion pulse. However, for practical reasons such as the
variation of the repetition time due to ECG-triggering and
the alternating tagging pattern. which influence the
steadv state magnetization, the choice of the last excita-
tion angle less than 90° will not increase the image qual-
itv significantly. Further, to gain anatomical images,
which are completely free of the tagging grid, and to
avoid interference with the actual tagging grid and the
grids of subsequent heart cycles. the last excitation angle
has to be 90°.

Comparison Between Conventional and Improved
Tagging

The tagging contrast of any conventional tagging tech-
nique, such as SPAMM, is onlv maximal (tagging con-
trast = 1) for one specified heart phase image by choosing
the total tagging angle in such a way that the magnetiza-
tion of the gridlines becomes zero for a known tissue
such as the myocardium. The tagging contrast for later
images decreases exponentially toward zero. The tagging
contrast in earlier modulus images is also lower than one
due to the inversion of the grid lines. Those inversions
are a main problem, when automatic grid line detection
algorithms are used. The tagging contrast when using
CSPAMM is maximal for every image through the entire
heart cycle as the whole range of image brightness is
utilized by the tagging pattern. Of course the absolute
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Fat Myccardium 70°. Lower SD

FIG. 7. Simulated CSPAMM image profiles using the same tag-
ging and imaging parameters as for the simulation of Fig. 5 except
the imaging excitation pulse angles. Those angles were chosen
according to Eq. [18] for a T, of 850 ms.
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amplitude of the tagged component of the magnetization
decreases also exponentially with T;.

The higher the order of a binomial SPAMM sequence
the narrower the stripes get and the more the anatomical
details become visible. Therefore, using conventional
tagging techniques 1-2-1 or even 1-3-3-1 SPAMM se-
quences generally are preferred to 1-1 SPAMM se-
quences.

However, for CSPAMM in modulus images the shape of
the 1-1 pattern. given as 1 cos(¢, x) 1, is not much differ-
ent from the pattern that is generated by a 1-2-1 pulse for
SPAMM. Figure 8 shows the direct comparison between
both tagging patterns obtained immediately after the
application of the spatial modulation. The solid line de-
scribes the tagging profile of the CSPAMM method, and
the dashed line the shape of the 1-2-1 SPAMM sequence
with a total tagging angle of 90°. It is evident that the
stripes are slightly narrower for the 1-1 CSPAMM se-
quence and that the nontagged area is a little larger and
flatter for the 1-2-1 SPAMM sequence.

For in vivo measurements the application of the tagging
grid and imaging procedure are synchronized to the ECG.
During the short time interval between the R-wave and
the onset of the motion the tagging sequence has to be
applied and the first image has to be acquired. Therefore,
the tagging sequence has to be as compact as possible.
The 1-1 CSPAMM sequence fulfills this requirement
much better than most other methods, such as the higher
order SPAMM (3), the k-space trajectory method (11), the
chessboard (12) DANTE (10) sequences, or to the tagged
saturation stripes method (13}. Compared, e.g., with a
conventional SPAMM sequence, the tagging gradients
Gy, and G4, only require half of the duration to obtain the
same grid spacing.

EXPERIMENTAL RESULTS

The CSPAMM and the 1-2-1 SPAMM sequence were im-
plemented on a commercial 1.5 T MR-imaging system
(Philips Gyroscan S15HP. Philips Medical Systems, Best,
The Netherlands). Both sequences were applied prior to
a standard gradient echo imaging sequence (14). Due to
the limitations of the pulse program circuit of the system,

TAG(x)

1.0 o~ 1-2-1 SPAMM
081
0.6 1+

CSPAMM

FIG. 8. Tagging profile comparison of the 1-2-1 SPAMM (dashed
line) tagging function with a total tagging flip angle of 90° and the

CSPAMM (solid line) tagging function in @ modulus image.
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the excitation pulse angles of the imaging sequence «; =
a were constant for every heart phase and not optimized
according to Eq. [19]. It was chosen as a function of the
total number of heart phases n,

a= sinl[—\}—_]; [25]
n

which is the angle that produces optimal tagging contrast
in the last image. (The tagging contrast of the preceding
images is better than for the last image.)

Phantom Results

For the experimental comparison of the two tagging
methods (SPAMM, CSPAMM), a two-compartment phan-
tom was used with solutions of different MnSO, concen-
trations and thus with different T, relaxation times. For
the left compartment, a solution with a T, of 250 ms,
which is approximately the same as the T, of fat, was
chosen. The right compartment emulates the myocardial
tissue with a T, of about 850 ms (9). The parameters for
the phantom measurements are 256 X 256 mm FOV with
a scan resolution of 256 X 512 and a 5-mm slice thick-
ness. Five images using the system’s headcoil are ac-
quired at 50, 200, 350, 500, and 650 ms after the appli-
cation of the tagging grid. According to Eq. [25], the
imaging excitation RF pulse angle was 27° for all heart
phases. The repetition time of the whole sequence was
1000 ms.

The results of the 1-2-1 SPAMM and the 1-1 CSPAMM
tagging method are compared in Fig. 9. The left row refers
to the five 1-2-1 SPAMM images, the intermediate and
the right rows present the tagged and the “anatomical”
images, which are acquired simultaneously with the
CSPAMM sequence.

The tagging contrast and also the pattern of the mod-
ulated structures of a 1-2-1 SPAMM tagging grid is de-
pendent on the time of the image acquisition. The five
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SPAMM images cannot be transformed from one into
another by a simple scaling function, because the tagging
contrast strongly depends on tissue and time. As the
tagging angle is 140° to improve the tagging contrast for
later heart phase images, the gridlines mainly in the first
but also in the second modulus image are inverted, be-
cause of the negative z-magnetization. In the third image,
which can be compared with an in vivo systolic image,
the tagging contrast becomes maximal for the solution
emulating the myocardium, as the z-magnetization for
the gridlines, except at the crosspoint, is nearly zero. In
the last two images, the gridlines become brighter, and
the tagging contrast decreases. The scaling of the image
brightness is usually determinated by the brightest zones
of the image, which are usually those with the shortest
longitudinal relaxation such as fat.

Because the two dimensional tagging function is the
multiplication of two one-dimensional modulation func-
tions, the intersection points of the tagging grid always
have a positive z-magnetization. This is apparent in that
the grid intersection points are always represented as
local maxima, which cause further problems for an auto-
matic crosspoint detection procedure.

For CSPAMM the contrast and the pattern of the tag-
ging grid, (middle row) is nearly stable in the myocar-
dium like area of the phantom for all images of the se-
quence. The improvement of the tagging contrast is
evident, as the whole range of the image gray scale is
utilized by the tagging function. The gridlines as well as
the intersection points always appear as local minima
near the zero line. Because the signal amplitude de-
creases when using constant excitation RF pulses, the
signal-to-noise ratio becomes progressively worse. The
tagging grid in the phantom area with approximately the
same T, as fat fades faster than the grid in the other
region of the phantom. Thus tissue with shorter T} as the
T, of the myocardium becomes suppressed in the images
induced by the tagged component of the magnetization as

FIG. 9. Multiphase measurements on
a two-compartment phantom using a
1-2-1 SPAMM sequence with a tagging
angle of 140° (left row) and the
CSPAMM method, where the image of
the tagged (middle row) and the relaxed
(right row) magnetization component is
reconstructed. The time interval be-
tween subsequent images is 150 ms.
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the ratio of the tagged and the relaxed component of the
magnetization decreases faster than in the myocardium.

The relaxed images of CSPAMM as they are produced
by addition of the two corresponding data sets are pro-
gressively T;-weighted images. They can be used for tis-
sue characterization; with the exception of the first im-
age, which is obtained just after the application of the
tagging grid, when very little magnetization has relaxed.
However, low intensity tagging grid structure can be ob-
served, especially in the myocardium-like area. The rea-
son for this structure lies in the small difference of the
steady state magnetization of the positive and negative
tagging grid.

Human in Vivo Results

The measurements on human volunteers, performed us-
ing the system’s body coil, were located by double angu-
lation perpendicular to the long axis of the heart (short
axis view). The field of view was 400 mm with a scan
resolution of 128 X 256 and slice thickness of 8 mm with
four averages, in order to realize the same examination
time for both the conventional 1-2-1 SPAMM sequence
and the 1-1 CSPAMM sequence. To reduce the blood flow
artefacts, two slice selective saturation pulses were ap-
plied with a slice thickness of 60 mm and a separation to
the measured slice of 10 mm.

Figure 10 shows the comparison of the two in vivo
measurements of the same healthy volunteer. The image
(a) is obtained using the 1-2-1 SPAMM tagging sequence
with a tagging angle of 140°. The tagged and the relaxed
component of the images are superimposed and can
hardly be separated by image processing procedures. The
two right images are acquired using CSPAMM. The image
containing the tagging grid and the anatomical image are
separately reconstructed using the same two k-space data
sets. Image (b) of the tagged component is the Fourier
transform of the difference of the two k-space data sets
where the image (c) of the relaxed magnetization compo-
nent refers to the sum of the k-space profiles.

The darkest objects in the SPAMM image are not the
gridlines but the low signal objects, such as the lung
tissue and air-filled structures. The image brightness is
scaled between these low signal objects and the brightest
objects, which are the fat regions. Because of the short T,
of fat, the relaxed component of the magnetization is here
dominant. The darkest structures on the CSPAMM im-
ages are the tagged grid lines and the objects with low
signal. The brightest image areas correspond to tissue
with the same or longer T, than the myocardium. There-
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fore, the tagging contrast is maximal. The CSPAMM
tagged image appears noisier because the relaxed com-
ponent of the image has been eliminated and the remain-
ing signal is scaled to the whole range of the image bright-
ness.

As a by-product of the CSPAMM method, the signals of
the fat tissue are suppressed. Thus, chemical shift dis-
placement, which results to an initial deformation of the
tagging grid, presents no longer problems.

The image of the relaxed component shows a good T,
contrast, which also allows study of the fat regions
around the heart. The contrast between the myocardium
and the blood within the ventricles, however, is poor,
because their T, times are nearly equal.

Figure 11 shows the measured tagging contrast of
SPAMM (M) and CSPAMM (A) (same measurement as for
Fig. 10) of the four heart phase images in comparison
with the simulated values according to Eq. [8]. The tag-
ging contrast was measured in a manually selected region
of interest within the septal, the anterior, the lateral, and
the inferior segment of the myocardium. The tagging con-
trast values of the four segments were averaged for every
heart phase image. The measured values for SPAMM
show the drastic decay of the tagging contrast in good
coincidence with the theory (solid line). The tagging con-
trast for CSPAMM is constant for all heart phases. The
difference of about 5% according to the theoretically ex-
pected tagging contrast of one (dashed line) is due to the
modulus function of the image reconstruction, due to the
integration of the signal over an image pixel, and due to
the noise.

When using conventional SPAMM tagging techniques
only the systolic motion can be observed (15) in contrast
to CSPAMM; Fig. 12 shows a set of five tagged apical
heart phase images of a patient with an infarction in the
anterior segment almost throughout the entire cardiac
cycle. The images are measured starting 40 ms after the
detection of the R-wave of the ECG with a time interval
between the images of 155 ms. The third image is ob-
tained at end systole. The last image is measured 660 ms
after the R-wave at diastole. The grid on all tagged images
is clearly visible. However, because the excitation angle
of the imaging sequence was constant here (27°), the sig-
nal-to-noise ratio decreases for later images, which can be
circumvented if the imaging excitation angles «; are op-
timized according to Eq. [19]. The result shows that the
CSPAMM tagging technique can be used to observe as
well the diastolic cardiac motion with the same high
accuracy as the systolic contraction.

FIG. 10. Comparison between a
systolic 1-2-1 SPAMM image (left)
with a tagging angle of 140° and the
systolic CSPAMM images (tagged:
middle, relaxed: right) of the same
heart short axis slice of a healthy
volunteer.



Myocardial Tagging

bP Tagging Contrast

1.0 s

0.8 )

074 ... CSPAMMtheory

0.6 A CSPAMM MeaSUMed |.............o.oeumen e gL rernemeeeneaianiaas
==  SPAMM theory
054
[ ] SPAMM measured
0'4 T T Al T

1 2 3 4
Heart Phase Image

FIG. 11. Experimental tagging contrast for SPAMM (squares) and
CSPAMM (triangles) for the measurements shown in Fig. 10 for all
of the four heart phases. The tagging contrast is plotted as an
averaged value of the contrast within the septal, the anterior, the
lateral, and the inferior segments of the myocardium. The results
are compared with simulations according to Eq. [8].

FIG. 12. Five apical, short axis, tagged CSPAMM images from
end diastole to end systole and to diastole. The first image (left) is
acquired just after the application of the tagging sequence, the third
image represents the end systole and the last image is measured
620 ms after the application of the tagging grid.

CONCLUSIONS

The optimum tagging grid for an automatic grid line and
crosspoint detection is a grid without anatomical contrast
but with grid deformations, which are only induced by
in-plane motion. The optimum image for the identifica-
tion of the heartwall is an image without any grid infor-
mation. The CSPAMM tagging method comes very close
to the satisfaction of these requirements.

For the assessment of the cardiac motion, a tagging grid
is required, which is not deformed by the tissue param-
eters, such as relaxation or chemical shift displacement,
and by through-plane motion. The CSPAMM method
completely suppresses the grid pattern deformation due
to T, relaxation and also the displacement of the grid
(chemical shift) in fat tissue, which is often a problem
when measuring patients with infarctions at the late
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phases of the cardiac cycle.

The fact that the gridlines are represented by local
minima near the zero line makes a strategy for an im-
provement of the signal-to-noise ratio possible. When
using a one-dimensional tagging sequence, where the tag-
ging gradient has the same direction as the readout gra-
dient of the imaging sequence, only a limited number of
k-space profiles, e.g., as low as 64, are required to recon-
struct the stripe pattern. Two such CSPAMM images,
with their readout direction orthogonal to each other, can
be multiplied to obtain a two-dimensional tagging grid.
The acquisition can be performed within 256 heart beats.
Compared with an image of two averages and 128 pro-
files, the signal-to-noise ratio is significantly improved.

The fading of the tags and the difficult motion analysis
by pattern recognition algorithms are discussed as the
main problems in myocardial tagging experiments (15,
16). The improved tagging contrast when using CSPAMM
allows one to study not only the motion from end dias-
tole to end systole but also the diastolic motion within
the same multiheart phase imaging cycle. The segmenta-
tion of the tagging grid in CSPAMM images can be done
with a simple minima search perpendicular to the grid-
lines in addition with the condition that the local minima
representing the gridline are near the zero line. In con-
trast to motion analysis by phase contrast (16), the dis-
placement is directly measured using robust modulus
images without velocity integration and velocity quanti-
fication problems. However, a low signal from the lung,
the disturbed blood flow within the ventricles, and the
noncontinuous motion along tissue boundaries still pro-
vide various challenges to a fully automatic detection of
the gridlines and the intersection points of the grid at this
time.

It may seem to be a disadvantage of the new tagging
method that at least two measurements have to be per-
formed. However, in our experience, with conventional
in vivo tagging, usually two or even four measurements
are required to reduce sufficiently motion and arrhyth-
mia artefacts. As the sum of the positive and the negative
tagging grid generated with the 1-1 SPAMM sequence is
zero, an anatomical image, free of the tagging component,
can additionally be calculated by adding the two mea-
surements. The “gratis” anatomical images are useful in
that the epicardium and endocardium can be determined
much more precisely than this is possible from the tagged
images, where the dark stripes often mask the actual
boundary of the heart wall.
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