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Magnitude | mage CSPAMM Reconstruction (MICSR)

Moriel NessAiver: and ~Jerry L. Princé

Image reconstruction using complementary spatial
modulation of magnetization, or CSPAMM, requires the
subtraction of two complex datasets to remove the untagged
signal. Although the resultant images typically have sharper
and more persistent tags than images formed without
complementary tagging pulses, handling the complex data is
problematic and tag contrast still degrades significantly
during diastole. This article presents a magnitude image
CSPAMM reconstruction method called MICSR that is simple
to implement and produces images with improved contrast
and tag persistence. The MICSR method uses only magnitude
images — i.e., no complex data — but yields tags with zero
mean, sinusoidal profiles. A trinary display of MICSR images
emphasizes their long tag persistence and demonstrates a
novel way to visualize myocardial deformation. MICSR
contrast and contrast-to-noise ratios were evaluated using
simulations, a phantom, and two normal volunteers. Tag
contrast 1000 msec after the R wave trigger was 3.0 times
better with MICSR than with traditional CSPAMM
reconstruction technigues while contrast-to-noise ratios were
2.0 times better.
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Since the introduction of myocardial tagging b
Zerhouni et al. (1) in 1988 and spatial modulation
magnetization (SPAMM) by Axel et al. (2,3) in 1984,
there have been many significant developments in #e
process of applying and analyzing tag patterns
visualization and quantification of motion and strain
(4). Most tag tracking methods, both manual a
automatic, work best with tag lines that have sharp
Such patterns a
produced by higher-order SPAMM (2) or DANTE (5
pulse sequences or by other selectikepace

excitation pulse sequences (6). In k-space, thdB8
patterns are characterized by the presence of m
spectral peaks: a strong peak at the first harmo
representing the tag frequency itself and additio
peaks at integer multiples of the tag frequenc
Generall
speaking, the higher the number of harmonic pea{?@
generated and acquired, the better or sharper the RS

defined or “crisp” tag lines.

representing higher-order harmonics.

line definition.

Harmonic phase (HARP) analysis was recentl
introduced as a rapid, robust, and automatic met
to track motion and perform strain analysis in tagg

n
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myocardial images (7,8). In contrast to other tag
analysis approaches, HARP requires only the first
harmonic in k-space, which corresponds to a tag
pattern that is purely sinusoidal — i.e., not “crisp” at
all. The introduction of HARP has resulted in a
reexamination of optimal methods of producing tags
(6), acquiring the image data (9), and producing the
final motion and strain images (10). In this paper, we
focus on the generation and reconstruction of
sinusoidal tagged images. Their use might be for
HARP analysis or, as we shall see, for a novel
visualization of strain using a trinary display of the
tagged images themselves.

A sinusoidal tag pattern can be produced using so-
called 1-1 SPAMM pulse sequence (3), which
consists of two equal RF pulses with a modulating
gradient in-between; typically, the transverse
magnetization is then “crushed.” 1-1 SPAMM vyields

longitudinal magnetization across the imaging plane
?ﬁat oscillates sinusoidally with a spatial frequency

at is determined by the area of the modulating

dient. If the tip angle of each RF pulse is 45°, then

ft&e total tip angle of the tag pattern is 90°, and

tandard magnitude imaging methods yield a

Iﬁpusoidal pattern. Since tags fade because of both
I}g_ngitudinal relaxation and imaging pulses, in order to

crease tag persistence it is desirable to increase the
?p angle of each RF pulse to 90°, which yields a total
ag pattern tip angle of 180°. In this case, standard
gnitude imaging yields eectified tag pattern,
jch makes tag visualization problematic and tag

m&alysis considerably more difficult because the mean
%II the sinusoidal pattern changes with tag fading. We
ote that although the use of complex image
?construction can eliminate this rectification in
inciple, it is typically too time-consuming to
orm the phase-corrections necessary to make this
possible, especially when phased-array coils are used.
Complementary SPAMM (CSPAMM) (11,12)
&)Vides an elegant solution to the problem of tag

é%ding and rectification. CSPAMM performs the

imaging sequence twice, once using a [+90, +90] RF
tag sequence and the other time using a [+90, -90] RF
tag sequence. The tag pattern resulting from the
second sequence is a sinusoid that is spatially shifted

2.]OhrlS HOpkinS University, Dept of Computer and Electricby One_half Cycle By Subtrac“ng these two Complex

Engineering, Baltimore, Maryland.
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images, the resulting sinusoidal tag pattern has a zero
mean and peak-to-peak amplitude that is double that
of either individual pattern. Since this process does
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not alleviate the problem of phase variation across g@ace acquisition of the underlying data required for
FOV, it is still typically necessary to display thehese methods. It should be noted that, in this section,
absolute value of the resulting images, which wee ignore the effects of the image pulses that occur
denote by |[CSPAMM|. In contrast to rectifiethroughout the longitudinal decay of the tag pattern.
SPAMM, |CSPAMM| images have “crisp” tagsThis effect will be studied in the Results section using
corresponding to the zero-crossings of the subtractiooth simulations and phantom imaging.
image, which are stable with respect to tag fading.
We note that when using multi-channel, phased-ariayaging Equations
coils, it is necessary to perform complex subtractiohet us assign the label ‘A’ to the series of images
on the data from each coil separately and thehtained using a [+90°, +90°] tagging pulse and
combine these images using the square root of #ssign the label ‘B’ to those obtained using [+90°,
sum of their squares. —90°]. Assuming that initiallyM,(x) = M, and that

It is apparent that while both 1-1 SPAMM anthere is no motion, the spatial and temporal
CSPAMM haveunderlying tag patterns that aredistribution of theZ magnetization after the tagging
sinusoidal, the use of magnitude images to avadquence can be described by the equations
burdensome and problematic phase-corrections

. . . g a
results in final tag patterns that are not sinusoidalA(x,r) =M, - —cosgg%‘”ﬂg’ [1]
The basic goal of the research described herein was to O O
develop a way to reconstruct zero-mean sinusoidal 0 0
. . . _ Tix -1/, [2]
tag patterns using standard magnitude |magé?(x,t)—Mog‘ TeOSH T E '

reconstructions. There are several advantages to this . . .
ereP is the spatial period of the tag pattern. We

strategy. First, all scanners produce magnitu X .
reconstructions, while some scanners make it diffic nl?te th_at the tags iB are shifted by one half cycle
Ld,g radians) relative to those

to offload raw or complex data. Second, standa ) .
magnitude reconstructions are typically reconstructed Subtracting _Eq. [2] from Eq. [1] yields the
using geometric corrections from calibration datg"[andard CSPAMM image,

while raw or complex data are always uncalibratedCSPAMM = 4 - B 3]
Third, this strategy avoids the need to both acquire =2M ™" cos(2mc/ P),

phase calibration data and to apply phase correctipRere the second equation follows from
algorithms, both problematic steps in acquisition aRgaightforward algebra. We see that the underlying
processing of MRI data. _ CSPAMM tag pattern is a zero-bias sinusoidal pattern
~In this paper, we have developedmagnitude jth an initial amplitude equal t® M, and an
image CSPAMM reconstructiofMICSR) process exponential decay in amplitude with time constant
that reconstructs sinusoidal tag patterns using omywe potential difficulty with CSPAMM is that the
magnitude images. Surprisingly, this method is vegyynal subtraction in Eq. [3] must be done with
simple to implement and yields improved tag contragdmplex data. This can be accomplished either in
and persistence. In the following sections, we firgbyrier space using raw data or in image space after
present the MICSR algorithm and compare itymplex image reconstruction. The result, however,
contrast behavior and contrast-to-noise ratio with that,st either be phase-corrected so that the real
of CSPAMM and |[CSPAMM|. We then discuks component alone can be displayed or displayed as a
space imaging tradeoffs and describe OWfagnitude image.
experimental methods. Our results include Taking the magnitude (complex modulus) of
simulation, phantom, and normal volunteer resulisspAMM yields
We conclude with a discussion of these results.

[CSPAMM| =4 - B|=2M ™' cos(2mx/ P)| » [4]
THEORY which is the imaging equation for |CSPAMM]|.

In this section, we first derive and compare tHdthough the subtraction must still be a complex
imaging equations for CSPAMM, [CSPAMM|, an&ubtractlor_l, underlying p_hase inhomogeneities are
MICSR. We then explore the noise properties Bfeleévant in [CSPAMM| since they are removed by
these methods and derive expressions for the contr{&-modulus operator. We note that the tag pattern in

to-noise ratios of the three methods. We conclude théCSPAMM]| image is eectified sinusoidwhich has
section by considering alternative strategies Kor
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one half the peak-to-peak amplitude of the originabntrasts, given by

CSPAMM image. _ , MICSR Contrast _ . [10]
MICSR requires only the magnitude imagescgpamm Comrast-SMo(l‘e )

|A| and B|, yet like CSPAMM yields a zero-bias

sinusoidal tag pattern. The MICSR reconstruction MICSR_Contrast = 4M,(1-€"): [11]

formula is given by [CSPAMM | Contrast
M'CSRsz‘HZ- 5] We see from Fig. 1 that the CSPAMM and

Using Eqgs. [1] and [2], it is straightforward to sho S)Smp'?\‘/ll\f('\:/lsléom\r/sﬁhse a;rheeqgléepilgtiﬂreggr;r:rg;zrﬁtgr

that , o\ largest at the outset, MICSR’s contrast grows toward

MICSR= 4M* (1-€""™ ) &""" cos@rx/P), 61 5 peak value at around 500 ms after the tag

which shows that the tag pattern for MICSR is zergpplication. On the other hand, the initial contrast of

bias sinusoidal, but the initial amplitude and tempomgICSR is very low, and we have found that this can

decay properties are different than that of CSPAMM.peruce inferior images in early systole. We now
address this deficiency.

Contrast Behavior It is straightforward to show that MICSR can be
Let us definetag contrastas the peak-to-peakyritten as
amplitude of the tag profile. This is equal to twice thq\/”CSR:( W_‘a)x( ‘44,‘3) . [12]

amplitude of a pure sinusoid and is equal to t . . .
amplitude of a rectified sinusoid. Accordingly, tag ring the period of low 9ontrast, (rc.)ughly the first
contrast as a function of time for CSPAMML00 msec), the terdﬂ|—|B| in Eq. [12] is very small,
|CSPAMM|, and MICSR can be derived fronwhich in turn causes the MICSR contrast to be small.
Egs. [3], [4], and [6], yielding The MICSR equation can be modified by replacing

Contrast CSPAMM = 41 .¢~'" 7] this term Withsigr(w-\q) for t small, as follows:

0 ’
[8] M|CSRI:ESigr(‘N_‘H)X(‘A+‘3) t<100msec [13]
| (IA-[B) <(|A+[8)  t=100msec

Contrast MICSR=8M’(1-e /™) e''™ - [9] A tag profile reconstructed using Eq. [13] is shown in

The contrast of CSPAMM is clearly just twice thafig- 2. We see that whenis small, MICSR' is
of [CSPAMMY; it should be viewed as a theoretic&inusoidal over a large portion of its period, but has
upper bound, however, because it is not easf{j abrupt “zig-zag” atthe zero-crossing of the
achieved in practice. Our primary emphasis in thi1usoid. ~Since the scale of this feature may be
presentation is on a comparison between |[CSPAMMYpaller than a pixel, for many applications this
and MICSR, two CSPAMM reconstructionf€ature may be negligible. ~We now continue our
approaches readily achieved in practice. theoretical analysis using MICSRJICSR' is used in
Egs. [7]-[9] are plotted in Fig. 1a assuming valudke results section.
of M, = 1.0 andT, = 800 msec. Plotted in Fig. 1b are The ratio of MICSR to CSPAMM and |[CSPAMM|

the ratios of MICSR to CSPAMM| and |CSPAMMS§ONtrasts, given by Egs. [10-11], contain the téfm
which means that the relative contrast is dependent on

Contrast [CSPAMM | =2Me™"'"

a b

\‘ MICSR . I MICSA 2’0
TN |- cEPAMM 1 CSPAMM =
. \ ———= | CSPAMM| - . _r.!lcsn -
30} v 1 an [GE] s
//' | 1.0
22.9 ),”
4 y o
;/} f-.—'.-— | 0.0
’ "
0 A ’J I
.r'r.r f’
.r; s |
T oor",_; T T -1.0
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FIG. 2. a: Theoretical peak-to-peak signal range as a function of 2.0
time for CSPAMM, |[CSPAMM| and MICSR. These curves assume
a value of 1.0 for M, and a value of 800 msec for T1. b: The ratio FIG. 1. MICSR' tag profile using g; n(lA |_ }BI)X (14 |+ BI)
of MICSR to CSPAMM and MICSR to |CSPAMM|. &
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the underlying magnetization. What really matters image. Here, the underlying image value is zero, and
imaging, however, is not whether the underlyindne Rician distribution becomes a Rayleigh
contrast alone is improved (which after all can kbistribution with mean and variance given by

done using a simple gain factor) but whether the L,
contrast-to-noise is improved. Accordingly, we now M€ [CSPAMM|,,, =20° /2, [15]
compare the noise behavior of these three methods. Variance CSPAMM|_ =0?(4 - ).

Contrast-to-Noise Behavior Note that this is twice the mean and variance usually

The most common way to measure noise in an mgitten for the Rayleigh random variable in the

image is to use a region-of-interest in the backgrouB@ckground of an MR imaggl3), because in this

— i.e., the air — to determine the underlying nois@se the underlying image i¢ — B, which has twice

variance. Contrast-to-noise (CNR) is usuallipe variance of a single image. Interestingly, we find

computed using this background noise. In our ca#eat the mean of |CSPAMM| it zero; therefore, the

however, since both |CSPAMM| and MICSR arexpected contrast of [CSPAMM| is actually reduced

computed as nonlinear functions of the underlyificause of noise.

image signal, it is necessary to use the nuig@in Using the variance given in Eqg. [15], and

the object being imaged in computing CNR. Alsdncorporating the reduction in expected contrast, the

since the noise power will depend on the sign@NR of [CSPAMM| images at the peak signal regions

intensity of the object, the presence of an imposed {a@iven by

pattern causes the contrast-to-noise ratio (CNR) to SUT, _ o2

vary both spatially and temporally. To understand theCNR|CSPAMM__, = M, 7 CZTU Vnf2

nature of the temporal and spatial variation of CNR,

yet to also retain some simplicity, we have electedaod the CNR at the tag lines is given by

compute the temporal evolution of CNR at the two LT, o2

signal extremes — i.e., the peaks and the zerccNR|CSPAMM, = 2Mee N 20"/ 2 [17]

crossings (tags) of the tag pattern. oNa-m
Assume that the noise in each of the real awde note that the ratio of the |CSPAMM| CNR at the

imaginary channels of the complex imagesndB tag lines to that at the peak.jg/(4-m) = 1526, which

are independent Gaussian random variables, egfarly reveals the spatially-varying nature of CNR in

with mean zero and variangg’. If one were able to |CSPAMM| images.

accurately perform phase correctionsfoandB, then To calculate the noise behavior of MICSR, we use

the noise in the real-valued CSPAMM imade;- B  the equatiogycsg =|4 |5+ 9iven in Eq. [6]. Let

would have a zero mean and varianceaf. In this the noise-free signal intbe denoted by4d. The

case, the contrast is twice the amplitude given in Egmplex MRI image is given by

[3], the noise standard deviationy20, and the CNR

[16]

is therefore A=Acos@+ n+ j(Asing+ n) (18]
STy san ; .
CNR CSPAMM= *Me€ _V8 M€ , [14] where gis an unknown phase angle (which may be
V20 o random and/or spatially varying) amg and n, are

which is spatially invariant and expor'em'al|3fndependent, zero-mean, Gaussian random variables

decaying with time.. h with vari 5 . iqhtf d h
It has been previously shown that image intensiti%\@IC with varianceg=. It Is straightforward to show

in magnitude MRI images follow a Ricianthat

distribution (14). When the signal-to-noise ratio in_ Mean |4 = 1* +20°,
such an image exceeds 3.0, however, the noise - )
approaches an additive Gaussian random variabl&/ariance |4f =44°0% +4g*,

with a variance equal to that of the underlyi_ng i_magﬂnalogous expressions to those in Egs. [18] and [19]
Therefore, in |CSPAMM| where the underlying imaggy|q for the complementary imadg and since the
is 4—p, the noise variance in the high signglgjse terms ik andB are independent, it follows that
regions (e.g., between the tag lines)g? , just like Mean MICSR= A2 — B?
in CSPAMM. The situation changes, however, at the ean ' [20]

H 2( A2 D2 4
zero-crossings — i.e., the tags — of the CSPAMMYanance MICSR=4o (A*+B?)+80".

[19]
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Unlike that of |CSPAMM|, the variance of MICSRwhich is identical to the CNR of the phase corrected
images is highly dependent on the spatial a@EPAMM given in Eq. [14].
temporal variations of bottA andB. We now The CNR’s for CSPAMM, |CSPAMM|, and
examine the temporal variation of MICSR CNR at thdICSR together with their CNR ratios are plotted in
both the zero-crossings — i.e., the tags — and the sidgfigl. 3. We can see from Fig. 3a that the CNR of
peaks. MICSR at the tag locations is nearly identical to that
Spatially, the peak MICSR signal is producedf (phase-corrected) CSPAMM ontés greater than
when 4=,and B:Mo(l_ge—tm). At the location of roughly 60 msec. From Fig. 3c we see that it is
the peak signal, wherd >>a , we can neglect thg,: 30-60% better than that of |CSPAMM|. Because the

term in the variance of Eq. [20]. Dividing Eq. [9] b)poise in MICSR is heavily dependent on the signal

the square root of the variance in Eq. [20] arfgnplitude, when measuring the noise at the location
substituting the above values farandB yields the ©f the absolute signal peaks, the CNR of MICSR only
contrast-to-noise ratio of MICSR at the peak approaches that of CSPAMM wherr 1000 msec.

However, it exceeds that of [CSPAMM| after roughly
_4M, (-cn) [21] 300 msec, and the ratio exceeds 2 wherf00 msec.
o le(-2e ) This substantiates (at least theoretically) our claim
At a zero crossing, we know that=8 for all that MICSR should have better tag persistence than

time. Therefore, the MICSR variance becoméSSPAMM|, and should also have superior

8o?(A7+ 07): Dividing Eq. [9] by the square root of thisvisualization of motion through the diastolic phase in
tagged cardiac MRI.

CNRMICSR,

variance and substituting, = Mo( —e“”l) yields the

CNR of MICSR at the zero crossings k-Space Considerations
@Moz(l_e—t/Tl)e—t/Tl . 22] Immediately after applying a [+90,+90] or [_+90,-_90]
CNR MICSR,,,= S tag, the averaghl, and hence the average signal in a
0\/'\/'02( ‘e'”“) +0° complex image acquired at that time is zero. This

When4 > 30, (which typically occurs in when t > 60appears as little or no signal near the centek-of
msec), we can ignore th& term in the denominator Space. Instead, most of the signal power is located at

and Eq. [22] can be simplified to the +/- peaks corresponding to the spatial frequency
J8 Mg of the tags. As an example, when using a sinusoidal

CNR |\/||CSF;WJ):8'\/'7Oe ) [23] pattern with a 6 mm period over a 280 mm FOV there
g will be a total of 280/6 = 46.7 cycles across the FOV.

Magnitude Image CSPAMM Reconstruction (MICSR) 6



components include a doubling of the fundamental
frequency and the introduction of higher-order
harmonics. Without adequate zero padding, the
resulting harmonic series will be truncated resulting
in tag blurring and corresponding reduction of tag
contrast.

-64 -32 0 +32 +64

METHODS

MR Imaging

All scans were performed on a Marconi 1.5T Eclipse.
The CSPAMM tagging pulse sequence consisted of
two non-selective, 90°, 400 pusec RF pulses with an
intervening 700 pusec modulating gradient. The tag
profile is shifted half a period by phase alternating the

FIG. 4. K-space data from the second volunteer’s scan (scan
parameters given in table 1). Trigger delay of 110msec, 32x128

matrix, centered acquisition, tag peaks located at + 47. The second pulse by 180°. Three different versions of a
numbers represent the kx coordinate. (a) Absolute value of k- RF-FAST (spoiled gradient echo) cine imaging
space data with [+90, +90] tagging and a trigger delay of 30 msec. . . .
(b) Subtraction of data from [+90, +90] and [-90,+90] tagging sequence were used with the scan parameters Il_sted in
sequences. Table 1. In all sequences, the tag lines were oriented

perpendicular to the frequency encode gradient.

This will produce large peaks kspace at roughly +  The phantom consisted of four long, thin cylinders
47 points from the center. inside a larger cylinder, similar in size to a common

Fig. 4a shows an example set lospace data head coil phantom. The thin cylinders were doped to
acquired with a trigger delay of 30 msec. With thisave differentT, and T, values. All measurements
trigger delay, the peak at the centerkeépace is were made in the cylinder witf,/T, values of
fairly small. AsM; begins to recover, this peak willgo0/45, closest to myocardium. The phantom imaging
begin to grow while the tag peaks will decrease {flas performed using a quadrature head coil. Two
amplitude. ~ However, after performing theets of phantom images were obtained. The first set
subtractions that are part of both CSPAMM angked a tag cycle of 8 mm with a FOV of 250 mm and
MICSR, the signal at the center drops out completelg6 point readout matrix, parameters similar to those
and the signal power is split between the two ta@ten used in cardiac imaging. This provides close to
peaks as shown in Fig. 4b. 8 points per tag cycle or 4 points per zero crossing

The presence of two large peaks has significagid is used to demonstrate the differences in typical
implications when designing an imaging sequence. |#ISPAMM| and MICSR tag profiles. The second set
is common practice to use a fractional echo sequenggs acquired twice using a tag cycle of 28 mm and a
when acquiring cardiac cine images in order ®OV of 280 mm resulting in 25.6 points per tag cycle.
shorten the TE thereby minimizing motion relategy subtracting these images it is possible to make
dephasing. Using a fractional echo that captures oRbise measurements near the zero crossings and near
one of the two tag peaks would throw away almogfe signal peaks.
half the signal, thereby reducing the SNR /oy For  After obtaining informed consent, both volunteers
this reason, when implementing a tagged imagimgere imaged with a 4-channel cardiac phased-array
sequence, a centered echo data acquisition shoulddié A total of four breath-holds were required, two
used. Additionally, when using a sinusoidal tagith phase alternated tags in one direction and two
profile, there are no higher harmonics and thereforewith phase and frequency directions swapped. A grid
is only necessary to use a matrix size that wphttern was obtained by multiplying together the
adequately sample the two tag peaks seen in Fig. 4.results from the MICSR processing of the

The reduced matrix size is adequate for MICS®thogonally tagged images. Prior to reconstruction of
reconstruction; however, care needs to be taken wilke second volunteer’s images, the data was zero-
producing |CSPAMM]| images from the same datiled and interpolated to a 512x512 matrix.
The problem with |[CSPAMM| reconstruction can be In the Theory section, we derived theoretical
understood by realizing that rectified sinusoids hagentrast behavior as a function of time while ignoring
significantly higher frequency components caused bye RF pulses that are part of an imaging sequence.
the nonlinear absolute-value operator. Thedse order to predict the results of an actual imaging

Magnitude Image CSPAMM Reconstruction (MICSR) 7



experiment, an Excel spreadsheet was used
simulate the time course of th&, magnetization and
signal intensities. The scan parameters used in

simulation were the same as those listed in Table
for the phantom imaging experiment. We assumec

T, value of 800 msec.

Trinary Image Display

The preceding analysis reveals excellent MICSR
CNR at the tag locations throughout the entire cardiac
cycle, rivaling that of CSPAMM itself. On the other
hand, MICSR CNR at peak locations is generally
poor in systole, and does not approach that of
|CSPAMM] until #> 300 ms and CSPAMM until ¢ >
900 ms. These properties of MICSR suggest the use
of a nonlinear transformation of the MICSR
intensities for visualization purposes that focuses
attention on the tag locations while downplaying the
peak intensities. There are an infinite number of
transformations that satisfy these basic principles.
We have developed the following mapping, which we
refer to as the MICSR trinary visualization.

Unlike [CSPAMM| images, MICSR images hav

both positive and negative values. In particular, th

zero-crossings represent the tag locations. In ordef

FIG. 6. MICSR and and |CSPAMM)| images of cylinder with T1 of
800 msec at trigger delays of 30, 300 and 1000. (a) |[CSPAMM|
images with constant window and level settings demon-strating the
change in contrast over time. (b) |CSPAMM| images with window
and level set differently for each image. (¢) MICSR images with
broad €. (d) MICSR images with narrow E.

The choice of€is important in determining the
overall appearance and utility of the trinary display. If
selected too large, then a fair amount of the image is
dominated by a grayscale MICSR image and the
constant intensity regions are diminished. If selected
too small, then the transition regions between “white”
and “black” bands are very narrow and are subject to
noise. There are several sensible possibilities for
selection of €. Although there may be more
Brincipled ways to select, to date we select a
pnstant value that provides a pleasant appearance

Epughout all images in a cine series.

“see” the MICSR image values around the tags, we

maintain a linear relationship between these valuRESULTS

and the visualized intensities. However, in our trinaty this section, we present data from |[CSPAMM| and
visualization, MICSR values that are larger iMICSR reconstructions only since we do not have the
magnitude are thresholded and displayed as constaoftware to calculate and apply the phase corrections
Accordingly, the MICSR trinary mapping is given by necessary for CSPAMM.

Ch1, MICSR=¢ Phantom Images
MICSR Fig. 6 shows three representative pairs of images
TrinaryMap=H——, |MICSR<£ [27] from the first phantom series, with trigger delays of
g & 30, 300, and 1000 msec. The |[CSPAMM| images in
H1 MICSR< ¢ Fig. 6a were filmed with fixed window and level

where € is a small positive number. A plot Showin@ettings and clearly demonstrate how the contrast

the relationship between the trinary mapping af@anges over time. The same images are shown in
MICSR image values is shown in Fig. 5. Fig. 6b with individualized settings to produce images

with similar apparent contrast. This is easy to do for
a few images but difficult when there are 16 to 30
images that comprise a cine series.

In Fig. 6¢c, a large value was chosen foiwhile a
much smaller value was chosen for the images in Fig
| 6d. The MICSR images in Fig. 6d highlight the
MICSR advantage of tagged regions that alternate between
positive and negative, regardless of the absolute
amplitude. This effectively divides the images into
three regions; tissue will always be black or white
while the background (air) will be near zero. With
this type of trinary display, even though the actual
contrast is changing over time, the displayed contrast
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——  MICSR pairs of points, (the squares in Fig. 7), bracketing the

- - - |cSPAMM| zero crossings. The largest errors in [BSPAMM|
.l. tags occur when the MICSR points are equidistant on
either side of the zero crossing.

Effect of Imaging Sequence on Contrast. As was
discussed in the Theory section, |CSPAMM]| contrast
is proportional toM, while MICSR contrast is

proportional toMOZ. This results in MICSR images
having a peak-to-peak range that is two to three
orders of magnitude larger than |CSPAMM)| images
making it difficult to compare results. One approach
_ _ to facilitate comparison would be to eliminate g
e e 20 Pfics 42199%term completely by dividing the unsubiracted source
sampled points that bracket a zero crossing. images,A andB, by M,, effectively settingV, to 1 as
was done in the theory section. In an actual imaging
remains constant except for some small fluctuatioggperiment, the true value fof, is not known. It is
in the edges during periods of low SNR. reasonable to assume, however, thdg is

Tag Profile. Fig. 7 displays the tag profiles obtainefroportional to the measured peak signal in the source
from the images in Fig. 6 at a trigger delay dpnsubtracted) images at the beginning of the cardiac

300 msec. Note that the amplitude (depth) of eag¥cle- Therefore, we determine the maximum

. absolute signal in an area of interest and then
trough of th_e|CSPAMM| data varies across the ,Fovhormalize all images in the cine sequence prior to the
As was discussed undetspace considerations

. - . _ final reconstruction steps for both |CSPAMM| and
inadequate zero-filling will result in a poofcgRr.

representation of the tag profile. In this case, we us_,edThe simulated time courses of the peak-to-peak
a tag cycle _of 8 mm over a FOV of 250 mm. Th@ignal for |CSPAMM| and MICSR for three
produced primary peaks laspace at +31.25, (250/8)yq41theats are shown in Fig. 8. Note that the time
f(l;t;rstak_lng the absolute value, the peaks moved g, qe for the first heartbeat is significantly different
+62.5 with the first harmonics at +125. With @yjgher) than for the subsequent beats which have
readout matrix of 256 points, these harmonic peaksa, driven to a pseudo steady state. Because of this
were only partially sampled and no higher harmonigs, atic signal change from the first to subsequent
were included at all. Zero-padding the matrix prior Weartbeats, we always use a stabilization or
the Fourier transform can improve tfjf@SPAMM| “throwaway” beat, and have therefore chosen to
tag profile; however, even with zero-padding to gormalize the data to the peak signal in the source
1024 matrix (not shown), every fourth tag line is stijmages at the start of the second beat.
poorly represented. Fig. 9 depicts the measured, normalized, peak-to-peak
As can be clearly seen in Fig. 7, the MICSR dagignal from the second phantom imaging sequence.
retains its sinusoidal shape even when spars&tye general shapes of the measured curves agree well
sampled. Very good estimates of the zero crossingish the predicted curves. The measured MICSR
can easily be obtained by linear interpolation betweenrve is actually flatter than that predicted resulting in

4.0 4.0
— MCSR MICSR .
& A == |csPAMM| |csPAMM] FIG. 8. Simulated 3 heartbeat
S 3.0 30 approach to pseudo steady-state of
o \ peamememmatemm P pEm—— peak-to-peak signal during the
§ \r\ - = £ imaging sequence used in the
820 HINTXC 'Y - - - 20& phantom study. Assumed
x \ AN \ parameters: T1=800, TR= 8.55
2 10 / \\ ! )2\ N\ 10  Msec, Flip=10°, R-R interval=1500
; o HA \\\. 7N ' msec, Imaging time=1200 msec,
i/ S 4 S 4 S~ recovery time=300 msec
i ——— — e ey
0.0 b P ) = = 1 T 0.0
0 500 1000 1500 2000 2500 3000 3500 4000

Time in msec
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== |GSPAMMI MICSR
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Peak -to-Peak Range

0 200 400 600 800 1000 1200
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FIG. 9. Peak-to-peak signal values in a phantom after |CSPAMM]|
or MICSR processing. Parameters: T1=800, TR=8.55, Flip=10°, R-
R interval=1500 msec, Imaging window=1200 msec, recovery

time=300 msec. Data was normalized by dividing by the peak
signal in the first image in the series.

a higher than expected ratio between the t\
techniques. The change in the MICSR curve seem:
be due to raising the ends as opposed to Iowering FIG. 10. Example MICSR and |CSPAMM]| images from phantom
iddl 0 ibl | . | h study with 28 mm tag cycle. The lower two images display the
mi €. ne_ pOSS_l e explanation relates to the |standard deviation of each pixel across the 69 frame cine. When
pulse. The simulation assumes a perfectly square calculating peak and tag CNR for each image, the noise at the
RF pulse while the actual imaging sequence usePeaks was estimated inside of black boxes (7 mm wide each) and
G . RE | Initial. si | . lati noise at the tags was estimated inside of the white boxes (1.4 mm
aussian pulse. nltla_, simple simulations Sey;ge each).
to support the hypothesis that the RF pulse
responsible for the flattening, but a more detailédack boxes, each having a width of 7 mm. The
simulation should be undertaken for definitive proof. resulting CNR values as a function of time are plotted

c ise Ratio O Ti Th q in Fig. 11. These measured results agree very well
ontrast-to-noise Ratio Over Time. € Second vhe theoretical results given in Fig. 3. The most

series of phantom images, with a tag cycle of 28mg} nificant deviation from the theoretical values is a

was acquired twice. Subtracting these repeated se tly lower |[CSPAMM| CNR at the tag locations

ter:lmln?]test ttr?e Fs(ljg{?a#hleav[ng t??h ncilsel pretseﬂge region where the theoretical [MICSR| noise is
roug tpu ¢ deb - 'he nol[?]e at ; ggd oc_:a}lo y is very narrow. Estimating the noise too far from
was estimated by measuring tné standard deviatio actual tag location will result in a larger apparent

the zero crossings + 2.5% of the tag cycle as de_picg? ndard deviation thereby lowering the CNR curve.

b)_/ the white boxes showr_l in Fig. 10.’ each havmgT"f‘lis underestimation of the |CSPAMM| CNR also
width of 1.4 mm. The noise at the signal peaks WPEE%

. ) - ults in the measured ratio between MICSR and
estimated by measuring the standard deviation at E

PAMM)| being slightly higher than theoretical

peak = 12.5% of the tag cycle as depicted by t Fedictions
a b
Measured at tag locations

100 9 o5 100 Measured across Peaks o5
2 . . 2 — MICSR v aemne,
i 80 Pt e e ‘,\ . 20 E" 80 . -t T 20
19 AP MR A A LY - . [ == - PAMM e m !
= ; 1|, O =2 g |cspamm| ||, . O
N eee MICSR_HIS53 5 60 0 155
o |csPamM| o % o o
£ a 2 8 - -~ &
R 10 R 10
(&1 ~ o (&} b

*, - -~
20 - - 3 —
— MICSR -.__h“_.\_\_hqus 20/ .‘"""'--..HM
= = |CSPAMM| i N il
0 0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time in msec Time in msec

FIG. 11. Contrast-to-Noise ratios measured using [CSPAMM| and MICSR. (a) Noise measured at tag locations +2.5% of tag cycle. (b)
Noise measured at signal peak +12.5% of tag cycle.
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CSPAMM

FIG. 12. Representative CSPAMM
and MICSR images from Volunteer
#1. Trigger delays of 80, 490 and
762 correspond to early systole, early
diastole and late diastole.

MICSR

Volunteer #1 Volunteer #2
The goal of the first volunteer imaging sequence wake images from Volunteer #1 required four 21-
to obtain one short axis slice with good spatiaecond breath-holds and resulted in images at only a
resolution and adequate temporal resolution $ingle anatomical location. A faster cine sequence
demonstrate the feasibility of the technique. Fig. I2as used with Volunteer #2. In Fig. 13 we show end-
shows three representative pairs of images fraystolic images from four separate anatomic locations
volunteer #1. Both reconstruction methods shawach being part of a 16-frame cine. Total time for all
good tag definition throughout the cardiac cycléour slices was only four 13-second breath-holds, less
However, the |CSPAMM| images demonstrate a wittgal scan time than the single slice from volunteer #1
range of contrasts between the tag lines apet with similar image quality. Note that areas of
interspersed tissue both within a single image ahijh strain are easy to identify as a distortion in the
between images while the trinary windowing of thgrid pattern. Where the direction of strain is
MICSR images provides a consistent, easilv
recognizable contrast throughout the cardiac cycle.
The MICSR image obtained at a trigger delay |k
80 msec was reconstructed using the alternate ver
of the MICSR equationsign(|A - B )x( A+ Bt

at the edge of the myocardium. One requirement -
any subtraction technique is that the images [§
precisely aligned. A slight misregistration at the z¢g
crossings of the tag pattern may result in the te
(IA]-|B) changing sign. When using the norm
MICSR equation, the magnitude of the difference [}
usually small resulting in the produc

(IAI-1B)x( |A }+ |B) being small and any error is o
little notice. When using the modified MICSH
equation, a change in the sign of the difference Wf
have a much greater effect. The images shown in

imaging sequence that would allow all four require

. . . ” FIG. 13. End systolic MICSR images from four contiguous slices
sets of images to be acquired in a single breath-hirom volunteer #2. Allimages required to reconstruct 16 images at

would significantly reduce this artifact. four slices were acquired in four 13-second breath holds.
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perpendicular to the grid pattern, a square distorts indoidentify a small region, a single 3.5 mm x 3.5 mm
a rectangle. Where the direction of strain is at aguare for example, and watch how it moves and
angle, the grid square becomes a diamond. Becadstorms throughout the cardiac cycle. Although in
of the tight trinary windowing (smalE) there is no this paper we make no attempt to quantify the strain,
broadening of the tag lines as is common in SPAMMis obvious that the MICSR images would be ideal
and CSPAMM images, particularly in late diastole. for strain analysis. Because of the ease of identifying
Due to a difficulty in saving the raw data at thedges (zero crossings) the analysis can be done using
data rates used, we were unable to reconstruct ¢teexmon tag tracking type processing.
corresponding |CSPAMM| images for comparison. In addition to these demonstrated advantages,
MICSR images are also optimized, in theory, for
DISCUSSION processing using HARP. Because th_e tagging is
. .sinusoidal with a zero mean, the Fourier transform
We have presented a simple method of using : . :
. . . Il consist primarily of two peaks, at the plus and
magnitude images to reconstruct images frominus frequency of the tags. There will be little or no
CSPAMM data. The MICSR method has sever(r’qjﬂ requency > tags. .
. . contamination from signal at low frequencies, (DC
advantages over more traditional reconstruction . :
) , component), nor will there be higher-order
methods. They are: 1) The scanner’'s recon systﬁm : his hold h h h di
can be used to perform the initial magnitudearmomcs' This noics true throughout the cardiac
. ) . =2 ~-cycle whereas with SPAMM and CSPAMM, the
reconstructions, performing all coil combination
gradient correction, and surface coil correction

desired.) 2) The final reconstruction stﬁmz_ B F)

npntribution from low frequencies and higher
armonics change as a result bf, recovery.
Demonstrating these advantages for HARP analysis
produces true sinusoidal tag profiles as opposedwill be the subject of further research.
rectified sinusoids. 3) The images can be displayed The goal of the second volunteer imaging
with ‘trinary’ window and level settings providingsequence was to cut the total scan time down while
consistent apparent contrast throughout the cardmaintaining adequate spatial and temporal resolution.
cycle. 4) Accurate information of the zero crossing§his was accomplished by increasing the bandwidth,
corresponding to the tag lines in normal |CSPAMNMgducing the matrix size and increasing the phase
reconstruction, can be obtained/retained without teacode group (PEG) size. These changes resulted in
need for large-scale interpolation. 5) Peak MICS® four-fold improvement in scan time while also
contrast and CNR is obtained between 200 and S@proving temporal resolution making it possible to
msec after the R-wave trigger corresponding to ladequire one tag orientation for four slices in a single
systole to early diastole; the point in the cardiac cyddeeath-hold and all four orientations for four slices in
exhibiting the largest myocardial deformation. 6@pur breath-holds. We intend to implement a scan
Useful tag contrast persists at higher levels and fosequence that will acquire all four tag orientations for
longer period of time. 7) MISCR contrast-to-noise at single slice in a single 16 to 20 heart beat breath-
the actual tag locations is nearly equal to phalkeld eliminating the potential problem of respiratory
corrected CSPAMM throughout all but the first 50elated misregistration. Within 10 breath-holds, it
msec of the cardiac cycle and is 30 to 50% greaweitl be possible to acquire MICSR grid images
than |CSPAMM|. 8) The improvement betweetovering the whole heart. In addition to the strain
MICSR and |[CSPAMM]| continues to improve even tnalysis, this type of data set should facilitate
the end of the cardiac cycle. measuring cardiac mass, left and right ventricular
The most significant advantage of the MICSRolumes, and stroke volumes.
technique is that the final images are zero-meanlt is well known that the RF pulses of the imaging
sinusoids. The usual dark tag lines that fade owquence have significant effect on tag persistence
time have been replaced by positive/negatiyé5,16). It is possible to improve SPAMM and
transitions. The slope of the tagging pattern GSPAMM tag persistence (contrast) by starting with
sharpest at these zero crossings. Tight thresholdingmall flip angle wheM, is large and increasing the
creates a trinary display with visual contrast thflip angle asM; decreases (15,16). Although we do
remains constant throughout the cardiac cycle. Whilet currently have the ability to use variable flip
watching cine loops of typical SPAMM andangles in cardiac gated cine imaging on our Marconi
CSPAMM images, one tends to track the motion &f5T Eclipse, we will be performing simulations to
lines. With MICSR images, one is more readily abkxamine the effect of variable flip angles on MICSR
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contrast. In addition. we will be eproring theé Amini, AA, Prince, JL. Measurement of cardiac deformations from
timizati that mi f’1t b ibl ith diff t MRI : physical and mathematical models. Boston: Kluwer Academic
optimizations at mig e possible wi irreren Publishers, 2001.

imaging sequences such as multi-shot EPI or spisal Mosher, TJ, Smith, MB. A DANTE tagging sequence for the

EPI evaluation of translational sample motion. Magn Reson Med 1990;
. . . . 15:334-9.

Because of the spatial and temporal differencesgin kerwin, ws, Prince, JL. A k-space analysis of MR tagging. J Magn

contrast and contrast-to-noise, comparisons betweerReson 2000; 142: 313-22.

. Osman, NF, Kerwin, WS, McVeigh, ER, Prince, JL. Cardiac motion
CSPAMM, |CSPAMM|’ and MICSR cannot bg tracking using CINE harmonic phase (HARP) magnetic resonance

absolute. One method cannot be claimed to beimaging. Magn Reson Med 1999: 42: 1048-60.
superior to the other in all respects. For example, iis ﬁ)sman,_ NFH Mcv'\jglh.lggél;rince, '\z'--d'lmagihg hz%aof(t)mlfgiolfggsg(‘)gz
. armonic phase . rans Med Imaging ; 19: 186-202.
clear from all standpomts that |CSPAMM| has bettgr Sampath, S, Derbyshire, JA, Osman, NF, Atalar, E, Prince, JL. Real-
contrast and CNR than MICSR immediately after tag Time Imaging of Two-dimensional Cardiac Strain Using a FastHARP
i i i i Pulse Sequence. Magn Reson Imaging 2002; In Revision.

appllcatlon'. So, it mlg.ht . be .reasonable to Uﬁg Osman, NF, Prince, JL. Visualizing myocardial function using HARP
|CSPAMM| if early systolic imaging were the goal. " \Ri. Phys Med Biol 2000; 45: 1665-82.
On the other hand, |CSPAMM| does not produceli Fischer, SE, McKinnon, GC, Maier, SE, Boesiger, P. Improved

: : : : . ¢ myocardial tagging contrast. Magn Reson Med 1993; 30: 191-200.
sinusoidal pattern, and this m_lght be prOb!ematIC Hfz. Fischer, SE, McKinnon, GC, Scheidegger, MB, Prins, W, Meier, D,
for example, HARP processing were going to be Boesiger, P. True myocardial motion tracking. Magn Reson Med
used. Further, since tag tracking is the usual 1994; 31:401-13. S _

biecti h CSPAMMI i d f 13. Gudbjartsson, H, Patz, S. The Rician distribution of noisy MRI data.
objective when | | is used, we can see froMi yiagn Reson Med 1995; 34: 910-4.
Fig. 11a that MICSR has superior CNR after a very. Urkowitz, H: Signal Theory and Random Processes. In. Dedham,

i i i MA: Artech House, Inc., 1983; 452.

short mt.erval at the |0C8.'[I0r? of t.he tag§, W.hICh Woug. Stuber, M, Fischer, SE, Scheidegger, MB, Boesiger, P. Toward high-
then point to MICSR even in this application. If, on" resolution myocardial tagging. Magn Reson Med 1999; 41: 639-43.
the other hand, diastolic imaging is the goal, théf Stuber, M, Spiegel, MA, Fischer, SE, Scheidegger, MB, Danias, PG,
MICSR stands up well from all viewpoints, even in Pedersen, EM, Boesiger, P. Single breath-hold slice-following

. . CSPAMM myocardial tagging. Magma 1999; 9: 85-91.
comparison to CSPAMM itself.
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