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Are TrueFISP Images T,/T,-Weighted?

Teng-Yi Huang,"? Ing-Jye Huang,"** Cheng-Yu Chen,? Klaus Scheffler,*
Hsiao-Wen Chung,"?* and Hui-Cheng Cheng*

Images acquired using the TrueFISP technique (true fast imag-
ing with steady-state precession) are generally believed to ex-
hibit T,/T,-weighting. In this study, it is demonstrated that with
the widely used half-flip-angle preparation scheme, approach-
ing the steady state requires a time length comparable to the
scan time such that the transient-state response may dominate
the TrueFISP image contrast. Two-dimensional images of the
human brain were obtained using various phase-encoding ma-
trices to investigate the transient-state signal behavior. Con-
trast between gray and white matter was found to change
significantly from proton-density- to T,/T,-weighted as the
phase-encoding matrix size increased, which was in good
agreement with theoretical predictions. It is concluded that
TrueFISP images in general exhibit T,/T,-contrast, but should
be more appropriately regarded as exhibiting a transient-state
combination of proton-density and T,/T, contrast under partic-
ular imaging conditions. Interpretation of tissue characteristics
from TrueFISP images in clinical practice thus needs to be
exercised with caution. Magn Reson Med 48:684-688, 2002.
© 2002 Wiley-Liss, Inc.
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Rapid gradient-echo imaging with balanced gradient
waveforms in all three gradient channels (SSFP or bal-
anced FFE; referred to as TrueFISP for true fast imaging
with steady-state precession in this article) (1-3) has re-
cently generated significant attention in clinical practice.
Combining the advantages of subsecond scan time per
slice, high fluid-tissue contrast, 3D imaging compatibility,
and inherent flow compensation, the TrueFISP technique
has found applications in, for example, cardiac imaging
(4), interventional radiology (5), whole-body screening (6),
and fetal brain maturation (7). With advances in imaging
options, such as magnetization preparation (8,9) or fat
suppression (10), which provide versatile flexibility in
image contrast, it is likely that the clinical use of TrueFISP
will be further broadened in the future.

Image contrast in generic TrueFISP images is generally
believed to be T,/T,-weighted (3,4,7,11,12). Indeed, as

"Department of Electrical Engineering, National Taiwan University, Taipei,
Taiwan, R.O.C.

2Department of Radiology, Tri-Service General Hospital and National Defense
Medical Center, Taipei, Taiwan, R.O.C.

3Radiologische Universitaetsklinik Freiburg, Sektion “Bildgebende und Funk-
tionelle Medizinische Physik,” Freiburg, Germany.

“Veterans General Hospital-HealthTech Imaging Center, Taipei, Taiwan,
R.O.C.

Grant sponsor: the National Science Council; Grant number: NSC-89-2320-
BO0O2-155-M08.

*Correspondence to: Hsiao-Wen Chung, Ph.D., Rm. 238, Department of
Electrical Engineering, National Taiwan University, No.1, Sec. 4, Roosevelt
Road, Taipei, Taiwan 10764, Taiwan, R.O.C. E-mail: chung@cc.ee.ntu.edu. tw
Received 16 January 2002; revised 17 May 2002; accepted 13 June 2002.
DOI 10.1002/mrm.10260

Published online in Wiley InterScience (www.interscience.wiley.com).

© 2002 Wiley-Liss, Inc.

shown in early publications, the MR signal in the steady-
state free precession (SSFP) regime with an SSFP angle of
180° can be expressed as (3,11,13):
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where M, is the magnetization at thermal equilibrium and
a is the flip angle. With TR < T, and TR < T,, Eq. [1]
reduces to:

M sin a
T 701 +cosa + (1 — cos a)(T1/T2)

Signal (2]

showing only T,/T, dependency at large flip angles (e.g., «
about 70°). When imaging the brain, for example,
TrueFISP shows poor contrast between gray and white
matter because the slight difference in their T,/T, ratios
partially cancels out differences in proton densities (3,7).
It is partially because of this reason that application of the
TrueFISP technique for brain imaging has not gained pop-
ularity as in body examinations. It is important to note,
however, that Egs. [1] and [2] hold true only when the data
acquisition is carried out in the steady state. An early
theoretical study on the duration of the transient phase of
SSFP experiments demonstrated that the decay rate to the
steady state is given by —TR(T,+2T,)/T,T,, and that the
steady state is reached after about 5T, T,/(TR(T,+2T,))
repetitions (14). The contrast of TrueFISP images may
therefore depend on the transient-state behavior if ap-
proaching the steady state requires a time length compa-
rable to the scan time.

In the present study, we show that even with the (—a/
2)—(TR/2) preparation scheme commonly used in True-
FISP for rapid and smooth stabilization of the magnetiza-
tion vector (15), the number of “preparatory” RF pulses
needed to approach the steady state can exceed 100. As a
result, the usual appearance of TrueFISP images should be
more appropriately regarded as a transient-state combina-
tion of proton-density and T,/T, contrast, a phenomenon
similar to that found in other gradient-echo sequences
(16,17). The actual image appearance depends on the num-
ber of RF pulses experienced by the magnetization prior to
data acquisition near the center portion of the k-space.

MATERIALS AND METHODS

Two-dimensional transaxial images of the brain were ac-
quired from seven healthy volunteers on a 1.5 T system
(Siemens Vision+, Erlangen, Germany) using the True-
FISP technique (TR/TE = 6.4/3.0 msec, one signal average)
with 180° phase alternation of the excitation RF pulses
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TrueFISP Image Contrast

FIG. 1. Brain images acquired at a 70°
flip angle with (a) 48, (b) 64, (c) 96, (d)
128, (e) 256, and (f) 768 RF pulses pre-
ceding data acquisition around the cen-
ter of the k-space, respectively. Notice
the decreasing contrast between gray
and white matter from proton-density- to
T,/T,-weighting as the number of prepa-
ratory RF pulses increases.

(i.e., SSFP angle = 180° for on-resonance spins). An initial
RF pulse with —a/2 flip angle was placed at TR/2 before
the imaging pulse train to facilitate smooth evolution to
the steady state (15). The order of phase encoding was
linear, hence the image contrast, as dominated by the
central portion of the k-space, was determined primarily
by the magnetization having experienced about N /2 “pre-
paratory” RF pulses, where N, stands for the number of
phase encoding. To examine the transient-state signal be-
havior, N, was varied from 64 to 512 to mimic variations
in the number of preparatory RF pulses (number of prepa-
ratory RF pulses = 32-256). Care was taken so that the
spatial resolution was kept constant whenever possible,
but we later found that the signal behavior was relatively
independent of the spatial resolution. For some of the
images, additional preparatory RF pulses were added by
continuously scanning for more than one image at the
same slice location. The flip angles for the excitation RF
pulse were varied from 30° to 90° at 10° increments to
investigate flip-angle dependency.

The theoretical behavior of MR signal intensity under-
going a continuous train of RF pulses, with (—a/2)—(TR/2)
preparation, was calculated for the same scanning param-
eters as that described for the imaging experiments. An
ideal rectangular slice profile was assumed in the simula-
tions. The possible effects of nonideal slice profiles will be
discussed in a later section. Proton density, T,, and T,
values for the cerebrospinal fluid (CSF), gray matter, and
white matter were measured from brain images of the
subjects recruited for this study. Averaged values of the
seven subjects were used for the calculation. T, values
were estimated using an inversion recovery sequence at
TR = 10 sec and by varying the inversion times. T, values
were measured using a spin-echo sequence with 16 echoes
at 22.5 msec separation. These tissue parameters were then
estimated using nonlinear least-square fitting. The contrast
between gray and white matter as derived above was com-
pared with measurements from brain images.

RESULTS

Figure 1a—f shows brain images acquired at a 70° flip angle
with 48, 64, 96, 128, 256, and 768 RF pulses preceding
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data acquisition around the center of the k-space, respec-
tively. Note the decrease in contrast between gray and
white matter from proton-density- to T,/ T,-weighting. Fig-
ure 2 shows the theoretical calculation of signal intensity
for gray and white matter at a 70° flip angle, plotted as a
function of the RF pulses preceding data acquisition
around the center of the k-space. Approaching the steady
state for gray (T, ~ 1200 msec; T, ~ 100 msec) and white
matter (T, ~ 900 msec; T, ~ 80 msec) was faster than for
CSF (T, ~ 4500 msec; T, ~ 2200 msec; data not shown),
but still required about 150 preparatory RF pulses. For
images at 256 phase encoding or lower, the image contrast
is therefore a transient-state combination of proton-density
and T,/T,, if using a linear phase-encoding order. This
transient-state proton-density weighting accounts for the
clearer contrast between gray and white matter in Fig.
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FIG. 2. Theoretical calculation of signal intensity for gray and white
matter at a 70° flip angle, shown as a decreasing function of the
number of RF pulses preceding data acquisition around the center
of the k-space. Approaching the steady state requires about
150 preparatory RF pulses. Experimental data taken from the im-
ages in Fig. 1 demonstrate good agreement with the theoretical
predictions.
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la—c, which were acquired at low phase-encoding values.
These results depart from the expectation of poor contrast
from steady-state T,/T,-weighting. The experimental data
(open squares and filled circles for gray and white matter
in Fig. 2, respectively) taken from the images in Fig.
1 demonstrate good agreement with theoretical predic-
tions.

Analogous to Fig. 1, Fig. 3a—f shows TrueFISP images of
the brain acquired at a 30° flip angle with 48, 64, 96, 128,
256, and 768 RF pulses preceding data acquisition around
the center of the k-space, respectively. Note that these
images are displayed with window settings identical to
those used in Fig. 1. Compared with images acquired using
a 70° flip angle, the images in Fig. 3 do not exhibit visually
significant variations in image contrast as a function of the
number of preparatory RF pulses. In fact, we found that the
images in Fig. 3 could be regarded as being equivalent
when the operator was freely allowed to adjust the win-
dow settings. Figure 4 plots the theoretical prediction of
the signal intensity for gray and white matter at a 30° flip
angle, which again showed good agreement with the ex-
perimental data. Note that approaching the steady state
using a 30° flip angle is slower than when using a 70° flip
angle, requiring more than 250 RF pulses. In addition,
when using a 30° flip angle, as the number of preparatory
RF pulses increases, the change in signal intensity is rel-
atively smaller compared with 70° excitations.

Figure 5 shows the contrast behavior between gray and
white matter at flip angles of 30°, 50°, 70°, and 90°, respec-
tively, plotted as a function of the number of preparatory
RF pulses. The plot indicates that as the flip angle in-
creases, changes in contrast with the number of RF pulses
are more evident, although approaching the steady state
seems to be faster. With a small number of preparatory RF
pulses where the transient-state response dominates, con-
trast between gray and white matter increases as flip angle
increases (Fig. 5, long arrow; images shown in Fig. 6). The
opposite trend is seen with larger numbers of preparatory
RF pulses (Fig. 5, short arrow; images not shown).

Huang et al.

FIG. 3. Brain images acquired at a 30° flip
angle with (a) 48, (b) 64, (c) 96, (d) 128, (e)
256, and (f) 768 RF pulses preceding data
acquisition around the center of the
k-space, respectively. Images are dis-
played with window settings identical to
those used in Fig. 1. Compared with Fig.
1, these images do not exhibit visually sig-
nificant variations in image contrast.

DISCUSSION

The results from this study demonstrate that images ac-
quired using the TrueFISP technique actually exhibit a
transient-state contrast combining proton-density- and T,/
T,-weighting, if the (—a/2)—(TR/2) preparation scheme
(15) is used with a linear phase encoding order. In this
regard, TrueFISP images are not strictly T,/T,-weighted in
general, although the transient-state and steady-state con-
trast between fluids and parenchymal tissues are basically
similar. The actual image appearance strongly depends on
the number of RF pulses that precede data acquisition
around the center of the k-space. The speed in reaching
steady state also depends on tissue T, and T,.

For fluids with a long T, and T,, such as CSF, approach-
ing the steady state is relatively slow. The amount of
change in signal intensity is thus small during continuous
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FIG. 4. Theoretical prediction of signal intensity for gray and white
matter at a 30° flip angle, again showing good agreement with the
experimental data. With a 30° flip angle the change in signal inten-
sity is relatively smaller compared with 70° excitations (Fig. 2).
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FIG. 5. Contrast behavior between gray and white matter at four flip
angles as a function of the number of preparatory RF pulses. With a
small number of preparatory RF pulses, gray/white matter contrast
increases as flip angle increases (long arrow). The opposite trend is
seen with larger numbers of preparatory RF pulses (short arrow).

data acquisition, making the transient-state behavior of
fluids in TrueFISP images relatively unimportant. For pa-
renchymal tissues, such as gray and white matter, the
number of preparatory RF pulses needed to reach steady
state is on the order of 100. Consequently, TrueFISP im-
ages acquired using different phase-encoding values (e.g.,
128 vs. 512, standing for 64 and 256 preparatory RF pulses,
respectively, if using a linear phase-encoding order) can
show dramatic differences in contrast. This effect is par-
ticularly evident at large flip angles, as exemplified in Fig.
1. At smaller flip angles, on the other hand, since the term
(cosa) in Eqg. [2] is close to unity, the contrast dependency
on T,/T, decreases and the image becomes primarily pro-
ton-density-weighted, even if acquired during the steady
state. Therefore, the evolution of magnetization from tran-
sient-state proton-density weighting to steady-state pro-
ton-density weighting leads to visually insignificant differ-
ences in contrast as a function of the phase-encoding ma-
trix (see Fig. 3).

The experimental data in this study were obtained
solely from 2D TrueFISP images. For 3D TrueFISP imaging
using a linear phase-encoding order, the number of RF
pulses that precede data acquisition at the center of the 3D

a

687

k-space is on the order of thousands. The image contrast is
anticipated to be determined by the steady-state behavior
of the magnetization and is therefore T,/T,-weighted. In
other words, for 3D TrueFISP imaging the transient-state
behavior demonstrated in this study would not be observ-
able if a linear view order were used. On the other hand,
for segmented TrueFISP imaging, which is frequently em-
ployed in cardiac gating studies (4,18), the exact image
contrast could contain a significant amount of transient-
state contributions. Interpretation of tissue characteristics
from TrueFISP images in clinical practice therefore needs
to be exercised with caution and with these various con-
siderations in mind. Furthermore, if centric phase encod-
ing (17) is employed when using the TrueFISP technique,
the resolution dependence of the transient-state contrast
shown in this study may be tempered or even eliminated
since the number of RF pulses experienced by the magne-
tization at the k-space center would be fixed at a constant.

There are some minor disagreements between our sim-
ulations and our experimental results (Figs. 2, 4). This
discrepancy may be due to the fact that we assumed an
ideal rectangular slice profile throughout our simulations,
whereas in our actual imaging experiments the slice pro-
file could, of course, not be ideally rectangular. A nonideal
slice profile has the effect of lowering the true flip angle at
the slice boundary, such that the transient-state behavior
for real imaging experiments becomes a “weighted aver-
age,” with the weighting scheme depending on the flip-
angle distribution along the slice direction. Nevertheless,
since the purpose of this study was to demonstrate the
transient-state contrast in 2D TrueFISP images, we ignored
the subtle effects of nonideal slice profiles because the
phenomena of transient-state contrast exist regardless of
the slice profiles used.

As a final note, the transient-state contrast investigated
in this study applies only to TrueFISP imaging that em-
ploys the (—a/2)—(TR/2) preparation scheme widely used
in commercialized clinical packages (15). There are other
means to achieve rapid magnetization stabilization, such
as the recently reported two-stage method for “catalyzing”
(scaling and then directing) the magnetization vector (19).
Whether the transient-state behavior significantly influ-
ences the image contrast in two-stage-catalyzed TrueFISP
images remains an open question awaiting further inves-
tigation. Furthermore, throughout our theoretical calcula-
tions we assumed that a homogeneous static magnetic field
can be obtained across the entire field-of-view via auto-

FIG. 6. Brain images acquired with 48 preparatory RF pulses at (a) 30°, (b) 50°, (c) 70°, and (d) 90° flip angles, respectively. Note that
gray/white matter contrast increases as flip angle increases, as shown in Fig. 5.
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matic shimming, such that transient-state artifacts due to
off-resonance spins need not be considered. The assump-
tion of field homogeneity is valid for our experimental
conditions, as exemplified in Figs. 1 and 3, where no
banding artifacts are seen in any of our TrueFISP images.
Therefore, transient-state off-resonance artifacts previ-
ously reported for the (—a/2)—-(TR/2) preparation scheme
(19) are not present in our study since adequate shimming
was readily achievable.

In conclusion, in the present study we found that with
the (—a/2)—(TR/2) preparation scheme, the number of
“preparatory” RF pulses needed for magnetization to ap-
proach the steady state is on the order of 100. Therefore,
when using a linear phase-encoding order, particularly at
large flip angles and depending on the phase-encoding
value utilized, it may be more appropriate to consider 2D
TrueFISP images as a transient-state combination of pro-
ton-density and T,/T, contrast. Since the parenchymal
contrast differs significantly between transient-state and
steady-state imaging, interpretation of 2D TrueFISP images
in clinical practice requires particular caution.
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