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Abstract

The purpose of this paper is to demonstrate that a fully balanced gradient echo technique (TrueFISP) can be used for micro-

scopic experiments at high static magnetic field strengths. TrueFISP experiments were successfully performed on homogeneous and

inhomogeneous objects at 11.75 T. High-resolution TrueFISP images were obtained from phantoms, plants, formalin-fixed samples,

and from an isolated beating rat heart with an in-plane resolution of 78 lm and a slice thickness of 500 lm. The signal-to-noise ratio

(SNR) gain of TrueFISP compared to conventional gradient echo or spin echo sequences will allow faster acquisition times or an

improvement in spatial resolution for microscopic experiments.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The purpose of NMR microscopy is to look inside

small structures. To this end, high spatial resolution and

a satisfactory SNR are required in an acceptable imag-

ing time. To fulfill these demands, microscopic experi-

ments are normally performed at very high static field

strengths. Imaging techniques with high SNR efficiency

could improve spatial resolution or reduce drastically
the imaging time in microscopic experiments, since the

resolution in microscopic experiments is often limited by

the achievable SNR.

Refocused steady-state sequences have recently

gained popularity in clinical magnetic resonance imag-

ing. The success of TrueFISP [1] (fast imaging with

steady-state precession) in various applications is at-

tributed to its high signal at short repetition times [2–5].
Because all gradients are refocused over a repetition

interval and no RF spoiling is implemented, the trans-

verse magnetization is maintained between successive

RF pulses. Coherent transverse magnetization continues

to contribute to the signal in successive repetition in-

tervals, which results in a much higher SNR than in
magnetization-spoiled imaging techniques [6]. The im-

age contrast of TrueFISP is approximately proportional

to 1=2ðM0ðT2=T1Þ1=2Þ [7,8]. However, TrueFISP is very

sensitive to susceptibility differences and suffers from

bands of signal loss in images due to B0 inhomogeneity

[9,10]. This off-resonance dependence of the steady-state

TrueFISP magnetization is shown in Fig. 1. For alter-

nating �a excitation pulses in successive repetition pe-
riods, the intensity profile shows a narrow signal drop if

the phase offset (/) due to off-resonance between suc-

cessive RF pulses is �p. The period of this pattern is

given by 1/TR. These banding artifacts can be avoided if

the range of resonant frequencies across the image plane

is within the plateau of this intensity profile. To achieve

these requirements, a optimized shimming procedure

and a very short TR are needed. The variation of fre-
quencies should therefore be in the range of �1/(4TR),

which corresponds to a field homogeneity of 62.5 Hz

across the image plane for a TR of 4.0 ms.

However, this off-resonance behavior of TrueFISP is

not only a drawback. It could rather be exploited as a

novel tissue contrast mechanism. With an appropriate

choice of sequence repetition time, all spins within a

certain band of resonance frequencies can be suppressed
while all other spins yield high signal. Moreover, the
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spectral profile of the sequence can be modified with

different phase cycles of the radiofrequency pulse

[11,12].

If the banding artifact could not be avoided due to

shimming, it can be eliminated by acquiring two images:

one with alternating RF phases and one with the same

RF phase, which will shift the signal profile (Fig. 1) by

half a period. By taking the maximum signal between
the two images, an unartifacted image of essentially

uniform intensity for certain tissues can be obtained [13].

Until recently, refocused steady-state sequences have

been impractical for imaging applications due to the

sensitivity to off-resonance effects. Especially at high

fields, it has been difficult to achieve the postulated re-

quirement on field homogeneity [14]. The purpose of the

present study is to demonstrate that TrueFISP can in
fact be used at high static magnetic field strengths for

microscopic imaging experiments with faster acquisition

times as compared to conventional gradient echo or spin

echo experiments.

2. Methods

All experiments were performed on a Bruker AMX-

500 microscopy system at 11.75 T with a maximum

gradient strength of 660 mT/m. Transmission and re-

ception of MR signal was achieved using a quadrature

birdcage resonator (RAPID Biomedical, Germany)

tuned to the 1H frequency of 500.15 MHz. Both 2D and

3D TrueFISP sequences were implemented. As de-

scribed by Deimling and Heid [15], each TrueFISP train
was prepared by an a/2 excitation pulse to bring mag-

netization close to the steady state and to minimize the
oscillation of echo amplitudes after the start of excita-

tion. A flip angle of 60� was adjusted for all TrueFISP

experiments. A TR/TE¼ 2.7/1.35 ms was achieved with

a matrix of 128 � 128. To obtain high-resolution images

a matrix of 256 � 256 was used with a TR/TE¼ 4.0/

2.0 ms. With a FOV of 20 � 20 mm a maximum spatial

resolution of 78 lm in-plane was achieved. Experiments

were performed on a water phantom doped with dif-
ferent concentrations of Gd-DTPA (1.0, 0.5, 0.25 mM,

and water). To demonstrate the range of applications of

TrueFISP at high fields, plants (sunflower), and forma-

lin-fixed samples were also investigated. Finally, high-

resolution segmented TrueFISP images [16] of a beating

isolated rat heart were obtained. Hearts of male Wistar

rats were excised and perfused in the Langendorff mode

with Krebs–Henseleit buffer. Left ventricular pressure
was measured using a balloon inserted in the left ven-

tricle and connected to a pressure transducer. The

pressure curve was registered by a personal computer,

which performs trigger pulses to synchronize the MR

pulse sequence to the heart cycle. Left ventricular

end-diastolic pressure was adjusted to 5 mm Hg by the

balloon volume. All experiments with animals were in

accordance with the European regulation on care and
use of laboratory animals.

Linewidths less than 45 Hz were obtained for all ex-

periments. The TrueFISP images were compared to

gradient echo and spin echo images of the same spatial

resolution in terms of SNR and efficiency. The SNR was

determined from the images by dividing the mean pixel

value over the region of interest (ROI) by the standard

deviation of the noise [17]. The SNR efficiency (g) is
defined here as SNR per square root of total acquisition

time.

3. Results

Fig. 2 shows a comparison between a TrueFISP and a

FLASH image of a water phantom doped with different
concentrations of Gd-DTPA. With a matrix of 256 � 256,

an in-plane resolution of 78 lm was obtained with a slice

thickness of 500 lm. On our system, we could achieve a

TR/TE¼ 4.0/2.0 ms with the TrueFISP sequence and a

TR/TE¼ 4.5/2.0 ms with the FLASH sequence. The

longer TR in the FLASH sequence results from the need

for sufficient spoiler gradients. This resulted in a total

acquisition time of 16.4 s for the TrueFISP experiment
and 18.4 s for the FLASH experiment. The SNR efficiency

of the TrueFISP and FLASH experiment was calculated

for three tubes filled with different Gd-DTPA concen-

trations and for the surrounding water (Table 1). An in-

crease of Gd-DTPA concentration results in a reduction

of T1 and thus leads to an enhancement of the SNR effi-

ciency of the FLASH sequence in comparison to the

Fig. 1. Numerical calculation of steady-state transverse magnetization

of TrueFISP as a function of the phase offset (/) between successive

RF pulses. The flip angle was 60�, T1¼ 150 ms, T2¼ 100 ms, and

TR¼ 4 ms. The transverse magnetization shows strong signal drops at

phase offsets �p, which are responsible for banding artifacts. The

behavior of the transverse magnetization is periodic in frequency with

a period of 1/TR. If the range of frequencies across the image plane is

within the plateau of the intensity profile of the transverse magneti-

zation, banding artifacts are avoided.
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TrueFISP sequence, because the T2-to-T1 ratio, which

determines the signal in TrueFISP, should be constant for

different Gd-DTPA concentrations.

Fig. 3 shows a comparison between a TrueFISP, a

FLASH and a spin echo image of a sunflower with a

resolution of 78lm � 78lm � 500lm. The TrueFISP
image shows high signal in the surrounding water

(ROI1) and in the homogeneous plant tissue (ROI2).

However, a significant signal loss in the inhomogeneous

part of the plant tissue (ROI3) can be detected. The total

acquisition time, the SNR of the three different regions

and the efficiency of the different imaging sequences are

summarized in Table 2. Fig. 4 compares a TrueFISP
image of a section of a formalin-fixed human heart with

a FLASH image. The images show the same spatial

resolution, however the SNR efficiency is increased by a

factor of 2.2 in myocardial tissue for the TrueFISP se-

quence. Fig. 5 shows a magnification of a segmented

TrueFISP image of a beating isolated rat heart com-

pared with a FLASH image. The in-plane resolution is

78 lm with a slice thickness of 500 lm. In order to ob-
tain nearly the same image contrast in the myocardium,

a TE¼ 19.0 ms was chosen for the FLASH image. The

total acquisition time was 51 s for the TrueFISP image

and 14 min for the FLASH image. The SNR in myo-

cardium is nearly the same in both images, whereas the

TrueFISP image shows a 20% higher SNR in the bal-

loon. The TrueFISP image shows additionally the well-

known high vessel contrast.

4. Discussion

The present study demonstrates the range of appli-

cations of TrueFISP for microscopic experiments at

high fields. If macroscopic field inhomogeneities can be

avoided due to an optimized shimming procedure, ar-
tifact-free TrueFISP images can be obtained at high

static magnetic field strengths. For all experiments

shown here, a linewidth less than 45 Hz was obtained.

This means that the range of frequencies across the

image plane is within the plateau of the intensity profile

of the transverse magnetization (Fig. 1) and thus

banding artifacts could be avoided. The achievable sig-

Fig. 2. Comparison between a TrueFISP (left) and a FLASH image

(right) of a water phantom with an in-plane resolution of 78 lm and a

slice thickness of 500 lm. The phantom is filled with 3 tubes doped

with different concentrations of Gd-DTPA (1.0, 0.5, 0.25 mM, and

water). Total acquisition time was 16.4 s for the TrueFISP experiment

(TR/TE¼ 4.0/2.0 ms) and 18.4 s for the FLASH experiment (TR/

TE¼ 4.5/2.0 ms). Table 1 summarizes the SNR efficiency of the

TrueFISP experiment compared to the FLASH experiment for four

different regions.

Table 1

SNR efficiency (g) of TrueFISP compared with FLASH for a phantom doped with different concentrations of Gd-DTPA

H2O H2O + 0.25 mM Gd-DTPA H2O + 0.5 mM Gd-DTPA H2O + 1.0 mM Gd-DTPA

gTrueFISP=gFLASH 4.9 2.0 1.4 1.1

Fig. 3. TrueFISP (a), FLASH (b), and spin echo (c) image of a sunflower with a resolution of 78lm � 78lm � 500lm. Table 2 compares the total

acquisition time, the SNR and the efficiency of the different imaging techniques. ROI1, surrounding water; ROI2, homogenous plant tissue; ROI3,

inhomogeneous plant tissue.
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nal and accordingly the achievable SNR in TrueFISP

experiments depends mainly on the T2-to-T1 ratio. For

example, the vessels in Fig. 5 have a high T2-to-T1 ratio,

which results in a high signal compared to the signal

obtained from the heart tissue.

However the image contrast of TrueFISP is not ex-

clusively characterized by T2-to-T1 ratio. It is also in-

fluenced by the sensitivity of TrueFISP to susceptibility
differences and can be modified with sequence repetition

time. A longer TR means a longer dephasing period and

thus, the image contrast can be made to be similar to the

contrast in the gradient echo images. For example, the

TrueFISP image of the isolated rat heart (Fig. 5) shows

a similar contrast behavior to the corresponding gradi-

ent echo image. The orientation of myocardial fibers is

visible in both images. The main difference of these two
images is the well-known high vessel contrast of the

TrueFISP sequence.

As mentioned before, the contrast in TrueFISP im-

ages can be modified by using different repetition times

or applying different phase cycles of the radiofrequency

pulse [11–13]. This could potentially be used to intro-

duce a novel tissue contrast in microscopic experiments.

Figs. 4b and c show the difference in image contrast
between a TrueFISP image with alternating RF phases

(b) and an image with the same RF phase (c). The se-

quence with alternating RF phases shows a flat profile

for off-resonance frequencies near 0, whereas the se-

quence with the same RF phase shows a flat profile for
off-resonance frequencies near p. Thereby, the off-reso-

nance bandwidth is shifted and the sensitivity of True-

FISP to a certain bandwidth of frequencies is modified

Table 2

Comparison of total acquisition time, SNR and efficiency (g) of

TrueFISP, FLASH and spin echo experiments (ROI1, surrounding

water; ROI2, homogeneous plant tissue; ROI3, inhomogeneous plant

tissue)

TrueFISP FLASH Spin echo

TACQ 16.4 s 41.0 s 1 h

SNR [ROI1] 46.6 17.8 21.5

g [ROI1] 89.1 21.5 2.8

SNR [ROI2] 39.8 18.0 20.9

g [ROI2] 76.1 21.8 2.7

SNR [ROI3] 7.4 12.4 15.7

g [ROI3] 14.2 15.0 2.0

Fig. 4. Comparison of a FLASH image (a), a TrueFISP image with alternating RF phases (b), and with a constant RF phase (c) of a part of a

formalin-fixed human heart with a resolution of 78lm � 78lm � 500lm. In this example, the SNR efficiency of the TrueFISP image (b) is increased

by a factor of 2.2 in comparison to the FLASH image (a).

Fig. 5. Magnification of a TrueFISP image (left) and FLASH image

(right) of a beating isolated rat heart in the short axis view (a) and (b)

in the long axis view with an in-plane resolution of 78 lm and a slice

thickness of 500 lm. Total acquisition time was 51 s for the TrueFISP

and 14 min for the FLASH experiment.
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which results in different image contrast as demon-
strated in Figs. 4b and c. Using this modification of RF

phase cycling, a detailed insight into the myocardial

microstructure is obtained.

The TrueFISP sequence was tested on typical fields of

applications of microscopic experiments and in all ex-

amples a SNR gain of the TrueFISP sequence was ob-

tained when compared to conventional gradient echo

and spin echo experiments. For the plant experiment,
the SNR efficiency is increased by a factor of 3.5 for

plant tissue (ROI2) and by a factor of 4.1 for the sur-

rounding water (ROI1) when compared to gradient echo

images (Table 2). In comparison to spin echo images,

the SNR efficiency of TrueFISP shows an increase of

28.9 for plant tissue (ROI2) and 32.3 for the surround-

ing water (ROI1). Due to the high SNR of TrueFISP

compared to conventional gradient echo and spin echo
sequences, TrueFISP could allow faster microscopic

experiments.

The TrueFISP acquisition proved successful and

useful in providing the spatial, temporal, and contrast

resolution for various microscopic experiments. How-

ever, it could not be concluded that TrueFISP is always

superior to conventional gradient echo and spin echo

techniques at high fields. With extremely inhomoge-
neous objects, for example the air–tissue interface inside

animals or samples with large susceptibility differences,

it could be difficult to achieve a sufficient linewidth at

high fields in order to avoid the banding artifacts of the

TrueFISP sequence. In addition, signal loss due to the

sensitivity to tissue specific microscopic field inhomo-

geneities could reduce the SNR gain of TrueFISP. For

the inhomogeneous plant tissue (ROI3) the TrueFISP
experiment shows a loss of SNR efficiency compared to

the gradient echo experiment (Fig. 3/Table 2). Further

experiments on the sensitivity to tissue specific micro-

scopic field inhomogeneities are currently underway in

our laboratory. In comparison to conventional imaging

techniques, the SNR gain of TrueFISP is obvious.

However it must be taken into account that a SNR

comparison is always difficult and is strongly influenced
by the chosen acquisition parameters such as TE, TR,

and flip angle and that these parameters could only be

optimized for one selective tissue and not for the whole

object. For microscopic experiments, the achievable

SNR is not the only important parameter. A contrast-

to-noise ratio (CNR) is also essential. Whether True-

FISP could provide always the desired contrast depends

on the particular application and must be investigated in
further experiments. For very inhomogeneous objects,

such as plants, conventional gradient echo or spin echo

experiments could be superior to TrueFISP experiments.

However, the CNR of structures with a high T2-to-T1

ratio, for example the vessels in the isolated heart, is

much better in TrueFISP images as in gradient echo and

spin echo images.

5. Conclusion

We have demonstrated that TrueFISP sequences,

once believed to have limited application in imaging at

high fields due to the sensitivity to susceptibility differ-

ences, can provide good contrast, spatial and temporal

resolution for microscopic experiments. The high SNR

efficiency of TrueFISP compared to conventional gra-

dient and spin echo techniques allows faster acquisition
times and/or an improvement in spatial resolution for

microscopic experiments. Since the resolution in NMR

microscopy is ultimately limited by the SNR available

per unit time, refocused steady-state sequences such as

TrueFISP could become a powerful tool for microscopic

experiments at high fields.
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