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Recently, a new NMR method employing an rf excitation scheme with strongly reduced power has been
introduced, which is based on modulating rf pulses according to Frank sequences. For many applications,
areduction of rf power is essential, e.g. to eliminate bulky rf pre-amplifiers or in medical high-field MRI to
preserve patient safety. Another benefit of the new scheme are very short dead times allowing for mea-
surements of samples with short relaxation times. In this work, Frank-sequence excitation is used for
low-power imaging for the first time. Results of one-, two-, and three-dimensional imaging experiments
are presented and compared to conventional images.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Since the beginning of Magnetic Resonance Imaging (MRI)
approximately 40 years ago, the strength of the main magnetic
field has steadily increased by several orders of magnitude, from
a few millitesla in permanent magnets to over 9T in modern
super-conducting tomographs. Along with it, advances have been
made regarding homogeneity and temporal stability of the fields.
While 1.5-3 T tomographs are clinical standard since the 1990s,
the use of ultra high fields of 7T up to 11T is restricted mainly
to research applications. On the one hand, high field strengths offer
the great advantage of an intrinsically higher sensitivity leading to
a higher Signal-to-Noise Ratio (SNR) and thus higher spatial and
temporal resolution. This allows for many new applications of
MR, in particular imaging of brain function. On the other hand,
new issues arise: acoustic noise of more than 100 dB(A) generated
by mechanical deformation of the gradient coils during switching
is an important drawback of ultra high-field MRI [1]. Moreover,
due to increased susceptibility effects and changes in spin
relaxation times, T; and T,, image quality may be lost [2,3]. It
therefore is essential to provide pulse sequences that also allow
for measurements of short relaxation times. Another critical aspect
is the permanently exceeded Specific Absorption Rate (SAR) limit
defined as the energy absorbed by body tissue per unit time and
body weight [4]. Since it scales with the square of the main mag-
netic field strength, only small improvements have been achieved
by modified radio-frequency (rf) coils and pulse sequences [5-7].
Consequently, rf energy needs to be reduced, which can be realized
by decreasing peak rf power and total measurement time.
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A recently introduced new pulse excitation scheme, Frank-
sequence excitation [8], employs rf pulses with peak rf powers that
are reduced by a factor of the order of 10 and higher compared to
conventional hard pulse excitation. A similar new sequence called
SWeep Imaging with Fourier Transformation (SWIFT) has been
shown to yield power reduction levels of typically two orders of
magnitude [9,10]. Even though total rf energy cannot be saved by
Frank excitation, it is distributed over the entire scan time thereby
decreasing unfavorable effects. Additionally, the sequence does not
require any recycle delay. Its time-shared mode of excitation and
acquisition is well-suited for measurement of short relaxation
times. The application of this pulse scheme on MRI is shown for
the first time and is compared to standard imaging. In order to
achieve slice selection while maintaining low-power excitation,
Frank excitation is combined with a technique called Selective
Pulses with Reduced Amplitude Distribution (SPREAD) [11] yield-
ing three-dimensional MRI results.

2. Theory
2.1. The Frank sequence

Frank-sequence excitation NMR has been introduced in [8] and
a detailed derivation can be found therein. Thus, only a brief sum-
mary is given here. As one special type of Frank sequences, which
have commonly been used in communication theory [12-14], so-
called polyphase perfect sequences are employed. Their main feature
is the constant absolute value of both the function itself and its
Fourier transform. This leads to white excitation, where white
refers to the discrete frequency axis that results from discrete
Fourier transformation of the Frank function defined on a discrete
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time grid. If the Fourier transformation is executed on a continuous
time axis, then the excitation function is a sinc-shape defined by
the Fourier transformation of one excitation pulse. Frank sequence
exciation yields minimal peak rf power, since for constant rf ampli-
tudes, the average power can be considered equal to the peak
power.

Since the absolute value is to remain constant, only the phase is
modulated. For Frank excitation, the rf carrier phase is modulated
by rotating waves:

X(t) = exp(i2mft), (M
with m discretized frequencies,

fw
f:m7

On a discrete time grid, as in experiments with digital signal
sampling,

meN, 0<fy<m, At=DW. (2)

t=tyAt, 0<ty,<m (3)
the final expression for the Frank sequence is:
X(tAL) = exp (ianVV%). (4)

The parameters t,, and f,, are equivalent to counters for steps in
time and frequency, respectively, within each one of m wave pack-
ages. One Frank scan contains m wave packages and a total of
N=m? pulses, applied in time intervals of At=DW (dwell time)
with the phases specified by Eq. (4). Data acquisition is performed
in a time-shared way by interleaving acquisition of one complex
data point per DW. Raw data then needs to be Fourier-transformed
and deconvolved. Since acquisition occurs directly after each pulse,
samples with very short relaxation times can be measured by Frank
NMR, like in Single-Point Imaging (SPI) [15]. In some cases, this con-
dition has lately been described as allowing for zero echo time,
TE =0 [9,10,16]. However, since no echo is formed, an echo time
does not really exist and therefore, this term will not be used in
the following.

The special phase modulation basically translates into an exci-
tation of a fraction of 1/m of the entire excitation bandwidth for
each Frank wave package. With each package, a different band is
excited. Thus, a full Frank scan discretely sweeps through the
frequency range defined by 1/At.

The savings in peak rf power gained by extending the excitation
from a single pulse to a string of m? constant-amplitude pulses can
be approximated in the linear limit by comparing the power spec-
tral densities, which are the Fourier transforms of the auto-correla-
tions R, ,(7) of the excitation functions x(t). Assuming each pulse to
last one time step At, one obtains for the conventional 90° pulse:

Xoo(t) = B1.90[O(t) — O(t — At)], (5)

where B, g9 is the amplitude of the rf radiation and ©(t) is the Heav-
iside step function. This leads to

o0

R o (oo = / Xoo (t)Xoo (£ — T)dE],_g = B goAAL. (6)

—00

The equivalent calculation for the Frank excitation gives:

Reramie terane (D) e—0 = B%.ankT' (7)

With T=m?At, the comparison yields the result that for equal
power spectral densities, it is required that

Bigo = MB1 frank- (8)

If one also takes into consideration, that the rf pulse of length At,
has to be shorter or equal to half the dwell time [8], Eq. (8)
becomes:

At m
A Bl JFrank < a5 Bl JFrank - (9)

Bigo =m At 2

Consequently, total rf energy cannot be saved by the Frank
sequence. This deviation corrects an error in the original publication
[8], where a power savings of a fraction of m* was claimed, instead
of m?.

2.2. Filtered backprojection imaging

For conventional MRI, the dephasing of transverse magnetiza-
tion is typically refocused by either a 180° pulse in a spin echo
(SE) sequence or by making use of a gradient echo (GE). Besides
an increase in sensitivity, echo imaging allows for frequency and
phase encoding within one scan leading to linear k-space sampling.
The Cartesian data set can then easily be processed with Fast
Fourier Transformation (FFT) algorithms.

Since linear Frank-sequence excitation does not give rise to
echoes, only frequency encoding can be applied. Therefore, k-space
needs to be sampled in other ways, e.g. radially or spirally. In this
work, Filtered Backprojection (FBP) [17-19] was employed, i.e.
one-dimensional profiles are acquired along various spatial
directions and the real image is reconstructed by filtering and
Radon-transforming the data set. A scheme of the Frank FBP pulse
sequence is demonstrated in Fig. 1.

Even though the acquisition of non-Cartesian k-space sampling
and the necessary interpolation to a Cartesian grid for FFT requires
more advanced post-processing and sometimes leads to image
artifacts, it offers a great advantage over echo imaging schemes:
because the gradients are only stepped in very small increments
to yield small changes in acquisition angles, radial imaging reduces
acoustic noise to a minimum. Thus, any radial imaging scheme
circumvents high noise levels.

2.3. SPREAD slice selection

In order to maintain the advantage of low-power excitation also
in slice selection, which is essential for physiological MRI, an alter-
native to standard excitation needs to be employed. Convention-
ally, a clipped, sinc-shaped rf pulse (sinc(x) = sin(x)/x) is applied
under a magnetic field gradient and transforms the longitudinal
magnetization within a well-defined frequency band into detect-
able transverse magnetization (Fig. 2). Alternatively, the fractions
of longitudinal magnetization associated with frequencies outside
the relevant slice can be pre-saturated before any non-selective
excitation scheme is employed, e.g. Frank sequences, to make use
of the remaining magnetization. This approach was first realized
by the so-called DIGGER pulses (Discrete Isolation from Gradient
Governed Elimination of Resonances) [20], for which an inverse
Fourier transformation of the inverted frequency excitation profile
leads to a narrow distribution of the amplitudes in the time
domain. Another advantage of pre-saturating unnecessary magne-
tization is the fact that the saturating rf irradiation does not need
to be phase coherent. The hereby gained degree of freedom can
be used for a reduction of peak rf power: the SPREAD method
(Selective Pulses with Reduced Amplitude Distribution) is
explained in detail in [11]. In Fig. 3, the idea of the construction
and implementation of SPREAD pulses is reviewed: After choosing
the slice width Aw, the remaining frequencies within the total
band under investigation, AQ, are assigned a random phase.
Inverse Fourier Transformation (IFT) then yields the phase and
amplitude of the rf pulse. When applied in a preparation block that
includes a slice selection gradient, any experiment can be per-
formed afterwards, which will only detect magnetization from
within the relevant slice. In the example given, the excitation is a
single non-selective pulse for observation of an FID. Since usually
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Fig. 1. Schematic drawing of a Frank excitation pulse sequence (top) integrated into radial imaging (bottom). The acquisition is interleaved with the N rf pulses. During each

of the scans, a gradient is applied to encode the profiles needed for FBP.

one of these SPREAD pulses does not completely saturate unneces-
sary magnetization, several different pulses are applied in between
successive scans. In order to avoid unwanted echo formation, these
pulses should differ from each other in their phase and amplitude
modulations.

3. Materials and methods

Experiments were performed on a Bruker DSX 200 MHz
spectrometer equipped with a Micro 2.5 gradient system with a
maximum strength of 1T/m and using standard 10 mm and
20 mm Bruker birdcage resonators. The Frank sequence was
realized with m=32, yielding a total number of pulses of
N =1024 and thus an according number of acquired complex data
points. The Frank-sequence frequency sweep was started with the
central frequencies. For backprojection imaging, profiles were
acquired in steps of 1° to cover the entire k-space with sufficiently
high resolution. Raw data was subjected to FFT and deconvolution
and was filtered and Radon-transformed employing linear interpo-
lation. The filter chosen for the images presented here was the so-
called Hamming-filter, which is standard for FBP and is
constructed from a ramp filter multiplied by a Hamming window
to reduce noise sensitivity.

Because image quality can more reliably be evaluated for
known samples, two different phantoms were asse
mbled: the first (Fig. 4a) consisted of four small glass tubes of
3 mm inner diameter (ID), which were filled to different levels
with CuSO4-doped water with a spin-lattice relaxation time of
T, = 850 ms to introduce image contrast. The second one was more
complex (Fig. 4b). Two nested glass cylinders produced a ring-
shaped gap of approximately 2 mm which was completely filled

with CuSO4-doped water (T, = 500 ms). Inside the inner cylinder
20 glass capillaries with OD of 1Tmm were placed, which again were
filled to different levels with the same doped water.

4. Results and discussions
4.1. 2D MRI

A comparison of standard and Frank-sequence MRI was first
made on 2D images of the simpler glass tube phantom (Fig. 5).

Despite the reduction of rf power from 32 W to only 0.1 W and
the enormous time savings, the Frank image exhibits equally high
quality as the conventional SE image: in both images the regions of
the water-filled tubes are well-distinguishable from the back-
ground and the contrast introduced by the varying filling degrees
is clearly observable. Since the tubes could not be aligned perfectly,
the projection images do not show exact circles, particularly for the
upper and the bottom tube. In the standard image (a), these
regions appear to be blurred, while the backprojection image (b)
represents slightly deformed edges. This effect has been found to
be even more pronounced in a FBP image using standard excitation
(cf. Supporting Material, Fig. A.9). Owing to the frequency sweep
character of the Frank-sequence excitation, the recycle delay could
be reduced from 2.5 s in the SE image to a minimum of only 100 ms
for the Frank sequence. The short delay was set due to soft- and
hardware requirements even though it leads to some loss in signal.

The same experiment was performed using the more complex
phantom (Fig. 6). The Frank image principally reproduces intensi-
ties and shapes of the phantom very well. Contrast introduced by
varying water levels is depicted correctly. The artifacts in the
corners are due to the Hamming filter used in the backprojection
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Fig. 2. Illustration of a simple pulse program for slice selection by direct generation of transverse magnetization with a sinc-shaped rf pulse, which is applied simultaneously
with a slice selection gradient pulse. Fourier transformation yields the desired profile, which experiences distortions due to the truncation of the sinc-pulse.
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Fig. 3. Illustration of the construction of a SPREAD pulse and its implementation into a simple pulse program for slice selection by pre-saturation of longitudinal

magnetization between successive scans. The SPREAD pulse is designed according

to the desired profile shape and applied together with the selection gradient pulse. The

signal is read out after a standard rf pulse and processed by Fourier transformation.

procedure. In the center, noise leads to a ring-shaped artifact. The
same effect has been observed in a FBP acquired with standard
hard pulse excitation (c.f. Supporting Material, Fig. A.10 and there-
by has been proven to be independent of the Frank method itself. A
constant colored noise peak outside the sample has been filtered
during post-processing in order to avoid distortions introduced in
the FBP. The ruffled edge of the outer ring is caused by partially
non-white excitation, as the rf power of only 0.1 W still exceeded
the limit for true linearity which is asked for in the Frank sequence
design. It was chosen that high to increase the effective flip angle
and consequently, circumvent sensitivity losses. Thus, each of the
m =32 Frank packages becomes discriminable in the image. A
more detailed analysis of this effect will be discussed in a separate
publication. The repetition time was decreased again, so the total
experiment time was reduced from 13.13 min to only 2.65 min.
For equal SNR, numbers of averages, matrix sizes and FOV, a time
saving of almost a factor of four was calculated.

4.2. Slice selection

To measure 2D slice-selective images instead of 2D projections,
the low-power SPREAD method was implemented and tested on a
standard 10 mm NMR tube with an ID of 8 mm filled with CuSO4-
doped water. Fig. 7 shows the direct comparison of sinc-excitation
and the SPREAD technique by 1D images. The gray line marks the
conventionally acquired complete 1D profile along the Z-axis, out
of which slices of 6.25 mm were to be excited by sinc-shaped
and SPREAD pulses. Side bands are excited by the finite and thus
only approximately sinc-shaped pulse (Fig. 7a). The SPREAD pulse
produced very sharp slice edges and very good signal saturation in
the surrounding (Fig. 7b). However, unwanted echo formation by
the series of SPREAD pulses has led to an excitation pattern within
the slice, which has remained despite the application of varying
pulse shapes. The use of SPREAD pulses allowed a reduction of rf
power from 32 W to 0.3 W.
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Fig. 4. (a) Imaging phantom consisting of four glass tubes of 3 mm ID, which were
filled to different levels with CuSO4-doped water. (b) Sketch of the capillary
phantom, which consists of two nested glass cylinders with a fluid-filled gap of
approx. 2 mm and 20 glass capillaries that were filled to different levels. The sample
was again partially filled with CuSO4-doped water.

(a) Conventional excitation, SE (b) Frank sequence, FBP

Fig. 5. Two-dimensional projection images of the phantom depicted in Fig. 4a onto
the transverse (XY) plane. FOV=(32x32)mm? (a) Original matrix
size = (256 x 256) Px?, twofold zero-filling, echo time TE =5 ms, signal averaged
over NS=8 scans, repetition time TR=2.5s, total scan time=85.47 min,
SNR = 1155. 256 rf pulses per scan of 25.9 us at 32 W, flip angle = 90°. (b) Profiles
in increments of 1°, FBP by linear interpolation and Hamming filtering, matrix
size = (1024 x 1024) Px?; NS=1, TR=100 ms, total scan time = 0.82 min, SNR =
337. 361 x 1024 rf pulses of 10.0 ps at only 0.1 W, flip angle = 2°.

.
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(b) Frank sequence, FBP

(a) Conventional excitation, SE

Fig. 6. Two-dimensional MR projection images of the capillary phantom shown in
Fig. 4b onto the transverse (XY) plane. (a) FOV = (15 x 15)mm?, original matrix
size = (128 x 64) Px?, 4-fold zero-filling, TE=10ms, NS=16, TR=3s, total scan
time = 13.13 min, SNR = 904. 128 rf pulses per scan of 36 |1s were employed at 32 W,
flip angle = 90°. (b) Original FOV =(21 x 21) mm?, original matrix size = (1024 x
1024) Px?, NS = 4, TR = 50 ms, total scan time = 2.65 min, SNR = 6. 361 rf pulses per
scan of 10 pus at only 0.1 W, flip angle = 2°.
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Fig. 7. Comparison of conventional and SPREAD slice selection by comparing slices
through one-dimensional profiles of the NMR tube (ID = 8 mm) along the Z axis.
FOV = 25 mm, matrix size = 1024 Px, slice thickness = 6.25 mm. (a) Sinc slice. One rf
pulse for slice selection of 2000 ps at 32 W, flip angle =90°. (b) SPREAD pre-
saturation followed by conventional hard pulse. 20 SPREAD rf pulses of 2560 ps at
only 0.3 W, followed by one rf pulse of 36 pis at 32 W, flip angle = 90°.

4.3. Slice-selective 2D MRI

Finally, both low-power NMR techniques, Frank excitation and
SPREAD, examined separately in Sections 4.1 and 4.2 were
combined to yield slice-selective two-dimensional images of the
capillary phantom. Fig. 8 illustrates again the comparison of

(a) Conventional

(b) Low-power methods

Fig. 8. Slice-selective two-dimensional MR images of the capillary phantom shown
in Fig. 4b onto the transverse (XY) plane. Slice thickness=5mm. (a)
FOV =(15 x 15) mm?, original matrix size = (64 x 64) Px?, 4-fold zero-filling,
NS =4, TR = 3 s, total scan time = 13.03 min, SNR = 337. 64 rf excitation (90°) pulses
per scan of 36 pus at 32 W and 64 refocusing pulses (180°) of 500 ps at 16 W. (b)
Original FOV = (21 x 21) mm?, matrix size = (1024 x 1024) Px?, NS = 4, TR = 50 ms,
total scan time = 5.12 min, SNR = 13. 361 x 20 SPREAD pulses per scan of 2560 Lis at
0.3 W and 361 x 1024 Frank pulses (0.13°) of 10 pus at 0.16 W.
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conventional MR, i.e. a sinc pulse SE image, and the new methods.
The slice selection reduced the SNR, so the difficulties with
SPREAD, Frank excitation, and FBP discussed above add up and
become more prominent. Nevertheless, the most important
features of the sample are reproduced. The outer ring shows a var-
iation of the thickness which is caused by a dislocation of the inner
glass tube from the center of the outer tube. As for previous
images, rf power was reduced by several orders of magnitude
and total scan time with the new low-power methods was less
than half of the time needed for the conventionally acquired image.

A direct, quantitative comparison of all SNR values is difficult
because identical acquisition conditions and spectrometer filters
have to be assured. Also, the comparison requires the backprojec-
tion from cylindrical to cartesian coordinates to employ identical
filters. When using the SNR normalized to the pixel area A of the
final image and to the square root of the total acquisition time
\/tacq, then for the slice selective images of Fig. 8, comparable val-

ues are obtained (SNR/ (ASE, /tzfq) = 2.7 x 10* Px*/(mm?v/min);

SNRP?/ (A”’”, /tgﬁg) — 1.4 x 10* Px*/(mm?>Vmin)). A thorough
comparison will be subject of another publication.

5. Conclusions and outlook

In the work presented, it could be shown for the first time that
Frank-sequence excitation allows for reduction of rf peak power in
MRI by several orders of magnitude and of total acquisition time
while still maintaining image quality. Two-dimensional MRI has
been successfully performed and extended to slice-selective imag-
ing routines employing a combination of the SPREAD and Frank
schemes.

In conclusion, Frank MRI greatly profits from the extension of
total rf power over the acquisition time because peak rf power de-
creases in proportion to the number of time increments, which is
equal to the number of rf pulses. Generally, the upper limit of this
number is only given by NMR spectrometer performance.
However, the full potential of Frank MRI with regard to time
savings is somewhat compromised by sensitivity losses when
performing the Frank sequence in the linear excitation regime,
which is necessary to prevent artifacts from non-linear excitation.
When averaging over more scans, the acquisition time increases
quadratically with the gain in SNR. The radial imaging scheme used
for FBP allows for smooth gradient switching and thereby effec-
tively reduces acoustic noise.

In future applications, artifacts arising from the filtered back-
projection algorithm can be avoided by referring to the more
advanced method of gridding instead [21]. For three-dimensional
MRI, an encoding gradient can be used in addition to the 2D imag-
ing scheme presented here. Because only Frank excitation is used
then, maximal power reduction can be achieved. Also for slice
selection, further reduction of rf peak power and even of total rf

energy can be achieved by application of separate wave packages
of the Frank sequences instead of the SPREAD pre-saturation block.
The Frank wave package, applied under a slice selection gradient,
will only excite a defined section of the complete spectral
bandwidth.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jmr.2011.05.004.
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