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The article ‘‘A k-space analysis of small-tip-angle excitation’’ introduced a spatial frequency interpreta-
tion of the effect of RF excitation pulses. This introduction describes where the initial ideas for this paper
came from, and traces out some of the applications that have been developed using this perspective.
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The ideas for this paper [1] came together from several different
areas our group had been working on involving excitation, imag-
ing, and spectroscopy with time varying gradients. All that was re-
quired was one key discussion, and the rest followed.

From the imaging and spectroscopy perspective, we were inter-
ested in how to do imaging with a variety of different time varying
gradient waveforms. This originally focused on acquisitions with
sinusoidal gradients [2], but went on to include spirals and others.
Because of this, we were well aware of the k-space understanding
of imaging, and particularly the remarkable papers by Ljunggren
[3] and Tweig [4]. This included the interpretation of the imaging
gradient waveforms as tracing out a trajectory in k-space that cov-
ers a region with sufficient extent and sampling density to support
the field of view and resolution, and the need to correct for the
density of the samples in reconstruction.

From the excitation perspective, Steven Conolly from our group
had just developed variable-rate excitation (VERSE) [5]. This dem-
onstrated that, for excitation, all that matters is the ratio of the RF
amplitude and the gradient. This is the excitation dual of the sam-
pling density correction in imaging.

The key question came from a discussion with one of the
authors (JMP) and another lab member, Peter Webb, who was
working on time-varying gradient spectroscopy. Peter was describ-
ing Bottomley and Hardy’s PROGRESS excitation pulse [6]. PRO-
GRESS used a single cycle of a cosine on one gradient axis, and a
sine on a second gradient axis, along with a Gaussian RF pulse.
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After hearing Peter’s description, it was immediately apparent
why this pulse would not be very selective, since it would just
trace out a circle in k-space. The answer was to sweep out a trajec-
tory that covered more of k-space, such as the ones we had been
studying for imaging. Each increment of the RF pulse would excite
a spatial frequency, and the sum of all of them would provide the
localized excitation.

There it would have been left, except that Peter insisted that it
couldn’t be that simple. The paper was written to show that it was.

The basic idea of the paper is simply stated, the volume excited
by an RF pulse with time varying gradients is the Fourier transform
of a weighted k-space trajectory. The weighting is due to the RF
amplitude and the velocity through k-space, as in VERSE. The pri-
mary example in the paper was the 2-D spiral excitation pulse,
along with an experimental demonstration.

There were a several important differences between excitation
and imaging k-space. In imaging, the k-space origin is assumed
to be at the beginning of the trajectory, while in excitation it is
more natural to consider it to be at the end of the pulse. Also, in
steady state sequences, or for large flip angle pulses, the gradient
waveforms need a prefocusing lobe so that the gradient integrates
to zero. Finally, in imaging, after the acquisition the sensitive point
can be moved. This is what image reconstruction does. On the exci-
tation side, the excited volume is somewhere specific. It can’t be
moved after the fact. One interesting result is that excitation and
imaging are completely duals of each other. If you reverse a pulse
sequence, play the original reconstruction density correction as an
RF pulse, and use the original RF pulse for reconstruction density
correction, exactly the same voxel will be acquired.

http://dx.doi.org/10.1016/j.jmr.2011.08.008
http://dx.doi.org/10.1016/j.jmr.2011.08.008
mailto:pauly@stanford.edu
http://dx.doi.org/10.1016/j.jmr.2011.08.008
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


J.M. Pauly et al. / Journal of Magnetic Resonance 213 (2011) 558–559 559
The ideas in the paper led immediately to a whole range of new
pulses. The 1D example led to the short-T2 half-pulse excitation
[7,8]. The EPI trajectory led to spatial-spectral pulses [9]. Excitation
trajectories with Hermitian symmetry led to a class of pulses that
are linear in flip angle, and perform spatially localized rotations for
any initial magnetization [10]. Some interesting early applications
included MR m-mode [11], MR v-mode [12], and MR Doppler [13],
which use spiral excitation pulses to excite a pencil beam through
the heart, in direct analogy to echocardiography. MR m-mode is
exactly a reversed spiral imaging pulse sequence.

Since then many other investigators have developed RF pulses
based on the excitation k-space perspective. One important exten-
sion was an improvement in the density compensation for inter-
leaved spiral pulses due to Hardy and Bottomley [14]. In our
original paper [1], only the density compensation due to the k-
space velocity was included. Hardy and Bottomley showed that
the effect of the geometric pattern must also be included. More re-
cently excitation k-space has been of interest for parallel transmit
(see [15,16] for example), as the duality between imaging and exci-
tation is again developed, but this time in the context of array coils.

References

[1] John Pauly, Dwight Nishimura, Albert Macovski, A k-space analysis of small-
tip-angle excitation, J. Magn. Reson. 81 (1) (1989) 43–56.

[2] A. Macovski, Volumetric NMR imaging with time-varying gradients, Magn.
Reson. Med. 2 (1) (1985) 29–40.
[3] Stig Ljunggren, A simple graphical representation of Fourier-based imaging
methods, J. Magn. Reson. 54 (3) (1983) 338–343.

[4] D.B. Twieg, The k-trajectory formulation of the NMR imaging process with
applications in analysis and synthesis of imaging methods, Med. Phys. 10 (5)
(1983) 610–621.

[5] Steven Conolly, Dwight Nishimura, Albert Macovski, Gary Glover, Variable-rate
selective excitation, J. Magn. Reson. 78 (3) (1988) 440–458.

[6] Paul A. Bottomley, Christopher J. Hardy, PROGRESS in efficient three-
dimensional spatially localized in vivo31P NMR spectroscopy using
multidimensional spatially selective (3f1.gif) pulses, Journal of Magnetic
Resonance 74 (3) (1987) 550–556.

[7] J.M. Pauly, Sm. Conolly, D.G. Nishimura, A. Macovski, Slice-selective excitation
for very short T2 species, in: Proc. Eighth SMRM, Amsterdam, 1989, p. 28.

[8] G.E. Gold, J.M. Pauly, G.H. Glover, J.C. Moretto, A. Macovski, R.J. Herfkens,
Characterization of atherosclerosis with a 1.5-T imaging system, J. Magn.
Reson. Imag. 3 (2) (1993) 399–407.

[9] C.H. Meyer, J.M. Pauly, A. Macovski, D.G. Nishimura, Simultaneous spatial and
spectral selective excitation, Magn. Reson. Med. 15 (2) (1990) 287–304.

[10] John Pauly, Dwight Nishimura, Albert Macovski, A linear class of large-tip-
angle selective excitation pulses, J. Magn. Reson. 82 (3) (1989) 571–587.

[11] J.D. Pearlman, C.J. Hardy, H.E. Cline, Continual NMR cardiography without
gating: M-mode MR imaging, Radiology 175 (2) (1990) 369–373.

[12] K. Butts, N.J. Hangiandreou, S.J. Riederer, Phase velocity mapping with a real
time line scan technique, Magn. Reson. Med. 29 (1) (1993) 134–138.

[13] P. Irarrazabal, B.S. Hu, J.M. Pauly, D.G. Nishimura, Spatially resolved and
localized real-time velocity distribution, Magn. Reson. Med. 30 (1993) 207–
212.

[14] C.J. Hardy, P.A. Bottomley, 31P spectroscopic localization using pinwheel NMR
excitation pulses, Magn. Reson Med. 17 (2) (1991) 315–327.

[15] U. Katscher, P. Börnert, C. Leussler, J.S. van den Brink, Transmit SENSE, Magn.
Reson. Med. 49 (1) (2003) 144–150.

[16] Y. Zhu, Parallel excitation with an array of transmit coils, Magn. Reson. Med. 51
(4) (2004) 775–784.


	Introduction to: A k-space analysis of small-tip-angle excitation
	References


