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SENSE: Sensitivity Encoding for Fast MRI

Klaas P. Pruessmann, Markus Weiger, Markus B. Scheidegger, and Peter Boesiger*

Mew theoretical and practical concepts are presented for consid-
erably enhancing the performance of magnetic resonance imag-
ing (MRI) by means of arrays of multiple receiver coils. Sensitiv-
ity encoding (SENSE) is based on the fact that receiver sensitivity
generally has an encoding effect complementary to Fourier
preparation by linear field gradients. Thus, by using multiple
receiver coils in parallel scan time in Fourier imaging can be
considerably reduced. The problem of image reconstruction
from sensitivity encoded data is formulated in a general fashion
and solved for arbitrary coil configurations and k-space sam-
pling patterns. Special attention is given to the currently most
practical case, namely, sampling a common Cartesian grid with
reduced density. For this case the feasibility of the proposed
methods was verified both in vitro and in vivo. Scan time was
reduced to one-half using a two-coil array in brain imaging. With
an array of five coils double-oblique heart images were obtained
in one-third of conventional scan time. Magn Reson Med
42:952-962, 1999, & 1999 Wiley-Liss, Inc.
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Among today's many medical imaging techniques, MRI
stands out by a rarely stated peculiarity: the size of the
details resolved with MRI is much smaller than the wave-
length of the radiation involved. The reason for this
surprising ability is that the origin of a resonance signal is
not determined by optical means such as focusing or
collimation but by spectral analysis. The idea of Lauterbur
(1) to encode ohject contrast in the resonance spectrum by a
lTla"-‘l'lET.lE fleld Eradlent fl::rms the exclusne hasm of swnal
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Therefore, samples of distinct information content can be
obtained at one time by using distinct receivers in parallel
(2), implying the possibility of reducing scan time in
Fourier imaging without having to travel faster in k-space.

In 1988 Hutchinson and Raff (3) suggested dispensing
entirely with phase encoding steps in Fourier imaging by
using a very large number of receivers. Kwiat et al. (4)
proposed a similar concept in 1991. In 1989 Kelton et al. (5)
suggested staying with phase encoding, yet reducing the
number of phase encoding steps by a power of 2 using a
corresponding number of receivers. In Kelton et al. (5), as
in all later concepts, phase encoding is reduced by increas-
ing the distance of readout lines in k-space such that the
sampled area remains unchanged. The Kelton approach
was modified by Ra et al. (6) in 1991, allowing the number
of coils to be any integer, yet still equal to the factor of scan
time reduction.

In all contributions procedures for image reconstruction
were derived. However, applications of the concepts noted
have not been reported, reflecting the considerable practi-
cal challenges of sensitivity based imaging, including the
signal-to-noise ratio (SNR) issue, sensitivity assessment,
and hardware requirements. Only in 1997 did Sodickson et
al. (7) report the first successful experiments using parallel
receivers for the purpose of scan time reduction, introduc-
ing the SMASH method (SiMultaneous Acquisition of
Spahal Harmonics). For image reconstruction SMASH
relies on the ability to approximate low-order harmonics of
the desirecl field of view {FCI‘."} by linea_r I:-Drnhinatinn of
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