
 

 
Fig. 1: Sequence diagram (blue=transmit, red=receive): the FBP is acquired (left), next, the contrast encoding 
properties are optionally increased in a spin echo recursion loop (middle) and, finally, the FBP is applied in a 
Cartesian spin echo imaging sequence (right), encoding multiplicative image contrast already during excitation. 
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Introduction: Taking advantage of the principle of reciprocity [1], this work discusses multidimensional RF feedback pulses (FBP) which copy the received MRI 
signal(s) back to the RF transmit channel(s). Here, multidimensionality refers to selective excitation in multiple spatial dimensions and, additionally, to the use of 
multiple independent RF transceivers, known as parallel transmit (pTX). Thus far the concept of FBP is sparsely discussed in the literature, see e.g. [2,3], and 
investigations were mainly restricted to 1D examples (slice selection). Further, little attention was paid to the theoretical link between FBP and a general description of 
spatially selective excitation [4,5]. Only recently, [6], selective pulses were designed via MRI signal simulation, with focus on inner volume excitation and spatial B1 
homogenisation for ultra high field (UHF) imaging. Instead, this paper demonstrates the ability of FBP to recursively enhance image contrast. 
 

Theory: In the limits of the small tip angle approximation, a target pattern of transverse magnetisation, mt(x), is achieved by inverse Fourier transform, F-1[.], of the 
desired RF waveform, B1(t), along a suitable k-space trajectory, k(t) [4-6]. In short: mt(x)=F-1[B1(k(t))], omitting constant factors and assuming an ideal flat coil profile. 
However, mt(x) gives rise to an MR signal, S(t), which, acquired along the self-same trajectory, reads as S(k(t))=F[mt(x)], showing that this signal equals the desired RF 
waveform. Consequently, an acquired signal during image encoding may serve as transmit waveform, the FBP, for spatially selective encoding of the same image 
during excitation. Further, in [6] it was shown that this relationship remains valid approximately, channel-by-channel, in case of parallel transceivers, if transmit and 
receive characteristic match and if they are 
spatially slowly varying and are well-disjoint 
between channels.  
 

Methods: FBP for proton density (M0) 
contrast enhancement were acquired and 
recursively applied in a 2D Cartesian spin 
echo imaging experiment (cf. Fig. 1). 2D 
spatial encoding of the FBP was performed 
with an Archimedian spiral [7]. Experiments 
were conducted on a 3T Tim-Trio Scanner 
(Siemens Healthcare, Erlangen, Germany) 
with a single-channel, transmit-receive 
birdcage headcoil. Thus relatively long 
spirals, 30ms, were needed to encode 2.5mm 
resolution for spatially selective FBP. Single 
as well as double FBP recursion was experimentally verified on a phantom with containers of different mixtures of H2O/ 
D2O. Additionally, the approach was tested in simulations for the pTX case utilising the JEMRIS MRI simulator [8]. 
Here, M0 contrast enhancement in a numerical brain phantom was obtained with identical gradient limitations as in the 
real experiment, however, eight transceiver channels, and a 92ms spiral trajectory (1mm resolution) were simulated. 
 

Results: Fig. 2 displays the experimental phantom results, showing the expected contrast enhancement in FBP 
experiments. Note that all measurements were acquired in the same scan time. For curiosity, the single FBP experiment 
of Fig. 2b) was repeated on a cylindrical phantom filled with pure H20, cf. Fig. 3, showing the FBP’s capability to 
selectively excite the M0 distribution of the first phantom. Deviations compared to Fig. 2a) are also due to changed off-
resonance, clearly showing the limitations of this “analogue image reconstruction”. However, the experiment nicely 
depicts the reciprocity between transmit and receive. Fig. 4 shows the simulation results as an example of high 
resolution FBP with multiple transceivers – this setting may be used to shorten the FBP with pTX pulse acceleration [5]. 
 

Discussion: FBPs are an appealing application of the principle of reciprocity. This work shows examples of M0 contrast 
enhancement, but any other contrast might be encoded with FBP, if according magnetization preparation is performed 
prior to pulse shape acquisition. These pulses are also promising for inner-volume excitation of structures with unique 
positive contrast, which can be recursively extracted already with low resolution excitations – in vivo examples are in 
progress and will be presented. The method is mainly unaffected of gradient imperfections, as long as acquisition and 
transmission of the FBP are accompanied by the same gradient waveforms – this is the main reason for not directly 
reconstructing an image from the last acquisition in the recursion loop (cf. Fig 1), which would require the exact k-space 
trajectory. If the latter is known, image space cost-functions can be defined, and the recursion can be used to iteratively 
improve large tip angle excitation [3], and/or to find transmit-SENSE RF waveforms for undersampled trajectories [5]. 
Another possible approach under current investigation is the shortening of FBP length with a segmented acquisition [9], 
which may also be combined with pTX [10]. Further, current research of FBPs includes their off-resonance properties, 
their application to inner volume excitation and possible applications to B1 homogenisation. However, UHF systems are 
problematic since reciprocity is violated [1]. 
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Fig. 4 Left: simulation of M0 contrast enhancement 
with multichannel FBP: single, double, and triple 
FBP contrast (transverse magnetization after the 
FBP) in comparison to the M0 distribution. Bottom: 
normalised transceiver sensitivity maps used in the 
simulation.

Fig. 2: Experimental results of contrast-
enhanced 2D feedback pulses. a) M0-
weighted spin echo sequence; b) the 
same sequence with FBP shows M0

2-
weighting; c) the double recursive FBP 
produces M0

3-weighting; d) cross 
sections through containers with 50% 
and 40% H20, respectively. 

 
 
Fig. 3: FBP of Fig. 
2a) excited in a 
cylindrical phantom.
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