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Optimisation of Fast Field-Cycling MRI pulse sequences by numerical simulation.
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Synopsis
Fast Field-Cycling MRI (FFC-MRI) has the ability to access contrast invisible to conventional scanners – that resulting from the dependence of T1 on
magnetic 힣�eld strength. Simulating FFC-MRI sequences by iteratively applying the Bloch equations as the magnetic 힣�eld strength changes with time
was found to give highly accurate predictions of signal intensity at the end of each cycle. This information was used to optimise parameters of the
FFC-MRI scans.

Introduction
Fast Field-Cycling MRI (FFC-MRI) is able to access contrast derived from the variation of T1 with magnetic 힣�eld strength, known as T1-dispersion,
which is invisible to conventional MRI.1 This can be seen by either measuring full T1-dispersion data, normally achieved in vivo by using the fast twopoint 2-3 or by di힃�erences in the signal intensity following fast 힣�eld-cycling. For either method the choice of evolution time, the time spent at the
magnetic 힣�eld strength of interest, has a strong in힣�uence on the results. This is particularly the case if the T1-dispersion curve of the sample
contains quadrupole dips, features caused by cross-relaxation of the protons with resonant quadrupolar nuclei such as 14N.4 Such features are
present in a number of tissues including muscle, cartilage, and brain.5-7 It is therefore useful to optimise parameters, including evolution time, prior
to conducting potentially lengthy scans, in order to maximise sensitivity.

Methods
A simulation of a Fast Field-Cycling Inversion Recovery sequence (Fig. 1) was written using MATLAB (The MathWorks Inc., U.S., version 2013a). By
mapping a-priori T1-dispersion data onto the known variation in the magnetic 힣�eld during each experimental cycle, the T1 of the sample was
predicted as a function of time during the pulse sequence. The Bloch equations were then used to track the longitudinal magnetisation of the
sample throughout the experiment; this was denoted as the ‘signal’ at the point of the 90°-pulse. Time increments of 100 μs were used in the
simulation as a compromise between accuracy and computing time. Parameters such as initial polarisation and inversion e힅�ciency were included
to closely model the experiment as conducted on a real FFC-MRI scanner. The script was easily adapted to report back any parameter of interest
which could then be optimised.
A home-built FFC-MRI scanner1 was used for all scans. The whole-body scanner has a native 힣�eld, produced by a permanent magnetic, of 59 mT
which can be either enhanced or opposed by driving current through a secondary, resistive magnet located within the bore. All elements of the
scanner are controlled using a commercial console (MR Solutions Ltd., U.K.) with pulse sequences written or adapted in-house.

Veri힣�cation and results
A sample of cross-linked bovine serum albumin (BSA) was chosen for model veri힣�cation due to the strong quadrupole dips in its dispersion curve.
After scaling, the simulation was found to match the data with an R-squared value of >0.995 at a number of evolution times and 힣�eld strengths (Fig.
2a). By assuming a linear 힣�t, the background signal was removed (Fig. 2b) showing the variation in signal intensity due to the Larmor frequency of
the protons becoming equal to a nuclear quadrupole resonance (NQR) frequency of coupled quadrupolar nuclei, allowing cross-relaxation to occur.
With an appropriate choice of evolution time, the peak intensities are indicative of the features in the T1-dispersion of the sample.
To demonstrate the utility of the simulation, the evolution time was optimised to give the largest di힃�erence between the signal and the background
for the peak which occurs at 51.5 mT; this was found to be 295 ms. The simulation was then used to output evolution times as a function of
evolution 힣�eld strength such that the background signal would be a constant. This level was set to equal the signal detected with an evolution 힣�eld
of 58.6 mT and an evolution time of 285 ms. From the results shown in Fig. 3, it can be seen that, by normalising the background signal, the peak’s
shape is preserved and there is an added bene힣�t of increasing the signal of scans conducted at lower evolution 힣�elds, thus improving the signal-tonoise ratio.

Discussion
It has been shown that simulations of FFC-MRI sequences can accurately predict their results. These simulations can be used to optimise
experimental parameters for given criteria and, although the results given here were achieved using known T1-dispersion data, it would also be
possible to use estimated T1-dispersion behaviour in order to guide the choice of pulse sequence parameters prior to experimentation. Simulation
is rapid compared to experimental optimisation and can lead to useful improvements in signal. Furthermore, the simulation is capable of using
arbitrary evolution 힣�eld shapes, allowing for investigation of hypothetical experiments without needing to code the sequence on the MRI console.

Conclusion
Simulations of FFC-MRI sequences based on iteratively applying the Bloch equations has proven to be a useful tool in experimental design and
although its e힅�cacy depends on accurate T1-dispersion data, it can be used as an initial guide where none is available.
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Figures

Figure 1. FFC IR sequence where the spins are polarised at one 힣�eld strength, inverted with a 180°-pulse, transitioned into a 힣�eld strength of interest for a
set duration before being returned to the original 힣�eld strength for detection following a 90°-pulse. The evolution 힣�eld and time are varied but the
polarisation and detection 힣�elds are typically 힣�xed for reasons of stability and RF coil tuning.

Figure 2. (A) Signal from a sample of BSA from a FFC IR sequence with a 힣�xed evolution time of 300 ms as predicted by the simulation (red line) and overlaid
with real data from an FFC-MRI scanner (blue circles) [R-squared = 0.9998]. The peaks in the signal are caused by a reduction in T1 when the NMR frequency
of the protons in the sample is resonant with a NQR frequency of immobilised Nitrogen nuclei. (B) When the background signal is removed the e힃�ects from
cross-relaxation with the Nitrogen nuclei are isolated.

Figure 3. Signal from a sample of BSA from a FFC IR sequence with a 힣�xed evolution time of 265 ms (blue circles) compared with that acquired when varying
the evolution time in order to keep background signal at a constant level (red squares). At 30 mT a 50% increase in signal is achieved between the 힣�xed
evolution time data and that corrected for the background.
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