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T; relaxation times can be measured at a range of magnetic field strengths by Fast Field-Cycling (FFC)
NMR relaxometry to provide T;-dispersion curves. These are valuable tools for the investigation of mate-
rial properties as they provide information about molecular dynamics non-invasively. However, access-
ing information at fields below 230 uT (10 kHz proton Larmor frequency) requires careful correction of
unwanted environmental magnetic fields.

In this work a novel method is proposed that compensates for the environmental fields on a FFC-NMR
relaxometer and extends the acquisition of Nuclear Magnetic Relaxation Dispersion profiles to 2.3 uT
(extremely low field region), with direct application in the study of slow molecular motions. Our method
is an improvement of an existing technique, reported by Anoardo and Ferrante in 2003, which exploits
the non-adiabatic behaviour of the magnetisation in rapidly-varying magnetic fields and makes use of
the oscillation of the signal amplitude to estimate the field strength. This increases the accuracy in mea-
suring the environmental fields and allows predicting the optimal correction values by applying simple
equations to fit the data acquired. Validation of the method is performed by comparisons with well-
known dispersion curves obtained from polymers and benzene.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://
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1. Introduction

Fast Field-Cycling (FFC) NMR relaxometry is a technique that
measures relaxation times over a range of magnetic fields, most
commonly the spin-lattice relaxation time T;. The results acquired
are presented in curves that indicate the dispersion of T; values (or
alternatively the relaxation rates R; = 1/T;) with the applied mag-
netic field or the corresponding Larmor frequency. These are
known as T;-dispersion curves or Nuclear Magnetic Relaxation Dis-
persion (NMRD) profiles and are used for the investigation of the
molecular dynamics of a range of complex systems, with applica-
tions in various domains such as oil and polymer science, chem-
istry, biology or medicine [1-3].

An example of a pre-polarised FFC pulse sequence used for the
acquisition of such curves is shown in Fig. 1. Such a pulse sequence
measures the R; of the sample as a function of the evolution field
BE. This is achieved by repeatedly applying the sequence using
identical polarisation and detection stages while varying the dura-
tion and field strength of the evolution stage. In this way, the
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decaying magnetisation is sampled point-by-point via the FID sig-
nals acquired and an exponential fit can be used to provide the R,
corresponding to each B. The effect of the switching intervals on
the evolution of the magnetisation does not bias the measure-
ments of Ry, since the transition stages are applied identically for
each B and the FID signals acquired are scaled by a constant factor
[1,2.4].

FFC-NMR relaxometry typically ranges from 10 kHz to tens of
MHz in proton Larmor frequency (PLF, equivalent to a range of
234 uT to hundreds of mT), depending on the hardware, probing
molecular motions that range from sub-millisecond to nanosecond
time scales [2]. However, in recent years there has been an increas-
ing interest in its extension to the ultra- and even the extremely-
low field region (ULF: 300 Hz-3 kHz PLF, equivalent to 7-70 puT;
ELF: below 300 Hz PLF [5]) [6-8]. In these regimes, the direct rela-
tion between the correlation times probed and the Larmor fre-
quency is not valid, because T; becomes comparable to the
correlation times and the non-averaged local fields which originate
from the dipolar couplings become comparable to By [6]. Neverthe-
less, this extension is expected to provide insight into slower
molecular dynamics than the ones probed when applying conven-
tional FFC-NMR techniques [7,9].

FFC-NMR measurements extended to the ULF and ELF regions
have previously been performed on water [4,7,10], industrial
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Fig. 1. A basic pre-polarised FFC pulse sequence, including (a) the variations of the applied magnetic field, (b) the FID signal generated after the application of a 90° RF pulse,
and (c) the evolution of the magnetisation M,. The dotted lines indicate the different stages of the pulse sequence and the field ramps between them. Note that the ramp times
between field plateaux have been exaggerated, to emphasize the behaviour of the magnetisation.

chemicals [7,8] and a range of polymers [2,6,11-13], with the
acquired results illustrating plateaux [7,13] and dispersions
described by either Lorentzian [4,7,10] or power-law functions
[6,11,12] in the extended regimes. In the domain of biomedical
research, data at that range of fields is scarce, however NMRD pro-
files acquired from animal tissues [14-17], human breast, haemo-
globin and red blood cells [15,18], as well as brain white and grey
matter [18,19] ex vivo, show strong dispersion and contrast as the
applied field extends down to 10 kHz PLF, indicating that the
extension to the ULF region can potentially provide useful biolog-
ical and clinical information.

The successful application of relaxometry below 10 kHz PLF
requires precise correction of the unwanted environmental mag-
netic fields generated by a number of sources, including the Earth,
electrical equipment and ferromagnetic structures in proximity to
the magnet, since these set a limit on the FFC-NMR measurements
when their magnitude becomes comparable to that of the evolu-
tion field [2,4,20]. When this situation occurs the results acquired
depend on the orientation of the environmental fields. In the case
when the angle between the polarisation and environmental field
is (at least approximately) zero, the magnetisation decays expo-
nentially as in a conventional FFC experiment (Fig. 1). This provides
misleading results since the R;-values measured gradually plateau
to the value corresponding to the environmental field strength. If
the angle is significantly larger than zero, the fast transition usually
fulfils the non-adiabatic condition. This causes the magnetisation
to oscillate, as described later, providing incorrect measurements
of R; which appear as scattered points in the acquired curve.

The correction of environmental fields applied in MR studies
typically involves the installation of the apparatus in a magneti-
cally shielded room [21] or the use of external coils that apply
opposing correction fields [1,2,4], while their efficiency is most
commonly verified by measuring the residual fields with the use
of magnetometers [8,9]. However, these require additional compo-
nents that may be expensive, difficult to find off-the-shelf or
impractical to implement on existing hardware. Additionally, mag-
netometers with nT accuracy, necessary for accurate measure-
ments of the environmental fields, are either larger than the bore
of NMR relaxometers (widths of 25-32 mm [22,23] compared to
12 mm for a typical FFC-NMR device respectively) or limited to
measuring fields along the longitudinal axis [24].

In a different approach, the environmental fields are measured
by measuring the amplitude of the FID signals while applying mag-
netic fields within the range of few hundred Hz PLF. In [20],
Anoardo and Ferrante sample the behaviour of the magnetisation
during the evolution stage after a non-adiabatic transition, exploit-
ing the fact that T; becomes shorter as the field strength decreases
so that a successful compensation corresponds to an FID signal of
minimum amplitude. In [7], Kresse et al. verify the existence of
unwanted fields applied on their home-built FFC system, based
on abrupt decreases of the FID signals observed at certain fields
amongst the whole range applied. While these are elegant meth-
ods, they may have drawbacks depending on the hardware used.
First, small changes in the amplitudes of the FID signals can be dif-
ficult to resolve so it is hard to determine when the desired ampli-
tude is achieved. Second, they lack a predictive model and
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therefore require finding the optimal points semi-manually, which
can be time consuming.

In this paper we propose a method derived from [20] where we
measure the environmental fields by sampling the precession fre-
quency of the magnetisation after a non-adiabatic transition,
instead of the signal amplitude. This allows us to develop simple
analytical models of the signal obtained so that one can use curve
fitting techniques on the data acquired to determine the longitudi-
nal and transverse correction fields. This overcomes the drawbacks
of the previous method and increases the accuracy of the tech-
nique. Below we describe the method in detail and validate it by
acquiring dispersion curves extended to ultra-low fields from sam-
ples of polymers and benzene with well-known dispersion charac-
teristics. Finally, we illustrate the potential of ULF relaxometry in
biology and medicine by acquiring extended NMRD profiles from
samples of human cartilage.

2. Theory

Non-adiabatic evolution of the magnetisation occurs when the
magnetic field varies over time scales that are shorter than the
inverse of the resonant frequency of the system, as described by
the equation:

Do/dt > yB(t) 1)

where 0 is the angle defined by the variation of the direction of the
magnetic field over dt, y is the gyromagnetic ratio of the nuclei (typ-
ically 'H) and B(t) is the magnitude of the magnetic field at time t. In
a simple spin-2 system one can consider that when the main field
By decreases non-adiabatically fast to the environmental field B. the
magnetisation vector M does not follow the direction of By
(Fig. 2a, b). Instead, it roughly maintains its initial magnitude and
direction and, after the transition completes, it precesses around
the direction of B. with angle 0 at Larmor frequency yBe, for time
intervals determined by the rates R; and R, for the longitudinal
and transverse component respectively (Fig. 2c¢) [25].

In practice the small field B, is of unknown magnitude and
direction and the general expression for the precession in the lab-
oratory frame is:

[1 — cos(yBet)] cos(0) sin(0) cos(¢) + sin(y.
[1 — cos(yBet)] cos(0) sin(0) sin(¢) + sin(yB
oS (}Bet) + [1 — cos(}B.t)]cos(6)>

B.t) sin(0)sin(¢)

M(t) = Moe ™ t) sin(0)cos(g)

)

where M(t) is the magnitude of M at time t, My is the magnitude of
M before the non-adiabatic transition, 0 and ¢ are the angles defin-
ing the orientation of B, with respect to the z- and x-axis respec-
tively, and R is used instead of both R; and R, since they are
usually equal at very low fields. After the evolution stage finishes,
a second non-adiabatic transition is required to reach the acquisi-
tion field and obtain the FID signal (Fig. 2d). That transition pro-
duces a longitudinal and transverse component again, ideally with
the latter being directly detectable by the RF coil without having
to use an excitation pulse. In practice though, the transverse com-
ponents are not observed in our system, probably because of
time-dependent field inhomogeneities due to Eddy currents that
act as spoiler gradients during the field ramps. Therefore we will
not consider the transverse component at readout, though it could
be used to determine the angle ¢ without having to make additional
measurements [20]. At final, the amplitude of the FID signal gener-
ated is directly proportional to the magnitude of the longitudinal
component of M, M,, given by:

M, (t) = cos (6)* + cos(yBt)[1 — cos(6)?] 3)
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Fig. 2. The non-adiabatic transition in the laboratory frame for a spin-%. (a) Initial
situation: the magnetisation M is aligned with the field B,. At this stage, B. is
considered negligible. (b) Final situation: By has switched non-adiabatically to O T
and M precesses around B. with an aperture angle 6. (c) M, oscillates at Larmor
frequency 7YB. (typically below 5kHz) around its equilibrium value (which is
usually negligible). (d) The measurement of M is done after a known time by
applying a 90° RF pulse. Repeated measurements for a range of precession times
provide the precession frequency and therefore the magnitude of B..

where t is the time during the evolution stage.

During the precession of M, the amplitude of the FID signal, and
hence of M,, oscillates with a frequency that is directly propor-
tional to the strength of the environmental magnetic field
(Fig. 2c). One can therefore make repeated measurements for a
range of evolution times to measure the magnitude of the field
by applying a Fast Fourier Transform on the amplitude of the FID
amplitude signal (Fig. 2d).

It is also useful to derive models for the resultant field B, when a
correction field B. is applied in addition to B.. For practical reasons
we split B; into the longitudinal and transverse components, B- and
B! respectively. The magnitude of B, can then be expressed by:

B = /B + B (4)

with:
Bl =B, +B. (5)
and:
B — \/ B cos() + Bicos(p,)]” + [BLsin(¢) + Bisin(,)|” (6)

where the superscripts [ and t stand for the longitudinal and trans-
verse components of the fields respectively and ¢ is the azimuthal
angle of the correction fields.

3. Materials and methods
3.1. Materials
The FFC experiments described in this section were performed

on a commercial bench-top FFC-NMR relaxometer (SMARtracer,
Stelar S.r.L, Italy). This device can measure NMRD profiles of sam-
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ples of up to about 1 mL at a wide range of temperatures, with the
main field applied varying from 0 to 10 MHz PLF (234 mT). Voltage
measurements across the terminals of the magnet, necessary to
compensate for the existing voltage bias, were performed using a
high-precision DC voltmeter (34420 A, Keysight Technologies,
Santa Rosa, CA), and the measurements of the longitudinal fields
were made using a fluxgate magnetometer (FLC 100, Stefan Mayer
Instruments, Germany) connected to an oscilloscope (DSO-X-
2024 A, Keysight Technologies, Santa Rosa, CA). The experiments
for the correction of the environmental fields were performed
using a 1-mL solution of 0.5 mM MnCl, at room temperature. This
sample was chosen because it generated sufficient SNR and was
convenient for experimentation due to its long R; and relatively
low dispersion (about 6 and 30s~! at the polarisation and ultra-
low fields respectively).

NMRD profiles were acquired from samples of the polymers
polybutadiene (PB, M,,: 87,500 and 200,000, 0.61 and 1.04g
respectively), polyethylene oxide (PEO, M,: 100,000 and
5,000,000, 0.4 g each), polydimethylsiloxane (PDMS, M,,: 110,000,
0.66 g), and polyisoprene (PIP, M,: 38,000, 0.66 g), as well as of
benzene (M,: 78, 1 mL). The polymers were purchased from
Sigma-Aldrich Ltd. (U.K.), apart from PB with Mw: 87,500 which
was kindly provided to us by Prof. Ernst Rossler, Bayreuth Univer-
sity (senior author of reference [6]), while benzene was purchased
from Fisher Scientific Ltd. (U.K.). The polymers were expected to
generate NMRD profiles of constant slope below 10kHz PLF
[6,11,12] until By became comparable to the existing non-
averaged local fields, estimated at around 100 Hz PLF [26]. Benzene
is known to have negligible dipolar coupling and was expected to
generate NMRD profiles with very short R;-values at room temper-
ature (<0.5 s~!) without any dispersion [8]. Due to these expected
behaviours, the particular NMRD profiles were used to validate the
correction of the environmental fields for a range of different evo-
lution times, since deviations indicated the existence of a residual
field which corrupted the acquisitions,

Additionally, NMRD profiles obtained from core samples of
human cartilage were used as proof-of-concept for ULF contrast.
The samples were extracted from the femoral heads of two female
patients, both aged 79 years, who had undergone surgery at Aberd-
een Royal Infirmary (Aberdeen, UK) for hip replacement due to
osteoporosis. The patients did not show signs of osteoarthritis
based on the results obtained from X-ray examination although
there was mild wear. Two samples from each patient were used
in total (10 mm diameters, 3 mm thicknesses, with minor impuri-
ties from subchondral bone), extracted from the femoral heads
within six hours after surgery and stored at 4 °C for up to five days
until the experiments were performed. Before storage, they were
soaked in Fluorinert (FC-40, Sigma Aldrich) in order to maintain
their moisture and structure without affecting the results of the
FFC experiments. The femoral heads were provided by the NHS
Grampian Biorepository (Aberdeen Royal Infirmary, Foresterhill,
Aberdeen, AB25 2ZN, UK), and ethical approval for the study was
granted by Health Improvement Scotland (REC Reference 16/
NS/0055).

Analysis and plotting of the data, as well as curve fitting, was
performed in MATLAB R2013a (The Mathworks, Natick, MA).

3.2. Preliminary work

Prior to the method of correction, particular efforts were made
to reduce the effects of unwanted fields generated by equipment in
proximity to the FFC magnet and by certain parts of the relaxome-
ter. At first, to supress the influence of fields generated by elec-
tronic devices in operation and by eddy currents flowing in
ferromagnetic materials, equipment such as the heat transfer sys-

tem and the aluminium casing of the relaxometer were removed
when possible or placed as far as possible from the FFC magnet.

Then, the voltage bias applied across the terminals of the mag-
net was compensated, to suppress the current bias which flows
through the magnet and affects BS. This compensation involved
repeated applications of the pre-polarised pulse sequence with
an evolution field set at O T and evolution time longer than 1s.
During this process, the voltage bias during the evolution stage
was measured precisely down to the range of nV, while the field
correction was adjusted via the relaxometer software until the bias
was suppressed within the range of about +30 pV. This had to be
repeated for each experiment below 10 kHz PLF to account for
time-varying drifts of the bias.

The effect of this preliminary work on the environmental mag-
netic fields applied on the longitudinal plane was characterised
using a fluxgate magnetometer placed in the bore of the FFC mag-
net after removing the probe RF coil to increase the space available.

3.3. Correction method

The correction method itself was performed separately for the
longitudinal and transverse environmental fields. Both were per-
formed using the pre-polarised pulse sequence with the correc-
tion fields B. incremented automatically. The longitudinal
correction field was generated by the main magnet as an offset
to the main field By, while the transverse correction field was
generated by two pairs of saddle coils which were provided by
the manufacturer and were incorporated in the relaxometer to
generate constant fields along the x- and y-axes The relaxometer
was designed to apply the pulse sequences with a field transition
interval of 3 ms, which allowed for large non-adiabatic limit
angle 0 (=~ 78°) and therefore generated FID signals of large
amplitudes. The polarisation, relaxation and detection fields were
set to 10, 0, and 7.4 MHz respectively, the polarisation time was
set to 0.3 s, and the evolution time varied linearly by 30 incre-
ments, from 4 ms to 10 pus and from 8 ms to 20 ps for the longi-
tudinal and transverse correction respectively. During the
longitudinal correction process, the magnitude of the correction
field varied from —23.5 to +4.7 uT, with a transverse correction
field of 7 uT applied at an azimuth angle of 0° to increase the vis-
ibility of the precessing M at 0 T. In the transverse correction pro-
cess, the azimuth angle of the correction field applied at 4.7 uT,
varied from —180° to +180°. The variation in both processes
was completed in 90 increments to enhance the precision of
the curve-fitting procedure. The measurements at each increment
were repeated 10 times to enhance the SNR and also to correct
the phase errors, occurring due to the remaining field instabili-
ties, by averaging the acquired FID signals.

The data acquired was processed using Matlab 2015a to obtain
the resultant field and Eqs. (5) and (6) were applied to fit the
acquired data and derive the optimal correction fields. In practice,
it was necessary to scale the parameters B- and Bt using the scaling
factors p; and p; to account for non-ideal control of the field correc-
tion coils. Fitting the data with Egs. (5) and (6) led to the measure-
ment of BL, Bt and ¢. B. was then compensated for by setting the
constant correction fields B.= —BL/p, and Bt = —B./p, of azimuth
angle ¢ = ¢p—180°.

3.4. Validation

A useful way to validate the correction of the environmental
field is to measure the frequency of precession of the magnetisa-
tion with the evolution field set to 0 T. This has been reported by
other groups [7] and is a robust validation but it relies on the static
nature of the residual fields. Our relaxometer generated fluctuating
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residual fields which perturbed the measurements below 300 Hz
PLF, and therefore alternative methods of validation were required.

Here we validate the correction by acquiring NMRD profiles
from the samples of polymers and benzene. Each experiment on
polymers had a duration of around 30 min, and was carried out
at temperatures of 90, 80, 20 and 70 °C for the samples of PDMS,
PB, PIP and PEO respectively, which were chosen to reproduce
the experimental conditions described in previously reported stud-
ies [6,11,12]. The experiment on benzene had a duration of 3.5 h
and was carried out at 20 °C, while each experiment on human car-
tilage had a duration of about 40 min and was carried out at 37 °C.
NMRD profiles were acquired from all samples using an Inversion-
Recovery Carr-Purcell-Meiboom-Gill (IRCPMG) pulse sequence
with 512 echoes and an echo time of 30 ps. As the sequence only
records one data point per echo the acquisition filter was lowered
to 60 kHz. The polarisation and acquisition fields were set to 10
and 7.4 MHz PLF respectively. The polarisation times were set to
0.5, 5 and 0.7 s for the samples of polymers, benzene and cartilage
respectively, values of about twice the respective T, at 10 MHz PLF,
which were necessary to acquire the NMRD profiles with only one
repetition of the FFC-NMR experiment. The evolution field was set
to vary between 10 MHz and 100 Hz PLF, while for each field 12
evolution periods were used, chosen to vary logarithmically
between 0.1 and four times the estimated relaxation time at that
field. R; was estimated from a monoexponential model using the
absolute magnitude of the data [27].

The models applied to fit the NMRD profiles acquired from
polymers and human cartilage were a sum of piecewise power-
law functions [2,11] and Lorentzian peaks [28]. Power law func-
tions were applied to the NMRD profiles of polymers and human

cartilage and had the form R; = Zilaif’b', where each of the relax-
ation regimes indexed by i has a multiplication factor o and an
exponent b, which correspond to a vertical offset and slope respec-
tively when plotting the data in log-log scale. The Lorentzian func-
tions were applied to fit the quadrupole peaks appearing in
cartilage due to the transfer of magnetisation between 'H and
14N [28].

As mentioned above, fluctuations of the residual fields were
observed. These were estimated from the Fourier transform of
the magnetisation precession signal when adding a constant and
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well-defined transverse field bias to the correction values. The
effect of fluctuations is to broaden the frequency peak, which pro-
vides an estimate of the amplitude of the fluctuations.

4. Results and discussion
4.1. Preliminary work

The high rates of By switching between the stages of the pulse
sequences (about 80 T/s) were found to induce eddy currents in
the conductive parts of the hardware. These generated an
unwanted field of about 41 pT at the beginning of the evolution
stage, which decayed exponentially below 1 pT in 5.5 ms. Remov-
ing the conductive casing of the FFC magnet led to the decrease of
the unwanted field to 5.3 uT at the beginning of the evolution
stage, with the exponential decay below 1 pT occurring in 0.8 ms.

The voltage bias, if not calibrated, drifted to a maximum (or
minimum) of #150 pV within three hours of operation In addition,
it showed additional fluctuations of +10 pV every 0.5 s that peaked
to +30 uV every 3 s, although the specifications of the DC voltmeter
used did not allow for further analysis of their frequency spectrum.
The shifts of +150 uV generated an unwanted field of about 5 uT,
however by calibrating the bias they could be reduced by a factor
of 5-15. The effect of these fluctuations on the evolution field could
not be determined by the fluxgate magnetometer due to its finite
resolution, although it is estimated that they caused the aforemen-
tioned phase errors.

4.2. Correction method

Fig. 3 plots the measurements of the resultant field B, as func-
tions of the longitudinal correction field B. (Fig. 3a) and azimuth
angle ¢ (Fig. 3b), along with the curves generated by fitting Eqgs.
(5) and (6) respectively. Each plot was acquired in about 6 h due
to the 90 increments of each varying parameter and to the 10 rep-
etitions of the measurements at each increment. In Fig. 3b, the val-
ues of B, shown were smaller than those in Fig. 3a since they were
measured after the correction of BL. The quality of the curve fitting
in both figures was very good (R? > 0.99) and provided a longitudi-
nal environmental field B.: 7.5+ 0.4 pT with scaling factor p;:
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Fig. 3. Measurements of B, plotted as a function of (a) BL and (b) azimuth angle ¢.. The curves were generated by applying the Eqs. (5) and (6) to fit the data points shown in

(a) and (b) respectively (R? > 0.99).
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Fig. 4. NMRD profiles of the samples of PB with (a) Mw: 87,500 and (b) Mw: 200,000, PEO with (c¢) Mw: 100,000 and (d) 5,000,000, (e) PDMS, (f) PIP, and (g) Benzene, acquired

with the environmental fields corrected. The arrows shown in the NMRD profiles of polymers illustrate the inflection frequencies between the different regimes.
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Table 1

The vertical offset and slopes of each regime composing the NMRD profiles of the
polymers, with the first regime being at the lowest and the last regime at the highest
range of fields.

Polymer Regime Vertical offset (s~') Slope (unit-less)
PB (Mw: 87,500) 1st 1.5+0.04 0.63 +0.004
2nd 3.0£0.2 0.5 +0.02
3rd 52+03 0.26 £ 0.04
PB (Mw: 200,000) 1st 1.8+0.1 0.63 £0.01
2nd 39+1.0 0.45%0.1
3rd 5.6 +0.6 0.24+0.1
PEO (Mw: 100,000) 1st 3.0£0.1 0.474 + 0.008
2nd 49+05 0.27 £0.09
PEO (Mw: 5,000,000) 1st 1.2+0.1 0.62 £0.01
2nd 29+10 0.51+0.1
3rd 51+0.8 0.27 £0.09
PDMS 1st 2.7 £0.05 0.356 + 0.004
2nd 44+0.1 0.22 £0.01
PIP 1st 20.5+0.5 0.118 £ 0.006
2nd 16.0+0.1 0.162 + 0.001
2.6+0.03 (a), and a transverse environmental field Bt:

4.7 £0.05 puT of scaling factor p.: 5.5+ 0.01 and azimuth angle ¢:
139.7 £ 0.6° (b). Based on these measurements, the environmental
fields were cancelled out by applying the opposing correction
fields BL=—BL/p;=—2.9+0.2 uT, and Bt = —B./p.= —0.85 + 0.01 uT
of azimuth angle ¢, = ¢p—180° = —-40.3 + 0.6°.

The results of the correction shown in this section were
acquired after one application of the method. The magnitude and
direction of the environmental fields, measured from two to four
times per week during a period of three months, ranged from 6.0
to 8.4 uT for B, 4.7 to 7.0 uT for Bt and 103.7° to 154.5° for ¢, with
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weekly variations that ranged from 0.1 to 1.5 uT for B., 0.1 to
1.2 uT for Bt and 3.4 to 38.6° for ¢.

4.3. FFC-NMR applications extended to ULF

4.3.1. Polymers and benzene

The NMRD profiles obtained from the samples of polymers and
benzene after the correction are shown in Fig. 4. The error bars
shown indicate the 3-sigma error in R; from a monoexponential
fit of the magnetisation amplitude. The power law models applied
on the polymer profiles (Fig. 4a-f) were composed of two or three
regimes as appearing in the literature [2,11] (Table 1: 2 regimes:
PDMS, PIP and PEO; 3 regimes: PB; R? > 0.99). The regimes shown
below 10 kHz PLF, where the effect of the correction appears,
showed a constant slope down to minima of 330, 400, 260, 360,
160, and 250 Hz PLF (or 7.7, 9.3, 6.1, 8.4, 3.7 and 5.8 uT respec-
tively) for PB (Mw: 87,500 and 200,000), PEO (Mw: 100,000 and
5,000,000), PDMS, and PIP respectively. Additionally, the NMRD
profile of benzene (Fig. 4g) did not exhibit dispersion until the evo-
lution field reached a minimum of 330 Hz PLF (7.7 uT). As the evo-
lution field was lowered it reached a threshold value below which
the size of the error bars increased dramatically (Fig. 4a-c) indicat-
ing the presence of non-adiabatic behaviour due to non-corrected
or fluctuating local fields, which also caused the deviations from
linearity shown in the non-fitted data points.

The presence of a fluctuating residual field after the application
of the proposed correction method was verified by sampling the
precession of the magnetisation using the sample of benzene,
while applying an additional transverse field of 500 Hz
(Fig. 5a, b). The frequency domain data (Fig. 5b) show a broad peak
between 600-800 Hz, indicating time-varying field of roughly
100 Hz PLF amplitude, as well as a bias of the order of 200 Hz PLF.
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Fig. 5. The precession of M in the sample of Benzene during the evolution stage, in the (a) time and (b) frequency domain. The line in (a) is the fit of a cosine model with an

exponential decay. The line in (b) is used to guide the eye.
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Fig. 6. NMRD profiles of the samples of cartilage, taken from different regions of the femoral heads of two patients, acquired with the environmental fields corrected. The

arrows illustrate the inflection frequencies between the different regimes.

Table 2

The vertical offsets and slopes of each regime composing the NMRD profiles acquired from the samples of cartilage.

Patient Sample Regime* Vertical offset (s™') Slope (unit-less)
A 1 1st 175+14 0.13 +0.01
2nd 7.3+0.6 0.3 +0.02
3rd 9.0+£43 04+0.28
2 1st 201+1.7 0.05 +0.01
2nd 6.2+0.3 0.25 +0.01
3rd 75+26 042 +0.25
B 1 1st 189+16 0.1 +0.01
2nd 7.9+03 0.26 +0.01
3rd 8.6+2.1 0.39+0.2
2 1st 11.3+1.2 0.12 +0.01
2nd 59+0.3 0.28 +0.01
3rd 73+2.1 0.5+0.24

2 The 1st regime lies in the lowest, the 2nd in the middle, and the 3rd in the highest range of fields.

4.3.2. Human cartilage

The NMRD profiles obtained from the samples of human carti-
lage with the environmental fields corrected are shown in Fig. 6.
The data fitted well to a power law distribution (R? > 0.99) com-
posed of three different regimes indicating a similarity with the
polymers, which is consistent with the known fibrous structure
of cartilage (Table 2). One can also note the presence of three
quadrupolar peaks between 0.4-0.9 MHz, and 1.5-3.5 MHz PLF,
as observed in other studies [29,30]. Thanks to the correction,
the acquisition could extend reliably below 500 Hz PLF (11.7 uT)
and in one case as low as 100 Hz PLF (2.3 uT, ELF region), as shown
in Fig. 6a. The size of the error bars was increased below 10 kHz PLF
due to the decreased SNR, partially caused as a result of the small
volume of the samples used, as well as to non-averaged local fields,
which may be relatively strong in a rigid structure such as carti-
lage, and also as a result of uncompensated environmental fields.
Nevertheless, the data acquired below 10 kHz PLF revealed the
existence of a new regime, and therefore different type of motion,
that could only be studied when measurements were made in the
ULF region.

5. Conclusions

In this work, we have presented an improved approach of a
method that corrects for the environmental magnetic fields acting
on a commercial FFC-NMR relaxometer, and have demonstrated
NMRD profiles extended to the ULF and even ELF region acquired
from samples of polymers, benzene and human cartilage. Our

approach led to a more precise determination of the environmental
fields than the original method (errors smaller than 0.5 pT
and * 2.0° compared to 9.4 uT and +5.0° reported in [20] for the
magnitude and orientation respectively) which were cancelled
out by applying opposing correction fields. This level of precision
was achieved with the use of simple predictive models which
allowed us to overcome the limitations of the original method.

The validation using NMRD profiles from samples of polymers
and benzene showed that our method is reliable down to 10 pT
(450 Hz PLF) in FFC-NMR measurements with evolution periods
from about 3 ms to 3 s, as the results obtained compared favour-
ably with the literature. The main drawbacks are the long acquisi-
tion time needed to acquire the graphs shown in Fig. 3 (about 12 h
in total), the need to compensate precisely for the voltage bias so
that one needs a precision voltmeter, the limited frequency resolu-
tion of the precessing magnetisation which limited the measure-
ment precision of the resultant fields and hence the accuracy of
the method, and the inability to deal with time-varying fields
which limit the lowest field attainable.

Corrections of shorter duration (less repetitions and data points
to acquire Fig. 3) and of increased precision at lower fields, which
reach the non-averaged local fields of the samples examined, may
be possible if the perturbing time-varying fields, estimated
between 100 and 300 Hz PLF (Fig. 5), are damped. This can be
achieved by shielding or by applying time-varying correction
fields, within the limits set by the noise that the current-supply
system generates. Nevertheless, this technique can be applied on
pre-existing narrow-bore relaxometers with little modifications
involved and may be automated using predictive algorithms to
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shorten the duration of the process, thanks to the simple models
used.

The NMRD profiles extended to ULF and ELF regions can be used
to study slow molecular dynamics, with direct applications in
polymer science [6,7] and potential use in medicine. In the cases
of human cartilage, the NMRD profiles below 10 kHzHz PLF
revealed an additional regime of different vertical offset and slope,
indicating that slower molecular dynamics can be studied. With
further development, the differences observed between the pro-
files acquired, acquired at both low and high fields, may provide
clinically relevant information about the wide range of molecular
motions taking place in tissues and form the basis of new types
of contrast in the developing field of FFC-MRI [3].
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