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ABSTRACT

The dependence of nuclear magnetic resonance tielaxate with the magnetic field has been
widely studied, in particular in biomedical situats with the objectives to better understand the
underlying microscopic mechanisms in tissues awngige biomarkers of diseases. By combining
fast-field cycling (FFC) and magnetic resonancegimg (MRI), it is possible to provide localized
relaxation dispersion measurements in heterogensgstems, with recent demonstrations in
solutions, biological samples, human and small atimWe report here the developments and
performances of a device designed for small aniffaC-MRI comprising a resistive insert
technology operating inside a 1.5 T MRI system.c8memeasurement methods were developed to
characterize the system efficiency, response timoenogeneity, stability and compensation. By
adding a non-linear element in the system and usidgal amplifier strategy, it is shown that large
field offsets can be produced during relaxationquEr while maintaining precise field control during
detection periods. The measurement of longitud¥MRD dispersion profiles in a range of 1.08 to
1.92 T are reported, essentially displaying a lineaiation in this range for common MRI contrast
agents. The slopes of both the longitudinal andstrarse relaxation dispersion profiles at 1.5 T are
measured and validated, extending the capabilitiggevious approaches. The performances of a
longitudinal relaxation dispersion mapping methofinally reported, opening the way to quantitative

preclinical dispersion imaging studies at high AARH field.



INTRODUCTION

Nuclear magnetic resonance (NMR) relaxometry ctsmsisthe measurement of longitudinal and
transverse nuclear magnetization relaxation tinmespgctively T and B) or equivalently their
inverse, the relaxation rates &1d R' The relaxation rates vary with the magnetic fiBictiue to
their links to microscopic motions characterizedpgctral densiti€s’ that are frequency-dependent.
The magnetic field dependence of the relaxatioa imteferred to as a NMR dispersion (NMRD)
profile, and can be measured advantageously witdixameters that allow the main magnetic field
Bo to vary rapidly as compared to relaxations tingsfting rapidly B during relaxation can be done
using fast-field cycling (FFC) or sample-shuttlidaxometerst The main principle of the former

is to vary the electrical current in resistive meign while the latter principle is to move the s&amp
at different stray field positions. Microscopic nwots in a variety of molecular systems and media
can be studied with relaxometry (such as protgialmers, or porous media) such that applications

of NMR relaxometry range from chemistry, throughk@haracterization, to biomedical sciences.

In biomedical situations, protdhi relaxation is most often studied, with the olijeeto characterize
the interactions of water molecules with their lomavironment in tissué$ Indeed, water relaxation

in tissues is field-dependent comprising separat@ehanisms encompassing interactions with long-
lived-protein binding sites and diffusion at macwmetular interfaces. Additional relaxation
mechanisms can be observed either with endogenetaloprotein’ or exogenous contrast agents
based on paramagnetic and superparamagnetic coagdthlinteraction with quadrupole nuclei,
such as witht*N, can also lead to quadrupole relaxation enhancefn® most often seen at low

frequencies, providing information on the interan# with proteins.

Field-cycling relaxometers have limited ability tocalize NMR signdl while it is needed to
characterize heterogeneous samples. While magestnance imaging (MRI) systems can be used
to localize nuclear magnetization and map relaxataies, it can usually be done only at a fixed
magnetic field B'®. To be able to perform localized relaxation measwents in a varying and
resolved range of magnetic fields, combined FFC-B\8tems and associated measurement methods
have been develop&d®® providing new means to access contrasts baseNMR dispersion,
enabling a better understanding of contrast meshasiand potentially leading to more specific
biomedical markers of diseases. In the last deéadknical FFC-MRI was shown feasible at low
field (up to 0.2 T3%2° and pre-clinical FFC-MRI at high field (up to 325243-34with promising
initial in vivo images obtained of longitudinal agdation dispersion reflecting local interactions of

water protons in tissu&s



There are several technical challenges (such &itsgstability, homogeneity) to obtain MR images
of high quality combined with dispersive contragtsessible by fast field cycling. MRI by itself
requires a high magnetic field stability for imagitout a FFC-MRI system must also be designed to
vary rapidly the magnetic field as compared to ltatinal or transverse relaxation times. A solution
is to insert a resistive coil performing the fast Wariations during relaxation periods into a
conventional superconducting high-field MRI systeemefiting from a larger polarization together
with more stable and homogeneous field during dietec However, interactions with the MRI
scanner and the insert are usually observed. Indeedystems are then inductively coupled, such
that current variations in the insert induce eddgrents in the conductive structures of the host
system, that are dissipated as heat in its resistiuctures. In the various setups developed iyl

an inserted coil into a superconductive magitét®32 shielding coils were used in order to reduce
eddy currents and the risk of quench, while atsame time complexifying the coil design and
construction, and reducing the coll efficiency.alhcases, eddy-currents, while reduced, were still
present, still necessitating correction strategiéss could be successfully achieved with the use o
shielding/compensation coifs and of eddy-current correction techniciiéé Instead of
compensating the field directly, another strategy éddy-current correction relies on real-time
transmit and receive radiofrequency modulafipiocking them with the instantaneous NMR
frequency whose temporal evolution can be pre-caiol and should be reproducible after a given
Bo offset pulse. As we will see below, the setup dbed here does not require a shielding coil and

compensates for eddy-currents by directly injecargpunter current waveform within the insert.

Another major technical issue is the stability loé tcurrent in the insert coil when RF pulses are
applied and NMR signals collected. Indeed, whengisystems capable of large field offsets, current
fluctuations are producing random NMR frequency aondsequently phase fluctuations during
excitation and acquisition of the multiple signatdlected for image generation which can reduce
image quality and localization precision. It is aky considered that field perturbations highemtha
10° T.s cause noticeable signal alteratfdnthus are source of image artefacts and losgynbio-
noise ratio. MRI acquisition windows are typicaillythe millisecond range, thus the corresponding
magnetic field stability should be better than 1 jfThe desired field offset is in the range of 1
the relative accuracy for current in the insertl ebiould thus be lower than £Qo avoid image
artefacts. To avoid fluctuations during the aciiois period, which uses the stable main fieldrodf t
superconducting magnet, a possible strategy iswvttchs to a highly resistive state, which in the

extreme limit corresponds to opening the coil dirby disabling the amplifiéf. A drawback is that
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an additional delay is needed to enable againdiw@psupply, preventing the use of high duty cycles
Another approach is to switch the amplifier loadin®en the insert coil and an inductance-matched

dummy load using an active element composed ohigbtpower solid state switchés

Finally, a good magnetic field homogeneity is al&agquired during the readout perdddrhe air-
tissue magnetic susceptibility difference providesypical order of magnitude of the targeted
homogeneity range of10 ppm, as there is no need to design more homogsnsystems.
Homogeneity requirements during relaxation periedsentially depends on the expected field
resolution (typically less than 1-2% variationsass the field of vie##2832 of the targeted field
range). The inhomogeneity scales with the currech shat inserts designed to operate inside a high
field system and that are not intended to reachdowery low fields consequently needs not to be

very homogeneod$

Most FFC studies focussed on the measurementtbeaxploitation of the dispersion of longitudinal
relaxation. The traditional way to do so is to aseeral evolution times and several evolution field
in an inversion- or saturation-recovery sequenee (&g. 7 in Bodenler et al., Molecular Physics
20189). In this work, we present the instrumental depeients of a FFC-MRI system designed to
operate between 1 and 2T for sample and small amina@ing. The system comprises a resistive
solenoidal coil inserted into a 1.5 T supercondectVIRI system. Here, a simple design is shown
making use of passive antiparallel power diode®ddi series with the high current amplifier so as
to increase resistance for low voltages. This desitpbles to reach large and fast field shifts|evhi
compensating eddy-currents during detection usmgdalitional low power amplifier and reaching
enough field stability for imaging. The performaaad the system are shown, in terms of stability
and field-control capabilities. Thanks to this getoew methods are proposed to measure both R
and R dispersion profiles, validated against literatde¢a on various dispersive samples. Imaging

capabilities to generate dispersive property mapphe shown.

METHODS

In this section, the FFC-MRI hardware and the masto characterize the system are first described.
The FFC pulse sequences to measurari®l R dispersions are then given. Adaptation to MRI for
longitudinal NMR relaxation rate dispersion measugat is finally provided.



FEC-MRI hardware
The system comprises an unshielded low-resistaned-layer solenoidal insert made of silver

enclosed into Plexiglass and cooled with perfluarbon leaving a 40-mm diameter free-bore
(designed and built by Stelar s.r.I, Mede, ItaBig( 1-a). The insert was designed to reach up4® 0

T in 4 ms. The manufacturer provided the followadylitional specifications: resistance less than 0.1
Q and a homogeneity better than 100 ppm on a 25-mmeder sphere. The compact Plexiglass
enclosure was 17 cm in diameter and 30 cm in lewgjtiha total weight of 6 kg. The cooling liquid
circulating into the Plexiglass housing was penitymlyether (Galden SV110, Solvay) supplied
through 10-m long conductive rubber pipes connet¢teé heat exchanger comprising a plate
exchanger with a secondary lost-water circuit aesighed to have a cooling capacity of 20 kW. To
avoid static charge accumulation, a ground cable semnected between the Faraday cage and the
Plexiglass cover. The insert comprised a safetyrobeircuit, featuring internal overheating intgck

SEensors.

A NMR low-frequency (0.1-125 MHz) pulse sequencépdllo, Tecmag, Houston, USA)
encompassing one channel for transmission andlwarenel for reception was used. It was equipped
with a gradient waveform synthesizer used to coathagh-power current amplifier (Copley 234P04)
for large field variations (capable of 300 A DC &itb A for 500 ms at 50% duty cycle in current
mode, and 23 kVA DC in voltage mode on a load.46@), and a low current auxiliary amplifier
for fine tuning during detection (for eddy-curreaimpensation, model AD822AR, Analog Devices,
MA, USA, controlled by an optical coupler ACPL-C8YAAvago Technologies, USA). Both
amplifiers were driven in voltage mode to reduaeribks of electric shocks and potential hardware
damage. A non-linear element comprising a pairntigarallel diodes and a low-pass filter were
inserted at the MRI room filter panel. The low-pé&ksr ensured radiofrequency cut-off inside the
Faraday cage. The diode pair (IRGTI200F06, Intésnat Rectifier, USA) limited current
fluctuations to obtain a more stable magnetic ffeldow currents. Only the free-wheel diodes were
used by connecting the gate to the emitter. Thestiold voltage was 0.4 V and the maximum
continuous current 200 A. The diodes were mounted a plate-fin air heat exchanger. For eddy-
current compensation, the auxiliary circuit for trofling the required compensating low current was
mounted in parallel to the main power supply, therational amplifier controlling the low current
was in series with a 100 resistor to insulate the main power supply froe dlxiliary one (Fig.1-

¢) and to gain in current control precision for [6eld offsets in the detection range.

The insert was fixed firmly onto the bed of a 1.&lihical MRI system (Fig. 1) (Philips Achieva,

Best, The Netherlands) ensuring that the centeirsciced (see Bodenlest al3® for a typical
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integration of a FFC insert in an existing MRI gi&dtion). The RF chain comprised an active T/R
switch and a preamplifier connected to home-mad®fi@quency coils. A 30-mm diameter 50-mm
long saddle-shaped volume coil and a form-fitteeh®@ surface coil were construct&drFor field-
cycling experiments, the whole setup was used reitha spectroscopic mode independent from the
MRI scanner (then the Apollo sequencer was alsa dse RF transmission and NMR signal
collection), or in an imaging mode in which the nfiedl MRI sequences triggered the FFC sequencer
(then used only to control both power amplifietg) spectroscopic mode, a 2-kW linear pulse RF
amplifier was used (ENI MRI-2000), while in imagingpde, the default MRI RF amplifier was used.
The pulse sequencer software NTNMR was used taeléfie events in various pulse sequences. The
latter comprises automation capabilities that vieterfaced using Matlab (The MathWorks, Natick,
MA, USA) to automate the parameter settings, datpuigition, calibrations and analysis. Pulse
sequences combining FFC and compensation wavef®mqulses as well as acquisition periods

were implemented to calibrate and to compensatg ealdents, as described below.

Lk

' command

amplifier

Figure 1: FFC-MRI system integration (a-b) and sciagic electrical drawings of the system
mounted with the power diodes and the compensktwmpower amplifier (c). (a) The 40-mm clear
bore and its Plexiglass housing set on a specdldédr adapted to the MRI bed ensured tight fixation
of the insert. (b) general view of the MRI roomhvthie insert set on the MRI bed. (c) The insert is
driven by two amplifiers that are passively sepadatin high power mode, the anti-parallel diodes
resistance is negligible and the current flows rhainto the insert because the resistancesRmall

as compared to R. In low power mode, the current lma controlled precisely using a low power

amplifier in combination with a high output resista R. i.denotes the insert inductance.



System calibration methods

For high B field offsets, the Copley amplifier voltage andremt monitors were used to calibrate the
system response and check the effective waveforhreir measure was done using either a digital
oscilloscope, or a data acquisition board (BNC 2IN@tional Instruments) synchronized to the
Tecmag pulse sequencer and driven using Matlabsiatl B offset values, the precision of the
monitors was not sufficient, and NMR frequency wasd as a monitor of the effective current. This
was possible for frequency offsets within the raofehe receiver chain as detailed below. We
describe here the methods that were applied togetganeasure the NMR frequency in a variety of
situations in this range, to calibrate the systesponse to a step voltage command, to prescribe and
check the Boffset waveforms, to measure eddy-currents andysiem stability, and to measure the

FFC insert homogeneity.

To precisely measure the mean NMR frequencies avaample in real-time, two strategies were
followed. The first one is based on the acquisibbifree induction decay (FID) signals after a $hor
90° RF pulse (Fig. 2). The receiver bandwidth wetst@ the maximum possible value (1 MHz), so
that variations in the ranges00 kHz NMR frequency could be probed. A referelRti2 acquisition
was first performed with the amplifier disabled yichng a measure of a reference phase evolution.
Then, a FID was acquired in a different situateig, the amplifier enabled or applying a waveform.
The processing was performed using Matlab. Aftétragtion of the reference phase, the phase of
the FID was first unwrapped in time before beingdidifferentiated to provide an instantaneous
frequency measurement. To reduce the noise oms$tenitaneous frequency measurement as a result
of the large acquisition bandwidth, it was choseiow-pass filter it numerically, which is justitie

by the fact that the current variations, and coueatly the NMR frequency variations are
intrinsically filtered by the FFC insert. A Butteovth filter of order 4 with a 2-to-10 kHz bandwidth
was used. The precision of such measurement tashc@n be estimated from the SNR. Indeed, for
a given acquisition bandwidth (B\d¢ = 1 MHz), the standard deviation of the instantarsephase
measurement can be approximated by 1/8NFhe process of differentiating the phase to estéim
instantaneous frequency and low-pass filtering ithva Butterworth filter leads to a standard
deviation of frequency well approximated by SMRBWacq2BWiiter™’?, for BWiiter < 0.2 BWicq
such that, for example, an instantaneous SNR at 301-MHz bandwidth provides a 1-Hz precision
on the NMR frequency if filtered with a 2 kHz barnidé, and a 10-Hz precision with a 10-kHz
bandwidth. Due to the time decay of the FID sigtied, NMR frequency could typically be measured
over a limited duration of 32 ms using this strgteéfp cover longer temporal windows, such as for

eddy-current measurement after the application Bp affset pulse (Fig. 3-a), experiments were
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repeated by varying the delay between the pulsdhansingle-FID sequence with a sufficiently long
repetition time TR to ensure that magnetizatiomvecs and eddy-currents vanish. To perform faster
frequency measurements in a continuous mannergqairing a single experiment, while measuring
for temporal windows longer than the FID signalation), a second strategy was followed involving
the fast repetition of small RF pulses (Fig. 3-b).
a b

RF RF
Input | Input ( l :
Voltage Voltage ~J

FID FID
(AU) (AU)

NMR 100N Time(ms)  NmR 100 Time {ms)
Frequency ‘

Frequency |5 5 10 15 20 25 30
5 10 15 20 25 30
(kHz) -100 (kHz) ~100

Figure 2: NMR sequences used for the calibratiothefsystem and the waveforms. The amplifier is
operated in voltage mode, regulating internally theput voltage applied over the insert, without
feedback on the current waveform. (a) FIDs (re@akhginary and magnitude shown) were collected
during the application of a 15-ms step voltage camdnto obtain the insert current response (NMR
frequency calculated from the filtered signal phased extract the characteristic time; (b) the
command needed to obtain a prescribed current veavethere a trapezoid with 3 ms ramp time and
15 ms plateau) is then applied. Data presented far@ 100 kHz NMR frequency plateau, phase
filtered at BWiter = 10 kHz, and signal acquired during 32 ms.



(a) 90° 90°
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FID e m
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Figure 3: NMR sequences used for the measuremené ohagnetic field perturbation due to eddy-
currents after a field offset pulse: (a) FIDs weddlected for several delays after the end of tifiged
field pulse, after a 90° RF pulse and a typical i&getition time between each measurement; (b) a
train of FIDs (typically 10° flip angle, 4-ms rejtein time) was collected after a single field-effs
pulse; with this approach one could rapidly follthe frequency with the objective to apply iterative
corrections of the auxiliary current to compenstteit.

Stability, efficiency, eddy-current characterization and compensation

Magnetic field stability and calibration were evatied through NMR measurements acquired using
the system in its spectroscopic mode on a 3-cm etanspherical water phantom placed into the
saddle volume coil. With FIDs, NMR frequency anégéwere measured to characterize the stability
of the field close to zero current (when phaseilyals the most critical). Measurements with the
power supply enabled (but without any offset figfplied) were repeated with a long repetition time

to ensure recovery to thermal equilibrium from emeitation to the next.

The amplifier was operated in voltage mode, reguiahternally the output voltage applied over the
insert, without feedback on the current. To calibrie response of the system (producediddd

offset frequency versus voltage) and to check Hape reproducibility for a prescribed frequency
offset, several experiments targeting differenseitf§ were reproduced 16 times for different voltage

step commands (Fig.2-a). The transient state of.Bheircuit constituted by the insert coil and the
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cables was used to estimate the characteristichiynfeéting the NMR frequency-versus-time curve
to an exponential decay. To obtain a targeted ntmwaveformi(t) (such as a trapezoid in Fig.2-b),

the command (input voltage to the Copley amplifi®Bs set proportional to the required output
voltageu(t) = R; i(t) + L; z—i(t), whereR denotes the resistance of the insert and the s;adnhel

L; the insert inductance.

Eddy-currents were characterized by measuring MR Nignal frequency after the end of a d¥fset
pulse, first by repeating the measurement with aR¥® pulse for several delays (Fig.3-a). Delays
between the end of theyBffset pulse and the RF pulse were incrementestdyy of 10 to 25 ms. A
long repetition time of typically 3 s was chosermtwid residual eddy currents from one repetitmn t
the next. Due to this long delay, a detailed mesment of the eddy-current decay corresponded to
an acquisition time of few minutes. The faster mdt(Fig 3-b) was also applied with a 10° flip angle

a 4-ms acquisition time (TR = 4.2 ms) and 240 iiépas requiring a one-shot experiment lasting
about 1 s. Based on this measurement, the low-Aempiommand was iteratively adapted to

counteract the eddy-currents and reduce the freyusnfts.

To measure the FFC insert homogeneity, the systesrused in imaging mode. A 50-mL BD Falcon
tube (27-mm diameter 114-mm long cylinder) filleithwvater was placed into the volume coil.
Multi-echo 3D gradient echo MRI pulse sequence®waeplied with the following parameters: field-
of-view FOV = 128x64x64 mi 1-mm isotropic acquisition voxel size interpothte 0.5 mm, pixel
bandwidth BWix = 893 Hz, echo time TE = 2.06 ms, 16 echoes witinter-echo time of 1.62 ms,
and TR = 37 ms for a total acquisition time of 2nmrhis sequence was applied with different
stationary currents applied into the insert (-338mA). The k-space signals were numerically
corrected along the readout direction (multiplied @ complex exponentia¢xp(—2inft) to
compensate for the central NMR frequehashich was different for each applied current)gtrency
maps calculated by fitting voxel-wise the frequefroym the phase evolution as a function of echo

time*, and finally subtracted to isolate the effectshef insert inhomogeneity.

FFEC sequences and methods for dispersion quantification
R: NMRD

To evaluate the capability of the system to measamgitudinal NMRD profiles, an inversion-
recovery sequence was implemented in spectroscopie. For these experiments, the antiparallel

diodes were not used and the Copley amplifier igetted during RF pulses and acquisition periods.
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The sequence (see Fig. 7-a in Bodenler et al., dditde Physics 208 for a scheme of the sequence)
was repeated with a time ranging from 1 to 10 sw@s each time sufficiently long to recover most
of the longitudinal magnetization, and was compasied 180° inversion pulse, an evolution time
during which a B offset pulse was applied, a 90° excitation andla(E6 ms acquisition time with

a 125 kHz bandwidth). Hard RF pulses were used (@00uration for the 180° pulse and 100 us for
the 90° pulse). The evolution period comprised Blbefore and 13 ms after the &@fset pulse. At
each repetition, the amplitude and duration ofltage step command were changed to produce a B
offset ranging from -18 to 18 MHz during an appiica time ranging from 0 to 3.2 s. The expected
power dissipated in the insert for each waveform astimated beforehand, and only the waveforms
generating less than 1.5 kJ heat dissipated innert resistance were applied. This condition
permitted, for example, to apply evolution shiftsl8 MHz up to 160 ms, 16 MHz up to 200 ms, 10
MHz upto 500 ms, 7 MHz upto 1 s, and 4 MHz ug®s.

To recover the NMRD profile, data were processdtinef The first pre-processing step aimed at
extracting the signed FID amplitude. Each FID wegshased by a reference phase corresponding to
the low pass filtered (2.5 kHz) FID with the longessersion time and without Boffset. The real
part of the average complex signal of the first 4 of each FID was then calculated. The FID
amplitude was then fitted to a standard longitudiredaxation model with exponential decays
encompassing the sequence timings and which pagesrtetbe fitted were the thermal equilibrium
magnetization signal at 1.5 ToMthe inverted magnetization signal,Mnd the relaxation rates
R1(4B) at each probed field offsgB, in particular accounting for the relaxation tshafted thermal
equilibrium during the applied field offsets. Thedaxation rates were then fitted using a first orde
polynomial as R4B) = Rio+ B, X AB where R, denotes the longitudinal relaxation rate atB
1.5 T, p,the slope of the NMRD profile andB the field offset. Validation experiments were
performed at 293 K using MRI contrast agent sohdidiluted in water and placed into a 30-mm
diameter sphere centered into the volume coil. Waten-dispersiv& 0.166, 0.333 and 1 mM
gadoterate meglumine solutions (Dotarem, Guerbeande) (referred to as Gd-DOTA) and
dispersive (from 20 to 200 uM by steps of 20 pMpaismall particles of iron oxides solutions (CL-
30Q02-02 Molday ION, BioPAL, MA, USA) (stable agusosolution of superparamagnetic 30-nm
dextran-coated magnetite particles with 8-nm meare size referred to as USPIO here) were
characterized.
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R NMRD

The quantification of proton transverse relaxatisspersion also presents an interest to investigate
microscopic systems. Only few measurements withfiiglsl cycling relaxometry are reported in the
literature, and in limited range (see for examgdyeworks in the range 0-2 ME%* and more
recently up to 20 MH?). To validate the possibility to quantify transsemispersion with the FFC
setup around 63.8 MHz, two well characterized syst®f interest for biomedical imaging were
considered. Experiments were performed at room ¢eatpre (293 K). The first sample consisted in
13 mM Gd-DOTA diluted in water. This gadolinium ¢tite does not show significant transverse
relaxation dispersion at 1.5*’T The second sample consisted of a ferritin satutitorse spleen
ferritin, F4503, Sigma Aldrich) at 170 mM, for whia strong linear increase of transverse relaxation
rate has been reportéd The solutions were placed into an 18-mm diamspérerical container

centered into the volume coil.

The measurement of transverse relaxation dispeveaendone here using the antiparallel diodes. A
FFC spin-echo sequence depicted in Fig. 4 wasexpicho time was 29.57 ms and repetition time
1.45 s. Identical Boffset pulses were inserted before and after 8 tefocusing pulses in a dual
echo sequence. The voltage commands consistednis [Bng steps with different amplitudes, the
first one applied 1.36 ms after the 90° pulse ({16@uration), the second and fourth one 0.3 ms afte
the 180° pulses (200 us), and the third one 1.3Gites the first echo time. The actual current
waveforms provided by the current monitor were aegusimultaneously to the NMR signals. The
acquisition of the FID as well of the echoes wastiomous starting 350 ps after the 90° pulse,
blanking the receiver during the 180° pulses. Agugsition performed without Boffset pulse was
used to extract a reference phase that was renfowadall other acquisitions. The average of the
FID signal magnitude from the first 100 us was usedormalize the acquisitions (by the thermal
equilibrium value at 1.5 T). The echo magnitudesenealculated as the average normalized signal
over a 1-ms window around the echo times. For egmh-echo acquisition, the field offset
(B(t) — By) was measured continuously using the data acaqundiiard and its area was calculated
accordingly (noted\ in the following for the integral between 0 ané #cho time, given in T.s). If
the area of one of the four sections varied by nthem %10° T.s of the average areas, the
measurement was discarded. This cut-off was chesepirically after performing preliminary
experiments that purposely varied the differenasvéen two consecutive waveforms, selecting a
value ensuring that spin-echo refocusing was gauslgh, as assessed by an echo magnitude
variation of less than 1% over the tested rangare&s. The normalized echo magnitude was then

studied as a function o& and fitted in the least squares sense to thewoilp signal equation:
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exp(—R,0TE  )exp(—B,A ) (see appendix). The first exponential is the ugaasverse signal
decay at 1.5 T characterized by the relaxationRatethe second one accounts for the variation of
the transverse relaxation rates assumingBRt))= Rx0+8, X (B(t) — By). The residual between
the model and the measured signal was then usestitoate the standard deviation on the estimated
parameters £ andg,using Monte-Carlo simulations (standard deviativaerd 000 fits of simulated

signals with the addition of random noise).

e L1

90° 180° 180°
et [ T[]
voltage
FID . "
signal 1%echo 2" echo
(AU) |
NMR 4o :
Freq. 0 /\ /\ /\ /\ Time ¢ms)
(MHZ) 10 10 20 30 40 50 60 70

Figure 4: Pulse sequence applied ferdispersion measurement for the maximum area agfliet 1
x102 T.s, i.e. corresponding to an area of 0.353 T4amns). The signal cancels when the NMR
frequency goes outside the receive bandwidth onwiine phase dispersion is too large. Spin echoes
are formed when the areas of the @fset pulses balance. The initial FID magnitudeused as a

reference to normalize the echo magnitude.

R1-dispersion mapping

An MRI protocol was defined for imaging at 1.5 Tddor FFC relaxometric mapping. The protocol
comprised first a localisation scan performed &tTLtargeting 0.5 mm isotropic voxel size, before
the acquisition of a single slice with a 2D FFCearsion recovery multiple spin-echo sequence. The
system was used without the anti-parallel diodab@sequence timings allowed including enabling
and disabling periods for the amplifier. Indeede tturrent amplifier took 350 ms to be ready to
deliver the requested power, allowing to apply RKersion pulses right before the effective
activation, and the gfield shift rapidly after it. After the field shijfthe amplifier outputs could be
isolated in 2 ms before the application of the B6°pulse of the spin-echo sequence, during which
the fast eddy-current compensation technique destrabove was used. The following imaging
parameters were used: readout field-of-view FOM)=mn, phase field-of-view = 32 mm, 0.5 mm
isotropic acquisition voxel size, slice thickness &hm, pixel bandwidth BW = 200 Hz, 2 signal
accumulations, echo time TE = 13.5 ms, echo sgd@b ms, 8 echos, and TR = 2000 ms for a total

acquisition time of 4.3 min. The same slice wasuaeq in five different conditions: three
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acquisitions used the same Tl of 540 ms (10 ms ram@ and a 500 ms plateau) but different
relaxation fields (1.34 T, 1.5 T and 1.66 T, imagdsbe referred to as MM and M., respectively),

an acquisition (noted M) was done with a minimum inversion time (10 ms)l& T and an
acquisition without any inversion pulseffvat 1.5T. The complex images were first phase ctede
using the phase of a low pass-filtered version afifM The real part of the images were then fitted
voxel-wise to the Bloch equations assuming a liagg@roximation of the NMRD profile. The thermal
equilibrium magnetization at 1.5 TdWvas expressed as a function ofoM assuming a recovery
time of TR-8TE, the inverted magnetization &fter a recovery time of TR-TI-8TE was expressed a
a function of My and M. Images M M and M theoretical evolution were finally expressed as a
function of Mnv, Mnoiny, the relaxation rateiR at 1.5 T and the slope of the NMRD profieat 1.5

T. The data were fitted to the model using a naedr least squares Gauss-Newton iterative algorithm
with 1000 iterations after initialisation ofi@maps to the positive and small value of 0*2usdp:

maps to 08T (no dispersion).

To validate the ability of the sequence to maplRpersion around 1.5 T (i.B1) with this protocol,
imaging experiments were performed at 293 K onMpdes placed into 4-mm diameter cylindrical
tubes containing water, Gd-DOTA, and USPIO in wafemcentrations were chosen so that to obtain
R10values close to I'sas measured in spectroscopic mode to be in tigeraf values encountered
in vivo (between 45-75 uM for the USPIO sampledy. tRansmit and receive was ensured by the

surface coil mounted on top of the tubes.

RESULTS

System calibration

The measured insert resistance (18R.% n(2) was deduced from the voltage measured over the
insert while imposing a known current. With the iéddal 10-m long power cables, the total
resistance was iR= 115t1 mQ. Assuming an inductance-resistance low-pass systieen coil
inductance (L= 302t3 puH) was deduced from the time constant (2462501ms) after applying a
voltage step over the insert, measuring the NMBueacy temporal evolution of a water sample and
fitting it with an exponential decay (Fig.2-a). Tl efficiency (1.38#£0.004 mT/A) was estimated
from the NMR frequency plateau obtained for varisokage steps lower than 8 A to remain in the
bandwidth of the NMR radiofrequency receiver calsd from the current monitor for larger currents
(Fig. 5). Without the antiparallel diodes, the emtrplateau (or equivalently the NMR frequency) was
linear with the voltage command. With the antipatatliodes, the system response indicated a

slightly increased resistance of 12Qrfor high voltage (threshold voltage higher thas \2), while
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it was increased to 6Qfor lower voltages. From the repeated measurenwrtse same 16 step
voltages from -100 to 100 kHz, the instantaneopsoducibility of the NMR frequency curves was
+50 Hz. Using these calibration, it was then possibldefine the voltage command that resulted in

a predefined current waveform, as displayed inZ-igwith a trapezoidal waveform.
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Figure 5: NMR frequency offset as a function of lEpputput voltage after the establishment of the
steady-state current without the power diodes (dddme) and with the power diodes in series with
the insert (solid line): the NMR frequency offsaswomputed from the current monitor for voltage
amplitudes higher than 1 V, and in the low voltagage from NMR frequency measurements

(inserted graph).

Stability of the magnetic field
Fig. 6 shows NMR phase and frequency measuremétdsed with the Copley amplifier enabled

but when zero current should be delivered to tkerincoil. Several FIDs were acquired and data for
only three of them are shown for clarity. The alsagon time of 20 ms corresponds to typical
encoding durations needed for consistent MRI adegpns. When the Copley amplifier was directly
connected to the insert (Fig.6-a), phase excum@n 20 ms or from one measurement to the next
could be larger than 3 rad. By contrast, with tleeld pair connected (Fig.6-b), the phase change did
not exceed 0.1 rad. Similarly the frequency offsmtsld change by 200 Hz over 20 ms from one
measurement to the next without the diode pair.@=0g, but remained below 7 Hz (mean over the
standard deviation of several measurements) wildibde pair connected (Fig.6-d). The instability
of the NMR frequency by 200 Hz corresponds to aenirnoise of about 3 mA in the insert coil,
which can thus be reduced below 0.1 mA with thelesoconnected. Typical intensities for the offset
field were in the range of 0.5 T, correspondingatoNMR frequency shift around 20 MHz. The
current in the insert was thus controlled withibguired 16 relative accuracy during detection with

the diode pair.
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Figure 6: NMR phase changes (a,b) measured fromessive FIDs measured in a 3 cm water sphere
in the volume coil, and NMR frequency offsets (@pd)puted from the phase data : (a), (c) the Copley
amplifier was directly connected to the insert, (d) the diode pair was inserted between the Gople
amplifier and the insert.

Eddy-current measurement and compensation

Fig. 7-a shows the NMR frequency shift after 500 Ba®ffset pulses. Data were collected for 20
different delays starting 12 ms after the end efgithlses and concatenated to cover 500 ms frequency
shifts (method shown in Fig 3-a). Each pulse wasated every 3 s. Measurements performed with
different intensities of the offset pulse showedt the eddy-currents were proportional to th¢i&d
offset. A mono-exponential fit to these data gamecatrapolated amplitude after the pulse of 148
Hz/MHz and a time constant of 104 ms, but did nodel the effects entirely (residual standard
deviation 14.5 Hz). A dual exponential fit modelleétter the effects (residual standard deviation
10.2 Hz) and gave amplitudes of 52 and 106 Hz/Ml{k time constants respectively of 170 and 69

ms.
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Fig. 7-b displays NMR frequency offsets obtainedhaut eddy-current compensation using the
method described in Fig 4-b (RF pulse train). tiyides similar measurement of the eddy current
decay demonstrating that a fast measurement afgsenghe field offset pulse can be performed
(141 Hz/MHz and a time constant of 93 ms for alsilegponential decay model, 122 and 44 Hz/MHz
with time constants respectively of 111 and 19 ansafdual exponential decay). To compensate the
eddy currents for potentially different duratioamps, or repetition time, a fast adjustment method
was set up by iteratively updating the voltage c@mdhof the low power amplifier to cancel the
measured eddy-current shifts (Fig. 7-b). For a grilesd waveform, compensation of the eddy-
currents could be obtained after only few iteragiomith a cancelation better than 50 Hz for a tgpic
temporal window starting 12 ms after the field saifd up to 500 ms after the application of thi@-50

ms, 7-MHz pulse. This pulse is then applied inRR€-IR imaging sequence with this correction.
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Figure 7: Eddy currents detected as NMR frequehdyssafter a B field offset pulses : (a) 500-ms
field offset pulses between -7.95 and 7.95 MHz @fy-RIHz steps: data collected as described in Fig
3-a for 20 delays (every 25 ms, data concatengteétfle superimposed dashed lines correspond to
the simultaneous fit of all data to a dual exporerdecay model; (b) Eddy currents measured with
the fast method for a field offset pulse (7-MHz;m ramp times, 500-ms plateau time) Data
collected as described in Fig 3-b after a singddi@ld offset pulse; efficient compensation ofeétdy
current (EC) was visible when the compensationenirin the insert coil provided by the auxiliary

power supply was applied.
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| nsert homogeneity

Fig. 8 presents coronal and axial views of therinsemogeneity measured on the 27-mm diameter
cylindrical tube. Twenty-five millimeter circular®s drawn in the coronal and axial plane in the
most homogeneous central region provided a standawition of about 290 and 166 ppm,
respectively, indicating a higher homogeneity ie t@ixial plane as compared to the insert axis
direction. As can be seen on the profile drawn@lte axis direction, the field is more homogeneous
at the center (with values of +400 ppm as comptodlde average value used as a reference), and it
degrades rapidly with the distance to the centegirg roughly -400 ppm at positienl1 and +14
mm. The most homogeneous 25-mm diameter spheréprba 268 ppm standard deviation of field
(representing 0.113 mT for the maximum value apptiere of 0.423 T), and a difference of 2473
ppm between extrema in the VOI. Inside a 18-mm diamsphere, a 147 ppm standard deviation of

field, and a difference of 1077 ppm between extreraege estimated
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Figure 8: Insert homogeneity (in ppm) in the corbfag and axial (b) imaging planes measured on
a 27-mm diameter cylindrical tube. As expected,itlert is more homogeneous in the transverse
direction as compared to the longitudinal one. phafile along z, the insert axis (c) indicates @i

decrease of the field with the distance to thearent
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R:1 and R, NMRD measurements

All the measurements were performed at room tenyergregulated between 293 and 297 K,
verified with a thermometer for each experiment praided with an estimated 1 K precision). As
expected, magnetization recovery after inversigredds on the field offset applied in very different
ways for non-dispersive and dispersive samples @@ and b, respectively), enabling to estimate
the NMRD profile in the range 1.08 to 1.92 T (Fgc and d). The recovery curves modelled well
the measured data, with very different recovergdsefor dispersive versus non-dispersive samples,
combining relaxation and polarization effects. kedelong inversion times are displaying the
increased polarization, while shorter inversionetsr(on the order of 1) are more sensitive to
dispersion. The NMRD profile for Gd-DOTA is well pqoximated by a first order polynomial, while
a small curvature can be seen for USPIO for laig)d bffsets. For all samples, the NMRD profiles
were well modelled by a first order polynomial hetrangeaB = +0.23T, the corresponding 1R
andp, parameters are given in Table 1. Water was fouttdavsmall Ro and a negligible dispersion
over this range as expected. Fitting the data fas@ion of contrast agent concentration provided
relaxivities of 10=4.31 mM!s?! and i=14.4 mM!s?®, and relaxivity slopes of -0.282 and -9.14 mM
51T for GA-DOTA and USPIO, respectively, confirming #wpected very strong:Rlispersion of
USPIOs around 1.5 T in addition to its larger relay.
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Figure 9: Exemplary measurements af MMVIRD profiles. FFC inversion-recovery signals jpaok

for a non-dispersive 1 mM Gd-DOTA sample (a) ardispersive 200 uM USPIO sample (b). The
measured signals for seven field offsets and skwerarsion time (black circles) together with the
fitted recovery curves (solid line plotted betwé®sn measured points, dashed lines representing the
extrapolated recovery). The non-dispersive sampjedisplays recovery curves with similar time
constants tending towards a different thermal elgudm. The dispersive sample (b) shows a slower
recovery at a higher field. This is confirmed quiatively (respectively in ¢ and d for the non-
dispersive and dispersive samples), the lineafrditl solid line, equation given in the figure, @nit
are s?) to the fitted relaxation rates (blue error barmsdicating the 95% confidence interval)

indicating a small dispersion for Gd-DOTA and adar one for USPIO.
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Table 1: At 1.5 T, relaxation rateifkand slope of the dispersion profite obtained by fitting the
NMRD profiles in the range -10 to 10 MHz when ividl approximated by a first order polynomial.
The number in the parenthesis corresponds to trem@r-Rao lower bound (square root of the
diagonal element of the noise covariance matrixjamied by estimating the variance of the
measurement from the residual between the datarenchodel. The number after the £symbol is the
standard deviation over the number of measurenm@htata are reported for water, three samples
of Gd-DOTA and USPIO (293 K).

Sample Ro(s?) B1(sTY N
Water 0.35A-0.017 ¢0.004) -0.032:0.002 @¢0.032) 5
Gd-DOTA 166 uM |  1.04+0.003 (-0.002) -0.076:0.010 (-0.017) 3
Gd-DOTA 333 uM | 1.785t+0.005 (¢-0.004) -0.12#0.015 @0.029) 3
Gd-DOTA 1 mM 4.66+0.07 @0.07) -0.32-0.05 (-0.05) 3
USPIO 60 uM 1.041+0.019 ¢0.006) -0.463:0.005 @0.039) 3
USPIO 120 uM | 1.889+0.005 &0.005) | -1.019:0.007 (&-0.032) 3
USPIO 180 uM 2.871+0.008 ¢0.006) -1.646:0.011 ¢0.038) 3

The FFC spin-echo experiment (Fig. 10) providedahls spin-echo magnitude for the Gd-DOTA
sample transverse magnetization relaxing undeereifit field offset areas indicating a negligible
transverse relaxation dispersiorp (R56.76+0.03 ands,= 0.62+0.65 T.sY. By contrast, spin-echo
magnitude depended strongly on field offset areafefritin, indicating a strong transverse rel@aat
dispersion (R¢=50.71:0.01,4,= 27.13:0.49 T.5") as expected.
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Figure 10: R NMRD quantification. Normalized first echo magdguas a function of the applied
field area for the Gd-DOTA (blue crosses) and ferr{red circles) solutions displaying a strong
decrease for the ferritin sample, indicating anremse of the transverse relaxation rate when the
magnetic field increases. The echo magnitudes &knpst linearly with the total area of the field

offset pulses A. The fitted parameters are indotatethe text.
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R1 dispersion mapping

Quantitative images obtained on the tubes weredtreegtifacts (Fig. 11), indicating that the eddy
current compensation technique led to a frequemegigion better than the RF pulse and pixel
bandwidths and ensured correct slice positioning an plane location. The tubes presented
homogeneous £ andg,, with values that were the same (within uncertegtas the ones obtained
with the spectroscopic mode (Tables 1 and 2) wivailadble (for water and both USPIO samples).
For the tubes, B8 between 0.3 and 1.3 sould be measured with a precision on the order@s s',
andp, between -0.6 and 0'3* with a precision on the order of 0.07Ts".
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Figure 11: Imaging results. Relaxation rates at I.% 0 (@) andg, map (b) for various solutions
(Water, USPIO and Gd-DOTA). The tubes corresportdeldw-dispersive water and Gd-DOTA

samples, and two dispersive USPIO samples (negaive ofs, ).

Table 2: Relaxation rate and dispersion quantificatfrom images. Mean and standard deviation
over the ROIs of relaxation rate at 1.5 ToBnd slope of the dispersion profile. The numbés the

number of points inside each ROI used for the ¢alimn. The values in parenthesis provided for the
USPIO samples are the results of the spectrosecopasurements for which the indicated uncertainty

is the Cramer-Rao lower bound.

RO Rio(sY) B, (s'TH N
Water 0.3590.066 -0.0220.085 50
Gd-DOTA 0.92@-0.053 -0.0540.078 52
USPIO 1 1.2520.036 -0.594+0.047 49
(1.194+0.034) (-0.585+0.046)
USPIO 2 0.8530.065 -0.344+0.061 49
(0.825+0.034) (-0.3214+0.005)
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DISCUSSION

In this work, a device for FFC relaxometry and imggaround 1.5 T was presented, together with
characterization and validation methods. Precisiot stability, as well as homogeneity and eddy-
current compensation were reportedaRd R NMRD profiles could be quantified from 1.08 to 2.9
T, essentially displaying a linear evolution irstrange. RNMRD profiles were measured on various
samples and contrast agent solutions, providingtsesonsistent with literature.oRlispersion could

be measured at high magnetic field using a FFCrtiteehnology, and a large dispersion was
measured on a ferritin solution, consistently vaitaviously reported data acquired at differenticstat
fields. Quantitative dispersive images X could be generated on solutions, with specificihare,
eddy-current compensation, imaging protocol andnstuction methods enabling to achieve good
image quality and quantitative results consisteitih the spectroscopic FFC measurements. As the
system is large enough for small animal such agntltese results open the way to quantitative

preclinical dispersion imaging studies around hgggnetic field.

System control and performance

The system can be described to a good approximbgi@inductance-resistance circuit model with
2.625 ms response time when connected directhetamplifier without the diode pair. It was chosen
to drive it in voltage mode without specific feedkan the current. This limited the possibility of
hazard, as the maximum voltage to reach 18 MHznmsZamp time was on the order of 40 V. This
led to controlling directly the required voltagesded to obtain a given current and field offseticivh
was possible and precise using controlled overagels, as exemplified with trapezoidal waveforms.
Without the diode pair, random current fluctuatiovese observed, having a significant effect on the
signal frequency and phase, impeding the raw actation of FIDs from multiple acquisitions, and
in particular leading to phase artefacts during ¥heous k-space lines acquisition needed for
imaging. For imaging, the phase fluctuation can dogerected using specific estimation and
reconstruction approachi€sHere, as the detection is performed using a etabperconductive
magnet, two hardware solutions were used. Thedirstis based on disabling the ampliffeas was
done here for longitudinal relaxation dispersiorasw@ements. Indeed, the repetition times required
in such sequence were long (>1 s) and compatilitetive time needed to enable the amplifier again
(350 ms). The second solution is the use of thdedpmair: then the amplifier could be kept enabled
for long periods, and large waveforms could be aggmbin a short repetition time interleaving them
with RF pulses and acquisition periods as in taegverse relaxation dispersion measurements. The
diode pairs reduced the current fluctuation in @geacompatible with RF excitation and signal

detection, while keeping the ability to reach lafigéd offsets.
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Adding the diode pair had the effect of modifyimg tequivalent resistance of the system, rendering
it non-linear with the voltage: it was increaseddfytimes for low currents, and only by 4% for krg
currents. This reduces the characteristic timéofwrcurrents (typically lower than 62.5 mA), leagdin

to a faster return to zero for the detection.

Applying 0.2 T (8.5 MHz) continuously (~2.1 kW digated as heat) resulted in a 10 K increase of
the overheating sensor, chosen as the safety tinghut-down the system. In terms of applicable
field shift and duration, the applied waveforms evfrus limited here to 1.5 kJ dissipated as heat in
the insert chosen to avoid untimely system secshtyt-down during repeated experiments. For the
maximum field offset reported here (18 MHz NMR fuegcy, 9.6 kW power), this limited the
application time to a maximum of 160 ms, still elirap sensitizing to dispersive properties at this
field shift. To apply higher and longer waveformgile limiting the insert absolute temperature
below critical values, a specific water chiller thbe used instead of the lost-water setup that was
used here. .

Regarding the accuracy in the reported field shatue, the experiments reported in Fig. 5 and 7
enabled us to estimate it to be better th@rO1T for all the applied waveform (2% of the ramge
+0.48 T), even considering the resistance incremagasult of the small dynamic temperature change
when a waveform was applied. Driving the systemhwaih adequate current feedback would be a
technical solution to improve the accuracy of treveforms regardless of the resistance changes.
However, in our preliminary experience, this ledt@duced precision of the current during detactio
with effects that became larger than the ones alysal in Fig. 6 a and c. This is indeed difficult to
have a feedback system regulating accurately (enotder of 1%) the current during non-zero
waveforms, while keeping precise (on the order ppth) values during detection.

Frequency measurement, eddy-current and compensation for imaging

A method for the measurement of frequency baseghase derivation was proposed. It allowed
measuring NMR frequency variations in the range00 kHz corresponding to the maximum
acquisition bandwidth of the pulse sequencer.dvjoled instantaneous measurement with a precision
that depended on the chosen effective filter badthwindeed, as NMR frequencies are not expected
to vary at frequencies higher than the ones fittdyg the system (60 Hz with 0, 3.4 kHz with
6.41), a 2-to-10 kHz bandwidth could be applied, resglin precision on the order of 1 to 10 Hz
when SNR from a single FID was sufficient (SNR~3@hwa 1-MHz acquisition bandwidth).

However, this limited the continuous measuremetitezfuency for a time corresponding to the FID
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signal duration. This led to repeat the experinseofuentially increasing the delay between the field
pulse and the FIDs, or to repeat rapidly FID adtjaiss with a small RF pulse angle for faster
acquisition. The former method ensured a pseudtrrmus reconstitution of frequency as a
function of time after a field offset pulse, whilee latter could suffer from FID signal cancellihge

to destructive effects of stimulated echoes andumadeasured period of time (to apply RF pulses)
between FID acquisitions. To avoid such episodeot$ and enable the recovery of the full temporal
evolution, an adaptive filter (e.g Kalman filtegcaunting for the current frequency measurement

and the previous estimation could be implemented.

Both approaches provided consistent measure addtg current, with effects that were linear with
the field offset pulse amplitude. Amplitude weretba order of 150 Hz/MHz 12 ms after the end of
a 500 ms pulse, and with a time constant on therafl1l00 ms. In each case, the eddy-current decay
could be modelled with a dual exponential decapviging time constant and amplitude that
modelled the frequency decay better but that wesg ¢onsistent between the pseudo-continuous and
the fast methods. This may be due to the sligfedihces between the two experiments reported here
(step voltage command versus trapezoidal wavefaneh acquisition starting 12 ms versus 5 ms after
the waveform) or more probably to the limited stigbon the parameters estimates when fitting to a
dual exponential model. It was chosen here to agipdetly a counter-waveform using the low power
auxiliary amplifier in order to reduce the eddy+emts, not relying on a model but directly on the
measured frequency. Compensation enabled to rézldhstability, with values below 50 Hz for a
period covering 12 ms to 500 ms corresponding éonimdow where images were formed. Indeed,
given the chosen imaging parameters, 50 Hz is smsatbmpared to usual RF pulses bandwidth (in
the kHz range) and to the pixel bandwidth that wsed for the FFC-IR imaging experiment (200
Hz) ensuring limited slice mispositioning and irupé shifts. The typical range for correcting the
eddy-current (below 2 kHz) required low current (B8B) that could be achieved easily with a small
amplifier using 10@2 and 3.5 V. One practical limitation of the auxiiamplifier implemented is
that it was monopolar, which required inverting tdo@nection for positive and negative corrections
(respectively for positive and negative field offgeBipolar systems could be implemented easily to

avoid this manual intervention.

Eddy currents could also be reduced using a shiglditrategy, as was followed by other
groupg®2428:32 However, this is done at the expense of theieffiy, and it is hard though to
compare the various designs as the insert bors aimbhost MRI systems différGiven the reported

literature data and the present ones, the eddgmmuamplitude ranged between 15 to 150 Hz/MHz
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with time constants on the order of a hundred toHeandreds of milliseconds.

Homogeneity

The spatial homogeneity of the system was bettar #00 ppm peak-peak, 270 ppm RMS inside a
25-mm diameter sphere targeted for sample/aninzal Sihis is a very small relative dispersion
(0.25%) leading to homogenous and precise fieldedvf¥alues. This is sufficient for relaxometric
NMRD profile measurements at high field here, agnefor the largest field offsets efl8 MHz
NMR frequency probed here, centered on 63.8 MHatialpvariations up to 45 kHz peak-peak, 5
kHz RMS are expected, a range on whichaRd R can be considered not to vary significantly.
However, this leads to spatial phase dispersioh that spin-echoes were required for FFC transverse
relaxation measurements to cancel the accumuldtasepshifts. The gradient over this region can
roughly be estimated to be 1077 ppm over 9 mmh@48-mm diameter sphere was used). For the
maximum field offset of 0.353 T applied for thertsaerse relaxation measurements, it corresponds
to 42 mT.m' approximately. This gradient can also induce aoluil diffusion attenuatidf, that
depends on its square (and thus on the square aplied field area in Fig. 10), its applicationg

and delay between the pulses, with effects thasatially dependent as the gradient is not uniform
Considering the FFC spin-echo sequence timingsiliin weighting in such a field gradient for free
water would lead to a moderate attenuation of e echo by 1.7%, negligible as compared to the
attenuation due to transverse relaxation. Additignthe exact balancing of field offset sections.(
before and after the refocusing RF pulses) durif@ Bpin-echo experiments are critical to produce
an echo. Indeed, due to the field inhomogeneitiedyred by the insert, unbalanced areas lead to an
incomplete refocusing at the echo time. By enfay¢imat only the acquisitions with a difference of
less than 210° T.s were considered, with a inhomogeneity dispersi 147 ppm, this ensured that
the phase dispersion at the echo time was lessGldhrad with negligible effects on the echo

amplitude (estimated to result in a negligible sigattenuation of less than 1%).

R:1 and R, NMRD measurements

Dispersion measurements were done using standeedsian-recovery (for B and spin-echo (for
R2) sequences, with relaxation periods spent partaldifferent fields. For the contrast agents and
samples studied here, the NMRD profiles (direablyR:, and indirectly for Ras it can be extracted
from echo attenuation) appeared linearly varyintn\go. The slopeg, andg, corresponding to the
first order derivative of, respectively, the longlinal and transverse relaxation rates with resjoect
the magnetic field at 1.5 T, and the NMRD profibesild be summarized by a first order polynomial
around 1.5 T. This linear behaviour is expectedHese types of contrast agents and sartiplés®

but that may not be the case in specific situatismsh as when using specific contrasts agents
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exploiting quadrupole relaxation enhancerfierfthe obtained values both for Bnd R dispersion
are consistent with previously published data éggeendix)

The results presented here validate the preseatedvare and methods to probe longitudinal NMRD
profiles between 1.08 to 1.92 T, as well as thesuesmment of the parameters of a simplified linear
approximation around 1.5 T both for longitudinaldatnansverse relaxation rates. Longitudinal
relaxation rates typically in a range 0.3-8c®uld be measured with a precision better thah 0

and dispersion slope typically in a range of -B ®'T* with a precision better than 0.0%Ts!. The

only exception was for the 1 mM Gd-DOTA for whias$ precise measurements were obtained as
a consequence of its larger relaxation rates antheéosampled inversion times applied here.
Transverse dispersions in the range 0 to30'xould be measured with a precision better than 1 s
71 for solutions presenting a large relaxation rat&.a T, close to 50°s Only the first spin-echo
signal was analysed here, but the second echprsented measurable dispersive effects suggesting
the use of spin-echo trains to accumulate fieldtsluver a longer period and to generate larger
transverse dispersion effects. This would allowreasing precision and to access to smaller
relaxation rates. The ability of our system to hatafield shift areas over a longer period andiabta
reproducible echo trains for more than 60 ms, h@nestill needs to be tested. Nevertheless, these
results present an important step towards the ggeatieasurements for samples with transverse
relaxation rates closer to the one encounteretissues in vivo (~1-10"9 and towards a transfer to

transverse relaxation dispersion mapping.

R1 NMRD mapping performances

The dispersive images on the tested solutions geovithe same quantitative results as the
spectroscopic measurements, validating the imagiigcol as well as the developed data processing
for fitting the data to the Bloch equations. Invenstime was chosen in a range adapted to the
expected relaxation rates, so as to obtain a goecigion. The range and precisions obtained for
longitudinal relaxation rate as well as for thepglf the dispersion profile were essentially samil

to the values reported for the spectroscopic erpants, but with much less sample volumes, as voxel
size were on the order of 0.63 pL, demonstratiagjtthe combined setup, protocol and data analysis
enable localized measurements of spatially hetermes samples for a 2D slice in a protocol lasting
in total less than 25 minutes providing a typicedgision of 0.05-0.1°%%. For comparison with

previous FFC-MRI relaxometric measurements with iRl inserts at 1.5 T and 3 T, Araya efal.

acquired 2D slices with voxel volumes of 0.44 pingsa fast spin echo imaging sequence at various

inversion times and magnetic fields in a range®24 T around 1.5 T leading to approximately 2
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hours scan time, and Bodenler et acquired 2D slices with voxel volumes of 1.95 pithva
single spin echo sequence with several inversinagiand magnetic fields in the rangel T around

3 Tin 22.4 to 85 min, reporting typical precisiddgferences between the 3rd and 1st quartiles ove
sample®) of 0.15 $'T. Generally speaking, the precision of longitudingbxation dispersion
mapping can be enhanced by using smaller RF codsgquences exploiting more efficiently the dead
times, e.g. using fast spin ehoOptimizing the probed inversion times as welirageasing the
field offsets for targeted range of relaxation saite also a possibility to reduce scan time down to

scan durations more adapted to in vivo imaging.

CONCLUSION

To conclude, we presented the integration and ctenmaation of a FFC insert into a 1.5 T MRI
system with specific calibration and compensatippraaches. System homogeneity, precision and
stability were assessed using specifically designedsurements based on NMR frequency. A diode
pair was proposed to reduce the current fluctuadionng detection while maintaining large field
offset capabilities during relaxation. A dual-anfipli strategy was used to compensate eddy-current
fluctuations. Longitudinal NMRD profile measurem&nwvas shown possible in a limited range
around 1.5 T, and a linear approximation of thaxation profiles in which the dispersive informatio

is reduced to the slope of the relaxation profieswalidated. An imaging protocol and associated
reconstruction methods permitted to obtain longitabrelaxation dispersion mapping in conditions
compatible with in vivo experiments. The range tf@nsverse relaxation dispersion measurements
was also extended to fields higher than previousported, a step towards transverse relaxation
dispersion mapping at high-field. The capabilitiasterms of range and precision of such new
parameters suggest that relaxation dispersion drbtiT could be quantified and imaged in vivo in

small animal with a precision sufficient to detsgtall endogenous differences between tissues.
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APPENDI X 1 - Derivation of thetransverserelaxation rate decay

In this section, we express the transverse dechuced by a field cycling pulse during the spin echo
as depicted in Fig. 4. We start from the evoluidrithe transverse magnetization right after a 90°
pulse, assuming a variation of the magnetic fisla &unction of time:

‘Z_":(t) = —R,(B(t)) X M(t).

This equation has the following solution:

M(TE) = M(0) x exp (= f,"  Ry(B(t))dt),
leading to the signal at the echo time :

M(TE) = M(0) X exp(—R,,,TE)exp(—p,4),
if we assume a first order approximation:

Ry = Ry + B2(B(t) — By)
with:

TE
A =f (B(t) — By)dt

If the variations are small, i.8,4<<1, then the signal variation is linear walproviding a simpler
linear relationship:

M(TE) = M(0) X exp(—R,,,TE) x (1 — B,A).
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APPENDI X 2 - Dispersion comparison with literature data

R1 dispersion consistency with literature

For tap water, a small:Rwas measured, slightly higher than the expectgd-field limit for bulk

water3, together with a small dispersion indicating atréo decrease with magnetic field.

For Gd-DOTA, the longitudinal molar relaxivity a51T in water at 293 K (4.31 mi4?) as well as

its slope (-0.282 mMs'T?) are consistent with reported ddt®. From these literature data, we can
roughly extrapolate a variation with magnetic fiefl -0.22 mM!s?Ttat 310 K (by fitting the
reported data to a line), with a slope expectduktslightly more pronounced at 293 K in the present
work. Indeed, Laurerdt al*® reported molar relaxivities of 3.5 and 3.1 m##in water at 310 K at
0.47 and 1.41 T, respectively, as well as a valogecto 4.8 mMs?! at 0.47 T and 293 K. Rohrer et
al* reported values for Gd-DOTA in water at 310 K of 83.2-3.6), 2.9 (2.7-3.1) and 2.8 (2.6-3.0)
mM1siT1at 0.47, 1.5 and 3 T respectively.

Regarding the 30 nm USPIO patrticle, the longitudmalar relaxivity at 1.5 T in water at 293 K
(14.4 mMisl) as well as its slope (-9.14 m¥'T?) are in the expected range for such
superparamagnetic nanopatrticles, displaying a stiEmpease of relaxivity around 1.5 T. The
manufacturer reported a molar relaxivity in wate86.4 mMis? at 310 K and 0.47 T. Bodenler et
al.3? obtained values around roughly 21 and 10 tei¥lat 1.5 T (by reading the available curves for
S8 _hex and C8_hex). At 3 T, they obtained values3of7 and 6.07 mNs* with slopes of -5.35
and -1.,6 mMs™T? (by fitting the provided data by a line) for respreely the two tested particles.
The theory predicts a very strong decrease ingerad0 MHz-200 MHz, although it depends on the
particle properties (such as core size, partide and coatingy. In any case, a steeper decrease is
expected around 1.5 T than 3 T for USPIO.

R dispersion consistency with literature

The measurement of transverse relaxation dispemgamshown possible around 1.5 T, providing
negligible dispersion for Gd-DOTA and a strong dae ferritin. Other groups presented similar
measurement protocol, but at different fields: wew23 mT and 46 mM#*3 and more recently up
to 0.47 T4 While limited in its range in the vicinity of 1.5, the presented system extends the
measurement capability for transverse relaxatispetision. Neglecting the contribution of water for
the concentrations used here, the transverse vislagan be estimated to be 0.048050 mM!s'T-

! for Gd-DOTA and 0.1680.003 mM!sT for ferritin, consistently with literature. Indeg@ohrer
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et al. reported values in water at 310 K of 3.549) and 3.3 (3.0-3.6) mi¢'Ttat 1.5and 3 T
respectively indicating a small variation in thesige. For ferritin in solution, Gossuin et al. népd
a linear variation in the range 0.23 - 11.7 T vaitblope of 0.166 mNsT* at 313 K4,
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