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Superparamagnetic iron oxide nanoparticles (SPM particles) are widely used in MRI as negative contrast
agents. Their detection is sometimes difficult because negative contrast can be caused by different
artifacts. To overcome this problem, MRI protocols achieving positive contrast specific to SPM particles
were developed such as the ON-Resonance Saturation (ONRS) sequence. The aim of the present work
is to achieve a bottom-up study of the ONRS sequence by an understanding of the physical mechanisms
leading to positive contrast. A complete theoretical modeling, a novel numerical simulation approach and
experiments on agarose gel phantoms on a 11.7 T MRI system were carried out for this purpose. The influ-
ence of the particle properties and concentration - as well as the effect of the sequence parameters on the
contrast — were investigated. It was observed that theory and experiments were in strong agreement. The
tools developed in this work allowed to predict the parameters leading to the maximum contrast. For
example, particles presenting a low transverse relaxivity can provide an interesting positive contrast after

optimization of their concentration in the sample.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Magnetic Resonance Imaging (MRI) is a non-invasive biomedi-
cal imaging technique which provides images with an excellent
intrinsic contrast [1]. However, the use of contrast agents is some-
times necessary to highlight specific regions such as tumors.
Superparamagnetic iron oxide nanoparticles (SPM particles) are
biocompatible and non-toxic contrast agents that drastically
decrease the transverse relaxation times T, and T; in their sur-
roundings, and are thus used as negative contrast agents in T, or
T;-weighted images [2,3].

In the last decade, many studies were devoted to the optimiza-
tion of the synthesis and the tuning of the SPM particle properties
for MRI applications [4-10]. Nowadays, SPM particles are used in
the development of cellular imaging [11-13], drug delivered
therapy [14,15], hyperthermia [16], to detect arthrosclerosis
plaques [17,18] or to target tumors [19,20].

The detection of SPM particles with T;-weighted MRI sequences
can be challenging because hypointense signals can be created by
other sources such as air bubbles, calcification or interfaces
between tissues. Moreover, the detection of particles can also be
difficult in areas presenting low signal.
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To overcome these problems, new imaging sequences leading to
positive contrast with SPM particles have been developed [21-24]:
the ‘Off-Resonance Imaging’ [25-27], the ‘Off-Resonance Saturation’
[28-30], the ‘white-marker method’ [31-33] and other techniques
using post-processing image analysis [34,35] and susceptibility
weighted images [36]. All these techniques take advantage of the
dipolar magnetic field created by the SPM particles, which induces
a water proton resonance frequency shift in the SPM particle sur-
roundings. A comparison of these sequences are made in [37].

Finally, the ON-Resonance Saturation method (ONRS) has been
developed by Stuber et al. [38], and tested in vivo in [39-42]. This
sequence uses a saturation pulse to destroy the signal created by
the on-resonance water protons, situated far from the SPM
particles. The water protons near the SPM particles - undergoing
a frequency shift — are not affected by this saturation pulse, which
leads to positive contrast in the following imaging sequence.

Even if an empirical description of the ONRS contrast has been
developed by Farrar et al. [43], no theoretical study has been car-
ried out to fully understand the physical mechanisms leading to
positive contrast. The lack of such study complicates the optimiza-
tion of the ONRS sequence parameters and SPM particles.

This work provides a new numerical simulation approach and a
theoretical modeling of the contrast generated by the ONRS
sequence. This theoretical model, valid for all types of SPM parti-
cles, is developed from microscopic considerations and does not
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depend on any empirical considerations. MR experiments on aga-
rose gel phantoms on a 11.7 T system were carried out to confront
the theoretical and the simulation predictions to experimental
results. The dependence of the ONRS contrast on the SPM particle
concentration, the ON-Resonance Saturation bandwidth, the echo
time and the SPM particle properties was investigated.

2. Theory

The theory developed in this work to describe the ONRS
sequence uses a bottom-up approach, starting from very funda-
mental theoretical derivations and finally providing an analytical
expression of the contrast. The magnetic field produced by the
SPM particles is first described and an analytical expression of
the amount of unsaturated protons by the saturation pulse is given.
The dependence of the contrast on the sequence parameters and
particle properties is eventually obtained.

2.1. ONRS sequence

At high magnetic field, SPM particles can be modeled by a mag-

netic dipole aligned with the main magnetic field Eo (convention-
ally aligned with the z-axis). The magnitude of the magnetic dipole
is proportional to B, the equatorial field of the particle defined as
the field created by the SPM particle at its equator. It is propor-
tional to the SPM particle magnetization Ms (expressed in Am?/
kg [Fe]) and for magnetite it is given by (see Section 1 of the sup-
plementary material and Ref. [4])

Bw::072~5185-%£hk, 1)

where 0.72 is the fraction of iron in magnetite, 5185 is the magne-
tite density (kg/m*) and p, is the magnetic permeability of vacuum.
A SPM particle produces a dipolar magnetic field (Fig. 1) whose

longitudinal component (aligned with Eo) is given by
BeR;

r3

Bip(F) = —22 (3 cos? 0 — 1)1, 2)

where 7 is the vector connecting the center of the SPM particle to

the considered position, 0 is the angle between 7 and Eg, and R, is
the SPM particle radius. This dipolar magnetic field implies an angu-
lar frequency shift of the water protons located at this considered
position given by

X

Fig. 1. Isofield lines of the dipolar magnetic field created by a SPM particles.

Wip(T) = YBaip(7) 3)

where 7 is the proton gyromagnetic ratio. This frequency shift
induces a frequency distribution broadening in a solution contain-
ing SPM particles (Fig. 2a).

The ONRS sequence principle is to apply a specific ON-Reso-
nance Saturation pulse before the imaging sequence acquisition
[38] (Fig. 2). As shown in Fig. 2b, this saturation pulse is tuned to
spoil (saturate) only the water protons undergoing an absolute fre-
quency shift smaller than half of the saturation pulse bandwidth
Aw (the on-resonance protons). Eqs. (2) and (3) show that the
unspoiled (unsaturated) water protons are located near the SPM
particles (Fig. 2c). Therefore, the MRI signal only originates from
protons near SPM particles, which leads to a positive contrast in
areas containing SPM particles (Fig. 2c).

2.2. Fraction of protons unsaturated by the saturation pulse

The contrast must be proportional to the fraction of water pro-
tons unsaturated by the saturation pulse, called . An analytical
expression of i is obtained by integrating the field distribution cre-
ated by SPM particles, already calculated by Brown [44], inside the
range of the saturation pulse bandwidth (see Section 2 of the sup-
plementary materials). For a solution of SPM particles presenting
an equatorial field B, (expressed in tesla) and an iron concentra-
tion Cc (expressed in mM of iron), the fraction of protons unsatu-
rated by a saturation pulse of bandwidth Aw (express in hertz) is
given by:

(4)

3
¥(Cc, Beg, Aw) = 1 —%tanﬂ <3\/§~Aw 67-10 )

Cc-Beg 47-42-10°

This function, plotted on Fig. 33, is linear with the iron concentra-
tion for small concentrations, when the areas of unsaturated water
protons near particles are not superimposed on each other (Fig. 3b).
When the iron concentration is high enough, the areas of unsatu-
rated protons near the SPM particles are superimposed (Fig. 3c)
and the fraction of unsaturated protons tends to saturate to the
unit.

Fig. 3a also shows that i is lower for high Aw values. Fig. 2b
shows that when the saturation pulse bandwidth increases, the
fraction of water protons saturated by the saturation pulse also
increases and thus i decreases.

2.3. Analytical expression of the contrast

The sequence used in this work was composed of a ON-Reso-
nance Saturation pulse (ONRS) followed by a Fast Imaging with
Steady state Precession sequence (FISP) [45-51], which will be
called ONRS-FISP in this article (Fig. 4). A saturation pulse of 90°
was assumed, which corresponds to a complete destruction of
the transverse magnetization. The longitudinal relaxation between
the saturation pulse and the imaging sequence was neglected,
which is justified by the long T, values of our samples. The imaging
sequence parameters are the repetition time TR, the echo time TE,
the flip angle « of the excitation pulse, and the saturation pulse
bandwidth Aw.

In the present FISP sequence, all the gradients were balanced
(Fig. 4). The same flip angle was used at each excitation pulse,
without alternating phase. Therefore, the effect of each imaging
gradient on the protons magnetic moment between each pulse is
zero. No a/2 pre-pulse was used before the main pulse train.

The 90° saturation pulse was followed by a 5 ms spoiler gradi-
ent destroying all the transverse magnetization. Such a saturation
module could be inefficient for long T;. However, as the longer T;
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of our phantom was 80 ms (for pure agarose gel), we can suppose
that this saturation pulse is effective for our experiments.

To model the contrast created by ONRS, let us consider a solu-
tion characterized by T; and T; relaxation times. The global mag-
netization coming from the water protons of this solution after
the nth excitation pulse is given by [46]

M" = Ry()M", (5)

where M" is the magnetization before the n™ excitation pulse and
Ry() is the rotation matrix around the x-axis, corresponding to
the excitation pulse with an angle o:

1 0 0
Ry(x) =10 cosa sino (6)
0 -sino coso
The MRI signal after the n* pulse at the echo time TE is given by

the multiplication of the transverse relaxation by the transverse
magnetization M’ :

_TE/T 2 2
S = M1e MY =\ (M) + (M) )
It is important to note that T; must be used in Egs. (6) and (7)

because a gradient echo sequence is used to measure the transverse
MRI signal after each excitation pulse.
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Fig. 4. The ONRS-FISP sequence. An ON-Resonance Saturation pulse, only effective at certain frequencies (see Fig. 1), is applied before the imaging sequence (FISP).

As shown in Eq. (5), the magnetization M" can vary with the
pulse number n. This is not problematic since contrast is confined
in the middle of the k-space (ky = k, ~ 0). The larger values of ky,
are devoted to the spatial resolution. In this study, k-space is
acquired starting at k, = 0 and then increasing to larger values of
ky. The contrast of the experimental MRI image is thus proportional
to the signal obtained after the first excitation pulse (n = 1). There-
fore, the theory was developed with n=1 to be compared to the
experimental data. However, the contrast value for all n, given in
Section 3 of the supplementary material, can be useful for applica-
tions using another k-space acquisition scheme or when some
dummy echoes are used before the signal acquisition.

To compute the contrast, let us consider a solution character-
ized by the original “diamagnetic” relaxation rates Ry =1/T;
(s"!)and R, = 1/T; (s~!) divided into two regions: one containing
a homogeneous solution of SPM particles and one without parti-
cles. The relaxation rates of the region without SPM particles are
thus R; and R;. If the SPM particles are characterized by relaxivities
r; and r; — defined as the relaxation rates normalized by the iron
concentration - the total relaxation rates of the region containing
SPM particles are given by

R/l =1 -CC+R1

R — e : (®)
5 =135-CC+R;

where Cc is the iron concentration of SPM particles contained in this
region (in mM).

The MRI signal of the region without SPM particles after the first
excitation pulse is null because the saturation pulse destroys the
magnetization at the beginning of the sequence, which leads to

Sno—SPM =0 (9)

The MRI signal coming from the region containing SPM particles is
more difficult to calculate. After the application of the saturation
pulse, a proton fraction y is unsaturated while the signal coming
from the other protons is destroyed by the saturation pulse. After
the excitation pulse application, the signal only comes from the
unsaturated protons and is thus given, using Eqs. (5) and (7), by

SSPM _ t//(RX(O()MO)LefTE (R;Jrr;Cc)7 (] 0)

where M° = (0,0,M?) is the equilibrium magnetization. The con-
trast C obtained with ONRS-FISP is equal to the difference between
the signal originating from the region containing SPM particles and
the signal of the region without particles:

C = Sspm — Sno-spm- (11)

By replacing Eqgs. (9) and (10) in Eq. (11), the contrast is given by
C = ysino e TERACOMO, (12)

This last expression only depends on the SPM particle properties,
the sequence parameters and the relaxation time of the solution
containing the SPM particles. This theory is ‘self-consistent’ because
it is not based on any empirical expression.

Eq. (12) shows that the contrast is proportional to the fraction
of unsaturated water protons. The exponential term corresponds
to the signal decay after the excitation pulse. This decay implies
an exponential dependence of the contrast on r3 and on the echo
time.

It is interesting to note that the MR image noise is not included
in equation (12) because the noise is not taken into account in the
theory. It is introduced through a corrective constant factor. This
factor also takes into account the proton density, present in eq.
(12) through M?. All the theoretical predictions were indeed mul-
tiplied by this factor to fit the experimental results. Experimen-
tally, the noise contribution is strongly dependent on the image
resolution (it decreases for increasing resolution), the coil, and
the MRI scanner field.

3. Materials and methods
3.1. Phantoms

The SPM particles used in this work are composed of magnetite.
Two types of SPM particles were used in this study. The first parti-
cles were the VSOP particles provided by Ferropharm (Teltow, Ger-
many), categorized as small Superparamagnetic Particles of Iron
Oxide (SPIO). The 3 nm-VSOP, 10 nm-VSOP and 20 nm-VSOP,
which had diameters of 3, 10 and 20 nm respectively, were used.
The second type of SPM particles were Micrometer Particles of Iron
Oxide (MPIO), provided by ProMag Magnetic Microspheres, Bangs
Laboratories, Inc (Indiana, USA). They are constituted of SPM crys-
tals clustered in a polymer matrix with an overall diameter of 1 pm
(1 pm-MPIO) and 3 pm (3 pm-MPIO).

In this study, several phantoms were used for different pur-
poses. First, a phantom was built to demonstrate the better dis-
crimination of SPM particles from other sources of signal loss,
such as air bubbles, when using ONRS-FISP. This phantom was
composed of three tubes containing VSOP-particles dispersed in
1.5% agarose gel, one empty tube and one tube filled with 1.5%
agarose gel and a piece of plastic. A smaller empty tube was
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introduced into one of the tubes filled with SPM particles. All tubes
were immersed in a tube of 2.7 cm diameter filled with 1.5% aga-
rose gel.

Second, in order to characterize the influence of the ONRS-FISP
sequence parameters and of the SPM particle properties on the MRI
contrast, several phantoms were prepared using different types of
SPM particles dispersed in 1.5% agarose gel. These phantoms were
composed of five 6 mm-diameter plastic tubes containing a colloi-
dal suspension of SPM particles. These tubes were immersed in a
tube of 2.7 cm diameter filled with a 1.5% agarose gel without
SPM particles.

3.2. SPM particle characterization

The iron concentration of the samples was determined by ICP-
AES (Inductively Coupled Plasma-Atomic Emission Spectrometry)
after microwave digestion.

The longitudinal and transverse relaxivities of the SPM particles
and the relaxation times of the agarose gel were measured on a
11.7 T MRI scanner (Bruker, Biospec, Etlingen, Germany) at room
temperature. The longitudinal relaxation rate was measured with
an EPI-T; map and the transversal relaxation rate was measured
with a Multi-Slice Multi Echo (MSME) sequence using an echo time
of 10 ms.

The magnetometry curves were carried out with a mini high
field Vibrating Sample Magnetometer (VSM) measurement system
of Cryogenics (London, UK) at 298 K. These curves were fitted with
a Langevin function to provide the equatorial field B,; and the
radius R of the iron oxide mono-crystals constituting the particles
[5].

Nuclear magnetic relaxation dispersion (NMRD) profiles were
recorded on a fast field cycling relaxometer (Stelar, Italy) measuring
the longitudinal relaxation rate R; = 1/T; over a field range of
0.3 mT-0.9T at 37 °C.

3.3. MRI experiments

MR images were performed on an 11.7 T scanner (Bruker,
Biospec, Etlingen, Germany) with a quadrature volume coil (inner
diameter of 40 mm). A saturation pulse of 90° followed by a 5 ms
spoiler gradient was used for all the experiments. This is the
optimum angle value when the longitudinal relaxation occurring
between the saturation pulse and the imaging sequence is
negligible, which is the case here because of the very long T; values
of our samples at 11.7 T. When not explicitly mentioned, the
sequence parameters used in this work were given by TR =4 ms,
TE = 1.5 ms, flip angle = 10°, Aw = 200 Hz, matrix size = 128 x 128,
FOV = 30 mm, slice thickness = 2 mm, four segments and an aver-
age number of images of 30. The saturation pulse was a three lobes
sinc with a 90° flip angle. The total acquisition time was around
3 min. For a comparison of the positive contrast image with a T,-
weighted image, RARE (Rapid Acquisition with Relaxation
Enhancement) images were also acquired with sequence parame-
ters of TR/TE = 1500/15 ms and a RARE factor of 4.

The results shown in graphs correspond to the Contrast to Noise
Ratio (CNR) between the area of the phantom containing SPM
particles and the area of the same phantom without SPM particles.
CNR is defined as

CNR = [S(with SPM part.) — S(without SPM part.)]/ & 4 (13)

where S is the signal of the considered region and o, the standard
deviation of noise. Results are expressed as the CNR mean + the
standard deviation. The Region Of Interest (ROI) was placed
manually in a homogeneous area. The image processing was done
with Image] (National Institutes of Health, Bethesda, USA).

3.4. Simulations

The numerical simulation protocol developed in this work to
study the ONRS-FISP sequence is based on a microscopic approach.
These simulations compute the MRI contrast between the regions
with and without SPM particles.

The methodology used to compute the signal arising from a
solution containing SPM particles was similar to the T, simulations
described in the literature [7,52,53]. It was composed of three
steps: (1) construction of the simulation space, (2) diffusion of
the water protons and application of the ONRS-FISP sequence
and (3) computation of the MRI signal, provided by the time evolu-
tion of the average proton magnetic moments.

The simulation space was composed of impenetrable SPM
particles characterized by a radius R, and an equatorial field Beg.

A static magnetic field §0 was imposed on the system. The SPM
particles were randomly distributed in a periodic cubic space. They
were assumed to be fixed in space because the Stoke-Einstein rela-
tion predicts that the diffusion coefficient of SPM particles is at
least 100 times smaller than the water protons diffusion coeffi-

cient. The SPM particle magnetic moment was aligned with By
and created a dipolar magnetic field given by Eq. (2).

After the simulation space construction, water protons were
randomly distributed. The magnetic moment of each proton,

written as fi, was initially aligned with EO and its magnitude was
normalized to 1.

The water proton diffusion was modeled by a random walk. At
each step m, the proton position 7(t,,) was incremented by a

randomly oriented vector Sm:
F(tme1) = F(tm) + 0 With |8,,| = VBDAE. (14)

In this expression, D is the water proton diffusion coefficient and At
is the time step. The trajectory of a proton was supposed to be inde-
pendent of the trajectories of all the other protons.

The chosen time step, At = Rﬁ/GD, corresponded to a space
jump equal to the particle radius. As the magnetic inhomogeneities
are very strong near the SPM particles, the time interval was
divided by 64 (and thus, the space jumps were divided by 8) when
the proton was at a distance from the SPM particle center shorter
than 8R,.

At each time step At, the time evolution of the proton magnetic
moment was computed using a combination of the Bloch
equations and classical magnetism formalism

1 (t+ At) = [,ux(t) cos 0+ uy(t)sine} e AR
1 (t+ At) = [,ux(t)sine - ,uy(t)cos(i]e‘“"é (15)
W (E+ At) = (1 — e MT)MO 4 p, (t)e AR
In this last equation, 6 = yB(t + At)At, 7 is the proton gyromag-
netic ratio, fiyy and [i, are the transversal and longitudinal compo-

nents of the proton magnetic moment, T; and T; are the relaxation
times of the solution without SPM particles, 7(t) is the proton

position at time t and §mt is the total magnetic field. Ewt is equal

to the sum of Eo and the sum of the dipolar magnetic field created
at the position 7(t) by all the SPM particles (given by Eq. (2)):

Beot(F) = Bo + Y _Baip(F(t) — Fopy), (16)
J

with Fspyj the position of the SPM particle j.
It is worth noting that T; and T; of Eq. (15) are the “diamag-
netic” contribution of the solvent to the relaxation. These are not
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related to the relaxation induced by the particles. Indeed, the latter
is due to the diffusion of protons across the dipolar field created by
the SPM particles, which is simulated through this algorithm [7].
The same methodology was used to compute the signal of a
solution without SPM particles, but the total magnetic field was

equal to Eo only. The ONRS-FISP sequence (Fig. 4) was applied to
the water proton magnetic moment by using a rotational matrix.
All the applied pulses were supposed to be perfect and instanta-
neous. The ON-Resonance Saturation pulse was modeled by apply-
ing a rotation of 90° around the x-axis for the protons magnetic
moments undergoing a frequency shift within the saturation pulse
bandwidth. These magnetic moments were then defocused to spoil
their MRI signal. All the excitation pulses were modeled by a sim-
ple rotation around the x-axis of an angle equal to the excitation
angle o.

The diffusion of N protons was independently simulated and
the time evolution of their magnetic moment was computed to

obtain the global magnetization I\7I(t). This latter is given by the
average of all the individual protons magnetic moments fi(t)

- 1M
M(0) = > F D)
i=1

To obtain the MRI signal at the echo time TE after the n"

(17)

excitation pulse, the transverse component of A7I(t) at the time
TE + (n — 1) TR was computed as

S"(TE+(n—1)TR) :\/Mi(TE+(n—1)TR)+M§(TE+(n—1)TR)
(18)

This calculation was performed for solutions with and without SPM
particles to obtain the contrast after the first excitation pulse (n=1)
by using Eq. (11).

The general simulation parameters were:

e Temperature: 310 K (human body temperature)

o Magnetization of magnetite: 100 Am?/kg [Fe], corresponding to
By =0.16T

e Particle radius: 10 nm

e Longitudinal and transversal relaxation time of the solution
without SPM particles: Ty = 3 s, T; = 80 ms (corresponding to
the relaxation times measured for a 1.5% agarose gel)

« Water proton diffusion coefficient D at 310K : 3 x 107° m?/s

These parameters led to a simulated transverse relaxivity equal
tor; =300 mM ' s'andr; ~ 0 mM ! s,

a 150
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Table 1
Relaxivity, equatorial field and radius of the iron oxide crystals constituting the SPM
particles.

Particles r(sTTmM ) ry(sTTmM ) Beq(T) R(nm)
3 nm-VSOP 21 90 0.13 3.74
10 nm-VSOP 2.2 170 0.12 5.7
20 nm-VSOP 2.1 240 0.13 4.21

1 um-MPIO ~0 600 0.17 5.13
3 um-MPIO ~0 / 0.16 5.14

The ONRS-FISP sequence parameters used in the simulations
were the same as those used experimentally in order to facilitate
the comparison of results. Three simulations were systematically
performed for each set of parameters. The data shown in the
graphs correspond to the contrast mean and the error bars repre-
sent the standard deviation calculated from these three simula-
tions. Contrarily to the contrast to noise ratio (CNR) extracted
from the experimental ONRS-FISP images, calculated with (13),
the contrast computed by the simulations was defined as in Eq.
(11) due to the absence of noise in the simulation protocol. Its
value was comprised between O (no contrast) and 1 (high
contrast).

The routines were written in C++, parallelized with OPNEMP
and used the GNU Scientific Library. The simulations were per-
formed with the resources of the Consortium des Equipements de
Calcul Intensif (CECI, Université Catholique de Louvain, Université
Libre de Bruxelles, Université de Liége, Université de Namur and
Université de Mons). Data analysis was performed with Python,
using the Numpy, Scipy and Matplotlib libraries.

4. Results
4.1. SPM particle characterization

The results (Table 1) showed a practically zero r; for all SPM
particles and an increase of r, with particle size, as predicted by
relaxation theories for high fields [5,7]. The relaxation time of
the agarose gel was measured as T; =3 s and T, = 80 ms. Note
that the transverse relaxivity r, was measured with a spin echo
sequence while the theory developed in this work uses the 3 value
to predict the ONRS-FISP contrast (Eq. (12)). These values are
actually equal in this work since the model developed by Gillis
et al. [52] showed that r, = r; in the Motional Averaging Regime
(MAR) and in the Partial Refocusing Model if T, ~ TE. The first
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Fig. 5. SPM particle characterization. (a) Magnetometry curves of the 3 nm-VSOP and the 1 pm-MPIO, fitted with a Langevin function. (b) NMRD profile of the VSOP particles,

fitted with the Roch theoretical model [54,55].
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Fig. 6. MR image of a phantom created with some sources of signal loss obtained with a RARE (TR/TE = 1500/15 ms), T,-weighted, and ONRS-FISP sequence. The RARE image
shows black spots where the plastic piece, air bubbles and SPM particles are situated. SPM particles appear as bright spots on ONRS-FISP image, which makes easier their

discrimination from other sources of signal loss.

condition is fulfilled for the VSOP particles while the MPIO parti-
cles meet the second one.

Magnetometry curves of 3 nm-VSOP and 1 um-MPIO (Fig. 5b)
showed the typical behavior of SPM particle suspensions [5]. The
equatorial field B4 and the radius R of the iron oxide crystals com-
posing the particles are presented on Table 1. The results showed
that the 10 nm-VSOP, 20 nm-VSOP, 1 pm-MPIO and the 3 pm-
MPIO are constituted of a coating matrix in which crystals of
magnetite with a radius of 5 nm are embedded. The 3 nm-VSOP
is constituted of a single magnetite crystal.

The NMRD profile of the VSOP samples (Fig. 5b) presented the
typical behavior of small SPM particles [5]. The results were fitted
with the theoretical model developed by Roch et al. [54,55] (the fit-
ting parameters are presented in Section 5 of the supplementary
material). The NMRD profiles of the MPIO are not shown because
the large size of these particles implies a practically zero r; at
magnetic fields larger than 0.3 T.

4.2. Positive contrast specificity to the SPM particles

Fig. 6 shows two MR images of a phantom containing agarose
gel, SPM particles, air bubbles and a plastic piece (Fig. 6a). The first
one was acquired with a T,-weighted sequence (RARE) and the
second one with the ONRS-FISP sequence.

The RARE image (Fig. 6b) showed black spots for the SPM
particles, the plastic piece and the air bubbles. On the contrary,
the ONRS-FISP image (Fig. 6¢) clearly showed a bright spot for
the SPM particles while the air bubbles and the plastic piece pro-
duced negative contrast. This demonstrates the specificity of the
positive contrast obtained with the ONRS-FISP sequence.

4.3. Influence of the iron concentration on the contrast

Numerical simulations and different phantoms of 20 nm-VSOP
(with iron concentrations ranging from O mM to 0.9 mM) were
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Fig. 7. Influence of iron concentration on the ONRS-FISP contrast for different values of the saturation pulse bandwidth Aw. (a) Numerical simulations and theory. (b) MR
images of a phantom containing the 20 nm-VSOP particles obtained with ONRS-FISP, ONRS-FISP without saturation pulse and a RARE sequence (T, weighted). (c)
Experimental data extracted from the MR images (b) and theoretical predictions (plotted via Eq. (12)).
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used to study the influence of iron concentration on contrast for
different values of the saturation pulse bandwidth Aw (Fig. 7).

The MRI contrast calculated by the numerical simulation is
shown in Fig. 7a. This graph reveals that, independently of Aw, the
contrast increased linearly with the iron concentration until a max-
imum value was reached, after which it decreased. This behavior
leads to an optimal concentration. The results were in accordance
with the theoretical predictions, calculated with Eq. (12) using the
same parameters as for the numerical simulations.

MR images of the phantoms acquired with ONRS-FISP showed
positive contrast where the SPM particles were situated, with an
increase of the signal intensity according to the iron concentration
(Fig. 7b). Images acquired with a RARE sequence (T,-weighted and
generating negative contrast) and an ONRS-FISP sequence without
the saturation pulse are also presented in Fig. 7b for comparison.
The RARE image showed a decrease in the signal intensity for
increasing iron concentrations and a homogeneous signal intensity
appeared on the image acquired with ONRS-FISP without the satu-
ration pulse.

The CNR estimated from the ONRS-FISP images (Fig. 7c) con-
firmed the theoretical and simulation results (Fig. 7a). The CNR
increased with the iron concentration until a maximum value
was reached. The following contrast decrease was not visible
(except for 1 um-MPIOs, whose results are presented in Fig. S3 of
the supplementary materials).

Theoretical predictions plotted on Fig. 7c were obtained using
Eq. (12) with the experimental parameters, such as the equatorial
field and the transverse relaxivity of the SPM particles (Table 1).
Even if the VSOP particles are constituted of clustered mono-crys-
tals of magnetite, the theory shows that the mono-crystals param-
eters (B, and iron concentration) can be directly inserted in Eq.
(12) to compute the contrast (see Section 3.4 of the supplementary
material for more details). All the theoretical values were multi-
plied by the same corrective factor for the comparison with exper-
imental results. This had to be done in order to take the noise into
account. A strong accordance between theory and experiment is
observed for the 20 nm-VSOP (Fig. 7c) and the 1 pm-MPIO
(Fig. S3), which confirmed that the theory allows to estimate the
contrast produced by different types of SPM particles.

The contrast dependence on the iron concentration can be
interpreted thanks to the theoretical model. Eq. (12) shows that
the contrast value results from the competition of two contribu-
tions: (i) the fraction of protons unaffected by the saturation pulse
Y, which increases with the particle concentration (Fig. 3 and Eq.
(4)), and (ii) the signal decay due to the transverse relaxation
induced by the SPM particles, included in the exponential term
e 2% T, For small iron concentrations, the contrast dependence
on the iron concentration is given by y because e 2% ™ ~ 1, The
linearity of y with the iron concentration at this stage explains
the linear dependence of the contrast with the concentration for
small concentrations. In opposite, for high iron concentrations,
the term 2% " dominates the contrast behavior, which leads to
a contrast decrease with the increase of the iron concentration
when the concentration is high enough.

4.4. Influence of the saturation pulse bandwidth Aw on the contrast

Numerical simulations and MR images of the phantom contain-
ing different concentrations of 20 nm-VSOP were performed for
different values of Aw in order to examine its influence on the
ONRS-FISP contrast (Fig. 7).

Numerical simulations (Fig. 7a and Fig. S5) showed that higher
contrast was observed for lower values of Aw, independently of the
iron concentration. This observation was validated by the ONRS-
FISP images (Fig. 7b), where the contrast was higher for

Aw = 100 Hz than for Aw = 300 Hz. The CNR extracted from the
ONRS-FISP images (Fig. 7c and Fig. S6) were in agreement with
the theoretical predictions and confirmed that the contrast
decreased when Aw increased.

Theoretically, the contrast decrease with Aw can be understood
by considering Eq. (12), which shows that the contrast dependence
on Aw is only included in v (it is experimentally proved in Section
4 of the supplementary materials). As the contrast is proportional
to y and y decreases when Aw increases (4), the contrast has to
decrease when Aw increases.

4.5. Influence of the echo time TE on the contrast

Numerical simulations and experiments on the agarose gel
phantom containing 20 nm-VSOP in different concentrations were
performed to study the influence of the echo time (TE) at different
iron concentrations (Fig. 8). All the results were obtained with a
repetition time TR of 10 ms.

The numerical simulations results obtained with different TE
(Fig. 8a), which were in good agreement with the theoretical pre-
dictions, showed that the contrast was higher for lower values of
TE. This behavior was more pronounced for large iron concentra-
tions. The contrast dependence on the iron concentration was sim-
ilar to what was described in the previous sections.

The MR images acquired with the ONRS-FISP sequence at differ-
ent echo times showed a contrast decrease when TE increased
(Fig. 8b). This decrease was more pronounced for high iron concen-
trations as expected from the previous results. The RARE image
showed black spots where the SPM particles were situated and
the MR image acquired with the ONRS-FISP sequence without sat-
uration did not present any contrast.

The CNR estimated from the images acquired with ONRS-FISP
(Fig. 8c) confirmed the last observations and was in accordance
with the simulation results. The optimum iron concentration
clearly depended on the value of TE. The theoretical predictions,
computed from Eq. (12) with the experimental parameters and
scaled by the same correcting factor, were in line with the experi-
mental data. Similar results were obtained with the 1 pm-MPIO
(Fig. S4).

The contrast behavior for varying echo times is theoretically
explained by the exponential dependence of the contrast on the
echo time (Eq. (12)) (illustrated on Fig. S7 and S8). As for all MR
imaging sequences, the contrast exponentially decreased after
the excitation pulse. Therefore, the measured signal, and thus the
contrast, has to decrease with the increase of TE. As the iron con-
centration appears together with TE in the exponential argument
of Eq. (12), TE had a greater influence on the contrast for high iron
concentrations.

4.6. Optimal SPM particles for ONRS-FISP

A phantom containing different types of SPM particles (the
3 nm-VSOP, 10 nm-VSOP, 20 nm-VSOP, 1 um-MPIO and 3 pm-
MPIO at an iron concentration of 0.5 mM) and numerical
simulations were used to study the influence of the SPM particle
properties on the ONRS-FISP contrast. Eq. (12) predicts that SPM
particles only influence the ONRS-FISP contrast through their
equatorial field and their relaxivities.

All the SMP particles used in this work were composed of mag-
netite crystals, all having approximately the same equatorial field
and ry at 11.7 T, but presenting different transverse relaxivities r3
(Table 1). Therefore, only the r; influence on the contrast could
be studied.

Numerical simulations using SPM particles possessing different
r; were performed to study the r; influence on the contrast
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(Fig. 9a). The results were congruent with theoretical predictions:
the contrast decreases exponentially when r3 increases.

The MR image of the phantom obtained with the ONRS-FISP
sequence presented on Fig. 4 without saturation pulse showed that
the signal decreased with r; for the VSOP particles (Fig. 9b). The
signal for MPIO particles seemed comparable for 1 pm-MPIO and
3 um-MPIO.

The comparison between the MR images obtained with ONRS-
FISP with and without the saturation pulse and the r; values
(Table 1) revealed that the contrast decreased when r3 increased,
as predicted by the theory and simulations. The contrast of the
two types of MPIO particles was approximately identical, probably
because they present similar r5. The CNR extracted from the ONRS-
FISP image (Fig. 9c) confirmed this observation.

The contrast decrease observed for increasing r is explained by
the theoretical model through the exponential dependence of the
contrast on r3 in Eq. (12). The increase of 3 involves a faster signal
decay after the last excitation pulse, leading to a decrease of the
MRI signal and thus, of the ONRS-FISP contrast. SPM particles with
low transverse relaxivity must therefore be preferred when using
ONRS-FISP.

5. Discussion

This work presents an original approach of the ON-Resonance
water Saturation sequence coupled with a FISP imaging sequence
(ONRS-FISP), which provides positive contrast with SPM particles.
Previous studies [38,40-43] have demonstrated the possibility to
get positive contrast with ONRS in vitro and in vivo but did not
provide any theoretical understanding of the contrast dependence
on the sequence and the SPM particle parameters.

The aim of this work was to study the physical mechanisms
leading to positive contrast. For this purpose, a new numerical
simulation program was elaborated and a theoretical modeling
was developed using a bottom-up approach. This model is able
to predict the contrast generated by the ONRS sequence and
its dependence on the sequence and the SPM particle
parameters.

Experiments on agarose gel phantoms containing SPM particles
were carried out in order to compare the theory and the simula-
tions results to the experimental data. The results showed a strong
accordance between theory, simulations and experiments for the
different types of SPM particles used in this work. Theory and sim-
ulations are thus two important tools allowing the study of the
positive contrast generated by the ONRS sequence.

Thanks to the absence of empirical assumptions, the developed
simulations and theory can be adapted to study other positive con-
trast sequences. For example, the theory could be adapted to study
the ONRS sequence combined with a Spin-Echo (SE) acquisition
sequence. In this case, the contrast can be approximated by
C x e TECcHR:) (see Section 7 of the supplementary material).
The similarity between this expression and Eq. (12) shows that
the ONRS-SE contrast behavior will be the same as for ONRS-FISP.
Similarly, the theoretical model and simulations can be adapted to
study the contrast created by a FISP sequence using an «/2 pre-
pulse and flip angles with alternating phases.

In addition, the theory could be adapted for a non-ideal satura-
tion pulse (an ideal square saturation pulse shape was assumed in
this work) by calculating the  function on the desired pulse shape.
In this case, the frequency selection would not be as accurate as for
perfect pulses. This would saturate some protons nearby the SPM
particles, which would lead to a loss of contrast.

The sequence used in this study is constituted of a frequency
selective ON-Resonance Saturation pulse followed by a FISP image
acquisition sequence (ONRS-FISP). The main advantage of this

sequence is its rapidity compared to the ONRS sequences coupled
with a RARE or a SE sequence (2-3 min for ONRS-FISP, compared
to 6-7 min for ONRS combined with a SE or a RARE imaging
sequence).

Preliminary results show that an acceptable amount of contrast
can be reached for rather low iron concentrations (~0.5 mM), sim-
ilar to the in vivo iron concentration reached in organs targeted by
SPM particles. The results also show a non-linear dependence of
the contrast on the iron concentration for concentrations larger
than a threshold value, which confirms the observations of refer-
ence [43]. An optimum iron concentration, which can be computed
thanks to the theoretical model, was observed. However, in vivo,
the iron concentration is almost impossible to control accurately
since it depends on many parameters, which makes its optimiza-
tion really difficult.

Inversely, the interest of this sequence could be precisely to
measure the iron concentration in cellular or molecular imaging
applications. This cannot be done with a single image but thanks
to the theory, it could be possible to estimate the iron concentra-
tion by varying the sequence parameters, as Aw, and observe the
change in contrast. The resulting curves could be fitted by the the-
ory to obtain an estimate of the iron concentration. This method
will be developed in a future work.

The decrease of the contrast with the increase of TE shows that
TE must be as small as possible to maximize the contrast, as noted
in [38,43]. Moreover, a long echo time produces more artefacts in
the MR image, as it can be seen in the right edge of the phantom
on Fig. 8b.

The contrast was also shown to be higher for low saturation
pulse bandwidths Aw. However, Aw must be large enough to spoil
the background signal and to reduce the artefacts due to the field
inhomogeneities, which could lead to erroneous positive contrast
as seen in the left edge of the phantom presented on Fig. 7b. There-
fore, the optimal value of Aw is a compromise between the con-
trast value and the contrast specificity.

Finally, the phantom containing different types of SPM particles
shows that, for the same equatorial field, SPM particles possessing
a small transverse relaxivity must be preferred to optimize con-
trast. ONRS-FISP was finally shown to be able to generate positive
contrast with different kinds of SPM particles if the parameters
were well chosen.

This work focused on the theoretical prediction of the contrast
generated by a homogenous solutions of SPM particles in an aga-
rose gel matrix. In order to get closer to the in vivo applications,
further work is needed to study the contrast obtained with SPM
particles loaded cells. Indeed, the SPM particle internalization in
cells affects the SPM particle properties [56,57] and thus, the
contrast obtained with the ONRS-FISP sequence. In-vivo studies
would also be necessary to improve the ONRS-FISP sequence
for in vivo applications. An adaptation of the theory and the
numerical simulations could be done in order to optimize the
sequence parameters. This would also ease the determination of
the particle concentration in vivo, which is an important feature
for applications as cellular and molecular imaging. Finally, the
relationship between the specificity and the sensitivity should
also be investigated in vivo, as preliminary studied by Farrar
et al. [43].

Unfortunately, ONRS-FISP has several limitations. Indeed, local
field inhomogeneities (expected for tissue interfaces, implants
and external field heterogeneities) could lead to erroneous
positive contrast in area without SPM particles. However, good
shimming and/or the use of an adiabatic pulse to saturate the
off-resonance water protons [58] could minimize this problem.
An appropriate choice of the saturation pulse bandwidth (not
too small) and echo time (as small as possible) can also reduce
these artefacts.
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6. Conclusion

This work provided a study of the contrast generated by the ON-
Resonance water Saturation sequence coupled with a FISP (ONRS-
FISP). A new numerical simulation protocol and a self-consistent
theoretical model were built in order to understand the mecha-
nisms providing the positive contrast in depth. The good accor-
dance between simulations, theory and experimental data
obtained with agarose gel phantoms proves that simulations and
theory could help to predict, before MRI experiments, the positive
contrast obtained with the ONRS sequence. The theoretical model
and the experimental results reveal that the best contrast is
achieved with SPM particles possessing a low transverse relaxivity,
for low value of saturation pulse bandwidth Aw and echo time and
for an optimal iron concentration. However, A must be large
enough to avoid erroneous positive contrast. Future studies should
be devoted to positive contrast MRI of cells loaded with SPM par-
ticles and organs containing SPM particles. Such studies combined
with an adaptation of the theoretical model developed in this work
would make possible the determination of the particle concentra-
tion from the signal intensity of an ONRS-FISP image.
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