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ABSTRACT

Superparamagnetic iron oxide nanoparticles (SPM particles) are used in MRI to highlight regions such as
tumors through negative contrast. Unfortunately, sources as air bubbles or tissues interfaces also lead to
negative contrast, which complicates the image interpretation. New MRI sequences creating positive con-
trast in the particle surrounding, such as the Off-Resonance Saturation sequence (ORS), have thus been
developed. However, a theoretical study of the ORS sequence is still lacking, which hampers the
optimization of this sequence. For this reason, this work provides a self-consistent analytical expression
able to predict the dependence of the contrast on the sequence parameters and the SPM particles proper-
ties. This expression was validated by numerical simulations and experiments on agarose gel phantoms
on a 11.7 T scanner system. It provides a fundamental understanding of the mechanisms leading to posi-
tive contrast, which could allow the improvement of the sequence for future in vivo applications. The
influence of the SPM particle relaxivities, the SPM particle concentration, the echo time and the sat-
uration pulse parameters on the contrast were investigated. The best contrast was achieved with SPM
particles possessing the smallest transverse relaxivity, an optimal particle concentration and for low echo

times.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Magnetic resonance imaging (MRI) is a powerful non-invasive
technique that provides images with an excellent intrinsic contrast
[1,2], but contrast agents are sometimes needed to highlight
regions of interest such as tumors [3,4]. Among these contrast
agents, superparamagnetic iron oxide nanoparticles (SPM parti-
cles) are used because they decrease the MRI signal intensity in
their surrounding [4-6]. They are thus essentially used as negative
contrast agents in T, or T;-weighted imaging.

The main advantages of SPM particles are their non-toxicity and
their functionalizable surface, which is valuable for molecular and
cellular imaging applications [7-13]. Nowadays, thanks to the
numerous studies devoted to the optimization of synthesis
protocols [14-17] and of their relaxation properties [18-20], SPM
particles are used in applications such as MRI monitored magnetic
hyperthermia [21], tumors targeting [22-24| and drug delivery fol-
lowed by MRI [25,26]. Unfortunately, in T, or T;-weighted images,
SPM particles are often not distinguishable from other sources of
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MRI signal loss such as air bubbles or tissue interfaces. Their detec-
tion can also be difficult in regions with poor signal. To overcome
these problems, a current challenge is the development of new
imaging methods leading to positive contrast nearby SPM particles
[27-30].

There are four categories of SPM particle positive contrast
sequences. (1) The first category uses frequency selective pulses
during/before the signal excitation as the “Off-Resonance
Imaging” sequence [31-33] or the ON-Resonance Saturation
method [34-38]. (2) The second category uses off-resonance
effects during the signal formation and/or acquisition as the
“white-marker” method [39-42] or the co-RASOR technique [43].
(3) Some techniques are based on post-processing image analysis
as phase gradient imaging [44,45], susceptibility weighted imaging
[46] or multiple off-resonance reconstructions of a single acquisi-
tion [47]. (4) At last, a sequence using Ultrashort Echo Time has
been used [48,49].

In this work, we study the Off-Resonance Saturation (ORS)
method [50-53]. This sequence, belonging to the first category,
uses a preliminary off-resonance saturation pulse that spoils the
signal created by water protons situated nearby the SPM particles.
The positive contrast is then achieved by subtracting the resulting
image from an image obtained without saturation pulse.
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An advantage of this method is its easy implementation on an
MRI scanner, as it can be used with any conventional MRI

sequence. Moreover, artifacts produced by magnetic inhomo-
geneities originating from the apparatus or the patient body can
be distinguished from the SPM positive contrast by varying the sat-
uration pulse parameters [40].

The efficiency of the ORS method has already been demon-
strated in vitro and in vivo [50-53]. However, these studies did
not determine an optimal set of sequence and particle parameters
to use to achieve the best contrast. This is only possible if a full
theoretical study is made on this sequence. In the long term, such
a theoretical expression of the contrast could also help for the
determination of the particle concentration in vivo, which is an
important feature for applications as cellular and molecular imag-
ing. To our knowledge, the only theoretical ORS sequence study
was done in [53]. However, this model is only effective with a soft
continuous saturation RF pulse, and is thus inapplicable with a
short saturation pulse as used in our work.

In this article, we will provide a theoretical model of ORS able to
predict the positive contrast in function of the sequence parame-
ters and of the SPM particles properties. Our theory will allow
the determination of the optimal sequence parameters and SPM
particle properties in order to maximize the contrast. This can also
enable the determination of the most suitable SPM particles for
specific applications. Our theory will then be validated by both
numerical simulations and MRI experiments on agarose gel phan-
toms with different types of SPM particles. The influence of the
imaging sequence parameters as the echo time, the saturation
pulse parameters, the particle concentration and relaxivity on the
contrast will be experimentally investigated.

2. Theory

The theoretical model describing the ORS sequence developed
in this work uses a bottom-up approach, starting from fundamen-
tal theoretical derivations of the Bloch equations [54,55] and
finally providing an analytical expression of the contrast. The
ORS sequence principle is first described. An analytical expression
of the ORS contrast is then provided.

2.1. ORS principle

At high field, when the SPM magnetization interaction with the
field is larger than the thermal energy, a SPM particle can be mod-
eled as a magnetic dipole aligned with the external magnetic field

Eo (aligned with the z-axis). This dipole creates a dipolar magnetic
field (Fig. 1) whose component along the z axis (the x and y com-

ponents can be neglected if Eo is large enough) is given by

3
Bd,-p(ﬂ:%(BcosZ@—U, (1)

where R, is the SPM particle radius, ¥ is the vector connecting the cen-
ter of the particle to the considered position, 0 is the angle between 7

and Bo and B, its equatorial field of the SPM particle. This last quan-
tity is the magnitude of the field created by the SPM particle at its
equator, and is proportional to the particle magnetization Mjs
(expressed here as Am?/kg[Fe]). For magnetite, which composes
the SPM particles used in the present work, B, is given by [18,38]

Beg = 0.72 x 5185 x %Ms 2)

where 0.72 is the fraction of iron in magnetite, 5185 is the mag-
netite density (kg/m?) and g, is the magnetic permeability of the
vacuum.
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Fig. 1. Isofield lines of the dipolar magnetic field created by a SPM particle
possessing a magnetic moment 7.

The dipolar magnetic field created by the SPM particles induces
an angular frequency shift of the water proton at position 7 equal
to

Wygip = YBaip (3)

where 7y is the proton gyromagnetic ratio. This implies a frequency
distribution in a solution containing SPM particles calculated in [56]
and presented on Fig. 2a.

The ORS (Off-Resonance Saturation) method consists in sub-
tracting two MR images acquired with the same MR imaging
sequence [52]. The first image is acquired with the chosen imaging
sequence. The second one is acquired with the application of a fre-
quency selective saturation pulse before the imaging sequence.
Thanks to the dipolar field created by the SPM particles, the sat-
uration pulse can be tuned to spoil (saturate) only the MRI signal
created by the protons in the SPM particles vicinity, leaving the
protons situated far enough from the SPM particles unspoiled
(unsaturated) (Fig. 2b). In this way, the MR images obtained with
and without the application of the saturation pulse present differ-
ent MRI signal intensity only in regions containing SPM particles
(Fig. 2c). Therefore, the ORS image obtained by the subtraction of
these two images leads to positive contrast near SPM particles
(Fig. 2c).

The saturation pulse parameters, i.e. its bandwidth Aw and its
frequency offset wy (Fig. 2b), must be chosen in order to only spoil
the water protons in the SPM particles vicinity. Therefore, these
parameters must respect the following inequation

ool > 52, )

Moreover, wo must be large enough to avoid erroneous positive
contrast due to the field inhomogeneities and the broadening of
water protons spectrum, in order not to lose the SPM positive con-
trast specificity.

2.2. Fraction of saturated protons

Intuitively, the ORS contrast must be proportional to the frac-
tion ¢ of water protons saturated by the saturation pulse. This
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Fig. 2. Principle of the ORS sequence. (a) Larmor frequency distribution of a solution with and without SPM particles. The dipolar magnetic field created by the SPM particles
broadens the frequency distribution. (b) The saturation pulse saturates protons near SPM particles. (c) Subtraction of the two MR images obtained on a phantom constituted
of SPM particles (VSOP-20 nm) with different concentrations embedded in an agarose gel matrix.

fraction is computed by integrating the magnetic field distribution
of a SPM particles solution, given in [56], in the range of the sat-
uration pulse bandwidth. The latter is given by the frequency inter-
val [mo + Aw/2,me — Aw /2] (Fig. 2b). After integration, ¢ is given
by (see Section 1 of the Supplementary material)

¢(Cc,Beg, o, Aw) = :—I |arctan (a(wo + Aw/2))
—arctan (a(wo — Aw/2))| (5)

where a = 1.32 10’3/Bech, Cc is the iron concentration and B, is
the equatorial field of the SPM particles.

The fraction ¢, plotted in Fig. 3a, is linearly dependent on the
iron concentration for low concentrations. At this stage, the regions
of saturated protons, situated around the SPM particles, are not
superimposed on each other (Fig. 3b). This proportionality is lost
when the regions of saturated protons are superimposed, i.e. for
high concentrations (Fig. 3c). Fig. 3a also shows that, for a fixed
value of wy and according to inequation (4), ¢ is higher when
A is close to 2|wyg|. In the same way, for a fixed value of Aw, ¢
increases when the w, value approaches Aw/2. These two last
dependences can be understood by analyzing Fig. 2b.

2.3. Analytical expression of the contrast

The image acquisition sequence used in this work is a Fast
Imaging with Steady-State Precession (FISP, Fig. S2) [54,57-60].
Our ORS sequence is thus called Off-Resonance Saturation-FISP,
or ORS-FISP. The Off-Resonance saturation pulse was composed
of a 90° pulse followed by a spoiler gradient. The longitudinal
relaxation between the saturation pulse and the imaging sequence
was neglected. This is justified by the large T; of our samples
(T] ~3 S).

The contrast of the ORS-FISP sequence is computed after the
first excitation pulse of the FISP sequence because contrast is con-
fined in the middle of the k-space (k. =k, ~ 0), while the larger
value of k, and k, are devoted to the spatial resolution [61]. In this
work, the k-space is acquired starting at k, =0 and then for ky
increasing toward higher values. A general expression of the con-
trast obtained after any of the excitation pulses is given in the
Supplementary material. This expression can be used when
dummy scans are necessary to reach the signal steady state. It is
the case for example if o > 20° (it was verified by our simulations
and by experiments).

The contrast on an ORS image is defined by the subtraction of
the ORS signal intensity of a region without SPM particles
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Fig. 3. Influence of the iron concentration (SPM particles) on the fraction ¢ of water
protons saturated by the frequency selective saturation pulse for different values of
Aw, for my = 300 Hz. (a) ¢ increases linearly with the particle concentration when
the areas of saturated protons are not superimposed (b). This linear behavior is lost
when these areas are superimposed (c).

(Sorsno_spm) from the signal of another region containing SPM par-
ticles (Sors.spm):

C = Sors,spM — Sors,no—spM (6)

In accordance with the ORS image definition (Fig. 2¢), the ORS signal
intensities are obtained by subtracting the MRI signal of the image
acquired with the saturation pulse (Syith.sar) from the MRI signal of
the image acquired without saturation pulse (Swithout-sat):

SORS = Swithout—Sat - Swith—Sat (7)

These MRI signals are given by the transverse component of the
magnetization after the first excitation pulse multiplied by the
transverse relaxation decay. They are thus calculated as

S=M?sino e R (8)

where M? is the longitudinal component of the equilibrium mag-
netization M® = (0,0, M?), o is the flip angle of the excitation pulse,
TE is the echo time and R; is the transverse relaxation rate of the
solution.

The signal intensity of the regions without SPM particles is sup-
posed to be unaffected by the saturation pulse (Fig. 2). It is the case
if the saturation pulse parameters, w, and Aw, are well chosen and
if a highly frequency selective saturation pulse is used (see
Section 5). Therefore, the signal intensities on images acquired
with and without saturation pulse are equal in these regions, lead-
ing to Sorsno—spm = 0.

To compute the ORS signal of the region containing SPM parti-
cles, suppose that the SPM particles are characterized by their
relaxivities ry and r; (defined as the increase of the relaxation rates
R, and R; respectively when the iron concentration increases of
1 mM). If the diamagnetic relaxation rates of the region without
SPM particles are R; and R;, the total relaxation rates of the parti-
cles suspension are given by

R% =r;Cc+ Ry
Ry =r;Cc+R, 9)

where Cc is the iron concentration of the particles suspension.

In a region containing SPM particles, the signal on the image
acquired without saturation pulse is obtained thanks to Eq. (8)
and using the total relaxation rate (9), which gives

Swithout-sat = Mg sina eiTE(REHECC). (10

The signal expression on the image acquired with the saturation
pulse is more complex. The saturation pulse destroys the signal
coming from a fraction ¢ of protons. Therefore, the signal is only
created by the fraction 1 — ¢ of unsaturated protons. We suppose
that the signal decay is the same with and without the saturation
pulse application and that the longitudinal relaxation rate is neg-
ligible between the saturation pulse and the beginning of the imag-
ing sequence. The signal is thus given by

Swithsat = (1 — ¢) sin o e TE(R 76 (0. (11)

The ORS-FISP contrast is calculated with Eqgs. (6) and (7). As
Sors.no—sem = 0, the contrast is obtained by subtracting (10) from
(11), which gives

C = ¢sino e E(RA) pf0 (12)

This expression shows that the ORS-FISP contrast between area
with and without SPM particles is proportional to the fraction of
protons saturated by the saturation pulse ¢. It exponentially
decreases with the echo time TE and the SPM particles transverse
relaxivity r;. The dependence of the contrast on w, and Aw is only
included in ¢. The contrast dependence on the particle concentra-
tion is more complex.

Note that, as in most MRI sequence theories, noise has not been
introduced in our model. However it must be taken into account
when theory is compared to experimental results. This can be done
by considering a constant noise on the MR images. This assumption
is justified because a volume coil is used in this work for the signal
acquisition [60]. In this case, Eq. (12) can be multiplied by a con-
stant corrective factor (determined by a fitting of the experimental
results) to take the noise, or the standard deviation of the void g,
into account. This factor also includes the voxel protons density,
present in Eq. (12) through the MS term. The resulting expression
can then be compared to the experimental Contrast to Noise
Ratio (CNR).

3. Materials and methods
3.1. Phantoms

Several phantoms were prepared in order to study the ORS-FISP
contrast. These phantoms were constituted of a 27 mm-diameter
tube filled with 1.5% agarose gel in which five tubes of 6 mm-
diameter containing SPM particles dispersed in 1.5% agarose gel
were immersed.

All the SPM particles used in this work are composed of mag-
netite (Fes04). Five types of samples, divided into two categories,
were used. The first category is constituted of VSOP particles pur-
chased from Ferropharm (Teltow, Germany). These are Small
Superparamagnetic Particles of Iron Oxide (SPIO) of 3, 10 and
20 nm diameters. The second kind of particles are Micrometer-
sized Particles of Iron Oxide (MPIO). They are composed of mag-
netite crystals embedded in a polymer matrix for a total diameter
of 1 um (for the 1 um-MPIO) and 3 pm (for the 3 um-MPIO). They
were purchased from ProMag magnetic Microspheres, bangs lab-
oratories, Inc (Indiana, USA).

The iron concentration of the suspensions was determined by
ICP-AES  (Inductively Coupled Plasma-Atomic  Emission
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Table 1
SPM particle parameters obtained by relaxometry at 11.7 T and magnetometry (see
Supplementary material for more details).

Particles rn(mM s rp(mM's™')  Mono-crystal B (T)
radius (nm)

3 nm-VSOP 2.1 90 3.74 0.13

10 nm-VSOP 2.2 170 5.7 0.12

20 nm-VSOP 2.1 200 4.21 0.13

1 um-MPIO ~0 600 5.13 0.17

3 um-MPIO ~0 / 5.14 0.16

Spectroscopy) after microwave digestion of the samples. All the
particles were characterized by magnetometry (to obtain the
mono-crystal radius and magnetization) and relaxometry on the
MRI scanner. The relaxation times of the 1.5% agarose gel (without
particles) were respectively T; = 3 s and T, = 80 ms.

Results presented in Table 1 show that all the SPM particles are
composed of clustered magnetite mono-crystals possessing a
radius of 5 nm, except for the 3 nm-VSOP which are constituted
of a single magnetite mono-crystal.

3.2. MRI experiments

MR images were acquired on a 11.7 T scanner (Bruker, Biospec,
Etlingen, Germany) with a quadrature volume coil (inner diameter
of 40 mm). The acquisition sequence used in this work was a Fast
Imaging with Steady State precession (FISP, Fig. S2). Two images
were acquired for each set of the sequence parameters: an image
without and one with the application of an Off-Resonance
Saturation (ORS) pulse. These two images were then subtracted
pixel by pixel to obtain the ORS-FISP image.

The ORS-FISP sequence parameters were, when not mentioned
in the text or in the figure legends, given by TR =4 ms, TE = 1.5 ms,
a flip angle =10°, matrix size=128 x 128, FOV =40 mm, slice
thickness = 2 mm, four segments (2 s between each segment) and
a number of averages 20. The saturation pulse was a sinc pulse
with 3 lobes and a flip angle of 90°. If they are not specified else-
where, the frequency w, and the bandwidth Aw of this pulse were
@y = 300 Hz and Aw = 500 Hz respectively.

Conventional T,-weighted images were acquired using a RARE
(Rapid Acquisition with Relaxation Enhancement) sequence with
TR/TE = 1500/15 ms and a RARE factor of 4.

The results extracted from the ORS-FISP images corresponded
to the Contrast to Noise Ratio (CNR) between a region of the phan-
tom containing SPM particles and a region of the same phantom
without SPM particles (with only agarose gel). The CNR was
defined as

CNR = SORS.Sl’M _GSORS,nO—SPM (]3)
0

where gy is the measured standard deviation of a region outside the
phantom. The Regions Of Interest (ROI) were placed manually in a
homogeneous area. All the results were expressed as the
CNR + the standard deviation. The image processing was performed
with Image] (National Institutes of Health, Bethesda, USA).

3.3. Simulations

The simulations developed in this work are based on a micro-
scopic approach, similarly to the T, simulations previously
described in the literature [62-64]. Their aim is to compute the
ORS-FISP contrast between regions with and without SPM parti-
cles. For this purpose, simulations need to simulate the MRI signal
created by a sample with and without SPM particles, both with and
without the application of a saturation pulse. However, the theo-
retical section predicts that ORS signal is null for the sample

without SPM particles. Therefore, the simulation will only compute

the ORS signal created by a solution containing SPM particles.
The first simulation step is to create a cubic simulation space

composed of randomly distributed spherical and impenetrable

SPM particles. A static magnetic field Eo, aligned with the z axis,
was imposed on this space. SPM particles were defined by their
radius R, and their equatorial field B.,. These particles possess a

magnetic moment aligned with Eo and create a dipolar field given
by Eq. (1).
At the beginning of the simulation, several protons, each pos-

sessing a protonic magnetic moment /i initially aligned with §0,
were randomly distributed in the simulation space. The proton dif-
fusion is simulated by a random walk process. At each time step At,
the proton position #(t) was incremented by a vector 3,, randomly
oriented:

F(tme1) = T'(tm) + Om, |0m| = VDAL, (14)

where D is the protons diffusion coefficient. The time step was
equal to At = R§/6D in order to get a space jump equal to a SPM par-
ticle radius. This time step is divided by 8 when the protons were at
a distance smaller than 8R, from the center of a SPM particle in
order to take into account the strong magnetic inhomogeneities in
the SPM particle vicinity.

The time evolution of the proton magnetic moments was com-
puted after each time step using both the Bloch equations and the
classical NMR formalism:

I (£ + AL) = [p,(£) cOs 0 + pu, (t) sin GleFeAt
Hy (E+ At) = [, (t) sin 0 — p, (t) cos Ole R

(15)
ot AL = (1 — e MMM 4 g (t)e Riae

In this last expression, 6 = yBy(t + At)At and R; , are respectively
the longitudinal and transverse relaxation rates of the solvent con-

taining the SPM particles. Etot, which is aligned with the z axis, is the
total magnetic field felt by the protons at position 7(t). It was com-
puted by adding the magnetic field created at position 7(t) by all the
SPM particles to By:

Buot(F(t)) = Bo + > _Baip (F(t) — Tspmj), (16)
J

where spy; is the position of the SPM particle j. The protonic relax-
ation induced by the SPM particles was not introduced in Eq. (15)
because the simulations were built in order to simulate the relax-
ation [62].

The ORS-FISP sequence was applied to water protons by model-
ing each pulse by a rotation matrix. The excitation pulse corre-
sponded to a rotation matrix of an angle « around the x-axis. The
saturation pulse, applied before the imaging sequence (FISP), was
modeled by applying a rotation of 90° on the protons undergoing
a frequency shift in the range of the saturation pulse bandwidth.
The affected protons were then dephased to spoil their MRI signal.

The global magnetization at a specific time is equal to the aver-
age of the N proton magnetic moments at this specific time:

=Z|

— N .
M(t) =+ 3 (D (17)
i=1

The MRI signal at the echo time TE after the first excitation pulse is
then given by

S(TE) = \/M(TE) + M;(TE) (18)
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A simulation was performed with the application of a saturation
pulse and another one without saturation pulse in order to obtain
the ORS contrast. The MRI signals of these two ‘images’ were then
computed using Egs. (17) and (18). The difference of these signals
provided the ORS contrast using Eqs. (6) and (7). As in our analyti-
cal theory, noise is not included in the simulations and the contrast
value is normalized by the proton density, the contrast is com-
prised between 0 and 1.

The general simulation parameters used in this work were the
same as those of the experiments in order to ease the comparison.
When not mentioned elsewhere, the parameters were:

e Temperature: 310 K (human body temperature).

« Diffusion coefficient of water protons : D=3-10"9m?s™ .

e Magnetization of SPM particles (magnetite): 100 Am?/kg [Fe],
corresponding to B,; =0.16 T.

e Particle radius: 20 nm.

e Relaxation time of the solution containing the SPM particles
(agarose gel): T{ =3 s and T, = 80 ms.

These parameters led to a simulated transverse SPM particles
relaxivity 5 =600mM ' s~ 1,

All the simulation results presented in this work were obtained
by averaging three simulations. The contrast shown in graphs cor-
responds to the contrast mean and the error bars corresponds to
the standard deviation of the three measurements.

The routines were written in C++, parallelized with OPENMP
and used the GNU Scientific Library (GSL). The simulations were
performed on 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 and graphs were carried out
with Python, using the Numpy, Scipy and Matplotlib libraries.

3.4. Quantification of the agreement between simulations, experiment
and theory

The agreement between the simulation (or the experimental)
results and the theoretical predictions was quantified by the cal-
culation of the coefficient of determination R?. To compute R?,
graphs representing the simulation (or the experimental) results
as a function of the theoretical predictions were first plotted.
These graphs should show a linear relationship with a slope equal
to 1. The coefficient of determination was then calculated as [65]

g1 iy (19)
i1 i =)

where y; are the experimental (or the simulation) values of the con-

trast, y are the theoretical values of the contrast and y = IS ayiis
i

the mean of the experimental (or the simulation) values. A coeffi-
cient equal to 1 indicates a perfect regression.

4. Results
4.1. Influence of the iron concentration on the ORS contrast

Numerical simulations and MR images of phantoms containing
1 wm-MPIO in different concentrations were employed to investi-
gate the influence of the iron concentration on the contrast
(Fig. 4). MR images and numerical simulations were performed
for different values of woy with Aw = 500 Hz, fulfilling condition
(4).

The numerical simulation results and the theoretical predic-
tions are shown on Fig. 4a. A good agreement was observed

between theory and simulations for all values of w,. Indeed, the
coefficient of determination R? calculated with Eq. (19), was
between 0.95 and 0.99 for all w, values. Theory and simulations
showed a contrast increase with iron concentration until a maxi-
mum value was reached. The contrast then decreased for increas-
ing iron concentration. This result shows the existence of an
optimal iron concentration maximizing contrast.

MR images acquired with the ORS-FISP sequence (Fig. 4b)
clearly showed positive contrast where SPM particles were located.
The ORS-FISP contrast increased with iron concentration for all
values of wp. On the contrary, the T,-weighted image (RARE)
showed black spots for SPM particles with a decrease of signal
intensity for increasing iron concentration.

The CNR calculated from phantoms containing 1 um-MPIO
(Fig. 4c) was consistent with the numerical simulations results
and theoretical predictions. CNR increased until a maximum was
reached, after which it decreased. This behavior was observed for
all values of wy.

Theoretical predictions are plotted on Fig. 4c. The curves were
obtained with Eq. (12) using the experimental parameters of the
1 wm-MPIO (Table 1) and the MRI sequence parameters. As these
SPM particles were composed of aggregated iron oxide mono-crys-
tals, their parameters should be adapted to compare the experi-
mental results to the theoretical predictions. However, the
Section 2.4 of the Supplemental materials shows that the mono-
crystal parameters (presented on Table 1) can be directly intro-
duced in Eq. (12). All the curves were multiplied by the same cor-
rective factor to take into account the noise and the spin density. A
good agreement between theory and experiments was observed
for all w, values (R? ~ 0.81-0.85) - even if the experimental results
seemed to be systematically smaller than the theoretical predic-
tions for iron concentration below 0.4 mM with @y = 300Hz.
Similar results were obtained with the 3 nm-VSOP (see Fig. S4 of
the Supplementary material).

The contrast behavior can be explained thanks to Eq. (12). For
small iron concentration Cc, the exponential term of Eq. (12) can
be approximated by e TE(:C¢R:) ~ e~RTE_ The only contrast depen-
dence on the iron concentrations is thus included in ¢ at this stage.
As ¢ is linear with Cc for small concentrations (Fig. 3a and b), the
contrast is thus linear with Cc for small Cc. In opposite, at high iron
concentrations, the exponential term of Eq. (12) is dominant,
implying a contrast decrease for increasing Cc above a limit con-
centration value. This latter corresponds to an optimum concentra-
tion for which the contrast is maximum.

4.2. Influence of the saturation pulse offset w, on the contrast

The numerical simulations and MR images of phantoms con-
taining 1 pum-MPIO results presented on (Fig. 4) were also used
to investigate the influence of wgy on the contrast. Numerical sim-
ulations, in agreement with the theoretical predictions, revealed
that a higher contrast was obtained when @, was close to Aw/2
(that is equal to 250 Hz) for all iron concentrations (Fig. 4a). This
prediction was congruent with the ORS-FISP images (Fig. 4b).
Indeed, a better contrast was observed for @, = 300 Hz than for
wo =450 Hz. The computed CNR confirmed this observation
(Fig. 4c): for all iron concentrations, CNR increased when w, was
close to Aw/2. The theoretical predictions interpolated well the
experimental data. Similar results were obtained for 3 nm-VSOP
particles (see Fig. S4 of the Supplementary material).

Theoretically, the contrast increase observed when wo was
close to Aw/2 is caused by the increase of ¢ when wy — Aw/2
(Fig. 2 and Eq. (5)). Indeed, contrast is proportional to ¢ and the
ORS contrast only depends on w, through ¢ (Eq. (12)).



S. Delangre et al./Journal of Magnetic Resonance 254 (2015) 98-109

100 T

— wq =300Hz, Theory
- - Wy=350Hz, Theory

wg = 450Hz, Theory

¥ # ) =300Hz, Experimental data
® ¢ w;=350Hz, Experimental data
L I w;=450Hz, Experimental data

104
0.10 T T T , , , , ,
= ® W, =300Hz Simulations W, =350Hz, Theory
— Wy, =300Hz, Theory A A W, =450Hz, Simulations
0.08] |© © wy=350Hz Simulations w, =450Hz, Theory
¥ .
0.06f
7}
i
J5
o u R T
0.04 P & { { o
- - 6/
0.02 ///f e ) WU oo o
P T
’ i
@ . &
Rt e
0.00% : : : : : : : :
a 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Iron concentration (mM)
Agarose l
) ‘
b

RARE

w, = 300 Hz

sof|

CNR

c o0 0.2 0.4 0.6 0.8 1.0 1.2
Iron concentration (mM)

0 = 450 Hz

o = 350 Hz

Fig. 4. Influence of the iron concentration on the contrast for different values of saturation pulse offset . (a) Numerical simulations results and theoretical predictions. (b)
MR images of a phantom containing different concentrations of 1 pm-MPIO acquired with a RARE and the ORS-FISP sequence. (c) CNR estimated from MR images of phantoms

containing 1 um-MPIO and theoretical predictions.

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

ORS-FISP contrast was studied by numerical simulations and
MRI experiments for different values of Aw respecting condition
(4) (Fig. 5). The phantoms were again constituted of 1 pm-MPIO
with different iron concentrations.

The numerical simulation results and the theoretical predic-
tions, which were in good agreement (R? ~ 0.95-0.99), are shown
in Fig. 5a. A higher contrast was observed when Aw was close to
2wy (600 Hz) for all iron concentrations. For all values of Aw, the
contrast dependence on the iron concentration was in agreement
with the behavior reported in previous section.

ORS-FISP images (Fig. 5b), which showed positive contrast
where the SPM particles were situated, also showed that the con-
trast increased when Aw approached 2w,. Indeed, the contrast
obtained for Aw = 500 Hz was higher than for Aw = 300 Hz. The
corresponding RARE image showed black spots where the SPM par-
ticles were situated (Fig. 5b).

The CNR extracted from ORS-FISP images (Fig. 5¢) confirmed
the simulation results. Indeed, the CNR increased when Aw was
close to 2w, for all values of iron concentration. The theoretical
predictions, estimated with Eq. (12) using the experimental
parameters (Table 1), were in good agreement with the experimen-
tal results (except for one point at 0.36 mM for Aw = 500 Hz).
Indeed, the coefficient of determination was between 0.81 and
0.86 for all the Aw values. As before, all the curves were scaled
by the same corrective factor to take the noise into account.
Similar results were obtained for 3 nm-VSOP (see Fig. S5 of the
Supplementary material).

The contrast increase when Aw was close to 2wy can be
explained thanks to Fig. 2. The fraction ¢ of saturated protons

increases when the Aw value approaches 2wy. As the contrast is
proportional to ¢, and as Aw affects the contrast only through ¢
(see Eq. (12)), this effect logically induces a contrast increase when
Aw gets large.

4.4. Influence of the echo time TE

MR images of a phantom containing different concentrations of
1 um-MPIO and numerical simulations were performed using dif-
ferent echo times TE to analyze its effect on the contrast (Fig. 6).
All these results were obtained with a repetition time of 15 ms.

The contrast calculated from the numerical simulations (Fig. 6a)
decreased with the increase of TE. This decrease was observed for
all iron concentrations, especially for high concentrations. The con-
trast dependence on iron concentration was similar as in the pre-
vious sections. Fig. 6a also shows that the optimal iron
concentration (corresponding to the maximum contrast) decreased
when TE increased. As before, the theoretical predictions were in
good agreement with the simulations results (R? ~ 0.95-0.99 for
all the TE values).

The ORS-FISP images acquired with different values of TE are
presented on Fig. 6b. The contrast clearly decreased for increasing
TE, especially for high iron concentration. A larger amount of noise
was observed on the MR image acquired with TE = 4.5 ms due to
the decrease of the signal intensity with the echo time.

Fig. 6¢ presents the CNR extracted from the ORS-FISP images of
phantoms containing 1 pm-MPIO particles. The theoretical predic-
tions, calculated with Eq. (12) using the 1 pum-MPIO characteristics
(Table 1) and the ORS-FISP sequence parameters, are also plotted
on Fig. 6¢. All the curves were scaled by the same correcting factor.
A good agreement between theory and experiments was observed
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(R?> ~ 0.81-0.86). The results were similar to those obtained with
numerical simulations. CNR was higher for low values of TE.
Moreover, as predicted by simulations and theory, the optimum
iron concentration depended on TE. Similar results were observed
for the 3 nm-VSOP (see Fig. S6 of the Supplementary material).
The contrast dependence on TE can be explained by the theo-
retical model. Eq. (12) reveals that the contrast is exponentially
dependent on the echo time. This dependence is due to the
exponential decay of the transverse MRI signal after the excitation
pulse, remembering that the signal is acquired after a time TE.

4.5. Optimal SPM particles for ORS-FISP

A phantom composed of five types of SPM particles (3 nm-
VSOP, 10 nm-VSOP, 20 nm-VSOP, 1 um-MPIO and 3 pm-MPIO),
with the same iron concentration of 0.75 mM, was prepared in
order to evaluate the influence of the particle characteristics on
the contrast obtained with the ORS-FISP sequence. The theoretical
model predicts that only the equatorial field B, and the SPM par-
ticles relaxivities ry and 3 influence the ORS-FISP contrast.

All the SPM particles were constituted of magnetite crystals
with approximately the same equatorial field and had a practically
null longitudinal relaxivity at 11.7 T. However, they presented dif-
ferent transverse relaxivities r, at 11.7 T (Table 1). Therefore, r3 is
the only property of the particles that influences contrast for our
samples.

Numerical simulations were performed with SPM particles pre-
senting different r; (Fig. 7a). Results were compared to the theo-
retical predictions. A good agreement was observed between
theory and simulations (R®=0.94). Both of them predicted an
exponential decrease of the contrast for increasing r;.

MR images acquired with a RARE, a simple FISP (without sat-
uration pulse) and the ORS-FISP sequence are presented on
Fig. 7b. The RARE image, T,-weigthed, showed black spots where
the SPM particles were situated. The FISP image was T,-weigthed
due to the small TR (4 ms) and to the value of r; ~ 0 for our SPM
particles. This image presented black spots for MPIO particles
and no contrast for the VSOP. It showed that all VSOP particles
had similar r3, smaller than the MPIO particles r5.

The ORS-FISP image clearly showed a higher signal for the VSOP
particles than for the MPIO. This observation was confirmed by the
CNR extracted from the MR image, plotted on Fig. 7c. This behavior
was consistent with the simulation and theoretical results (Fig. 7a).
Indeed, MPIO possess a higher r; than the VSOP particles (see
Table 1 and the FISP image of the Fig. 7b). It can be noted that simi-
lar contrast is observed for the different VSOP samples. This can be
due to the relatively small r; value difference for these samples
(Table 1).

The ORS-FISP contrast dependence on r3 can be theoretically
understood. Eq. (12) shows that the contrast is exponentially
dependent on 3, as shown in Fig. 7a. The higher the r3 is, the faster
the signal decreases after the excitation pulse. This implies a low
MRI signal for SPM particles possessing a large r5. Therefore, SPM
particles possessing low 3 must be preferred to optimize the con-
trast obtained with the ORS-FISP sequence.

5. Discussion

The ORS sequence combined with a FISP imaging sequence was
studied with numerical simulations and experiments on agarose
gel phantoms with a 11.7T MRI scanner. A theoretical model able
to predict the ORS-FISP contrast in function of the sequence
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parameters and the SPM particles properties was developed. The
model supposes that the magnetic field is high enough - i.e. the
SPM particles magnetization is saturated (see Fig. S3) and the lon-
gitudinal relaxivity of the SPM particles can be neglected [19].
These conditions are fulfilled for any field higher than 1T. The
theoretical predictions and simulations results were in good agree-
ment with the experimental results, which shows that the theory
and the simulations can be used to optimize the sequence parame-
ters. The theory can also be used to predict the contrast obtained
with aggregated nanoparticles.

The ORS-FISP created a sufficient contrast with low iron con-
centration (~0.5 mM), which could be reached in in vivo applica-
tions. The simulations, experimental results and theory revealed
a non-linearity between the iron concentration and the contrast,
as already noted in [52]. This behavior leads to an optimal iron con-
centration which can be predicted by the theory.

The best saturation pulse parameters were a high pulse band-
width Aw combined with a saturation pulse frequency offset ||
approaching Aw/2 (this behavior has already been shown in
[51,52]). However, for a fixed value of Aw, |wo| must be large
enough to leave the on-resonance protons unsaturated and to
avoid the artifact formation. Therefore, the saturation pulse
parameters are a compromise between the amount of contrast
and the contrast specificity. In this work, a good compromise
was wy =300 Hz and Aw = 400 Hz. Note that, contrarily to the
sequence developed by Zurkiya [52], the pulses used in our work
can be considered to be short: diffusion will thus have less effect
on the ORS-FISP contrast than in [52].

Results also revealed that a low echo time must be preferred to
maximize the contrast. In addition, an increase of echo time leads

to a noise increase in the final image, as it can be seen on Fig. 6b.
Finally, the maximum ORS contrast was obtained with SPM parti-
cles presenting a low transverse relaxivity.

The good agreement between the theoretical predictions, the
simulation results and the experimental data shows that theory
and simulation are two interesting tools to study the ORS
sequence. Moreover, theory and simulations can be adapted to pre-
dict the contrast obtained with other imaging sequences, as a spin-
echo or a RARE sequence.

However, our theory needs to be adapted to in vivo conditions —
as nanoparticle internalization in cells, additional magnetic field
inhomogeneities (produced by the tissues interface for example)
or a different r,* value. Such a theoretical model would enable
the SPM particles quantification in vivo, which could be useful for
applications in molecular and cellular imaging.

The optimization of the ONRS-FISP sequence parameters pro-
vided in this work could be qualitatively applied for in vivo situa-
tions. For example, the best SPM particles should present low r3
and an optimal SPM particles concentration should still exist. The
saturation pulse parameters, @y and Aw, should nevertheless be
adapted in order to avoid erroneous positive contrast caused by
additional field inhomogeneities.

For in vivo applications, another problem concerns the MR
image noise. In our work, we considered a constant noise on the
image, which is justified by the use of a volume coil [60].
However, other coils, as array coils, should induce a variation of
the noise on the MR image. This will have to be taken into account
when trying to apply the ORS-FISP sequence in vivo.

Finally, the ORS method suffers of some disadvantages. First, the
acquisition of two consecutive images can be a limitation because
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of motion artifact. This problem can be minimized because the
ORS-FISP sequence is rather fast (about 4s). Secondly, other
sources as tissues interfaces or magnetic field inhomogeneities
can produce off-resonance signals, which can lead to erroneous
positive contrast and thus, affect the SPM particles detectability.

These artifacts can be identified by comparing two MR images
obtained with different pulse parameters [40].

6. Conclusion

This work presents a theoretical study of the ORS (Off-
Resonance Saturation) sequence coupled with a FISP (Fast
Imaging with Steady state Precession) imaging sequence, which
provides positive contrast with SPM particles. This sequence was
studied with a new numerical simulation protocol and with MRI
experiments on agarose gel phantoms containing SPM particles.
An analytical expression able to predict the ORS contrast in func-
tion of the sequence parameters and particles properties was
developed. The theoretical predictions were shown to be in good
agreement with the simulation and experimental results. A maxi-
mum contrast value was achieved with SPM particles presenting
a low transverse relaxivity and for short echo times. The saturation
pulses parameters must adapted to saturate as many protons as
possible. However, the parameters must be chosen in order not
to affect the on-resonance protons, which would create erroneous
positive contrast. Finally, an optimal SPM particles concentration,
for which the contrast is maximum, was observed and predicted
by the theoretical model. Further investigations should be carried
out on SPM particles loaded cells and in vivo to improve the ORS
sequence for practical applications. The theoretical model and

the simulations could be adapted for these situations. Such a study
could help to develop the quantification of the particles in vivo.
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