
Journal of Magnetic Resonance 265 (2016) 99–107
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/locate / jmr
Improvement of the Off-Resonance Saturation, an MRI sequence
for positive contrast with SPM particles: Theoretical
and experimental study
http://dx.doi.org/10.1016/j.jmr.2016.02.002
1090-7807/� 2016 Elsevier Inc. All rights reserved.

⇑ Corresponding author at: Biomedical Physics Department, University of Mons,
Avenue du champ de mars, 24, 7000 Mons, Belgium.

E-mail address: yves.gossuin@umons.ac.be (Y. Gossuin).
S. Delangre a, Q.L. Vuong a, C. Po b, B. Gallez b, Y. Gossuin a,⇑
aBiomedical Physics Unit, Université de Mons, Place du Parc 20, 7000 Mons, Belgium
bBiomedical Magnetic Resonance Research Group, Louvain Drug Research Institute, Université Catholique de Louvain, Brussels, Belgium

a r t i c l e i n f o a b s t r a c t
Article history:
Received 20 July 2015
Revised 2 February 2016
Available online 9 February 2016

Keywords:
Magnetic resonance imaging
Positive contrast imaging
Off-resonance imaging
Iron oxide nanoparticles
Superparamagnetic nanoparticles
Contrast agents
The SuperParaMagnetic particles (SPM particles) are used as contrast agents in MRI and produce negative
contrast with conventional T2 or T2

⁄-weighted sequences. Unfortunately, the SPM particle detection on
images acquired with such sequences is sometimes difficult because negative contrast can be created
by artifacts such as air bubbles or calcification. To overcome this problem, new sequences as Off-
Resonance Saturation (ORS) were developed to produce positive contrast with SPM particles. This work
explores a new way to optimize the contrast generated by the ORS sequence by increasing the number of
saturation pulses applied before the imaging sequence. This modified sequence is studied with numerical
simulations and experiments on agarose gel phantoms. A theoretical model able to predict the contrast
for different values of the sequence parameters is also developed. The results show that the contrast
increases with the saturation pulses number with an optimal value of three saturation pulses in order
to avoid artifacts and limit the Specific Absorption Rate (SAR) effect. The dependence of the contrast
on the SPM particle concentration and sequence parameters is comparable to what was observed for
the ORS sequence.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Magnetic Resonance Imaging (MRI) is a powerful medical imag-
ing technique providing images with an excellent resolution and a
good intrinsic contrast [1–4]. However, the use of contrast agents
(CA) is sometimes needed to highlight specific regions such as
tumors [5,6].

The iron oxide SuperParaMagnetic particles (SPM particles) are
one kind of CA used in MRI. These magnetic particles decrease T2

and T�
2 in their surroundings and have a negligible effect on T1 at

high magnetic field [7–9]. Therefore, they are usually used as neg-
ative MRI contrast agents with conventional T2 or T2

⁄-weighted
sequences [9–11].

The SPM particles advantages are their non-toxicity and their
functionalizable surface. Thanks to these features, they are widely
used in molecular and cellular imaging [12–16] but also for appli-
cations such as hyperthermia [17], tumors targeting [18,19] and
drug delivery therapy followed by MRI [20,21].
Unfortunately, the SPM particle detection in MR images is
sometimes difficult. Indeed negative contrast is not only produced
by the SPM particles but also by artifacts such as air bubbles or cal-
cifications in T2 or T2⁄-weighted MR images. To overcome this prob-
lem, new MR imaging sequences producing positive contrast with
SPM particles were developed in these last years [22–24].

The positive contrast methods can be divided in four category:
(1) Sequences using frequency selective pulses before/during the
imaging sequence. The ON-Resonance Saturation (ONRS) [25–27],
the Off-Resonance Saturation (ORS) [28–31] and the Off-
Resonance Imaging (ORI) [32–34] sequences belong to this cate-
gory. (2) Sequences using an off-resonance shift during the
sequence acquisition, as the GRASP [35–38] or the co-RASOR tech-
niques [39]. (3) Sequences using a specific post-processing image
reconstruction, as the phase gradient imaging [40,41] or the sus-
ceptibility weighted imaging [42,43]. (4) Sequences using ultra-
short echo times [44,45].

In this work, we propose to modify the ORS sequence in order to
improve the positive contrast generated by this sequence. The clas-
sical ORS sequence principle is to subtract twoMR images obtained
with the same imaging sequence: one with and one without the
application of an off-resonance saturation pulse before the imaging

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2016.02.002&domain=pdf
http://dx.doi.org/10.1016/j.jmr.2016.02.002
mailto:yves.gossuin@umons.ac.be
http://dx.doi.org/10.1016/j.jmr.2016.02.002
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


100 S. Delangre et al. / Journal of Magnetic Resonance 265 (2016) 99–107
sequence [31]. The ORS sequence was extensively studied in our
previous work [31], which provides a theoretical understanding
of the mechanism leading to the positive contrast. The present
work shows that the contrast can be significantly increased if sev-
eral saturation pulses are used before the imaging sequence. First
the theoretical model reported in [31] was extended to describe
the contrast generated by the modified ORS sequence using several
saturation pulses. Numerical simulations and experiments on agar-
ose gels containing SPM particles were performed to study the
modified ORS sequence. The theoretical predictions were then
compared to the simulation and experimental results. Moreover
the influence on the contrast of the SPM particle concentration,
the number of saturation pulses and the saturation pulse parame-
ters was investigated.
2. Theory

This work aims to improve the contrast generated by the ORS
sequence. To this purpose, several saturation pulses were applied
before the imaging sequence, while only one saturation pulse is
used in the classical ORS sequence. In this section, the ORS
sequence principle is first described. A theoretical description of
the modified ORS sequence is then provided.

2.1. ORS principle and theory

The ORS principle was described in [28,31]. At high magnetic
field, a SPM particle can be considered as a magnetic dipole aligned

with the main magnetic field of the MRI scanner ~B0 (aligned with
the z axis). Its dipolar moment is saturated if B0 > 0:5 T [7]. A
SPM particle creates a dipolar magnetic field whose longitudinal
component (the transverse components are negligible if B0 is high
enough) is given by

Bdip ¼ BeqR
3
P

r3
ð3 cos2 h� 1Þ: ð1Þ

In this equation, RP is the particle radius,~r is the vector connecting
the SPM particle center to the considered position, h is the angle

between~B0 and~r, and r ¼ j~rj. Beq is the SPM particle equatorial field
(expressed in Tesla), defined as the field magnitude at the particle
equator. Its value is proportional to the particle magnetization MS,
expressed as A m2/kg [Fe] (see Eq. (1) in [27]):

Beq ¼ 1245l0MS; ð2Þ
with l0 the magnetic permeability of the vacuum.

The magnetic field created by the SPM particle induces a Larmor
frequency shift of the water protons in the SPM particle surround-
ings. The ORS sequence takes advantage of the broadening of the
distribution of proton Larmor frequencies, caused by the SPM par-
ticles, to produce positive contrast near the particles. The final
image is obtained by subtracting two MR images: one acquired
without and one with the application of a frequency selective sat-
uration pulse before the image acquisition sequence. The satura-
tion pulse parameters, i.e. its bandwidth Dx and its frequency
offset x0, are chosen in order to spoil only the MR signal created
by the protons near the SPM particles. The subtraction of these
two images results in a positive contrast in the region containing
the SPM particles (see Fig. 2 in [31] for more details).

The contrast induced by an ORS sequence using a Fast Imaging
with Steady-state free Precession (FISP) image acquisition
sequence [1–3,46–48] was theoretically studied in [31]. This refer-
ence provides an analytical equation of the contrast:

C ¼ Uðx0;Dx;Beq;CcÞ sinaM0
z e

�TEðr�2CcþR�2Þ: ð3Þ
In this equation,

Uðx0;Dx;Beq;CcÞ ¼ 1
p

arctan
1:32 � 10�3

BeqCc
ðx0 þ Dx=2Þ

 !"

� arctan
1:32 � 10�3

BeqCc
ðx0 � Dx=2Þ

 !#

is the fraction of protons saturated (spoiled) by the saturation pulse,
Cc is the iron concentration (expressed in mM ½Fe�), a is the flip
angle of the FISP sequence excitation pulse, M0

z is the longitudinal
component of the SPM equilibrium magnetization, TE is the echo
time, r�2 is the proton transverse relaxivity induced by the SPM par-
ticles (defined as the increase of the relaxation rate R�

2 when the
iron concentration increases of 1 mM) and R�

2 is the intrinsic trans-
verse relaxation rate of the solvent containing the SPM particles. Eq.
(3) shows that the contrast is proportional to U.

2.2. ORS improvement

In this work, we improve the contrast generated by ORS by
applying several saturation pulses before the imaging sequence.
This procedure affects the contrast only through the fraction of sat-
urated protons U because all the saturation pulses are applied
before the imaging sequence (Fig. 1).

Fig. 2 shows that a higher number of saturation pulses NSat can
increase the fraction of saturated protons. As the contrast is pro-
portional to the fraction of saturated protons (Eq. (3)), the contrast
must thus increase with NSat . To theoretically describe this phe-
nomenon, let us suppose that the water proton diffusion is fast
enough to have a homogeneous solution of saturated and unsatu-
rated protons before the application of the next saturation pulse.
This condition is satisfied if the inequation

sD <
24DtSat

ð4p67 � 103=3CcÞ2=3
; ð4Þ

is verified (see Section 1 of the supplementary materials for more
details). In Eq. (4), DtSat is the time interval between each saturation
pulse (Fig. 1), sD ¼ R2

P=D is the water proton correlation time, with D
the protons diffusion coefficient and RP the SPM particles radius (if
the SPM particles are clustered, RP is the radius of the clusters). For
example, for SPM particles in water with RP ¼ 5 nm and Cc ¼ 1 mM,
DtSat > 6 ls. In other media characterized by smaller diffusion coef-
ficients than water, DtSat will increase. Table 1 provides some esti-
mations of DtSat for agar gel, cartilage, muscle and bone marrow.
We can thus consider than in most of the cases, the ‘‘mixing” con-
dition is fulfilled since in practice DtSat is of the order of 5 ms which
is far larger than the values reported in Table 1. This also means that
the value of DtSat won’t influence the fraction of saturated protons
and the contrast as far as the longitudinal relaxation is neglected
during the saturation pulse train. This last assumption is justified
by the large T1 of our samples (T1 P 0:5 s) compared to the satura-
tion pulse train duration, which is equal to DtSatNSat and always
smaller than 25 ms in this study while the total time needed for
the acquisition of an image is about 0.5 s.

If we consider a saturation pulse train of NSat saturation pulses,
the first excitation pulse saturates a fraction U of protons situated
in the area affected by the saturation pulses (Fig. 2). If condition (4)
is fulfilled, the second saturation pulse saturates a fraction U1 =
U(1 �U) of protons unsaturated by the first saturation pulse
(Fig. 2). Therefore, the total fraction of protons saturated after
the second saturation pulse, written as U2, is given by

U2 ¼ U1 þUð1�U1Þ
¼ 1� ð1�UÞ2 : ð5Þ



Fig. 1. Modified ORS sequence. A saturation pulses train is applied before the imaging sequence acquisition (FISP). All the saturation pulses have a bandwidth tuned to
saturate only the protons situated near the SPM particles, and are followed by a spoiler gradient.

Fig. 2. Animation of the effect of several saturation pulses on the fraction of saturated protons. The first saturation pulse saturates all the protons situated near the SPM
particles (light gray areas). Thanks to proton diffusion, the unsaturated and the saturated protons are mixed together before the application of the second saturation pulse.
Therefore, this second pulse saturates some protons that were not saturated by the first pulse. The total fraction of saturated protons is thus increased.

Table 1
Estimations of minimum DtSat values for an optimal mixing of the protons between
saturation pulses, for different media.

Media Diffusion coefficient (10�9 m2/s) Minimum DtSat (ls)

Water 3 6
Agar gel [49] 1.8–2.2 8.2–10
Cartilage [50] 0.68–1.45 12–26
Muscle [51] 1.8 10
Bone marrow [52] 0.15 120
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If we apply this argument for NSat pulses, we find

UNSat ¼ 1� ð1�UÞNSat : ð6Þ
Eq. (6) shows that the fraction of saturated protons increases with
NSat . At low iron concentrations (for Cc < 0.75 mM), U is small
enough (see the Section 2 of the supplementary materials) to
approximate (6):
UNSat � NSatU: ð7Þ

As U is linear with Cc at low SPM particle concentration (see Fig. 3a
of [31]), UNSat is also proportional to Cc and NSat at low concentra-
tions (for Cc < 0.75 mM).

For large values of NSat (NSat > 5), Eq. (6) shows that the increase
of UNSat with NSat becomes less important. Indeed for typical values
of U (�0.15), UNSat � 0:48 for NSat = 4. To reach UNSat � 0:7, one
should use 8 saturation pulses. Increasing the number of saturation
pulses would present several drawbacks, as an increase of the
Specific Absorption Rate (SAR) but also a partial recovery of the
saturated signal during the train of saturation pulses if this latter
is too long. Moreover, artifacts become more important when
NSat increases. Therefore, we estimate that the optimum value of
NSat is 3.

If condition (4) is not verified, protons can be considered as
static compared to the SPM particles size. Therefore, all the
NSat saturation pulses will saturate the same protons, which
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involves UNSat ¼ U. In this case, using several saturation pulses is
useless.

An analytical expression of the contrast produced by the
modified ORS sequence can be obtained. The only difference
between the modified ORS sequence and the ORS sequence is
the number of saturation pulses. As this only affects the fraction
of saturated protons (the saturation pulses are applied before
the imaging sequence), the contrast is simply obtained by
changing the fraction of saturated protons in Eq. (3), U, by
UNSat Eq. (6). The contrast generated by the modified ORS
sequence is thus given by

C ¼ UNSat ðx0;Dx;Beq;CcÞ sinaM0
z e

�TEðr�2CcþR�2Þ: ð8Þ

By comparing Eqs. (8) and (3), we see that the influence of the SPM
particle concentration, the particles relaxivity, the echo time, x0

and Dx on the contrast will be the same as observed for the classi-
cal ORS sequence studied in [31]. The only difference is the intro-
duction of a new parameter: NSat (DtSat does not influence the
contrast if condition (4) is fulfilled). As UNSat increases with NSat

and as the contrast is proportional to UNSat , the contrast must
increase with NSat . Moreover, Eq. (7) indicates that the contrast is
proportional to NSat at low SPM particle concentration.

Note that the noise is not introduced in (8). However, it must
be taken into account to compare the theoretical predictions to
the Contrast to Noise Ratio (CNR) measured on the experimental
MR images. In this work, the prediction calculated with Eq. (8) is
multiplied by a constant corrective factor (which is the same for
all the experiments) for the comparison with experiments, in
order to take the noise into account. In addition to the noise,
the corrective factor must also take into account the proton den-
sity, which is a constant multiplying the contrast value. The pro-
ton density is present in Eq. (8) through M0

z . The comparison
between theory and simulations is straightforward and no scaling
factor has to be used.
3. Materials and methods

3.1. Phantoms

The phantoms are constituted of a 40 mm diameter tube filled
with 1.5% agarose gel in which five 6 mm diameter tubes contain-
ing different concentrations of SPM particles dispersed in 1.5%
agarose gel were embedded. The SPM particles used in this work
were the 3 nm-VSOP and the 20 nm-VSOP from Ferropharm (Tel-
tow, Germany). These particles were characterized in Ref.
[27,31]. They are constituted of magnetite (Fe3O4) and their fea-
tures are presented in Table 2. The relaxation times of the different
samples can be calculated thanks to the relaxivities provided in
Table 2.

The relaxation times of the agarose gels (T1 ¼ 3 s and
T2 ¼ 80 ms) were measured as described in [27,31] at 11.7 T.
Table 2
SPM particles properties [27,31]. The relaxivity measurements were performed with
the MRI scanner at 11.7 T. The equatorial field was measured with magnetometry.
The relaxation rates of the different samples can be calculated with the following
equation 1=T1 ¼ r1Cc þ ð1=T1Þagarose and 1=T�

2 ¼ r�2Cc þ ð1=T�
2Þagarose .

Particles r1
(mM�1 s�1)

r2
⁄

(mM�1 s�1)
Mono-crystal radius
(nm)

Beq
(T)

3 nm-VSOP 2.1 90 3.74 0.13
20 nm-VSOP 2.1 200 4.21 0.13
3.2. MRI experiments

MR images were acquired on a 11.7 T scanner (Bruker, Biospec,
Ettlingen, Germany) with a quadrature volume coil (inner diameter
of 40 mm). The image acquisition sequence was a Fast Imaging
with Steady-state Precession (FISP) [1–3,46,47,53]. Two images
were acquired and subtracted pixel by pixel to obtain the ORS
image. The first image was acquired without saturation pulses.
The second one was acquired with the application of NSat satura-
tion pulses before the FISP sequence.

The modified ORS-FISP sequence parameters were TR = 4 ms,
TE = 1.5 ms, flip angle = 10�, DtSat ¼ 5 ms, matrix size = 128 � 128,
slice thickness = 2 mm, FOV = 40 mm, four segments and a number
of averages of 20. The saturation pulses were sinc pulses with 3
lobes and a flip angle of 90�. All the saturation pulses were fol-
lowed by a rectangular spoiler gradient. If they are not mentioned,
the saturation pulse parameters were x0 ¼ 250 Hz and
Dx ¼ 400 Hz. Our previous work showed that these saturation
pulse parameters were the best compromise for an optimal ORS
contrast [31]. The total duration of the saturation pulse was about
15 ms while the central peak of the sinc pulse had a width of max-
imum 2ms.

T2-weighted RARE (Rapid Acquisition with Relaxation Enhance-
ment) images were acquired with TR/TE = 1500/15 ms and a RARE
factor of 4.

The Contrast to Noise Ratio (CNR) was measured on the ORS
image which is obtained by the subtraction of the MR image real-
ized with the saturation pulses from the one obtained without sat-
uration. The CNR between two regions of the ORS image with and
without particles was calculated with [1,2]

CNR ¼ SORS;SPM � SORS;without SPM

r0
; ð9Þ

where r0 is the standard deviation of the void, SORS;SPM and
SORS;without SPM are the signals measured on the ORS image in a region
with and without SPM particles respectively. The Region Of Interest
(ROI) was placed manually on a homogeneous area. The results
shown in graphs were expressed as mean CNR 	 the standard devi-
ation calculated from 3 measurements of CNR on different ROIs. The
image processing was performed with ImageJ (National Institutes of
Health, Bethesda, USA) and the graphs were plotted using the Mat-
plotlib library of Python.

3.3. Simulations

Numerical simulations were performed to study the contrast
induced by the modified ORS-FISP sequence. They simulate the
NMR signal of protons in the presence of magnetic particles when
submitted to the modified ORS-sequence. These simulations
allowed to compute the contrast between a solution containing
SPM particles and a solution without SPM particles. The simulation
protocol used in this work was the same as used in [31] which
studied the classical ORS-FISP sequence, except that several satura-
tion pulses were applied before the imaging sequence application.

The simulations parameters were, if not explicitly mentioned,

– Temperature: 310 K (human body temperature).
– Water proton diffusion coefficient: D = 3 � 10�9 m2 s�1.
– SPM particles (magnetite) magnetization: 100 A m2/kg [Fe],
corresponding to Beq = 0.16 T.

– SPM particle radius: 10 nm.
– Relaxation times of the solution containing the SPM particles
(agarose gel): T1 = 3 s and T2 = 80 ms.

– Time between the saturation pulses: DtSat ¼ 5 ms.
– Saturation pulses parameters: x0 ¼ 250 Hz and Dx ¼ 400 Hz.
– Number of saturation pulses NSat: from 1 to 6.
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– Iron concentration Cc: from 0 to 1 mM.

The calculation of the longitudinal relaxivity at 11.7 T for these
particles characteristics provides a value of r1 ¼ 0:4 mM�1 s�1

which is rather small. This is due to the large radius of the particles
that moves the T1 dispersion to the small magnetic fields. In our
simulations, the longitudinal relaxivity is supposed to be null
which is thus a reasonable assumption. The calculation of the
transverse relaxivity gives r�2 ¼ 330mM�1 s�1.

The data presented in this work were obtained by averaging the
results of three simulations. The contrast presented on graphs cor-
responds to the mean 	 the standard deviation of three measure-
ments. As for the theory, the noise was not taken into account in
the simulations. The proton density was scaled to 1 in the simula-
tion. Therefore, the contrast obtained with simulations was com-
prised between 0 and 1.

All 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). Data analysis and graphs were performed
with Python with the Numpy, Scipy and Matplotlib libraries.

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

First it should be mentioned that the direct and simultaneous
comparison between theory, simulation results and experimental
results is almost impossible. The comparison between the simula-
tions and the experimental results is not straightforward since the
particle characteristics used in the simulations cannot perfectly
match the real particles characteristics. This is why we decided
to first compare theory with simulations and then compare theory
with experimental results.

The agreement between the simulation and the theoretical pre-
dictions was quantified by the calculation of the coefficient of
determination R2. To compute R2, graphs representing the simula-
tion data as a function of the theoretical predictions were first plot-
ted. The resulting curve should show a linear relationship with a
slope equal to 1. The coefficient of determination was calculated
as described in [54]

R2 ¼ 1�
Pn

i¼1ðyi � ŷiÞ2Pn
i¼1ðyi � �yÞ2

; ð10Þ

where yi are the experimental (or simulation) values of the contrast,
ŷi are the theoretical values of the contrast and �y ¼ 1

n

Pn
i¼1yi is the

mean of the experimental (or simulation) values. A coefficient equal
to 1 would indicate a perfect regression. For the evaluation of the
agreement between theory and experiment, first a fitting of exper-
imental data by the theory was performed, using a single adjustable
parameter which allows to take the noise and the proton density
into account, as previously done in [31]. Then, the values of the
experimental data were plotted versus the scaled theoretical pre-
dictions and the coefficient of determination was computed as
described above.
4. Results

4.1. Theoretical and simulation results

Numerical simulations were first computed to study the influ-
ence of the SPM particle concentration and the saturation pulse
number NSat on the contrast (Fig. 3).

Fig. 3a shows the influence of the SPM particles concentration
Cc on the contrast for different NSat values. The simulation results
and the theoretical predictions are compared on this graph. The
theoretical predictions were calculated with Eq. (8) using the sim-
ulation parameters (Section 3.3). Both simulation and theoretical
results showed a contrast increase with NSat for all concentrations.
This behavior is corroborated by Fig. 3b, which shows the influence
of NSat on the contrast for different SPM particle concentrations.
Indeed, this graph clearly shows an increase of the contrast with
NSat . A good agreement between simulations and theory can be
observed in Fig. 3a and b (R2 = 0.94 and 0.96).

The increase of the contrast with NSat is predicted by the theory
(Section 2.2). Indeed, Eq. (8) shows that the contrast dependence
on NSat is only contained in the fraction of saturated protons
UNSat . As the contrast is proportional to UNSat (Eq. (8)), and as UNSat

increases with NSat (Eq. (6)), the contrast logically increases with
the increase of the number of saturation pulses.

The graph 3a shows that the influence of the particle concentra-
tion on the contrast is the same as observed in Ref. [31]. Indeed, the
contrast first increases linearly with Cc, reaches a maximum and
then decreases. This can be understood using Eq. (8). At low con-
centration, the exponential term of Eq. (8) does not depend on Cc
(e�TEðr�2CcþR�2Þ � e�R�2TE), which implies that Cc influences the contrast
only through UNSat . As in this case UNSat � NSatU (Eq. (7)) and U is
proportional to Cc [31], the contrast is linearly dependent on Cc.
At high concentration, the exponential term of Eq. (8) dominates
the contrast behavior. This leads to a contrast decrease with Cc at
high SPM particles concentration.
4.2. Experimental results

MR images of phantoms containing 20 nm-VSOP in different
concentrations obtained with different numbers of saturation
pulse are show in Fig. 4a. The contrast clearly increased with NSat

and the particle concentration Cc, as predicted by simulations
and theory (Fig. 3).

The CNR extracted from phantoms and theoretical predictions
were plotted in Fig. 4b and c. The theoretical predictions were cal-
culated with Eq. (8) using the experimental parameters of the
20 nm-VSOP (Table 2) and of the MRI sequence. These predictions
were then scaled by the same corrective factor in order to take into
account the noise and the protons density.

The influence of the SPM particle concentration is shown in
Fig. 4b. A good agreement was observed between experiments
and theory (R2 = 0.9). The contrast dependence on Cc and NSat

was the same as predicted by the numerical simulations (Fig. 3a).
Indeed, the CNR increased with NSat for all Cc. For all NSat values,
the CNR increased linearly with Cc until a maximum was reached.
The decrease of the CNR observed for the simulations at high val-
ues of Cc in Fig. 3a, is not observed here because the SPM particle
concentration was not high enough.

Fig. 4c directly shows the influence of NSat on the contrast. An
increase of the contrast with NSat is observed for all SPM particle
concentrations, as predicted by theory. The experimental data
were in good agreement with the theoretical predictions
(R2 = 0.9) and the simulation results (Fig. 3b). The same contrast
behavior was observed with the 3 nm-VSOP SPM particles (Fig. S2).
4.3. Influence of x0 on the contrast

Fig. 5 shows the influence of NSat on the contrast for two values
of the saturation pulse frequency offset x0.

The numerical simulations results and the theoretical predic-
tions are presented in Fig. 5a (R2 = 0.97). The SPM particle concen-
tration was fixed at 0.3 mM [Fe]. This graph shows that the
contrast decreases with the increase of x0 for all NSat values.



a b

Fig. 3. Comparison of numerical simulations and theory. (a) Influence of the SPM particle concentration (expressed in mM [Fe]) on the contrast for different NSat values. (b)
Influence of NSat on the contrast for different SPM particle concentrations.

a

b c

Fig. 4. (a) MR images of a phantom containing 20 nm-VSOP in different SPM particle concentrations. These images were obtained with different number of saturation pulses.
(b and c) Comparison of the CNR extracted from the images and the theoretical predictions calculated with Eq. (8). (b) Influence of the SPM particle concentration on the
contrast for different NSat values. (c) Influence of NSat on the contrast for different particle concentrations.
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MR images of a phantom containing 20 nm-VSOP obtained with
ORS sequences using NSat ¼ 3 and differentx0 values are presented
in Fig. 5b. These images confirm the results obtained by numerical
simulation and theory. Indeed, they show that the contrast
decreases with the increase of x0, as predicted by theory and sim-
ulations (Fig. 5a).

The CNR extracted from phantom presented in Fig. 5b for
Cc = 0.3 mM [Fe] and the corresponding theoretical predictions
are plotted in Fig. 5c. This figure shows a contrast decrease with
the increase of x0 for all values of NSat . The experimental values
were in good agreement with theory (R2 = 0.88) and simulations
(Fig. 5a). The same contrast behavior was also observed with the
3 nm-VSOP SPM particles (see Fig. S3 of the supplementary
materials).

The contrast decrease with the increase of x0 was already
observed and explained in Ref. [31] for NSat ¼ 1. These explanations
can extended for all values ofNSat thanks to Eq. (8) which shows that
the contrast only depends on x0 through the fraction of saturated



a

b
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Fig. 5. Influence of NSat on the contrast for different values of x0: numerical simulations, experiments and their comparison with theory. (a) Numerical simulation results
obtained with Cc = 0.3 mM [Fe]. (b) MR images of a phantom containing 20 nm-VSOP obtained with a RARE and the ORS sequence using NSat ¼ 3 and two differentx0 values.
(c) Influence of NSat on the CNR extracted from the MR images. The SPM particle concentration was fixed at 0.3 mM [Fe].
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protonsUNSat . It was demonstrated in [31] thatU decreases with the
increase of x0. Therefore, Eq. (6) implies that UNSat decreases with
the increase of x0. As contrast is proportional to UNSat (Eq. (8)), the
contrast must decreases with the increase of x0.

As U also decreases with the decrease of Dx, a decrease of Dx
also implies a contrast decrease. This behavior is shown in Fig. S4
for the 3 nm-VSOP particles. Simulation results obtained for three
values of Dx and for 20 nm particles were also compared to our
theory in Fig. S5.
5. Discussion

First it should be mentioned that the contrast observed in the
ORS images cannot be attributed to Magnetization Transfer
between agarose protons and free water protons. Indeed such a
mechanism would have led to a brighter zone in the larger tube
containing only agarose gel, without SPM particles, which was
not observed in our ORS images. In the present work, the ORS
sequence was improved by adding several saturation pulses before
the imaging sequence, while only one saturation pulse is used in
the classical ORS sequence studied in [28,29,31,55]. The results
showed that this simple procedure significantly increased the con-
trast. A theoretical description of the modified ORS sequence was
provided. An analytical expression of the contrast able to predict
the contrast in function of the sequence parameters was obtained.
This expression was derived considering that the protons were effi-
ciently mixed between the saturation pulses. This is the case when
considering non aggregated particles. But when clusters are
present, as it is often the case in vivo, one must reevaluate the
minimum value of Dtsat with the aggregate radius instead of the
particle radius. For example, for a 500 nm cluster in water, Dtsat
must be larger than 3.8 ms. Therefore, for such large clusters,
longer interpulse delays would have to be used in order remain
in the validity domain of the theory. Clustering may also influence
the transverse relaxivity r2

⁄ of the particles, which will affect the
contrast through the exponential term of Eq. (8). This will have
to be taken into account for future in vivo applications.

When the mixing of protons between saturation pulses is effi-
cient, the theoretical model showed that the only difference
between the classical and the modified ORS sequence was the frac-
tion of saturated protons, which increases with the saturation
pulse number. As the contrast is proportional to the fraction of sat-
urated protons, this implies that the contrast increases with the
saturation pulses number. Logically, the influence of the other
parameters (Cc, Dx, x0) is at least qualitatively similar to what
was previously reported [31] for a ‘‘classical” ORS-sequence using
a single saturation pulse.

The modified ORS sequence was also studied with numerical
simulations and experiments carried out on agarose gel phantom
on a 11.7 T MRI scanner. All the results were compared with the
theoretical predictions. A good agreement between experiments,
simulations and theory was observed. The theory can thus be used
to predict the actual contrast.

The results first showed that the contrast increases with the sat-
uration pulse number NSat , as expected. Therefore, increasing NSat

seems to be a good way to increase the contrast. However, increas-
ing NSat can also produce artifacts due to the field inhomogeneities,
as seen on the phantoms of Fig. 4 (see the phantom edges).
Therefore, even if the increase of NSat increases the contrast, the
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choice of NSat must result from a compromise between the level of
contrast (reflecting the sensitivity) and the contrast specificity. Our
work shows that a value of 3 for NSat seems to be a good compro-
mise. Larger values ineluctably led to the formation of artifacts.
However, the optimum value of NSat will surely depends on the
MRI scanner since it is directly related to the magnetic field inho-
mogeneities. However, one may expect that in vivo the value of
NSat should be kept at 2, since artifacts are more likely to appear.
But even with NSat ¼ 2, the contrast will be significantly improved
(by almost a factor of 2) as shown by our results. Of course, this
will have to be confirmed by in vivo experiments.

The results also revealed that the influence on the contrast of
the SPM particle concentration Cc is the same as observed for the
classical ORS sequence (see Figs. 3 and 4 in [31]). Indeed, the con-
trast first linearly increases with Cc until a maximum is reached
and then decreases. Therefore, there is an optimal SPM particle
concentration to reach a maximum contrast.

The influence on the contrast of the saturation pulse parameters
x0 and Dx seems similar to what was previously observed for the
classical ORS sequence (see Figs. 4 and 5 in [31]). Indeed the results
obtained in the present work for two different values ofx0 and Dx
(see Figs. 5, S3 and S4) showed that the contrast decreases with the
increase of x0 and the decrease of Dx. As x0 and Dx only affect
the contrast through U, and as the contrast is proportional to
UNSat (Eq. (8)), the maximal contrast value is reached when U is
maximum. As discussed in [31], this is the case for high value of
Dx and when jx0j ! Dx=2. However, x0 must be high enough
to avoid erroneous positive contrast created by the instrumental
field inhomogeneities.

The influence of the SPM particle transverse relaxivity r�2 and of
the echo time TE on the contrast has not been studied in this work.
These parameters do not affect the total fraction of saturated pro-
tons (see Eq. (8)). Therefore, their influence on the contrast must be
similar as what was observed in [31], i.e. the contrast decreases
exponentially with r�2 and TE. These features indicate that SPM par-
ticles with low transverse relaxivity and a small echo time must be
preferred for the modified ORS sequence.

The proposed sequence presents the disadvantage of using
more pulses than the usual ORS sequence, which could cause an
increase of SAR. However, the saturation pulses are only used once
before the acquisition of the image. The small excitation angles
(10�) used in the FISP sequence also ensures a normal SAR even
if the repetition time is very small (TR = 4 ms). A comparison of
the power dissipated during the FISP and the RARE sequences used
in this work (taking into account the fact that SAR depends on the
square of the pulse angle) shows that SAR of both sequences is
approximately the same, as far as the number of saturation pulses
is smaller than 6.

Finally, it should bementioned that the saturation pulses used in
this work (sinc3 pulse) can be considered as ‘short’ pulses which
renders the comparison with the simulations and the theory rather
easy. Another choice could have been to use several longer pulses or
even a single continuous saturation pulse. In that case diffusion
occurs during the pulse, which will influence the contrast, but in a
non linear fashion as shown by Zurkiya and Hu [28] who reported
an influence of the diffusion coefficient on the ORS contrast when
using a continuous saturation pulse. In that case, the mixing of pro-
tons is occurring during the saturation pulse, and fast diffusion from
protons inside the saturation shell to the outside of this shell is
required. But on the other hand slow diffusion allows a larger resi-
dence time in the saturation shell and therefore a larger saturation
angle resulting in amore efficient saturation. To describe such a sat-
uration scheme, the simulation protocol and the theoretical model-
ing would have to be completely modified, which was beyond the
scope of this work.
6. Conclusions

This work has presented a simple way to improve the ORS
sequence in order to increase the contrast: using several saturation
pulses before the imaging sequence. The modified ORS sequence
was studied with numerical simulations and experiments on agar-
ose gels. An analytical expression able to predict the contrast in
function of the sequence and the SPM particles parameters was
provided. The theoretical predictions were in good agreement with
both simulation and experimental results.

It was clearly shown that the contrast increases with the num-
ber of saturation pulses. However, large NSat values results in arti-
facts affecting the contrast specificity. In this work the optimal
number of saturation pulses was NSat ¼ 3 even if in vivo this value
may have to be decreased to 2 since artifacts are more likely to
appear. Further investigations should be carried out to adapt the
modified ORS sequence for in vivo applications since many phe-
nomena (like particles clustering, altered diffusion properties,
compartmentalization of water. . .) may affect contrast in vivo.
These will have to be included in the theoretical modeling of the
contrast induced by the modified ORS-sequence.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jmr.2016.02.002.
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