




Università degli Studi di Pavia

Dottorato di Ricerca in Fisica – XXXIV Ciclo

N U C L E A R M A G N E T I C R E S O N A N C E

R E L A X AT I O N

CLINICAL MRI MAPPING HARMONIZATION AND NOVEL ASPECTS IN

LN-BASED CONTRAST AGENTS

davide cicolari

ADVISORS: REFEREES:

Dr. Manuel Mariani Prof. Mauro Botta
Prof. Alessandro Lascialfari Prof. Sophie Laurent

Submitted to the Graduate School of Physics

in partial fulfillment of the requirements for the degree of

DOTTORE DI RICERCA IN FISICA

DOCTOR OF PHILOSOPHY IN PHYSICS

at the

University of Pavia



cover:

Tri-morphic Resonance Painting

Lewis Pathack

United Kingdom

2015

title:

Nuclear Magnetic Resonance Relaxation :

Clinical MRI Mapping Harmonization and Novel Aspects in Ln-based Contrast

Agents

author:

Davide Cicolari

PhD Thesis – Università degli Studi di Pavia

Pavia, Italy, June 2021



’I will take the Ring,’ he said, ’though I do not know the way.’

— J.R.R. Tolkien, The Lord of the Rings

It is our choices, Harry, that show what we truly are, far more than our
abilities.

— J.K. Rowling, Harry Potter and the Chamber of Secrets





A B S T R A C T

This PhD thesis has two major purposes. The first goal is to propose a
robust method based on a well-characterized in-scan reference phantom
for the validation and harmonization of relaxation time maps acquired
through Magnetic Resonance Imaging (MRI) techniques. The second goal
is to investigate novel aspects of the relaxation enhancement mechanisms
of some lanthanide complexes, used as MRI contrast agents for high-field
applications by analyzing their Nuclear Magnetic Relaxation Dispersion
(NMRD) profiles. These goals are accomplished by means of 1H Nuclear
Magnetic Resonance (NMR) relaxometry and MRI techniques employing
different scanners and spectrometers at several magnetic field strengths.
These research projects were conducted thanks to cross-collaborations be-
tween national and international research groups and hospital structures.

As to the first goal, we present a proof-of-concept study focusing on a
method for the intra- and inter-center validation and harmonization of data
obtained from MRI T1 and T2 maps. The method is suggested for the si-
multaneous scan of the patient and a set of MnCl2 samples, arranged in
a cartridge-like belt configuration, that provide in-scan ground-truth refer-
ence values for the recalibration of the maps, regardless of the details of
the MRI protocol. The relaxation times of MnCl2 aqueous solutions were
first measured by means of an NMR laboratory relaxometer, as a function
of concentration and temperature. The obtained T1 and T2 values, once
renormalized at the scanner temperature, were used as reference values for
the MRI mapping measurements of the MnCl2 relaxation times. By using
different clinical MRI scanners and sequences, we found a good agreement
for standard and turbo sequences (limits of agreement: 5% for IR, SE, IR-
TSE; 10% for TSE), while an under-estimation and an over-estimation were
found respectively for MOLLI and T2-prep TrueFISP, as already reported
in the literature. The linearity of the relaxation rates with the concentra-
tion predicted by the Solomon-Bloembergen-Morgan theory was observed
for every dataset at all temperatures, except for T2-prep TrueFISP maps
results. A phantom study and a preliminary in vivo experiment on an un-
trained volunteer confirmed the feasibility of map recalibration for MOLLI
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sequence while questioning the reliability of T2-prep TrueFISP maps, for
which further investigations are needed.

In the second research project, longitudinal and transverse 1H NMR nu-
clear relaxivities of Ln(III)-DOTA complexes (with Ln = Gd, Dy, Tb, Er;
DOTA = 1,4,7,10 - tetraazacyclododecane - N,N’,N”,N”’ - tetraacetic acid)
and Mn(II) aqueous solutions were measured in a wide range of frequen-
cies, 10 kHz - 700 MHz. The experimental data were interpreted by means
of models derived from the Solomon-Bloembergen-Morgan theory. The
data analysis was performed assuming the orbital angular momentum
L = 0 for Gd-DOTA and the aqua ion [Mn(H2O)6]2+ and L 6= 0 for Dy-
DOTA, Tb-DOTA, and Er-DOTA. A refined estimation of the Zero-Field-
Splitting barrier ∆ and of the modulation correlation time τv was obtained
for [Mn(H2O)6]2+ by extending the fitting of NMRD profiles to the low-
field regime. The Gd-DOTA fitting parameters resulted in good agreement
with the literature, and the fit of transverse relaxivity data confirmed the
negligibility of the scalar interaction in the nuclear relaxation mechanism.
Larger transverse relaxivities of Dy-DOTA and Tb-DOTA (∼ 10 mM−1s−1)
with respect to Er-DOTA (∼ 1 mM−1s−1) were observed at 16 T, compatibly
with a shorter residence time of the coordinated water molecule τm, which
heavily influences the fluctuation rate of the dipolar electron-nuclear inter-
action that, in turn, depends on the electronic spin correlation rate and the
magnetic anisotropy. The possible employment of Dy-DOTA, Tb-DOTA,
and Er-DOTA as negative MRI contrast agents for high-field applications
was envisaged by collecting spin-echo images at 7 T. Particularly in Dy-
and Tb- derivatives the transverse relaxivity at 16 T is of the order of the
Gd- one at 1.5 T.
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1I N T R O D U C T I O N

T he phenomenological Bloch equations [1] describe the temporal evo-
lution of a spin system, drawn in a static and homogeneous mag-
netic field when perturbed by radiofrequency pulses. Such temporal

evolution is governed by the so-called relaxation times T1, or spin-lattice r.t.,
and T2, or spin-spin r.t., which characterize, respectively, the return to equi-
librium of the spin-system due to the interactions with the surrounding
environment and the whole ensemble of non-equilibrium processes due to
the spins interacting with each other.
This spin dynamics is at the heart of the Nuclear Magnetic Resonance
(NMR) techniques [2], in which a nucleus with non-null magnetic mo-
ment is exploited as a local probe for the characterization of materials and
biological tissues. Magnetic Resonance Imaging (MRI) [3] represents the
spatially-resolved evolution of NMR that allows the generation of images,
hence finding a useful practical application in clinics, since it permits avoid-
ing the use of ionizing radiations and their potentially harmful side-effects.
The strict relation between the MRI signal and the relaxation times is com-
monly used for the different weighting of the images, increasing or lower-
ing the signal of anatomical features by properly adjusting the acquisition
parameters [4]. Two other techniques have been developed to further ex-
ploit the MRI signal dependence from relaxation times: the relaxation time
mapping and the use of contrast agents.

As concerns the relaxation time mapping, which is a recent achievement
due to the modern advancement of MRI technology, it consists in acquiring
a series of images of the same body slice by setting the acquisition parame-
ters in order to reconstruct the relaxation curves of each represented tissue:
the relaxation time maps can be obtained through a pixel-wise fit of the se-
ries of images. The greatest advantage of the mapping techniques is that it
provides images with both qualitative and quantitative information. These
maps can be used for the diagnosis and monitoring of several pathologies
as reported by Cheng et al. [5]. The problem of long acquisition times of
standard sequences (such as Spin-Echo and Inversion Recovery) has been
overcome in recent years with the development of faster sequences suitable
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for clinical practice (i.e. the acquisitions are usually performed during a sin-
gle breath-hold) even for the challenging field of cardiac MRI [6, 7].
Since their introduction, it has become clear that such sequences are af-
fected by a severe variability (at the equal static external magnetic field,
usually 1.5 or 3 T): relaxation time values can change in a non-negligible
manner when comparing results from acquisitions performed with differ-
ent mapping sequences, MRI scanners and software [8–12]. Inter-platform
and inter-center variabilities oblige the collection of reference ’normal’ data,
i.e. the reference values of a cohort of healthy volunteers, for each sequence
and scanner used in clinical protocols (it is noted that also upgrades of the
scanner’s software could require a recollection of normal data). Several
international projects in current years have investigated this harmoniza-
tion issue for relaxation time mapping data: they usually rely on tissue-
mimicking calibration phantoms, although without taking into considera-
tion the possibility of using them as an in-scan reference [13, 14].

More basic and qualitative use of the relation between the MRI signal
and the relaxation times can be found in the clinical application of contrast
agents (CAs) [15]. Contrast agents design allows them to accumulate in
pathological anatomical tissues and structures (e.g. cancer): their scope is
to enhance the gray-level contrast of the MRI image, facilitating the disease
detection by clinicians, hence leading to improvements in medical diag-
nosis. The contrast enhancement is obtained by reducing locally mainly
the T1 (positive CAs, since they produce brighter regions in T1-weighted im-
ages) or T2 (negative CAs, producing darker regions in T2-weighted images).
This aim can be achieved by using paramagnetic substances: the theory
of solvent nuclear relaxation enhancement due to the presence of param-
agnetic substances was developed starting from the pioneering work of
Bloembergen et al. [16] with the contributions of Solomon [17, 18] and Mor-
gan [19]. The SBM theory allows characterizing the microscopical dynamic
properties of a paramagnetic complex in solution through the analysis of
its Nuclear Magnetic Relaxation Dispersion (NMRD) profile in which the
relaxivity, i.e. the relaxation enhancement efficiency, is plotted as a function
of the Larmor resonance frequency of the solvent nuclei (usually 1H).
Extensive studies of these materials have been conducted in the past 40

years finding widespread use in clinics [20]: nowadays, complexes based
on Gd(III) are the most widely used, thanks to the seven unpaired elec-
trons and the long electronic relaxation times (due to the symmetric S-
state) of Gd(III). However, driven by the technological developments of
MRI scanner targeted to the employment of increasingly higher magnetic
fields (> 7 T), other Ln(III) ions have been suggested for the design of
CAs by taking advantage of the chemical shift that these compounds in-
duce on the NMR spectra (in fact, non-Gd Ln-based compounds are used
as shift agents for NMR spectroscopic applications) [21, 22]. It is worth

2
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mentioning that the interest in Ln(III) complexes lies in their applicability
as multi-functional Single-Molecule Magnets (SMMs) for the development
of quantum information processing and spintronics devices combined to
their photo-luminescence properties [23–25].

This thesis aims to study the application of the relaxation times measure-
ment for the investigation of the two main topics introduced above: (i) the
development of an NMR characterized phantom-based method for MRI
relaxation times mapping data validation and harmonization; (ii) novel as-
pects in NMR relaxation of Ln(III)-based complexes as high-field contrast
agents through the analysis of their NMRD profiles.

An overview of the thesis content and structure is given in the next para-
graph.

thesis overview

In Chapter 2, the first Section presents the physical principles at the basis
of NMR techniques, introducing both the quantum and semi-classical ap-
proaches, and recalling the phenomenological Bloch equations that govern
the temporal evolution of the magnetization vector. The concepts of lon-
gitudinal spin-lattice T1 and transverse spin-spin T2 relaxation times are
given. A dedicated part is reserved for the principal spectroscopic pulse
sequences used for the measurement of relaxation times. In the second
Section, the principles of image generation through MRI techniques are il-
lustrated flanked by an excursus of the employed mapping sequences. The
third Section describes the mechanisms at the basis of MRI contrast agents,
presenting the Solomon-Bloembergen-Morgan theory for paramagnetic di-
lute solutions and introducing also the concepts of relaxivity (i.e. the re-
laxation enhancement efficiency), correlation times (which characterize the
statistical correlation between random variables over time) and NMRD pro-
files (i.e. the plot of relaxivity vs Larmor frequency); a short presentation of
the Fast-Field-Cycling (FFC) techniques is also provided.

Chapter 3 focuses on the project carried out in collaboration with the
Niguarda Hospital in Milan (Italy) aiming to develop a phantom-based
method for MRI mapping data validation and harmonization. In the first
part of the Chapter the phantom preparation and characterization through
NMR techniques are described: the relaxation times of the vials composing
the phantom, each filled with aqueous solutions of MnCl2, were measured
as a function of both temperature (in a small range around the room tem-
perature) and MnCl2 concentration. The second part concerns the results
obtained from the three main experiments performed on clinical mapping
sequences. In Exp. 1, the phantom alone was used for testing the perfor-

3
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mances of different mapping sequences (standard, turbo, and fast-cardiac)
employing two different 1.5 T MRI scanners; in Exp. 2 the ’belt phantom’
(since it can be wrapped around anatomical regions in a cartridge-like belt
configuration) was used as an in-scan reference for a phantom study in or-
der to evaluate the influence of the heart-rate and the applicability of map
recalibration; Exp. 3 consisted in a preliminary in vivo application of the
method on an untrained volunteer.

Chapter 4 deals with the study performed in collaboration with the De-
partment of Chemistry of the University of Florence and the Department
of Physics of the University of Milan regarding the characterization of Ln-
based high-field MRI contrast agents through the analysis of both longitudi-
nal and transverse NMRD profiles. The investigated lanthanide complexes
are presented: Ln(III)-DOTA, with Ln = Gd, Dy, Tb, and Er and DOTA
= 1,4,7,10 - tetraazacyclododecane - N,N’,N”,N”’ - tetraacetic acid. Mn(II)
aqua ions were considered as well for comparison. A detailed description
of the models derived from the SBM theory for the analysis of the NMRD
profiles is provided. The experimental details of the samples preparation,
NMRD profiles measurement, and MRI images acquisitions are also given:
the profiles were collected by means of both standard NMR and FFC re-
laxometry techniques spanning a wide range of frequencies (from 10 kHz
to 700 MHz); two MRI scanners with different magnetic fields were used
for the images acquisitions (0.18 T and 7 T). The higher transverse relax-
ivities at high-fields of Dy-DOTA and Tb-DOTA with respect to Er-DOTA
ones are put in relation with the different magnetic anisotropies of the com-
plexes (easy-axis for Dy-DOTA and Tb-DOTA, easy-plane for Er-DOTA).

In Appendix A, a summary of the researches conducted by the candidate
during a 4 months mobility project at the AMT (Center for Adaptable MRI
Technology) in Basel (Switzerland) concerning the development of low-
field mapping sequences can be found. Two different topics are presented:
(i) the development of T1 and T2 magnetization prepared Steady-State Free
Precession (SSFP) sequences for the fast relaxation times mapping and (ii)
the schedule optimization strategy for Magnetic Resonance Fingerprinting
(MRF) acquisitions.

4
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T he theoretical bases of Nuclear Magnetic Resonance (NMR), of Mag-
netic Resonance Imaging (MRI), and of Contrast Agents (CAs) will
be presented. The principal techniques for signal/image acquisition

and measurement will be also introduced. The main literature references
for this Chapter are: [4] (Section 1: NMR; Section 2: MRI); [26] and [15]
(Section 3: CAs).

2.1 nuclear magnetic resonance

Discovered by Rabi in 1937 in an experiment published in 1938 [2] (Nobel
Prize in Physics in 1944), and successively developed by Purcell and Bloch
in the late ’40s - early ’50s [1, 27] (shared Nobel Prize in Physics in 1952),
the Nuclear Magnetic Resonance (NMR) is a technique that exploits the
nucleus as a local probe in order to study and characterize all the interac-
tions and energy-exchange mechanisms between the nucleus itself and its
surrounding environment, which can be of different nature, e.g. magnetic
fields, electrons, other nuclei, molecules, etc.

2.1.1 Principles

An NMR experiment consists in placing a sample in a static and homoge-
neous magnetic induction B0 = µ0H0 (measured in Tesla, [T]), where µ0
represents the vacuum permeability and H0 the magnetic field (measured
in Ampere/meter, [A/m]), causing the Zeeman energy levels splitting in
nuclear species, typically 1H for its natural abundance (99.98%).

The angular momentum of a charged particle is related to its magnetic
moment with a empiric law as follows

µ = γJ (1)
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where J is the total angular momentum (J = L + S, being L and S the or-
bital and the spin angular momentum respectively) and the proportionality
constant γ is called gyromagnetic ratio and depends on the nuclear species
(γ = 2.675 × 108 rad s−1 T−1 for 1H nuclei).

The Zeeman hamiltonian of particles with non-null angular momentum
interacting with an external static magnetic induction B0 = B0ẑ is given by

H = −µ · B0 = −γJzB0 = −γh̄mJ B0 (2)

where the relation Jz = mJ h̄ has been used (mJ are the 2J + 1 quantum
number; mJ = −J,−J + 1, ...J − 1, J).

Figure 1: The splitting of the energy levels due to the Zeeman effect for a system
of protons, which have positive gyromagnetic ratio, interacting with an
external static magnetic induction B0.

Considering protons (1H nuclei), i.e. particles with L = 0 and S = 1/2
(hence J = S; noticed that the nuclear spin is usually indicated with I),
the degeneration of the energy levels is resolved with two possible energy
states (mS = ±1/2) as illustrated in Fig. 1, the lower one populated by
protons with spin parallel to the field (mS = +1/2), while the higher one
by anti-parallel spin protons (mS = −1/2). The energy gap between the
two states, associated to the absorption or emission of quanta (photons) by
the proton spin system, is found to be ∆E = h̄ω0, with ω0 defined as the
Larmor angular frequency

ω0 = γB0 (3)

The Boltzmann statistics determines the difference of the occupational num-
ber of the levels, N ∝ exp(∆E/kBT), with kB being the Boltzmann constant:
the small occupation discrepancy (∼ 7 ppm at 1 T and room temperature)
results in a net macroscopic magnetization vector M, with thermal equi-
librium value M0 ∝ γ2ρB0/T, where ρ is the proton density and T is the
temperature.

6



2.1. nuclear magnetic resonance

From a classical point of view, the magnetization vector is defined as
a volumetric average of the magnetic moments µ of the nuclei, drawn in
the magnetic induction B0, that precess clockwise at the Larmor angular
frequency ω0 around the direction of B0 itself:

M = ∑
i

µi

V
(4)

The precession motion of M, see Fig. 2, is then described by the following
equation

dM

dt
= γM ∧ B0 (5)

Figure 2: The precession motion of the magnetization vector M around the static
magnetic induction B0 with Larmor angular frequency ω0 described by
Eq. 5.

2.1.2 Rotating Frame and RF Pulses

Considering a rotating reference frame, denoted with primed quantities,
about an arbitrary axis with angular velocity vector ω, the left term in
Eq. 5 can be expressed in the convective form

dM

dt
=

(

dM

dt

)′
+ ω ∧ M (6)

leading to the motion equation of M in the rotating frame

(

dM

dt

)′
= γM ∧ Be f f (7)

7



2. nmr, mri and contrast agents

that has the same structure as Eq. 5, where the effective magnetic induction

in the rotating frame is given by

Be f f = B0 +
ω

γ
(8)

As a consequence, a rotating reference frame with an angular velocity vec-
tor ω can be always chosen in order to null the temporal variation of the
magnetization vector (i.e. M constant in the rotating frame).

The interaction with the spin system is performed by means of a mag-
netic induction B1 applied on resonance and for a short time, hence called
radiofrequency pulse (or rf pulse). The purpose of this excitation is to change
the magnetization vector precession angle, so B1 must be orthogonal to
B0, thus resulting in an effective magnetic induction Be f f = B1 in the co-
rotating reference frame (ω = ω0). The effect of B1 is depicted in Fig. 3: it
causes the magnetization vector to precess around it, following Eq. 7.
The angle variation ∆ϑ induced by a constant B1 with a total duration τ is
then given by

∆ϑ = γ |B1| τ (9)

Figure 3: Precession of the magnetization vector M around the rf pulse B1 in the
co-rotating reference frame (ω = ω0).

2.1.3 Bloch Equations and Relaxation Times

After the application of an adiabatic rf pulse that tips the magnetization
vector, the system returns to the thermal equilibrium condition with a tem-
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2.1. nuclear magnetic resonance

poral dependence described by the empirical (or phenomenological) vector
equation called Bloch equation

dM

dt
= γM ∧ B0 +

1
T1

(M0 − Mz)ẑ −
1
T2

M⊥ (10)

that is composed by the precession term, as in Eq. 5, and two relaxation
terms: assuming B0 directed along the ẑ-axis, the second term on the right
part of the equation regards the parallel, or ’longitudinal’, component of
the magnetization vector M‖ = Mzẑ while the third term concerns the
transverse components M⊥ = Mx x̂ + Myŷ.

The temporal dependence of the evolutions of the longitudinal and trans-
verse components of the magnetization vector is governed by two different
characteristic time constants, whose values depends on the interactions of
the nucleus with its surrounding environment:

• T1, spin-lattice relaxation time: also known as longitudinal relaxation

time, it characterizes the regrowth of the longitudinal component of
the magnetization vector towards the thermal equilibrium value M0,
and it depends on the transition probability between the energy states
splitted by the Zeeman effect;

• T2, spin-spin relaxation time: also known as transverse relaxation time,
it characterizes all the non-equilibrium processes due to the local ran-
domly fluctuating field variations generated by neighboring nuclei,
which cause the magnetic moments to resonate in a distribution of
frequencies centered in ω0 (collective dephasing effect).

It is also useful to introduce the longitudinal and transverse relaxation rates,
defined by:

R1 ≡ 1/T1 and R2 ≡ 1/T2 (11)

The inhomogeneities of the static magnetic induction B0 contribute to an
additional dephasing of the magnetization characterized by another decay
time T′

2 (or rate R′
2 = 1/T′

2), resulting in a overall transverse relaxation time
T∗

2 (or rate R∗
2 = 1/T∗

2 ), related to the others by

1
T∗

2
=

1
T2

+
1
T′

2
(or R∗

2 = R2 + R′
2) (12)

and that should be used in Eq. 10 instead of T2.

A simple case

Let us now consider the simple case of an NMR experiment in which the
system is drawn in a static and homogeneous magnetic induction B0 = B0ẑ

9



2. nmr, mri and contrast agents

and an on-resonance rf pulse rotates adiabatically the magnetization vector
of 90◦ from the initial equilibrium position M = M0ẑ. The solutions of the
Bloch equation in the laboratory and co-rotating frame can be calculated
analytically:

• LABORATORY FRAME

M⊥(t) = M0 e−t/T2 e−iω0t

Mz(t) = M0

(

1 − e−t/T1
) (13)

• CO-ROTATING FRAME

M⊥(t) = M0 e−t/T2

Mz(t) = M0

(

1 − e−t/T1
) (14)

Figure 4: Trajectory of the magnetization vector towards the equilibrium as de-
scribed by Eq. 10 in the laboratory frame (left, Eq. 13) and the temporal
evolution of its components in the co-rotating frame (right, Eq. 14) after
the application of an on-resonance 90◦ rf pulse.

2.1.4 NMR Signal and Pulse Sequences

The NMR signal is collected during the spiraling-upward relaxation motion
of the magnetization vector by means of coils: the precessing magnetization
induces an electromotive force (emf ) as a consequence of the variation of
the magnetic flux, as described by the Faraday’s law of induction

em f = −dΦ

dt
(15)

10



2.1. nuclear magnetic resonance

where Φ represents the magnetic flux of a magnetic induction B through a
coil with infinitesimal surface element dS

Φ =
∫

coil area
B · dS (16)

and can be demonstrated that the signal S(t) of an NMR experiment (usu-
ally few µV) assumes the form

S(t) = −dΦ

dt
= − d

dt

∫

sample
d3r Breceive(r) · M(r, t) (17)

where B
receive is the magnetic induction per unit of induced current, gen-

erated by the motion of M.
The NMR spectrum is related to the received signal S(t) in the time domain
through the Fourier transform

f (ω − ω0) =
∫

dt S(t) ei 2π (ω−ω0) t (18)

and is composed of a set of absorption lines of the investigated nuclei in
the frequency domain.

Free Induction Decay

The simple case described above in the previous Section corresponds to the
simplest NMR experiment, in which the signal is collected after a single
initial π/2 rf pulse (see Fig. 5): this experiment is called Free Induction

Decay (FID), and produces an oscillating signal in the laboratory frame, the
envelope of which is characterized by the T∗

2 decay.

Spin-Echo and CPMG

To reverse the effect of the signal loss due to the external magnetic induc-
tion inhomogeneities (T′

2), which cause the spins to dephase relatively to
each other as they experience different field strengths, a second ’refocusing’
π-pulse can be applied with respect to FID experiment (see Fig. 6): this se-
quence is called Spin-Echo (SE) since it causes an ’echo’ of the signal by
nulling the relative accumulated phases of the spins (after the π-pulse, the
spins which had previously accumulated extra positive phase now accu-
mulate the negative of that phase, and vice versa). Noticed that the intrinsic
losses characterized by the T2 relaxation times are not recoverable because
they are related to local, random, and time-dependent field variations.

In non-solid samples, as liquids, gels and gases, the Brownian motion
may cause the diffusion of molecules resulting in a signal loss ∝ exp(−αt3)
that can rival and even dominate the intrinsic irreversible T2 decay, where
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2. nmr, mri and contrast agents

Figure 5: Sequence diagram (top) and related acquired signal (bottom) of a FID
experiment. The envelope of the signal in the laboratory frame decays
exponentially with rate constant R∗

2 = 1/T∗
2 . Source [4].

Figure 6: Sequence diagram (top) and related acquired signal (bottom) of a SE
experiment. If we apply the π-pulse after a time τ with respect to the
π/2-pulse, the echo will be formed at t = 2τ = TE, called echo-time. The
envelope of the echoes decays exponentially with rate constant R2 =
1/T2. Source [4].

α depends on the diffusion constant, on the external field gradient and on
the gyromagnetic ratio. To suppress the diffusion effects, the Carr-Purcell-
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2.1. nuclear magnetic resonance

Meiboom-Gill (CPMG) pulse sequence can be employed (see Fig. 7): a train
of π-pulses is applied to prevent the build-up of phase accumulation for a
given spin random walk.

Figure 7: Sequence diagram (top) and related acquired signal (bottom) of a CPMG
experiment. The π-pulse are applied at t = (2n+ 1)τ (with n = 0, 1, 2,...),
while the echoes are formed at t = 2mτ (with m = 1, 2, 3,...). The enve-
lope of the echoes decays exponentially with rate constant R2 = 1/T2.
Source [4].

Saturation and Inversion Recovery

The measurement of T1 can be performed using either the Saturation Recov-

ery (SR, Fig. 8) or the Inversion Recovery (IR, Fig. 9).
The main difference between the two pulse sequences is that SR applies as
a first excitation a π/2-pulse, hence nulling the longitudinal component of
the magnetization vector, while IR uses a π-pulse as a first excitation in or-
der to invert the longitudinal component of the magnetization vector. After
the first excitation pulse, the signal can be detected by means of a FID or a
SE readout (this latter is the case of Fig. 8 and Fig. 9).
The regrowth of the longitudinal component of the magnetization vector is
sampled at different times after the initial excitation pulse (τsat, or saturation

time, for SR; TI , or inversion time, for IR).
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Figure 8: Sequence diagram (top) and signals collected at different τsat (bottom)
of a SR experiment using a SE readout (a FID readout can also be
used). The envelope of the echoes (red curve) follows the expression
Mz(t)/M0 = 1 − exp(−t/T1). TR indicates the repetition time of the se-
quence. Source [4].

Figure 9: Sequence diagram (top) and signals collected at different TI (bottom) of
a IR experiment using a SE readout (a FID readout can also be used). The
envelope of the echoes (red curve) follows the expression Mz(t)/M0 =
1− 2 exp(−t/T1). TR indicates the repetition time of the sequence. Source
[4].

14



2.2. magnetic resonance imaging

2.2 magnetic resonance imaging

The Magnetic Resonance Imaging (MRI) is a non-invasive technique for the
visualization of human body tissues and organs as a support for medical
diagnosis.
Starting from the work of Lauterbur and Mansfield in 1973 [3, 28] (awarded
by the Nobel Prize in Medicine in 2003) and thanks to the recent improve-
ment in MRI scanner technology and parallel imaging reconstruction tech-
niques, nowadays MRI has become a mature imaging modality that is
considered the gold standard for many clinical applications, despite its
high costs and low sensitivity which usually lead to poorer resolutions and
longer scan times with respect to other imaging techniques such as CT
(Computed Tomography).

note Following the usual nomenclature in the MRI field, in this Section
the magnetic induction B will be referred to as magnetic field.

2.2.1 Image Construction

An MRI image is acquired by performing a spatial encoding of the NMR
signal: this can be achieved modifying locally the intensity of the static
magnetic field B0 by employing magnetic field gradients Gα, generated
by means of dedicated coils, along the three principal spatial directions
α = x, y, z, hence obtaining a local intensity of the magnetic field given by
Bα = B0 + αGα, so

Gα ≡ ∂Bα

∂α
with α = x, y, z (19)

Frequency Encoding

The frequency encoding is a spatial encoding method that exploits the strict
correlation generated by the frequency-encoding gradient, applied in a spe-
cific direction, between a distinct spatial location and its Larmor frequency.
As can be seen in Fig. 10, the Fourier Transform (FT) of the acquired time-
domain NMR signal unravels the intensity of the frequencies present in
the signal, which are linearly related to the positions along the gradient
direction.

Let us assume that a linear gradient is applied along the x direction, in
general Gx(t), then the Larmor resonance frequency will depend on the x

position according to

ω(x, t) = ω0 + ωG(x, t) = γ(B0 + x Gx(t)) (20)
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Figure 10: NMR signals without (top) and with (bottom) a frequency-encoding
gradient G along the x direction. With the static magnetic field B0
alone, FT of the time-domain NMR signal is composed by only one
resonance frequency (ω = γB0), while the spectrum of the NMR signal
acquired with the frequency-encoding gradient is composed by a range
of resonance frequencies (ω = γ(B0 + G · x)). Source [29].

Neglecting the relaxation terms, considering (20) and assuming M0(r) =
M0(x) ∝ ρ0(x), it can be demonstrated that the signal (Eq. 17) assumes the
form

s(t) =
∫

dx ρ(x) ei φG(x,t) (21)

where

φG(x, t) = −
∫ t

0
dt′ ωG(x, t′) = − γ x

∫ t

0
dt′ Gx(t

′) (22)

is the accumulated phase, up to time t, due to the applied gradient (at time
t = 0).
Equation (21) can be rewritten as

s(kx) =
∫

dx ρ(x) e−i 2π kx x (23)

where the time dependence resides implicitly in the spatial frequency kx =
kx(t) with

kx(t) =
γ

2π

∫ t

0
dt′ Gx(t

′) (24)

Equation (23) shows that, when linear gradients are used, the signal s(kx)
is the Fourier transform of the spin density of the sample which can be
found, therefore, taking the inverse Fourier transform of the signal:

ρ(x) =
∫

dkx s(kx) e+i2πkxx (25)
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2.2. magnetic resonance imaging

Since the signal s(kx) and the image ρ(x) are a ‘Fourier transform pair’, is
important to collect the signal over a sufficiently large set of k values: a
good coverage of k-space is required.
In the case where the applied gradient is constant over the whole time
interval, (24) reduces to

kx =
γ

2π
Gx t (26)

which states that, to collect a uniform distribution of points in k-space, it
is only necessary to sample the signal at a constant rate in the presence
of a constant gradient, sampling both positive and negative values of k by
changing the sign of the gradient.

Phase Encoding

In analogy with frequency encoding, phase encoding, also known as Fourier

encoding, generates a linear spatial variation of the magnetization phase in
the orthogonal direction with respect to the frequency encoding one. The
phase encoding is usually performed while the magnetization is flipped in
the transverse plane (see Fig. 11).

Figure 11: Effect of a phase-encoding gradient on an object divided in 16 pixels:
the phase of the magnetization is varied at each location along the
phase-encoded direction. Source [29].

The signal detected after the application of the phase-encoding gradient
can be expressed as

s(ky) =
∫

dyM⊥(y) e−i φG(y,t) →
N−1

∑
n=0

M⊥(n∆y) e−i 2π (n∆y) ky (27)

where the right part of Eq. 27 is the discrete approximation of the signal
with y = n∆y, and ∆y and N are the size and the number of pixels, re-
spectively. Using N phase encoding steps with N different values of Gy a
complete reconstruction of M⊥(n∆y) can be performed.
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K-space Coverage

From the combination of frequency and phase encoding, the fully sampling
of the k-space can be done: the final image is eventually obtained applying
the Fourier transform to the acquired k-space. In Fig. 12 an example of a
k-space coverage is shown.

Figure 12: K-space coverage: the frequency encoding (FE) and the phase encoding
(PE) are applied respectively along the x and y direction. The signal
can be considered to be initialized at kx = ky = 0. The combined
effect of the phase encoding lobe (at a given step) and the dephasing
lobe of the frequency encoding moves the signal to a chosen k-space
value along a diagonal trajectory. The read gradient is then reversed in
order to sample all the k-space line along kx, leaving ky unaltered. The
process is repeated for every phase-encoding steps.
kmax/min

α = ±(γ/2π) Gατ with α = x, y; ∆kx = (γ/2π) Gx 2τ/Nx with
Nx being the number of acquisition time steps; ∆ky = (γ/2π)∆GPE τ.
Source [4].

Slice Selection

The selection of a thin slice of the body to be imaged through the frequency
and phase encoding methods described above, is performed combining a
slice-selection gradient and a ’spatially selective’ rf pulse. The slice can be
selected in one of the principal standard planes (see Fig. 13) or in any
arbitrary oblique direction, employing a linear combination of the three
physical gradients Gα (with α = x, y, z).

To excite a slice of finite thickness with identical phase and flip angle
across the slice itself a range of frequency ∆ f , or spectral bandwitdh, must
be uniformly excited (see Fig. 14): therefore the analytic form of the rf ex-
citation profile in the frequency-domain must be a boxcar function, which
implies that the shape of the rf pulse in the time-domain is a sinc function.

Since the slice-selection gradient induces dephasing of the transverse
magnetization across the slice, a rephasing, or refocusing, gradient is added

18



2.2. magnetic resonance imaging

after the end of the rf excitation pulse in order to correct the phase accu-
mulation (see Fig. 15).

Figure 13: Standard slice planes of a whole-body MRI acquisition: transverse, or
axial (blue); sagittal (red); coronal (green).

Figure 14: Plot of the resonance Larmor frequency as a function of the position
along the direction of the slice-selection gradient. For a given band-
width ∆ f , the higher gradient strengths imply thinner slices (Gz,1 >

Gz,2 ⇒ ∆z1 < ∆z2). Source [29].

Figure 15: A slice-selection gradient GSS (with the related rf excitation pulse) and
the reversed lobe of the rephasing gradient −GSS. It can be demon-
strated that the area under the rephasing gradient (A) must be half of
the area under the slice-selection gradient (2A). Source [4].
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2.2.2 Noise and Contrast

An image acquisition can be affected by either random or systematic noise:
the SNR (Signal-to-Noise Ratio) permits to quantify the voxel signal relative
to the noise.
The SNR is defined as the ratio between the signal S and the noise standard
deviation σnoise

SNR ≡ S

σnoise
(28)

If the SNR is not high enough, it becomes impossible to differentiate tissues
from one another or the background.
Noise derives from random fluctuations in the receive coil electronics and
in the sample, from the digitization process noise and from pseudo-random
ghosting due to the moving spins.
The variance of the fluctuating noise is

var(em fnoise) = σ2
noise ∝ kBT R ∆ f (29)

where R is the effective resistance representing the sum of the body, coil
and electronic components, T is the absolute temperature and ∆ f is the
bandwidth of the detecting system.

An improvement of the SNR can be obtained repeating an imaging ex-
periment N times and averaging the signal over these N measurements:
the signal accumulated then becomes proportional to N, but noise, that is
random and statistically independent from one repetition to another, grows
proportionally to

√
N. Thus, the signal-to-noise ratio increases as

SNR ∝
N√
N

=
√

N (30)

The ability to distinguish between diseased and neighboring normal tis-
sues depends not only on the SNR but also on the CNR (Contrast-to-Noise
Ratio).

If tissues under investigation are labeled A and B, the difference of their
signal is defined as the contrast:

CAB ≡ SA − SB (31)

The CNR is defined as the ratio of the contrast to the noise standard devia-
tion

CNR ≡ CAB

σnoise
=

SA − SB

σnoise
= SNRA − SNRB (32)

The CNR is a more appropriate measure of the ability to distinguish a
change in the signal of adjacent but different object, since it keeps in count
the amplitude of the noise that may obstacle the differentiation.
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Weighted Images

A signal collected using a classical Spin-Echo sequence can be expressed in
terms of both the intrinsic parameters of the tissue visualized in a certain
pixel (ρ(1H) = proton density, T1 = spin-lattice relaxation time, T2 = spin-
spin relaxation time) and of the acquisition parameters of the sequence that
can be set by the user (TE = echo-time, TR = repetition time):

S(t) ∝ ρ(1H) e−TE/T2 (1 − e−TR/T1) (33)

To enhance the contrast or to highlight some properties related to specific
MR parameters (spin density or relaxation times) in images obtained by
MR devices, it is necessary to choose carefully the values of the acquisition
parameters: the different types of contrast can be used in the clinical prac-
tice to establish if a tissue is normal or pathologic (see Figure 16). A set of
general rules for choosing TE and TR are outlined in Table 1.

Table 1: General set of rules for generating tissue contrast in MRI.

Type of contrast TR TE

Spin density (PDW) TR ≫ T1 TE ≪ T2
T1-weighted (T1W) TR . T1 TE ≪ T2
T2-weighted (T2W) TR ≫ T1 TE . T2

Figure 16: Different types of contrast: (A) spin, or proton, density-weighted, (B)
T1-weighted and (C) T2-weighted. Source [4].

2.2.3 Relaxation Time Mapping

Relaxation time maps are MRI images whose pixels report the exact value
of the relaxation times (T1, T2 or T∗

2 ) of the represented tissue (usually in
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units of ms). Their dual nature of qualitative and quantitative images make
them a powerful instrument in medical applications. Since the relaxation
times of human body water proton depends on the interactions with the
surrounding environment, relaxation time maps can be used to identify
tissue and morphological changes that can be correlated to pathologies
and used to monitor disease progressions [5].

The conventional relaxation time mapping technique consists in acquir-
ing several images of the same body slice adjusting the acquisition param-
eters in order to generate a series of images whose pixel-wise intensities
can be characterized in terms of the solutions of the Bloch equations. Such
characterization, usually performed by means of a fitting of the signal inten-
sities, allows to extrapolate the values of T1 or T2 of the tissue represented
in each pixel. T∗

2 maps are beyond the scope this thesis and therefore they
will be non longer considered.
The typical MRI sequences employed for the construction of T1 and T2 re-
laxation time maps are:

• SE, or TSE (Spin-Echo or Turbo Spin-Echo [30]): all the parameters are
kept fixed with the exception of TE, usually varied from few millisec-
onds up to hundreds milliseconds. According to Eq. 33, the signal in
each pixel will decay exponentially with time constant T2. A pixel-
wise fit of the signal intensities along the image series (acquired with
different TEs) allows to create another image assigning to each pixel
the fitted T2 values. From this process, a T2 map is obtained.
Noticed that keeping fixed all the parameters and varying TR, accord-
ing to Eq. 33, also a T1 map can be retrieved.

• IR, or IR-TSE (Inversion Recovery, i.e. SE or TSE with an initial π in-
version rf-pulse): all the parameters are kept fixed with the exception
of TI , usually varied from tens milliseconds up to thousands millisec-
onds. The signal in each pixel will regrow exponentially with time
constant T1 according to

S(t) ∝ ρ(1H) e−TE/T2 (1 − 2e−TI/T1 + e−TR/T1) (34)

A pixel-wise fit of the signal intensities along the image series (ac-
quired with different TIs) allows to create another image assigning
to each pixel the fitted T1 values. From this process, a T1 map is ob-
tained.
Notice that IR and IR-TSE are preferred over SE and TSE for T1 map-
ping thanks to the higher SNR of the acquired images.

The greatest disadvantage of the above mentioned sequences is the long
acquisition time needed that makes these sequences unfeasible for clinical
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practice: in fact, in order to guarantee a full recovery of the magnetization
vector, a long TR is required in each phase encoding step.

Many MRI sequences have been developed over the years in order to
fasten the acquisition without losing in efficiency (accuracy and precision).
Hereafter are presented the two sequences used in this thesis work, devel-
oped in the challenging field of the cardiac MRI, characterized by a good
reproducibility and extremely short acquisition time (order of seconds).

Molli

Figure 17: MOLLI acquisition scheme composed of 2 Look-Locker (LL) experi-
ments characterized by 2 different inversion times (∆TI,1 and ∆TI,2)
with 5 and 3 ECG-triggered samplings of the recovery curve. Each
sampling is performed at a fixed time TD after the ECG wave in order
to acquire the signal in the same phase of the cardiac cycle. Source [31].

Firstly presented in 2004 by Messroghli et al. [32], the MOLLI sequence
(Modified Look-Locker Inversion Recovery) allows the in vivo T1 mapping
within a single breath-hold. The MOLLI pulse sequence scheme used in
the present work is illustrated in Fig. 17 [33].
The conventional Look-Locker sequence (LL) is similar to an IR pulse se-
quence, but instead of a single sampling of the recovery curve per TR it
applies a train of low flip angle impulses spread across the TR.
MOLLI scheme introduces two principles to the standard LL sequence:

1. Selective data acquisition at a given time of the cardiac circle over
successive heartbeats;

2. Merging of image sets from multiple LL experiments with varying
inversion time into one data set.
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Two successive ECG-triggered LL experiments (with two different ∆TIs)
were carried out with five and three single-shot readouts: images are ac-
quired with single-shot TrueFISP sequence [34] at different inversion times
after a single inversion pulse, all gated to the same cardiac phase. By
combining several inversions with slightly shifted TI times within one pro-
tocol, the relaxation curve is sampled in a interleaved manner, resulting in
a sufficient number of points for T1 quantification acquired within a single
breath-hold, as can be seen in Fig. 17 (11 heartbeats ca.).

Images are sorted according to their accumulative time from inversion t,
which is given by

t = ∆TI + (n − 1)TD (35)

where n is the image number within the LL experiment, and TD is the
heartbeat interval.
Three-parameters nonlinear curve fitting is then performed pixel per pixel
for map generation using the following equation

y = |A − B e−t/T∗
1 | (36)

where y denotes signal intensity and T∗
1 corresponds to the apparent, mod-

ified T1 in a LL experiment due to the effect of the readout that drives the
IR to recover more quickly and to reach a steady state that is less than the
equilibrium magnetization M0. T1 is then calculated from the resulting pa-
rameters A, B and T∗

1 by applying the conventional Look-Locker correction

T1 = T∗
1

(

B
A

− 1
)

(37)

The T1 map formation process is illustrated in Fig. 18.

accuracy, precision and reproducibility The performance of quan-
titative methods may be assessed and compared in terms of accuracy and precision:
accuracy relates to systematic bias errors whereas precision relates to random errors
due to noise.

Kellman et al. [35] listed factors influencing the accuracy of T1 measurements using
inversion recovery methods as MOLLI:

• Sensitivity to T2: TrueFISP readout and the imperfect inversion efficiency lead
to a T2 dependent error in the estimate of T1. The effect the inversion efficiency
can be minimized by using a short duration inversion pulse.

• Off-resonance: it causes banding artifacts using a TrueFISP readout. Reducing
the flip angle will decrease the off-resonance related error at the expense of a
reduction of SNR causing a loss of precision.

• Heart rate: the original MOLLI protocol exhibited a large sensitivity to heart
rate for long T1 values: by modifying protocols (number of inversions, time
between inversions and influence of the TrueFISP readout flip angle during
each inversion) the heart rate sensitivity has been reduced.

24



2.2. magnetic resonance imaging

Figure 18: T1 map generation from MOLLI acquisition (Fig. 17). Source [7]

• Flip angle: it affects the T1 measurement accuracy of MOLLI on-resonance, the
off-resonance behaviour, the heart rate sensitivity and the SNR: an increasing
T1 underestimation was observed for increasing flip angle.

• Blood flow: it has two effects:

1. From beat to beat the blood is moving and mixing such that the slice
selective TrueFISP readout from a given beat does not influence the next
(Look-Locker correction is not required);

2. An apparent shorter T1 is observed because of the flow of the non-inverted
blood from outside the z-FOV (or the magnet) with the inverted blood.

• Partial volume effect: T1 mapping methods assume that the voxel is comprised
of a single tissue species and not a mixture. Loss of resolution may occur
due to cardiac motion with high heart rates (tachycardia) or for subjects with
Heart-Rate Variability (HRV, arrhythmia).

• Magnetization transfer: intracellular bound pool of protons exchanges with the
free pool of protons and can thus reduce the signal from the free pool. It leads
to a significant underestimation of apparent T1 [36].

The precision depends on the SNR of the raw images and the number and location
of samplings along the recovery curve.

The reproducibility of T1 mapping can be reduced if the described factors influ-
encing the accuracy and the precision, which depend on the protocol or scanner
adjustment, are not well controlled.

Inversion Recovery methods such as MOLLI have excellent precision and are highly
reproducible, but the accuracy is affected significantly by magnetization transfer (MT)
that causes an underestimation of the spin-lattice relaxation time [9].
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T2-prep TrueFISP

Figure 19: T2-prep TrueFISP acquisition scheme composed of 3 samplings charac-
terized by different TE,preps, each followed by a TrueFISP (or b-SSFP)
readout. Each sampling is performed at a fixed time TD after the ECG
wave in order to acquire the signal in the same phase of the cardiac
cycle. Source [37].

Proposed by Huang et al. in 2007 [38], the T2-prep TrueFISP is a fast,
high contrast, high SNR and motion-insensitive sequence that combines
T2 magnetization preparation with TrueFISP (or b-SSFP, balanced-Steady-
State Free Precession) imaging, whose acquisition scheme is reported in
Fig. 19.

The T2 preparation part was previously described by Brittain et al. [39]:
it consists in an iterative Carr-Purcell Malcolm-Levitt (MLEV) sequence,
i.e. a (π/2)x excitation pulse followed by four equally spaced (π)y com-
posite refocusing pulses, which provide a more uniform off-resonance be-
haviour; the magnetization is returned back to the longitudinal direction
by a (−π/2)x composite pulse. Each of the rf pulses are non-spatially-
selective and a crusher gradient is employed after the T2-preparation se-
quence to spoil any residual transverse magnetization. Increasing MLEV
train lengths (TE,prep) are employed to vary the T2 sensitivity.

After the T2-preparation sequence, the TrueFISP imaging sequence is ap-
plied. It is characterized by completely balanced gradients in all direction
during each repetition time and the echo occurs in the middle of the read-
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out period, halfway between consecutive rf pulses. A 180◦ phase alterna-
tion between consecutive rf pulses maximizes image SNR and maintains a
relative uniform signal response to resonance offset angles. The TrueFISP
imaging requires the continuous application of rf pulses to maintain the
magnetization in a steady-state.

The T2 mapping is performed in a breath-hold fashion with the trigger
delay (TD) and acquisition window that could possibly been set during
both diastole (most of all) and systole (if a thicker myocardium is desired),
as can be seen in Fig. 19.

The T2-prep TrueFISP sequence produces single-shot T2-weighted im-
ages, each with different TE,prep preparation times: T2 relaxation time is
measured by performing a curve-fitting on the following two-parameters
equation

y = A e−TE,prep/ T2 (38)

where y is the signal intensity.
T2 maps are generated by fitting Eq. 38 to signals of corresponding pixels
from each image with different T2 preparation times TE,prep (see Fig. 20).

Figure 20: T2 map generation from T2-prep TrueFISP acquisition. Source [7]

considerations Giri et al. [37] showed that T2-prep TrueFISP is a rapid and
practical technique for quantitative T2 mapping that settles limitations associated with
conventional T2-weighted imaging:
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• Motion sensitivity: T2 values are unaffected by the location of the acquisition
window in cardiac cycle; in addiction, the TrueFISP readout is less sensitive
to artifacts induced by cardiac arrhythmias or imperfect breath-hold than seg-
mented k-space methods.

• Surface coil intesity variation: under conditions of severe surface coil signal in-
homogeneity, the T2-prep TrueFISP sequence shows a reduction of the mean
coefficient of variation among myocardial segments.

• Stagnant blood: sub-endocardial bright signal artifact caused by stagnant blood
is not observed in the T2 maps generated by T2-prep TrueFISP sequence.

Besides these advantages, an overestimation of T2 values occurred in phantom results,
while measurements in vivo concurred with the other values reported in literature.
Giri et al. identified two probable causes of this inaccuracy:

1. The linear k-space ordering chosen for the b-SSFP readout instead of centric
that provides an higher T2 accuracy in phantoms but gives rise to artifacts in
the in vivo images (due to off resonance) and has lower SNR.

2. The number of echo times and fitting method used. Huang et al. [38] also
showed a moderate overestimation (2 − 12%) between T2-prep TrueFISP and
MESE (Multi-Echo Spin-Echo) in phantom measurements of T2 relaxation de-
pending on the number of TE,prep steps (this error may occur because of signal
decay during the magnetization preparation composite rf impulses). Akçakaya
et al. [40] studied the impact of the fitting model on accuracy and precision:
using a 3-parameter fit model and incorporating an additional image acquired
with saturation preparation to the T2-prep TrueFISP sequence, more accurate
T2 measurements can be achieved. Moreover, with the sequence proposed by
Akçakaya et al., T2 measurements are independent of number and duration of
TE,prep preparation times.

Inaccuracy in T2 measurements can rise introducing some T1 dependence to the val-
ues because of incomplete T1 relaxation between each image acquisition (for example
in tachycardiac patient).

Even at a segmental level, T2 values obtained by the T2-prep TrueFISP sequence
appear to be highly reproducible and in good agreement with those obtained with
different cardiac T2 mapping sequences [10].

2.3 contrast agents

The aim of Contrast Agents (CAs) for medical MRI application is to cause
a local increase of both nuclear longitudinal R1 = 1/T1 and transverse
R2 = 1/T2 relaxation rates of tissues, thus obtaining a major sensitivity
of the technique for diagnostic purposes. These magnetic systems, that
enhance the image contrast where delivered, can be divided into two types
(see Fig. 21):

• Positive CAs, that produce brighter zones reducing mainly T1;

• Negative CAs, that cause darker spots reducing mainly T2.
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The MRI CAs have been extensively studied in the last 40 years and their
use in clinic is widespread, especially at the most common fields employed,
i.e. 1.5 and 3 T.
In this Thesis, the main focus is on paramagnetic dilute solutions CAs.

Figure 21: Effect of positive (top, [41]) and negative (bottom, [42]) contrast agents
on the MRI images.

2.3.1 The Solomon-Bloembergen-Morgan Theory

The theory of spin relaxation induced by paramagnetic species in dilute
solutions was developed by Solomon, Bloembergen and Morgan in the ’50s
([17–19, 43]) after the pioneering work of Bloembergen et al. in 1948 [16].
Unpaired electrons in paramagnetic systems, characterized by positive mag-
netic susceptibility, affect the NMR spectra of solutions in which such sys-
tems are diluted in. The increase of relaxation rates, also named Paramag-

netic Relaxation Enhancement (PRE), is caused by variations of the magnetic
hyperfine interactions between the electron and nuclear spin, expressed by
the hamiltonian

H = I · A · S (39)

being A the hyperfine coupling tensor and I and S the nuclear and electron
spin operator, respectively.

The hyperfine interaction can be split into three main components: (i)
the dipole-dipole interaction between the nuclear magnetic moment and the
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electrons far from the nucleus; (ii) the scalar interaction, or contact interaction,
between the nuclear magnetic moment and the electron spin density close
to the nucleus site; (iii) the Curie interaction [44] between the nuclear mag-
netic moment and a large static time-averaged magnetic moment arising
from the electrons (this effect is non-negligible at high-field).

The relaxation efficacy of a CA is called relaxivity (in units of mM−1 s−1)
and it is expressed as

ri =
1
C

(

1
Ti,obs

− 1
Ti,dia

)

with i = 1, 2 (40)

where C is the molar concentration of the paramagnetic species (usually
in units of mM = mmol l−1), 1/Ti,obs are the observed relaxation rates of
the solution, and 1/Ti,dia are the diamagnetic solvent relaxation rates (in
absence of the paramagnetic species).
The paramagnetic relaxation rates 1/Ti,par = riC arise from the contribu-
tions of two main mechanism (see Fig. 22):

• Inner-Sphere relaxation, that considers the interactions of the solvent
molecules (typically water) in the close proximity of the paramagnetic
species and the propagation of such interactions towards the bulk sol-
vent through chemical exchange. The parameters that influence this
relaxation mechanism are: the lifetime τM (also known as ’exchange
correlation time’) and the number q of the solvent molecules in the so-
called ’first coordination sphere’ (also known as ’hydration number’);
the distance between the paramagnetic species and the observed nu-
cleus r; the rotational correlation time of the paramagnetic species τR;
and the electronic relaxation times τSi.

• Outer-Sphere relaxation, that considers the effect of the random transla-
tional diffusion motion around the paramagnetic species. This mech-
anism depends on the distance of minimum approach for bulk water
molecules to the paramagnetic center d (assuming a spherical sym-
metry) and the translational correlation time defined by τD = d2/D,
where D is the solvent relative diffusion coefficient.

Correlation times

The concept at the basis of the Solomon-Bloembergen-Morgan (SBM) the-
ory is the correlation function that, in general, provides the statistical corre-
lation between random variables over time. For an ensemble of spins, in
a magnetic field and at a given temperature, it can be demonstrated that
the correlation function can be well approximated by an exponential decay
function

C(t) ∝ e−t/τC (41)
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Figure 22: Relaxation in paramagnetic aqueous dilute solutions: Inner-Sphere and
Outer-Sphere mechanisms. See text for the details on the reported
quantities.

where the correlation time τC describes all the dynamic processes occurring
in the system, such as electron motion, molecular rotation, vibrations and
collisions.
In the frequency domain, the Fourier transform of the correlation function,
called spectral density, has a Lorentzian shape:

J(ω) =
τC

1 + ω2τ2
C

(42)

that presents, as can be seen in Fig. 23, an inflection point (also called
dispersion) at ωτC = 1.

As mentioned above, three main dynamic processes can affect and cause
relaxation of nuclear spins and contribute to the decay of the correlation
function: the spin relaxation, characterized by the electronic relaxation (cor-
relation) time τSi; the molecular rotation, characterized by the rotational
correlation τR; and the chemical exchange, characterized by the exchange
correlation time τM.
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Figure 23: Exponential correlation function (left) and Lorentzian spectral density
(right, abscissa in log-scale) connected by the Fourier transform. In the
right graph is also indicated the dispersion point ωτC = 1.

Provided the independence of these mechanisms, the overall correlation
function decays as

C(t) ∝ e(−t/τSi)e(−t/τR)e(−t/τM) (43)

and hence
τ−1

C,DD = τ−1
Si + τ−1

R + τ−1
M (44)

that provides the expression of the correlation time for the dipolar coupling
(DD). The scalar, or contact, coupling (SC), which is mainly effective in the
inner-sphere framework, is modulated by the chemical exchange and the
electronic relaxation time only, so

τ−1
C,SC = τ−1

Si + τ−1
M (45)

while Curie relaxation is determined by the molecular rotation and the
chemical exchange

τ−1
C,Curie = τ−1

R + τ−1
M (46)

Assumptions and limitations

The Solomon-Bloembergen-Morgan theory is based on several assumptions:

• Redfield limit condition, i.e. the motions in the spin systems must
occur on a much slower timescale than those in the lattice;

32



2.3. contrast agents

• No correlation between the electron spin relaxation and the molecular
reorientation;

• The electron Zeeman interaction dominates over other interactions,
which cause only the relaxation of the electron spin.

Moreover: (i) the electron spin is assumed as a point dipole centered at the
paramagnetic center (e.g. a transition metal ion), (ii) the electron g tensor
is hypothesized isotropic, (iii) the molecular rotation is supposed isotropic
and characterized by τR alone, and (iv) no correlations are considered be-
tween the chemical exchange and the lattice motions.

2.3.2 Fast Field-Cycling

The Nuclear Magnetic Resonance (NMR) characterization of CAs is per-
formed by collecting nuclear relaxivity data, i.e. the relaxation rate incre-
ment (with respect to the solvent) normalized to 1 mM concentration of
the CA, as a function of the Larmor resonance frequency ν = (γ/2π)B0 ,
where γ is the gyromagnetic ratio of the nuclear species, usually 1H, and B0
is the applied static magnetic induction. The acquired data generate the so-
called Nuclear Magnetic Relaxation Dispersion (NMRD) profiles, that can be
analyzed according to models based on the Solomon-Bloembergen-Morgan
(SBM) theory.

The acquisitions of the NMRD profiles must be performed in a wide
range of frequencies (several orders of magnitude) for a proper efficiency
and usefulness of their analysis through the SBM theory. In order to span
such wide range of frequencies and fasten the measurements, the Fast Field-

Cycling (FFC) NMR relaxometry is employed, taking advantage of the lin-
ear dependence from the external magnetic induction B0 of the equilibrium
value of the magnetization vector M0 ∝ γ2B0/T (with T being the temper-
ature).

An FFC experiment for relaxometry purposes is usually composed by
three steps (see Fig. 24):

1. Preparation, in which a strong ’polarization’ induction BP is either
applied or not to the sample in order to build up a net starting nuclear
magnetization M0 or to start from the M0 = 0 condition. We refer to
the first case as Pre-Polarized sequence (PP), while the second case is
known as Non-Polarized sequence (NP).

2. Relaxation, in which the magnetization of the sample, kept in a con-
stant ’relaxation’ magnetic induction BR, relaxes from M0 to M(BR).
The duration of this part can be varied to sample all the relaxation
steps of the magnetization vector going from M0 to M(BR) (this is
how T1 can be measured).
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3. Detection, the signal is collected using standard NMR sequences (FID,
SE, CPMG) at an ’acquisition’ magnetic induction BA determined by
the current operating frequency.

Figure 24: Non-polarized (top, NP) and pre-polarized (bottom, PP) FFC se-
quences. In purple are also indicated the switching transitions, per-
formed with a constant switch-rate set by the user, between the ap-
plied magnetic inductions (polarization BP, relaxation BR and acquisi-
tion BA).
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3R E L A X AT I O N T I M E M A P S I N C L I N I C S :

A N H A R M O N I Z AT I O N M E T H O D

A method for the harmonization of data from relaxation time maps
for clinical application will be presented. The development of this
method was carried out in collaboration with the Niguarda Hos-

pital in Milan, Italy.
Part of the studies presented in this Chapter have been published on the

Journal of Magnetic Resonance in a paper entitled A method for T1 and T2
relaxation times validation and harmonization as a support to MRI mapping by
Cicolari et al. [45].

note Following the usual nomenclature in the MRI field, in this Section
the magnetic induction B will be referred to as magnetic field.

3.1 rationale

The scaling of a parametric map taking as reference in-scan calibrating sam-
ples, hence resulting in a recalibration of the map, is a technique already
used in ’60s at early stages of Computed Tomography (CT) applications
[46, 47]. In fact, CT images, which are parametric maps displaying the ab-
sorption coefficients of tissues in Hounsfield Units (HU), are often scaled
according to the reference HU values of samples scanned simultaneously
with the patient. On the other hand, MRI often suffers from limited use
of in-scan references for specific quantitative data acquisitions, a typical ex-
ample being the ones using mapping sequences. In recent years, the tech-
nological developments of MRI scanners allowed the clinical introduction
of such sequences [6], leading to the generation of parametric maps con-
taining tissue physical properties: qualitative and quantitative information
about such properties should be obtained through an appropriate image
acquisition and analysis [48, 49].
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The MRI parametric maps of the spin-lattice relaxation times (T1) and of
the spin-spin relaxation times (T2) are typically created by acquiring multi-
ple images of the same body slice with different sensitivity to the biophys-
ical parameter of interest using the T1- or T2- “weighted” intrinsic contrast
mechanisms on the MR signal. The signal intensity evolution of the ob-
tained images is modeled with the phenomenological Bloch equations [1,
4] describing the relaxation behavior of the nuclear system, usually com-
posed of hydrogen nuclei, decoupling the different relaxation time contrast
mechanisms that contribute to the overall MR signal [4].
Nowadays, new fast acquisition sequences can be used for diagnostic pur-
poses: the classical Spin-Echo (SE) [4] and Inversion Recovery (IR) [4] se-
quences and their turbo-analogous (TSE, IR-TSE), based on the RARE read-
out [30], have been turned into single breath-hold sequences suitable for
clinical practice [7], such as the MOLLI (Modified Look-Locker Inversion
Recovery) [32, 33] for T1 measurements, and the T2-prep TrueFISP (Fast
Imaging with Steady Precession) [38] for T2 measurements.
Relaxation time maps have been proven to be highly reliable instruments
for the assessment of different pathologies in several body districts [5].
In fact, tissue and morphological changes, observable through deviations
from the relaxation times normal values [50], can be correlated with sev-
eral diseases, whose progression can be also monitored. Nevertheless, per-
forming clinical diagnosis employing MRI pure relaxation times maps is
a procedure that is highly affected by a low inter- and intra-center harmo-
nization, due to differences in (i) the chosen methods of images acquisition
[9, 10, 12, 51], (ii) the post-processing software, (iii) the whole data analysis
work-flow employed [11, 40], and (iv) the used MRI scanners [8, 52].
The accuracy (true value proximity) and the precision (reproducibility) of
relaxation time maps are mostly assessed taking as reference other maps
generated from more standard techniques (IR/IR-TSE, SE/TSE), thus main-
taining the mentioned contrast dependencies [8–13, 40, 51–53]. The same
observations can be done for the development of new fast sequences (or
upgrades of the existent ones) increasingly precise and accurate [54–59].

This study aims to set the basis for a ‘novel’ scanner-, software-, center-
independent method for the validation and the harmonization of the data
obtained from MRI relaxation time maps, which is based on MnCl2 aque-
ous solutions used as calibrating samples. In this preliminary study, the
samples’ relaxation time values for 1H nuclei extracted from the paramet-
ric maps acquired by means of different vendor clinical MRI scanners with
different configurations are compared with reference T1 and T2 values es-
timated by means of an NMR laboratory spectrometer. It is worth men-
tioning that the first attempts of this kind of study were made in 1987 by
Richards et al. [60], Johnson et al. [61] and in 1992 by Keevil et al. [62] but
suffered of several problems due to technological limits.
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In the following sections, will be illustrated the methods, the laboratory
experiments and the clinical scanners acquisitions, afterward discussed
within the framework of data validation and harmonization.

3.2 the belt phantom

The purpose of the ’belt phantom’ is to provide a wide range of reference
values for both T1 and T2. Other useful characteristics are the stability
and the homogeneity. It was then decided to create a phantom based on
manganese aqueous solutions, being Mn(II) aqua ion a compound with
such properties well known in the literature [63, 64].

Figure 25: The 30 ml and 2 ml vials containing the MnCl2 aqueous solutions, used
as reference samples (A). Suggested accommodation of the 30 ml vials
in a cartridge-like belt configuration around a sketched liver (B). Sug-
gested accommodation of the 2 ml vials in a cartridge-like belt con-
figuration nearby a sketched heart (RV = Right Ventricle, LV = Left
Ventricle) (C).

3.2.1 Preparation

The reference samples composing the belt phantom consist of twelve 30
ml vials made of borosilicate glass with PTFE teflon caps (supplied by Fis-
cher Scientific, Loughborough, UK) filled with different concentrations of
manganese(II) chloride tetrahydrate (formula MnCl2 + 4 H2O, molar mass
197.91 g/mol; supplied by Sigma-Aldrich Co., St. Louis, MO, USA) in aque-
ous solutions, using MilliQ water as solvent. Through the serial dilution
technique, twelve different concentrations ranging from 0.05 mM to 0.45
mM were prepared, with a precision of ±2%.
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For future in vivo applications, each vial can be separately placed side by
side into a non-rigid thermo-isolating cartridge-like belt designed for the si-
multaneous acquisition of both the samples and the patient (Fig. 25). When
properly positioned, the samples will appear on the image as a series of cir-
cles (the axial slices of the vials) on the surface of the patient (see Fig. 25.B).
Twelve smaller vials (2 ml) made of the same materials and filled with
solutions identical to the 30 ml ones were also prepared for the NMR mea-
surements. These vials can also substitute the bigger vials as a reference
for the mapping of smaller volumes (Fig. 25.C).

3.2.2 NMR Characterization

Figure 26: NMR experimental set up:
the nitrogen-flux cryostat
placed between the Bruker
electromagnet expansions.

The reference T1 and T2 values of
the solutions at B0 = µ0H = 1.5 T
were measured with an NMR spec-
trometer (Tecmag Apollo, Houston,
TX, USA) equipped with an elec-
tromagnet (Bruker, Billerica, MA,
USA) by scanning the 2 ml vials
(see Fig. 26). The temperature de-
pendence of the relaxation time val-
ues was measured at five different
temperatures ranging from 17◦C to
29◦C with steps of 3◦C, by plac-
ing each vial inside a cryostat in
which the temperature could be set
by balancing a flux of liquid nitro-
gen and a heating resistance. The
temperature was measured with a
thermocouple close to the vial with
a precision of ±0.2◦C. The tempera-
ture range was chosen accordingly
to the usual room temperature of
the MRI scanners, taking also into
account the possible presence of the
patient as a heating source inside
the bore.

Standard NMR pulse sequences were used to obtain the reference ground-
truth relaxation time values (see Section 2.1):

• IR sequence with a SE readout, for T1 measurements (acquisition pa-
rameters: π/2 pulse duration = 5.5 µs, echo time = 4 ms, repetition
time = 10 s);
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• SR sequence with a SE readout, for T1 measurements (acquisition pa-
rameters: π/2 pulse duration = 5.5 µs, echo time = 4 ms, repetition
time = 10 s);

• CPMG sequence for T2 measurements (acquisition parameters: π/2
pulse duration = 5.5 µs, τ = 50 µs, repetition time = 5 s).

IR and SR data were then fitted with an exponential recovery function
y = A(1 − B exp(−t/T1)), while CPMG data were fitted with an exponen-
tial decay function y = A exp(−t/T2) + B. A, B, T1 and T2 were used as
adjustable parameters for the fitting.

theory recalls As already illustrated in Section 2.3 and here reported for sake
of clarity, the Solomon-Bloembergen-Morgan (SBM) theory [17, 19] for paramagnetic
dilute solutions explains how the relaxation times of diamagnetic host solution (usu-
ally pure water, as in the case of this study) can be changed by adding a paramagnetic
species according to the equation:

Ri,obs = Ri,dia + ri C with i = 1, 2 (47)

where Ri are the overall observed relaxation rates (Ri,obs = 1/Ti,obs, i = 1, 2), Ri,dia

are the relaxation rates of the diamagnetic host solution, ri are the nuclear relaxivities
(in units of mM−1 s−1) that measure the efficiency of the paramagnetic species in
increasing the relaxation rates and, therefore, the MRI image contrast, and C is the
concentration of the paramagnetic species in the solution (usually expressed in mM).

The SBM theory also describes the temperature dependence of the relaxation times
(see also the pioneering work by Bloembergen-Purcell-Pound [16]) for aqueous para-
magnetic dilute solutions, although Bernheim et al. in 1959 already performed a pre-
liminary study [65]. The model describes the nuclear relaxation mechanism as due
to the dipolar spin-spin interaction and to the scalar coupling (or contact interaction)
between the nuclear spin and the electron spin, modulated respectively by the cor-
relation times τci and τei, as described in Section 2.3. Bernheim et al. assume an
Arrhenius-type exponential dependence with the temperature T of the dipolar corre-
lation time τc

τc = τ0
c exp(Vc/RT) (48)

where Vc is the activation energy for the molecular motion (R is the molar gas con-
stant), and a hybrid dependence (linear and Arrhenius-type exponential) with the
temperature of the exchange correlation time τe

1
τe

=
exp(−Vm/RT)

τ0
m

+
T0

τ0
s (T − T0)

(49)

where Vm is the activation energy for the exchange mechanisms.
In the range of temperatures explored in this study (five temperatures within a

range of 15◦C nearby the room temperature), the model predicts a linear dependence
of relaxation times with temperature, which was thus assumed for our data analysis
[60].
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Results

The dependence of relaxation rates with MnCl2 concentration at five dif-
ferent temperatures, as obtained from NMR measurements, are shown in
Fig. 27. Based on previous studies on the a priori error of the NMR exper-
imental setup, an experimental error of ±5% was applied to all relaxation
times values. The theoretical expected linear behavior as a function of the
paramagnetic species concentration was experimentally confirmed for both
R1 and R2 results at all temperatures (R2

> 0.99). The expected linearity
of relaxation times as a function of temperature was also found for all the
vials (R2

> 0.99).

Figure 27: Top Graphs: (A) Longitudinal R1 (s−1) and (B) transverse R2 (s−1) re-
laxation rates as a function of MnCl2 concentration C (mM) at differ-
ent temperatures, as obtained from NMR measurements using IR and
CPMG sequences. The insets report a magnification of relaxation rate
data at low MnCl2 concentrations.
Bottom Graphs: (C) Longitudinal T1 (ms) and (D) transverse T2 (ms)
relaxation times as a function of temperature for all the MnCl2 concen-
trations, as obtained from NMR measurements using IR and CPMG
sequences.

SR results were found to be statistically coincident with the IR ones
within the experimental error of 5% (see the Bland-Altman analysis [66, 67]
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in Fig. 28): only IR results were then used as the T1 ground-truth reference
values.

Figure 28: Bland-Altman plots of the comparison between the results concerning
the relaxation time T1 as measured with the NMR IR and the NMR SR
sequences. The shaded area represent the confidence level limits, while
dotted lines are the limits of agreement for the mean value (bold line).
Kolmogorov-Smirnov test p-value = 0.5309; mean = 0.26%; standard
deviation = 1.31%; limits of agreement = [−2.30%, +2.82%].

3.3 mri mapping experiments

Three main experiments were conducted: the first one consisted in a gen-
eral application of the method to several acquisition sequences employing
two different MRI scanners (a General Electric Signa and a Siemens Magne-
tom Aera); the second one was more focused on the sequences developed
for cardiac applications (MOLLI and T2-prep TrueFISP, available on the
Siemens scanner only); the third experiment tested the method in vivo on
an untrained volunteer.

3.3.1 Image Processing

Four different software were used for the image post-processing and relax-
ation time map measurements: (i) Segment [68, 69], a vendor-independent
and open-source software (http://www.medviso.com); (ii) swSD, a cus-
tom Matlab (MathWorks, Natick, MA, USA) script; (iii) Siemens VE11C

MyoMaps [70], the vendor software installed on the Siemens Magnetom
Aera (only for MOLLI and T2-prep TrueFISP images); and (iv) ImageJ (only
for the measurements of the maps obtained from the Siemens software,
http://imagej.net).
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All the DICOM images acquired with the clinical scanners were post-
processed employing both Segment and swSD. The images acquired using
MOLLI and T2-prep TrueFISP sequences were also post-processed with the
Siemens software: this software generates the relaxation time maps after
the application of a motion correction algorithm.
Segment and swSD were used for the measurements of the self-generated
maps by means of built-in tools, while the ImageJ Measure Tool was used
for the measurements of the maps generated by the Siemens software.

Through the swSD software, the SD maps (pixel-wise 68% confidence
bound, in absolute value, for the fitted relaxation time) were calculated
for each selected ROI on the relaxation time maps in order to provide an
alternative estimation of the standard deviations for the average values
measured on the relaxation time maps themselves: this procedure allows
to retrieve the errors arising from the fitting which is a piece of informa-
tion completely lost if considering only the relaxation time maps (e.g. in an
homogeneous region of a relaxation time map a value of T1,average ± σ can
be measured, with σ given by the distribution of the values in the pixels
of the region, but each of those values may be the result of a fitting with
uncertainty σf it which is different, generally speaking, with respect to σ).

the swsd software Here below we illustrate the steps for the relaxation time
and SD maps generation starting from the acquired images, taken as input, performed
by the swSD software.

Pixel-wise T1 or T2 estimates were initialized using a preliminary search of T1 or
T2 values chosen in discrete ranges (from 50 to 4000 ms with steps of 10 ms for T1;
from 5 to 600 ms with steps of 1 ms for T2) so to minimize the residuals between,
respectively, the normalized y = |A1(1 − B1 exp(−t/T1))| (hence with A1 = 1) or
the normalized y = A2 exp(−t/T2) + B2 (hence with A2 = 1 and B2 = 0) with the
normalized acquired data. For the T1 initialization, also the factor B1 is preliminary
searched in a range from 1.5 to 2.5 with steps of 0.1. The final T1 or T2 maps were then
obtained with the pre-implemented Matlab fminsearch method giving as input the
acquired raw data and using the 3-parameters equation y = |A1(1 − B1 exp(−t/T1))|
(for T1) or the 3-parameters y = A2 exp(−t/T2) + B2 (for T2). To obtain T1 maps
from MOLLI acquisitions, the Look-Locker correction Eq. 37 was applied. For T2-
prep TrueFISP images, B2 = 0 was imposed since each acquisition is composed of
only three images (i.e. three different TE,preps, see below).

A circular ROI was used for the calculation of the average relaxation time on the
map (Matlab mean method).

The SD maps were extracted only for the pixels selected on the maps by the cir-
cular ROI used for the measurements of T1 and T2: to those pixels, through the
pre-implemented Matlab fit method, and using the parameters obtained from the
previous step using fminsearch as starting points, was calculated the 68% confidence
bound, in absolute value, for the fitted relaxation time. To the average value of T1
or T2 calculated in the circular ROI on the relaxation time map was then assigned as
standard deviation the average value measured on the SD map.

A example of the swSD interface is shown in Fig. 29.
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3.3. mri mapping experiments

Figure 29: Interface of the custom Matlab software swSD. In the image can be seen
the image explorer navigator by means of a slider (top left), the fit for
the pixel in the position (X,Y) (bottom left) and the generated relaxation
time map (right). Below the map, a button allows to measure the usual
average ± standard deviation of the pixels in the blue circular ROI on
the map (top row) and the average ± average of the SD map (this latter
indicated in red) as explained in the text (bottom row).

3.3.2 Exp. 1: Different Scanners, Different Sequences

Relaxation time maps of the samples composing the belt phantom were
acquired employing different acquisition sequences of use in clinical appli-
cations.

In Fig. 30, the vials arrangement in a plexiglas support filled with doped
water (to increase the SNR) and the temperature monitoring system em-
ployed are shown: an optical fiber sensor TempSense (Opsense Inc., Que-
bec, Canada), with a sensitivity of ±0.2◦C.

The MRI acquisitions were performed using two different clinical MRI
scanners (see Fig. 31):

• a Siemens Magnetom Aera: B0 = 1.5 T, bore size 70 cm, gradient
strength 33 mT m−1 @ gradient slew rate 125 T m−1 s−1 and 45 mT
m−1 @ gradient slew rate 200 T m−1 s−1 (Siemens Healthineers, Er-
langen, Germany);

• a General Electric Signa: B0 = 1.5 T, bore size 60 cm, gradient strength
33 mT m−1 @ gradient slew rate 120 T m−1 s−1 (General Electric
Healthcare, Chicago, IL, USA).

43



3. relaxation time maps in clinics: an harmonization method

Figure 30: The twelve 30 ml MnCl2 vials arranged in a plexiglass support (filled
with doped water for increasing the SNR) and the optical fiber sensor
TempSense.

Figure 31: The 1.5 T MRI scanners used in this study: a Siemens Magnetom Aera
(left) and a GE Signa (right).

Three different types of sequences were used:

• standard clinical sequences, IR and SE;

• fast (turbo) clinical sequences, IR-TSE and TSE;

• fast sequences developed for cardiac applications, MOLLI (5-3 acqui-
sition scheme [33]) and T2-prep TrueFISP.

It is important to remark that the third type of sequences was executed
only with the Siemens MRI scanner. The acquisition parameters used can
be found in Table 2.
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Results

The comparisons between MRI re-
sults and NMR reference values are
illustrated in Figs. 32 to 34: in the
graphs, the longitudinal R1 (s−1)
and transverse R2 (s−1) relaxation
rates as function of MnCl2 concen-
tration C (mM) are reported. The
data points with error bars corre-
spond to the MRI results of the
samples’ relaxation times, while the
grey areas represent the NMR ref-
erence values. The values repor-
ted are those obtained by the cus-
tom swSD Matlab script. The coeffi-
cients of determination R2 of data
(Ri vs [MnCl2]), assuming a lin-
ear regression model as predicted
by the SBM theory, were greater
than 0.997 for all data-sets with
the only exception of T2-prep True-
FISP ones. To obtain the NMR ref-
erence values for the MRI results,
which were acquired at different
temperatures with respect to the
NMR measurements, the linear re-
gression of NMR data vs tempera-
ture was used: for all the concen-
trations (i.e. all the vials) both re-
laxation times showed a linear be-
havior as a function of the tempera-
ture, with coefficients of determina-
tion R2

> 0.99. Using the slope and
intercept parameters obtained from
the linear regressions of the data
(relaxation times vs temperature), it
was possible to determine the relax-
ation times reference values of each
vial at all temperatures, which are
measured during each MRI scan by
means of the optical fiber sensor.
The gray areas were then obtained
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3. relaxation time maps in clinics: an harmonization method

applying to the regression lines of relaxation rates vs MnCl2 concentration
at a given temperature a percentage error of ±5% (see Section 3.2.2).
Fig. 35 shows the dependence of the errors (expressed as percentage val-
ues) obtained through the swSD software by measuring the mean values
on the SD maps related to the relaxation time maps in corresponding ROIs,
for each used sequence. From swSD software analysis, it was decided to
set conservatively the experimental errors as follows: ±5% for relaxation
times measured on maps obtained from IR, IR-TSE, and SE acquisitions
and ±10% for T2s measured on maps obtained from TSE acquisitions; the
average values measured on the SD maps for relaxation times measured on
MOLLI and T2-prep TrueFISP maps.
Compatibility tests between MRI values measured on maps from standard
and turbo sequences and the NMR reference values were performed em-
ploying the two-sample t-test, assuming the experimental errors equal to
the standard deviations. As null hypothesis was assumed the equality of
the relaxation times mean values measured with NMR techniques, on one
side, and on the parametric maps, on the other side. In all cases, a signifi-
cance level (p-value) greater than 0.1 was obtained. A significative discrep-
ancy (p-value < 0.1) was found for MOLLI (underestimation, for [MnCl2]
> 0.2 mM) and T2-prep TrueFISP (overestimation, for [MnCl2] > 0.1 mM)
values from NMR reference ones.

Considering standard and their turbo-analogous sequences, a good agree-
ment (p-values > 0.1) was found for both MRI scanners and for both relax-
ation times of each vial in the limits of the experimental errors found with
the swSD software: ±5% for both T1 and T2 using standard IR, SE and IR-
TSE clinical sequences, ±10% for TSE clinical sequences. Such accordance
with NMR values was expected since proper acquisition parameters were
chosen and no issues in the acquisition steps were reported. Nevertheless,
the use of reference samples even for standard and their turbo analogous
sequence should be encouraged, especially for purpose in which an high
accuracy/precision is required.
The discrepancies found for MOLLI and T2-prep TrueFISP sequences from
NMR reference values (p-values < 0.1), well known in the literature [9, 10,
12–14, 71], could be overcome by recalibrating the maps [62]: a sequence-
scanner-software dependent recalibration, generally not straightforward,
can be applied as long as a simultaneous scan of both the patient and the
samples is performed, as it was done for CT images [46, 47]. The recalibra-
tion can be performed by plotting the measured relaxation times against
the true ones of the vials solutions and finding the best bijective fitting
function (either linear, as in the case of MOLLI results, or non-linear, as in
the case of T2-prep TrueFISP results) that links the two sets of values and
applying that function to the acquired relaxation times maps [62].
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3.3. mri mapping experiments

Since a recalibration of the acquired map is a delicate procedure that in-
volves error propagation, a proper evaluation of the errors must be per-
formed: the analysis with the swSD software had this purpose. In fact,
the error of a measured relaxation time is not only dependent on the ho-
mogeneity of the ROI of the map in which is calculated, but also on the
previous processing: in this study, only the fit was taken into considera-
tion, but many other factors can be accounted in the SD map analysis (like
static magnetic field B0 and radio-frequency field B1 inhomogeneities and
instabilities, Gibbs’s ringing artifacts, etc.).

Figure 32: MRI results vs NMR reference relaxation times values (grey areas) mea-
sured by means of standard sequences IR (A and C) and SE (B and D)
obtained with the GE (A and B) and with the Siemens (C and D) MRI
scanner. The insets in the graphs represent a magnification of the data
at low MnCl2 concentrations. MnCl2 samples temperature as measured
with the optical fiber sensor: GE IR at 22.8◦C; Siemens IR at 23.5◦C; GE
SE at 23.7◦C; Siemens SE at 24.1◦C.
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3. relaxation time maps in clinics: an harmonization method

Figure 33: MRI results vs NMR reference relaxation times values (grey areas) mea-
sured by means of IR-TSE (A and C) and TSE (B and D) sequences,
obtained with the GE (A and B) and with the Siemens (C and D) MRI
scanner. The insets in the graphs represent a magnification of the data
at low MnCl2 concentrations. MnCl2 samples temperature as measured
with the optical fiber sensor: GE IR-TSE at 23.7◦C; Siemens IR-TSE at
22.8◦C; GE TSE at 23.7◦C; Siemens TSE at 22.5◦C.

Figure 34: MRI results vs NMR reference relaxation times values (grey areas) mea-
sured by means of MOLLI (A) and T2-prep TrueFISP (B) sequences, ob-
tained with the Siemens MRI scanner and with a simulated heart-rate
of 60 bpm. MnCl2 samples temperature as measured with the optical
fiber sensor: MOLLI at 25◦C; T2-prep TrueFISP at 25◦C.
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3.3. mri mapping experiments

Figure 35: SwSD software measurements of SD maps related to the relaxation
times maps acquired through standard, turbo and cardiac mapping
sequences with the GE (top row: A and B) and the Siemens (central
and bottom rows: C, D, E, and F) MRI scanner. In the graphs the
percentage errors measured with the swSD software as a function of
the mean relaxation times calculated on the relaxation time maps in
circular ROIs, for each used sequence, are illustrated. The filled dots
connected by continuous lines represent the percentage errors usually
calculated (i.e. obtained from the standard deviations of the relaxation
times in a selected ROI of the relaxation time maps), while empty
dots connected by dashed lines are those retrieved from the SD maps
(i.e. the average value of the 68% confidence bound of the fitted relax-
ation times in the ROI selected on the relaxation time maps, see text).
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3. relaxation time maps in clinics: an harmonization method

3.3.3 Exp. 2: Phantom Study of Cardiac Mapping Sequences

In this second experiment we applied our method in a phantom study.
We acquired MOLLI and T2-prep TrueFISP maps with the Siemens Aera
MRI scanner of an Eurospin phantom (Diagnostic Sonar Ltd, Livingston,
Scotland [72]), which played the role of the patient. The belt phantom was
wrapped around the Eurospin phantom as illustrated in Fig. 36.

Figure 36: Acquisition set-up employed in the second experiment.

Table 3: MRI acquisition parameters of Exp. 2.

Parameters MOLLI T2-prep TrueFISP

Coil Type Body Wrap Around (Body)
FOV (mm × mm) 360 × 242 391 × 257

Matrix 256 × 172 192 × 126
ST (mm) 8 8

FA (◦) 35 70
TR (ms) 286.96 207.95
TE (ms) 1.12 1.04

TE,prep (ms) - 0, 25, 55
TI (ms) HR dependent (8) -

ETL 1 1
NA 1 1

PS (%) 66.7 74.7
PB (Hz/pixel) 1085 1185

HR (bpm) 30 − 150 (15) 30 − 150 (15)
T (◦C) 22.5 22.5

FOV = Field Of View; ST = Slice Thickness; FA = Flip Angle; TR = Repetition Time;
TE = Echo Time; TE,prep = T2 Preparation Time; TI = Inversion Time;
ETL = Echo Train Length; NA = Number of Averages; PS = Percent Sampling;
PB = Pixel Bandwidth; HR = Heart-Rate; T = Temperature.

We selected 12 over the 18 available vials of the Eurospin phantom for this
study (ID = 2, 4, 5, 6, 7, 9, 10, 11, 13, 15, 16, 17). These vials are filled with
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agarose gels doped with gadolinium in different compositions. They are
usually employed for Quality Assurance (QA) tests of the scanner contrast
efficiency.
The acquisition parameters are summarized in Table 3. Since MOLLI and
T2-prep TrueFISP sequences work with the ECG-triggering and, therefore,
their acquisition parameters depend on the heart-rate (HR) of the scanned
patient (see Section 2.2.3), we simulated different heart-rates ranging from
30 bpm to 150 bpm (15 in total).

Figure 37: Example of MOLLI and T2-prep TrueFISP maps of the belt phantom
wrapped around the Eurospin phantom, as illustrated in Fig. 36, ac-
quired during Exp. 2.

Results

In Fig. 37, as example, the T1 and T2 maps of the phantoms at 60 bpm
are reported. As a first observation, the MOLLI map appear to be more
homogeneous and with less artifacts with respect to T2-prep TrueFISP one:
this characteristic was observed in all the acquired maps at each simulated
heartbeat.

Belt Phantom - Considering T1 and T2 values of the belt phantom as
measured on the maps obtained through MOLLI and T2-prep TrueFISP se-
quences, we found the same behavior observed in the first experiment (see
Fig. 38): from compatibility two-sample t-tests and using as standard devi-
ations the values obtained with swSD, a significant discrepancy (p-values
< 0.1) was found for MOLLI (underestimation, for [MnCl2] > 0.2 mM)
and T2-prep TrueFISP (overestimation, for [MnCl2] > 0.1 mM) values from
NMR reference ones (null hypothesis: NMR values = parametric maps val-
ues).
The dependence of the relaxation times and of their errors calculated with
the swSD software from the simulated heart-rate is shown in Fig. 39: MOLLI
results are slightly dependent on the simulated heart-rate [73, 74], and,
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3. relaxation time maps in clinics: an harmonization method

even though an underestimation of T1 occurs, the linear behavior of R1
against MnCl2 concentration is maintained (all R2

> 0.999); T2-prep True-
FISP results lost the linear trend predicted by the theory and are more
sensitive to the heart-rate variation.
It is also important to underline that the errors reported in Fig. 39, i.e. the

Figure 38: MRI longitudinal R1 (s−1) and transverse R2 (s−1) relaxation rates re-
sults as a function of the MnCl2 concentration C (mM), for each sim-
ulated heart-rate (bpm), vs NMR reference values (grey areas) for
MOLLI (A) and T2-prep TrueFISP (B) sequence acquisitions obtained
with the Siemens MRI scanner. The coefficients of determination R2

of MOLLI results, assuming a linear regression model as predicted by
the SBM theory, were 0.999 for all data-sets. The insets in the graphs
represent a magnification of the data at low MnCl2 concentrations.
Belt phantom temperature as measured with the optical fiber sensor:
MOLLI at 22.5◦C; T2-prep TrueFISP at 22.5◦C.
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3.3. mri mapping experiments

errors derived from the fitting procedure and highlighted with the swSD
software analysis, are systematically greater than the errors measured from
the usual evaluations performed by Segment and ImageJ, as already pointed
out in the previous experiment (see Fig. 35). The errors measured with Seg-
ment and ImageJ were lower than 3% for both type of sequences, except
for the errors related to the four highest T2s, with a maximum error of 8%
(due to some artifacts affecting the images because of some unsolved field
inhomogeneities): these errors turn to be lower than those estimated with
swSD for every measurement.

Figure 39: Belt phantom: Dependence from the simulated heart-rates (bpm), for
each concentration, of the relaxation times T1 and T2 (left) and relative
percentage errors (right) measured on, respectively, MOLLI (A) and T2-
prep TrueFISP (B) maps obtained through the swSD software.

Eurospin Phantom - Fig. 40 illustrates the dependence with the heart-rate
of the Eurospin’s vials relaxation times and of their percentage errors as
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3. relaxation time maps in clinics: an harmonization method

Figure 40: Eurospin phantom: Dependence from the simulated heart-rates (bpm),
for each concentration, of the measured relaxation times T1 and T2
(left) and relative percentage errors (right) measured on, respectively,
MOLLI (A) and T2-prep TrueFISP (B) maps obtained through the swSD
software.

measured by means of the swSD software. As for the case of MnCl2 sam-
ples of the belt phantom, we could see a more pronounced dependence
from the heart-rate of T2 values over T1 ones. The swSD software analysis
allowed to quantify the error attributed to the fitting procedure that in same
cases reached value around 40% for T1 and 100% for T2, while the usual
errors (i.e. standard deviations of the relaxation times in a selected ROI on
the maps) were smaller than 3% for T1 and 5% for T2. Moreover, the de-
pendence from the heart-rate of Eurospin’s vials T2 values questioned the
feasibility of a recalibration strategy for the T2-prep TrueFISP maps since
the curves overlapped, differently from the case of belt phantom, not pre-
serving the relations between the true relaxation times of the Eurospin’s

54



3.3. mri mapping experiments

vials. This could led to mis-corrections of the values. The overlapping
seems to occur in samples with long T1 values (& 2000 ms), which in the
human body can be found only for the cerebrospinal fluid (CSF, similar to
pure water: T1 ∼ 3 s and T2 ∼ 2 s).

Recalibration

Figure 41: Left graphs: Effect of map recalibration on relaxation rates of the belt
phantom’s samples as measured on MOLLI (A) and T2-prep TrueFISP
(C) maps with a simulated heart-rate of 60 bpm. The gray areas repre-
sent the NMR reference values. Recalibrated data are indicated in red,
original data in black.
Right graphs: Effect of map recalibration on relaxation times of the Eu-
rospin phantom’s samples as measured on MOLLI (C) and T2-prep
TrueFISP (D) maps with a simulated heart-rate of 60 bpm. Recali-
brated data are indicated in red, original data in black. The shaded
areas represent the confidence level limits, while dotted lines the limits
of agreement for the mean values (bold lines). Kolmogorov-Smirnov
tests for every data set: p-values > 0.1.

Finally, we tested the feasibility of the recalibration of relaxation time maps
obtained from cardiac mapping sequences and acquired with a simulated
heart-rate of 60 bpm (see Fig. 41). Reference values for the Eurospin phan-
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tom were assessed by means of maps generated from IR-TSE and TSE ac-
quisitions at 22.5◦C using the same set-up reported in Fig. 36 using the belt
phantom to ensure a correct image acquisition and processing (the acquisi-
tions were performed the same day of cardiac mapping ones).1

Due to the linearity of belt phantom MOLLI results we were able to apply
the simplest method for map recalibration that is the pixel-wise multipli-
cation for a constant factor of the map (it also reduces the error propaga-
tion with respect to more complicated methods): the factor was retrieved
from the average of the ratios between MOLLI T1s and NMR IR ground
truth reference ones (Fig. 41.A). All the recalibrated MOLLI values were in
agreement with NMR reference values (two-sample t-tests: p-values > 0.1).
The effect of the map recalibration on Eurospin’s relaxation times can be
seen in the Bland-Altman plot in Fig. 41.B: the distribution of recalibrated
values (in red) is more centered at 0% discrepancy with respect to the non-
recalibrated distribution (in black), hence resulting in a more accurate es-
timation of the Eurospin’s relaxation times without affecting severely the
precision (∼ ±10%).

The recalibration of the T2 map from T2-prep TrueFISP sequence acquisi-
tion did not provide the same good results as for the case of MOLLI T1 map.
Due to the non-linearity of belt phantom T2-prep TrueFISP results, we fit-
ted the ratios between T2-prep TrueFISP T2s and NMR CPMG ground truth
reference ones with a quadratic function (bijective in the analyzed range of
relaxation times) and we applied this function pixel-wise on the T2 map,
hence obtaining the expected behavior of relaxation rates as a function of
MnCl2 concentration for the belt phantom values (Fig. 41.C, p-values of
two-sample t-tests greater than 0.1). Noticed the severe increment of the
errors caused by the error propagation for having used a quadratic func-
tion for the recalibration. Eurospin’s values, already underestimated (see
the black distribution in Fig. 41.D), after the recalibration presented a more
severe underestimation (see the red distribution in Fig. 41.D).
Further investigations on the effect of the different nature of the samples
(aqueous solutions vs gels), probably resulting in a different sensitiveness
to this particular sequence, must be performed.

1 Acquisition parameters:

IR-TSE: FOV = 300 × 300 mm2; Matrix = 512 × 512; ST = 8 mm; FA = 180◦; TR = 10 s; TE = 12 ms;
TI = 40, 100, 250, 500, 750, 1000, 1500, 3000, 5000, 9670 ms; ETL = 27; NA = 1; PS = 100%; PB = 155 Hz/pixel.

TSE: FOV = 300 × 300 mm2; Matrix = 256 × 256; ST = 8 mm; FA = 90◦; TR = 10 s; TE =
14, 28, 42, 55, 69, 83, 97, 125, 194, 291 ms; ETL = 21; NA = 2; PS = 75%; PB = 100 Hz/pixel.

56



3.3. mri mapping experiments

3.3.4 Exp. 3: In Vivo Applicability of the Method

We also conducted an in vivo experiment on an untrained volunteer: we ac-
quired MOLLI T1 and T2-prep TrueFISP T2 maps (using the Siemens Aera
MRI scanner) of one body slice in the abdomen region, in axial geometry,
scanning simultaneously both the volunteer and the MnCl2 samples in a
configuration similar to the one proposed in Fig. 25.B. The MnCl2 were
placed inside a thermal insulator envelope and positioned on the volun-
teer’s abdomen in a cartridge-like belt configuration. B0 and B1 maps were
also acquired in order to evaluate potential issues derived from different
static and exciting magnetic field conditions. These maps were generated
from gradient echo (GRE) acquisitions through, respectively, the dual echo
method [75] and the double angle method [76].2 The temperature of the
MnCl2 samples was monitored as in the previous case with the optical fiber
sensor TempSense.

Results

In Fig. 42 the maps of the in vivo experiment are reported. The hyperin-
tense signal in the stomach in both relaxation times maps is attributed to
food ingested by the volunteer. B0 and B1 map show quite homogeneous
patterns when comparing the inside regions vs the outside ones. The off-
resonance is higher for central MnCl2 samples (∼ 30 Hz) and decrease for
lateral ones, while if evaluated in the liver region is around 40 Hz. As
can be seen in Fig. 43, the data from of the MnCl2 samples show the same
behavior of the previous experiments: MOLLI T1 values result underes-
timated but the relaxation rates are linearly dependent with the MnCl2
concentration (R2 = 0.997), as expected from the SBM theory; for T2-prep
TrueFISP R2 values a plateau can be observed at high concentrations, and
the linear dependence with MnCl2 concentration is lost. Also, T2s resulted
underestimated or overestimated for MnCl2 concentrations lower or higher
than 0.2 mM, respectively.

The in vivo experiment pointed out how different acquisition conditions
can influence the mapped relaxation times, hence supporting the neces-
sity of an in-scan reference. In fact, even if the general behaviors of the

2 Acquisition parameters:

MOLLI: FOV = 418 × 357 mm2; Matrix = 192 × 164; ST = 8 mm; FA = 35◦; TR = 262 ms; TE = 1 ms;
TI = 100, 180, 363, 443, 625, 705, 885, 1148 ms; NA = 1; PS = 80.5%; PB = 1085 Hz pixel−1.

T2-prep TrueFISP: FOV = 442 × 378 mm2; Matrix = 192 × 164; ST = 8 mm; FA = 70◦; TR = 194 ms; TE = 1 ms;
TE,prep = 0, 25, 55 ms; NA = 1; PS = 75.6%; PB = 1185 Hz pixel−1.

GRE (B0 map): FOV = 456× 442 mm2; Matrix = 264× 256; ST = 8 mm; FA = 20◦; TR = 221 ms; TE = 2.67, 4.87
ms; NA = 3; PS = 50%; PB = 815 Hz pixel−1.

GRE (B1 map): FOV = 500 × 421 mm2; Matrix = 256 × 256; ST = 8 mm; FA = 45◦, 90◦; TR = 13 ms; TE = 4.8
ms; NA = 26; PS = 25%; PB = 420 Hz pixel−1.
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Figure 42: In vivo experiment maps of an abdominal axial slice: (A) MOLLI T1
map; (B) T2-prep TrueFISP T2 map; (C) B0 map; (D) B1 map, normalized
to the nominal flip angle. The darker regions in the B0 map are due to
chemical shift artifacts.

relaxation rates are similar to the ones found when scanning the MnCl2
samples alone, the mapped values and their errors, both evaluated with
the swSD software, are different (see Figs. 38 and 43). The B0 inhomo-
geneities (Fig. 38.C), which are responsible of the artifacts in Fig. 38.B on
the samples on the left, do not affect severely the T2 quantification, since,
as can be seen in Fig. 43.B, the behavior of the relaxation rates as a function
of the MnCl2 concentration is similar to those of Fig. 38.C (which are the
ones related to maps acquired with different field conditions) and, further-
more, the larger discrepancies were found in the region where B0 was more
homogeneous (no artifacts were observable on the samples on the right of
Fig. 38.B). Similar considerations can be made to a lesser extent as far as
concerns the B1 inhomogeneities (in fact the B1 map is more homogeneous,
Fig. 38.D): from NMR CPMG experiment conducted on the MnCl2 samples
in our laboratory on the NMR spectrometer, the T2 remains stable within
an experimental error of 15% by changing the B1 up to 50%.
Moreover, in Fig. 43.D, can be seen that the mapped T2 values of MnCl2
samples do not cover the lower values range of T2 in the maps: this fact
is related to the plateau observable for R2 data at high MnCl2 concentra-
tions. Further investigations are needed to understand the mechanisms of
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T2-prep TrueFISP sequence that led to the non-linear dependence of relax-
ation rates with MnCl2 concentration and affected the feasibility of map
recalibration (as already pointed out in the Exp. 2). The MOLLI case is
completely different (the linearity of R1 vs [MnCl2] is preserved and the
mapped T1 values cover properly the distribution of T1s): a possible recali-
bration function was determined through a linear 1-parameter fit of NMR
vs MOLLI values obtaining T1,true = 1.07 T1,MOLLI . It is noticed that the
factor for the MOLLI map recalibration is higher than the one applied by
the Siemens software (1.035, see next paragraph).

Figure 43: Relaxation rates of the MnCl2 samples in the in vivo experiment: (A)
MOLLI T1 map; (B) T2-prep TrueFISP T2 map. The histograms in
the bottom show the distribution on the maps of the relaxation times,
respectively, T1 (C) and T2 (D). The red and blue shaded areas rep-
resent the ranges covered by the values measured on the relaxation
times maps of the MnCl2 samples (i.e. the mapped values, not the
real ones). Temperature of the MnCl2 samples as measured with
TempSense: 25.2◦C.
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clinical aspects As a last observation on the belt phantom, it is important to
remark that the explored wide ranges of both heart-rates (HR = 30 − 150 bpm) and
relaxation times at B0 = 1.5 T (T1 = 300 − 1500 ms ca.; T2 = 30 − 250 ms ca.) were
chosen to stress the system in ideal motion-free conditions.
In clinical cardiological applications at B0 = 1.5 T the usual ranges are [77]: (i) HR
= 40 − 120 bpm, since HR values below or over these cut-offs are critical from a clin-
ical point of view and affect severely the quality of the acquired images preventing
a reliable reconstruction of the maps; (ii) T1 = 500 − 1200 ms [7] (R1 = 0.8 − 2 s−1),
with the lowest T1 values detected in thalassemia major patients with severe iron
overload and the highest T1 values found in patients affected by myocardial edema or
amyloidosis and (iii) T2 = 40 − 70 ms [7] (R2 = 14 − 25 s−1), with the two extremes
that correspond, respectively, to thalassemia major patients and to patients with my-
ocardial edema (e.g. acute myocarditis or acute myocardial infarction). Usual normal
reference values fall within the ranges T1 = 900 − 1000 ms, and T2 = 45 − 50 ms
[7, 9, 10, 51]: for example, from previous studies performed by the Department of
Cardiology of the Niguarda Hospital were found T1 = 984 ± 30 ms as normal refer-
ence value for MOLLI sequences, and T2 = 45 ± 2 ms for T2-prepTrueFISP sequences.
It is also noteworthy that the indicated relaxation time values (both the normal and
the pathological ones) depend on the sequence, the scanner, the software and are in
general different from study to study [9, 10, 78]. Moreover, this work considers the
possibility of applying MOLLI and T2-prep TrueFISP sequences to other body districts
with respect to the heart that are characterized by different relaxation time ranges [5,
79–82].

3.3.5 Software Comparison

The Bland-Altman plots of the comparisons between the results obtained
with the different software used in this study are illustrated in Fig. 44: in
particular, the plots 44.A, 44.B, 44.C, and 44.D validate the measurements
done with the swSD software, proving that they are statistically coincident
with Segment’s ones within 1% for T1 and 3% for T2 limits of agreement.

In Fig. 44 the variation that could arise in measuring the relaxation times
employing different software can also be seen (plots 44.E and 44.F). The
longitudinal relaxation time T1 values extracted from MOLLI obtained us-
ing the Siemens’ software are higher than those resulting from swSD by a
factor of 1.035. This numerical correction applied to T1 MOLLI maps com-
pensates for a T1 underestimation due to the imperfection of the excitation
180◦ pulse [70, 83].

From the comparison analysis between T2-prep TrueFISP results from
Siemens’ software and swSD, for which an average overestimation of ∼
5%, a trend is observable: the discrepancies are wider for lower T2s and
become lower with increasing T2. This trend reflects the increment of the
percentage errors measured with the swSD software on the belt phantom
samples with increasing MnCl2 concentration (see Fig. 39). This effect is not
present in the comparison between Segment and swSD T2-prep TrueFISP
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results since the computational details of the two software are much more
similar than Siemens’ one.

Figure 44: Bland-Altman plots of the comparisons between the results concern-
ing the relaxation time T1 (left column: A, C, and E) and T2 (right
column: B, D, and F) obtained with different software: Segment vs
swSD (A, B, C, and D); Siemens VE11C MyoMaps vs swSD (E and F).
Kolmogorov-Smirnov tests for the normality were performed for every
data-set to ensure the applicability of the Bland-Altman analysis result-
ing in p-values > 0.1 in all cases. The dotted lines represent the limits of
agreement, from −1.96s to +1.96s (s is the standard deviation), while
the grey areas represent the confidence interval limits for the mean val-
ues (bold black lines).
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3.4 conclusions

In this work, we have presented a methodology for a scanner-independent
and center-independent evaluation of the values of T1 and T2 using map-
ping sequences, as a step towards data harmonization and optimization.
The method relies on a robust and well-controlled NMR laboratory T1 and
T2 calibrating measurements, that singled out the discrepancies between
maps and reference values: the temperature of the reference samples at the
moment of the acquisition unveils the true values of their relaxation times.
It has been shown that our method based on reference MnCl2 aqueous solu-
tion samples can be easily applied for the assessment of both precision and
accuracy of relaxation time maps in any experimental acquisition/analysis
protocol, i.e. different MRI scanners, sequences, software, as well as clinical
conditions (heart-rates, temperature, etc.). It is worth noting the remark-
able case of T2-prep TrueFISP, for which the T2 values deduced from such
MRI sequence are overestimated with respect to the theoretically expected
behavior, by a factor that is enhanced with 1/T2 increase.
To test the applicability of our method to a statistically significant number
of in vivo cases, further studies are needed. However, we guess that the use
of a cartridge-like belt of MnCl2 samples, joint to the combined analysis of
T1 and T2 maps and of the related SD maps, could become a powerful in-
strument for the recalibration of the relaxation time maps acquired in vivo

with fast mapping sequences.

note We are currently investigating on the in vivo feasibility of the me-
thodology taking particular attention to the placement of the samples in
order to avoid possible surface effects and B0/B1/susceptibility issues on
the relaxation time maps, as well as considering the increment of FOV re-
quirements, the patient discomfort, and the temperature monitoring and
stability during the scan. Preliminary attempts on untrained volunteers
seem to support the applicability of the method (see Fig. 42).
The project of a year-long clinical trial was canceled due to the global pan-
demic of SARS-CoV-2 and will be probably started after the end of the
doctorate course of the candidate.
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4I N S I G H T O F C A M E C H A N I S M S :

S T U DY O F L N - D OTA C O M P L E X E S

I n this Chapter, a study on the characterization of contrast agents for
high-field MRI applications will be presented. This work was devel-
oped in collaboration with the Department of Chemistry of the Univer-

sity of Florence (Italy) and with the Department of Physics of the University
of Milan (Italy).

The study presented in this Chapter have been published on the Journal
of Chemical Physics in a paper entitled Longitudinal and transverse NMR re-

laxivities of Ln(III)-DOTA complexes: a comprehensive investigation by Cicolari
et al. [84].

note Following the usual nomenclature in the MRI field, in this Section
the magnetic induction B will be referred to as magnetic field.

4.1 rationale

The Magnetic Resonance Imaging (MRI) contrast agents have been exten-
sively studied in the last 40 years and their use in medicine is widespread,
especially for the most common applications at 1.5 and 3 T [15]. The main
property that allows these systems to enhance the MRI sensitivity is the
ability of improving the image contrast, taking advantage of their capa-
bility to increase the nuclear relaxation rates. For their characterization,
Nuclear Magnetic Resonance (NMR) is commonly employed for collecting
nuclear relaxivity data, i.e. the relaxation rate increment (with respect to
the pure solvent) normalized to 1 mM concentration of the contrast agent
(CA), as a function of the Larmor resonance frequency ν = (γ/2π)B0 ,
where γ is the gyromagnetic ratio of the nuclear species, usually 1H, and
B0 is the applied static magnetic field. The acquired data generate the
so-called Nuclear Magnetic Relaxation Dispersion (NMRD) profiles, that
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can be analyzed according to models based on the Solomon-Bloembergen-
Morgan (SBM) theory [16–19, 43] for obtaining information on the chemical
exchange time, the minimum approach distance of the water to the mag-
netic ion, the molecular dynamics (Brownian rotation), and the electron
spin dynamics and the magnetic interactions of the CA molecule with the
surrounding environment [85–87].

The MRI CAs are usually composed of a paramagnetic center, typically
a metal ion, surrounded by a chelate, which allows biological compatibility
and favors the ‘safe’ residence in the body and the correct elimination from
the organism of the CA after its injection [15]. Their design is based on the
Paramagnetic Relaxation Enhancement (PRE) mechanism [88], which, as al-
ready explained in Section 2.3 and here reported for sake of clarity, causes
a local increase of both nuclear longitudinal R1 = 1/T1 and transverse
R2 = 1/T2 relaxation rates of tissues, where T1 is the spin-lattice relaxation
time and T2 is the spin-spin relaxation time. The PRE mechanism causes
the desired improvement of the image contrast and, depending on their
effect on T1 or T2, CAs can be classified as: (i) positive CAs that produce
brighter zones reducing mainly T1; (ii) negative CAs that cause darker spots
reducing mainly T2. For obtaining generally a positive contrast, as para-
magnetic center the Gd(III) ion provides the best nuclear relaxation rate
enhancement, if compared to the other ions of the lanthanide series, due
to its long electronic relaxation time. This occurrence explains the exten-
sive employment of Gd(III) complexes as positive CA in MRI. Other Ln(III)
complexes (especially Dy(III) complexes), characterized by short electronic
relaxation times, are more often used as shift agents for NMR spectroscopic
applications. On the other hand, because of the recent development of very
high-field scanners for the human body [89–92], materials belonging to the
same family of the most used CAs, but scarcely explored, have been sug-
gested [20, 93, 94]. Example of such materials are the non-Gd Ln(III)-based
compounds [22, 95, 96], that, as their paramagnetic transverse relaxation
rate contribution depends on the square of the chemical shift (proportional
to the magnetic field) [21, 22], have been proposed as potential negative
CAs for high-field applications [23, 97–100].

In the present work we investigated the NMRD profiles of four differ-
ent Ln(III)-DOTA complexes in aqueous solutions (Ln = Gd, Dy, Tb, Er;
DOTA = 1,4,7,10 - tetraazacyclododecane - N,N’,N”,N”’ - tetraacetic acid)
and of [Mn(H2O)6]2+ aqua ions, for comparison, combining the analysis of
both longitudinal and transverse relaxivity data acquired in a wide range
of frequencies (from 10 kHz up to 700 MHz). Accordingly to the literature,
this combined approach allows to determine the main physico-chemical
quantities that influence the MRI contrast agent’s efficiency [22]. The data
were analyzed considering both the quenched (Gd(III) and Mn(II)) or un-
quenched (Dy(III), Tb(III) and Er(III)) orbital angular momentum, and the
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presence of the so-called Curie relaxation [44]. The latter contribution is
efficient when the magnetic dipolar interaction between the nuclear spins
and the thermal average of the electronic spin is modulated by the molec-
ular motion. Noticeably, the Curie contribution is singled out when the
electronic correlation time is short [101, 102]. Furthermore, the efficiency
of Dy-DOTA, Tb-DOTA, and Er-DOTA at high fields as both positive and
negative MRI CAs is shown by contrast images collected at 7 T employing
a pre-clinical scanner.

In the following sections we will present: the theoretical basis of models
of longitudinal and transverse NMRD profiles, the experimental details,
the obtained results, and the correlated discussion.

4.2 samples

In Fig. 45.A the chemical formula of the macrocyclic ligand DOTA (1,4,7,10

- tetraazacyclododecane - N,N’,N”,N”’ - tetraacetic acid) is reported, and in
Fig. 45.B and C a top and a side view of the contrast agent molecule com-
posed by a paramagnetic lanthanide metal center and the DOTA ligand can
be seen respectively. In particular, the capped square-antiprism structure
can be well appreciated.

Figure 45: (A) Chemical formula of the macrocyclic DOTA ligand (1,4,7,10 - te-
traazacyclododecane - N,N’,N”,N”’ - tetraacetic acid). (B) Top and (C)
side view of the capped square-antiprism Ln-DOTA molecule (for sake
of simplicity only the capped water hydrogens are illustrated). The
atoms are colored as follows: white = H, gray = C, red = O, blue = N,
teal = Ln. In Figure are also highlighted the parallel O4-plane (red) and
the N4-plane (blue) of the antiprism.

We considered two ions with L = 0, i.e. Gd(III) and Mn(II). Indeed,
Gd(III) represents a standard in MRI and it is widely used. Conversely,
Mn(II) has been poorly exploited so far, but it has been recently proposed as
a valid alternative to Gd(III) complexes [103–105]. In this work, as already
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mentioned, we used Mn(II) aqua ions as reference for the other Ln-DOTA
complexes.

Figure 46: Ln(III) ions magnetic properties: 4f orbitals occupation, 4f electron dis-
tribution and 4f charge density angular dependence. Source [25].

Figure 47: Magnetic susceptibility tensor of Dy-DOTA, Tb-DOTA and Er-DOTA
calculated at T = 298 K and B0 = 1 T using the Crystal Field parame-
ters reported in the recent work of Briganti et al. [106]. The color scale
refers to the value of the magnetic susceptibility. The vertical arrow
in the three plots coincides with the direction of the lanthanide-water
bond.

Among the possible anisotropic lanthanide ions (L 6= 0), we have cho-
sen Dy(III), Tb(III) and Er(III) due to several reasons. In Fig. 46 the main
magnetic properties of the trivalent Ln(III) ions considered in this study
are summarized: their paramagnetism arises from the large number of un-
paired 4f electrons, which are only marginally involved in the formation
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of chemical bonds since they are shielded by the 5s and 5p shells. From
a chemical point of view, these ions have similar radii and comparable ki-
netic constants for the solvent exchange processes [107–110]. The magnetic
anisotropy of all these ions is comparable and remarkably high at room
temperature. A plot of susceptibility tensors of these ions in the Ln-DOTA
complexes, computed at room temperature using crystal field parameters
recently reported for the whole DOTA series [106], is reported in Fig. 47.
The magnetic anisotropy of Dy and Tb is substantially easy plane while the
magnetic anisotropy of Er is easy axis.

4.3 sbm models

As already shown in Chapter 2 (Section 2.3), here reported for sake of
clarity, the relaxation rate enhancement caused by a paramagnetic species
diluted in a diamagnetic solvent (e.g. water) can be expressed as

Ri,p = riC = Ri,obs − Ri,dia with i = 1, 2 (50)

where Ri,obs and Ri,dia are the relaxation rates of the solution and of the
solvent respectively, while the paramagnetic contribution Ri,p is expressed
in terms of the concentration of the paramagnetic species C, usually given
in mM (1 mM = 1 mmol l−1), and of the relaxivity ri (in units of mM−1 s−1).
The paramagnetic terms Ri,p can be separated in two sub-terms, according
to the intra- or inter-molecular nature of the interactions, namely the Inner-
(IS) and Outer-sphere (OS) contribution respectively : Ri,p = Ri,IS + Ri,OS.

Let us now split the theoretical model of nuclear relaxation into two cases
depending on the characteristics of the paramagnetic center:

• for Gd-DOTA and [Mn(H2O)6]2+, L = 0 and negligible Curie contri-
bution;

• for Dy(III), Tb(III), and Er(III) complexes, L 6= 0 and non-negligible
Curie contribution.

The motivation of this choice is correlated to the different interactions con-
sidered in the SBM model: in the former case the dipolar and scalar in-
teractions dominate the relaxation mechanism due to the longer electronic
correlations times (≫ 1 ps); in the second case, due to short relaxation
times (< 1 ps) the dipolar and scalar interactions give a much smaller con-
tribution to the nuclear relaxation and at high fields the Curie contribution
dominates.
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Case with L = 0

For ions characterized by null orbital angular momentum (L = 0), such
as Gd(III) and Mn(II), the two major contributions to the relaxivity arise
from the dipolar (DD) and the scalar (also named contact or hyperfine, SC)
interactions. The contribution from the Curie can be neglected [15].
The equations expressing the inner-sphere contribution of the longitudinal
and transverse relaxation rates Ri,IS are given by:

R1,IS =

(

1
T1

)IS

= f q
1

T1m + τm
(51)
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1
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m T−1
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m
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2m )2 + ∆ω2
m

(52)

where f is the ratio between the concentration of the paramagnetic species
and the water ( f = C/55500), q is the number of bound water molecu-
les per paramagnetic ion (hydration number), Tim (with i = 1, 2) are the
proton relaxation times of the coordinated water, τm is the lifetime of the
first coordination sphere’s water molecules of the complex exchanging with
the bulk (also known as water exchange time), and ∆ωm is the chemical
shift of the coordinated water molecule. In particular, ∆ωm is propor-
tional to the magnetic field and results from the sum of a contact term
∆ωcont

m = gµBS(S + 1)(A/h̄)[1/(3kBT)]B0 where B0 is the applied mag-
netic field, kB is the Boltzmann constant and T is the temperature, and one
term related to the rotational average of the dipole-dipole interaction (also
known as pseudocontact) [15, 22, 111]. The equations for the two differ-
ent contributions (DD and SC) to the proton relaxation rates (1/Tim) of the
coordinated water molecule are:
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and
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where γI is the gyromagnetic ratio of the observed nucleus, g is the elec-
tron g-factor, µB is the Bohr magneton, r is the distance between the para-
magnetic ion and the observed nucleus, S is the spin quantum number,
µ0 is the vacuum magnetic permeability, A/h̄ is the scalar (or hyperfine)
coupling constant between the electron spin of the paramagnetic ion and
the proton spin of the coordinated water, ωI and ωS are the nuclear and
electron angular precession frequencies. The correlation times τci and τei

(i = 1, 2) modulate the dipolar and the scalar interactions and are given by:
τ−1

ci = τ−1
m + τ−1

r + T−1
ie and τ−1

ei = τ−1
m + T−1

ie , where τr is the rotational
correlation time of the complex, and Tie are the electronic relaxation times.

In the Redfield limit (see below) and for metal complexes with S ≥ 1,
the electronic relaxation rates (1/Tie, i = 1, 2) are usually written by taking
into account the zero-field-splitting (ZFS) interaction as follows:
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(59)

with C = 1/50 ∆2τv[4S(S + 1) − 3], where ∆2 is the mean squared fluctu-
ation of the ZFS, which is related to the ZFS parameters DZFS and EZFS

(i.e. the axial and transverse component of the magnetic anisotropy) by the
relation ∆2 = 2/3 D2

ZFS + 2 E2
ZFS, and τv is the ZFS modulation correlation

time. C can be expressed in terms of the low-field electronic relaxation time
τS0 as C = 0.1/τS0 in order to highlight its temporal meaning. In the limit
ω2

Sτ2
v ≪ 1, T1e = T2e = τS0. The Redfield limit is given by ∆2τ2

v ≪ 1 [112].
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The equations for the outer-sphere longitudinal and transverse proton
relaxation rates of bulk water molecules Ri,OS = (1/TDD

i )OS (with i = 1, 2)
are related only to the dipolar interaction and are given by:
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where NA is the Avogadro number, d is the distance of minimum approach
for bulk water molecules to the paramagnetic center, D is the relative self-
diffusion constant, and jk(ω) is the spectral density function for the dipolar
interaction given by the equation:

jk (ω) = Re
{

1 + z/4
1 + z + 4 z2/9 + z3/9

}

(62)

where z =
√

iωτD + τD/Tke (with k = 1, 2), and τD = d2/D is the transla-
tional correlation time.

Case with L 6= 0

For ions characterized by non-null orbital angular momentum (L 6= 0),
such as Dy(III), Tb(III), and Er(III), the electronic relaxation time is shorter,
the DD and SC contributions are small, and, as a consequence, the Curie
contribution dominates at high fields [22, 101].

The equations for the inner-sphere contributions of the longitudinal and
transverse relaxation rates Ri,IS are, again, given by Eqs. 51 and 52, but the
proton relaxation rates are now expressed as

(

1
Tim

)

=

(

1
TDD

i

)IS

+

(

1
TSC

i

)IS

+

(

1
TCurie

i

)IS

with i = 1, 2 (63)

The equations for the inner-sphere terms Eqs. 54 to 57 are still valid when
applying the following corrections: g must be substituted with the Landé
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g-factor gj and S with the total spin quantum number J. The Curie contri-
butions to the proton relaxation rates are expressed as:
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(65)

The equations for the outer-sphere contributions result now from the sum
of two terms, the dipolar and the Curie ones, and assume the form

Ri,OS =

(

1
TDD

i

)OS

+

(

1
TCurie

i

)OS

with i = 1, 2 (66)

where
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and
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(
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B S2

c {3 j (ωI) + 4 j (0)} (70)

where χ = JB0µBgj/(kBT) and Sc = JBJ(χ) is the time-averaged or ‘Curie’
spin given by the product of J with the Brillouin function BJ(χ) [44, 113]
and being τcc the correlation time for the Curie contribution (τ−1

cc = τ−1
m +

τ−1
r ) and j(ω) the spectral density function for the dipolar interaction jk(ω)

in the limit of Tie → ∞.

4.4 experimental details

4.4.1 Samples Preparation

Crystalline powders of Na[LnDOTA(H2O)] · 4 H2O, with Ln(III) = Gd(III),
Dy(III), Tb(III), and Er(III) and DOTA = 1,4,7,10 - tetraazacyclododecane -
N,N’,N”,N”’ - tetraacetic acid were obtained following the procedure re-
ported in previous works [114–116]. Manganese(II) chloride tetrahydrate
powders (formula MnCl2 · 4 H2O, molar mass 197.91 g/mol) were sup-
plied by Sigma-Aldrich Co., St. Louis, MO, USA.
All the solutions were prepared by diluting the compounds powders in
MilliQ water and obtaining the following concentrations: [MnCl2] = 0.65
mM, [Gd-DOTA] = 1.082 mM, [Dy-DOTA] = 17.3 mM, [Tb-DOTA] = 11
mM, and [Er-DOTA] = 15.5 mM. The evaluation of the chemical shifts
for the LnDOTA complexes (Ln 6= Gd) was performed collecting the so-
lutions spectra at 400 MHz and 700 MHz and by adding a small amount
of trimethylsilylpropanoic acid (TSP) for the frequency lock: this step was
done after the acquisition of all the NMRD profiles. Furthermore, two ad-
ditional sets of Dy-DOTA, Tb-DOTA, and Er-DOTA samples with 100 mM
and 5 mM concentrations were prepared for low-field T2 measurements
(ν ≤ 3 MHz) and MRI acquisitions, respectively.

4.4.2 Relaxometry

The NMRD profiles of the different aqueous solutions were acquired at
room temperature T = 298 K by measuring the spin-lattice relaxation time
T1 and the spin-spin relaxation time T2 at several Larmor resonance fre-
quencies (i.e. at different external magnetic field strengths). Several devices
and techniques, summarized in Table 4, were employed to span a wide
range of frequencies ν, from 0.01 MHz up to 700 MHz, corresponding to a
broad range of magnetic field strength 2.35 × 10−4

< B0 < 16 T.
We employed standard NMR techniques [4] for relaxation times measure-
ments above 7.2 MHz, while below 7.2 MHz we used the Fast-Field-Cycling
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(FFC) techniques [117, 118]. All T1 measurements were performed em-
ploying either the Saturation (SR) or the Inversion Recovery (IR) pulse-
sequences. To quantify T2, we used the Carr-Purcell-Meiboom-Gill (CPMG)
sequence for frequency above 3 MHz, and the Spin-Echo (SE) sequence for
frequency below 3 MHz.

Table 4: NMRD profiles acquisition instrumentation and techniques according to
specific ranges of frequencies.

Frequency (MHz) Instrumentation Techniques

0.01 − 3 Stelar SMARTracer Relaxometer FFC-PP (SR + SE)
3 − 7.2 Stelar SMARTracer Relaxometer FFC-NP (SR + CPMG)
7.2 − 60 Stelar Spinmaster Spectrometer NMR (SR + CPMG)

Tecmag Apollo Spectrometer
7.2 − 298 + NMR (SR + CPMG)

Bruker EM / SCM
400 Bruker FT-NMR Avance Spectrometer NMR (IR + CPMG)
700 Bruker Avance NEO Spectrometer NMR (IR + CPMG)

Stelar s.r.l., Mede, Italy; Tecmag, Houston, TX, USA; Bruker, Billerica, MA, USA.

EM = Electromagnet; SCM = Superconducting Magnet; PP = Pre-Polarized; NP = Non-Polarized.

The raw data were then fitted to an exponential recovery function for
T1 (signal intensity vs different saturation/inversion times), or to an expo-
nential decay function for T2 (signal intensity vs different echo-times). An
experimental error of 8% was assigned to all the experimental data, based
on previous studies on the a priori error outlined for the different experi-
mental setups due to the electronic chain.

4.4.3 In vitro Magnetic Resonance Imaging

MRI acquisitions were performed at 0.18 T (ν = 7.74 MHz) on an Artoscan
Imager (Esaote, Genova, Italy) and at 7 T (ν = 298 MHz) on a PharmaScan
Scanner (Bruker, Billerica, Massachusetts, USA). The images were acquired
at room temperature of 2 ml vials filled with 5 mM aqueous solutions of
Dy-DOTA, Tb-DOTA, and Er-DOTA. We acquired two series of Spin-Echo
images for each magnetic field strength, the first one varying the repetition
time (TR) and the second one changing the echo time (TE). The acquisition
parameters can be summarized as follows:

• Esaote Artoscan Imager (0.18 T, ν = 7.74 MHz):

1. T1-weighted sequence. TR = 100, 300, 500 ms; TE = 20 ms; Acqui-
sition Matrix 256 × 192; Reconstruction Matrix 256 × 256; FOV =
12 × 12 cm2; Slice Thickness = 5 mm; Averages = 10.

2. T2-weighted sequence. TE = 28, 90, 120 ms; TR = 2.8 s; Acquisition
Matrix 256 × 192; Reconstruction Matrix 256 × 256; FOV = 12 ×
12 cm2; Slice Thickness = 5 mm; Averages = 1.
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• Bruker PharmaScan Scanner (7 T, ν = 298.03 MHz):

1. T1-weighted sequence. TR = 100, 300, 500 ms; TE = 20 ms; Acqui-
sition Matrix 256 × 192; Reconstruction Matrix 256 × 256; FOV =
4 × 4 cm2; Slice Thickness = 1 mm; Averages = 3.

2. T2-weighted sequence. TE = 28, 90, 120 ms; TR = 2.8 s; Acquisition
Matrix 256 × 192; Reconstruction Matrix 256 × 256; FOV = 4 × 4
cm2; Slice Thickness = 1 mm; Averages = 1.

4.5 data analysis and discussion

Figure 48: Longitudinal (left) and transverse (right) relaxivity 1H NMRD profiles
of Gd-DOTA and [Mn(H2O)6]2+ solutions at 298 K. The lines represent
the best-fit curves using the Solomon-Bloembergen-Morgan equations
(see text).

Figure 49: Longitudinal (left) and transverse (right) relaxivity 1H NMRD profiles
of Dy-DOTA, Tb-DOTA and Er-DOTA solutions at 298 K. The lines
represent the best-fit curves using the Solomon-Bloembergen-Morgan
equations (see text).
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Table 5: Parameters obtained from the fitting of (A) [Mn(H2O)6]2+ and (B) Gd-
DOTA solutions NMRD profiles. Underscored parameters are those
kept fixed in the least-square fitting procedure. The values in brack-
ets represent the standard deviation of the fitted parameter. The fixed
parameters values for the r2 data analysis and obtained from the r1
data fitting are labelled with the apical asterisk. The values of the pa-
rameters reported in italic were calculated through the relation τ−1

S0 =
(1/5) [4S(S + 1)− 3]∆2τv and their standard deviations, if any, were ob-
tained by the propagation of uncertainties.

Complex A. [Mn(H2O)6]2+ B. Gd-DOTA

Parameters r1 r2 Ref. [119] / [120, 121] / [122] r1 r2 Ref. [123]

q 6 6 6/6/6 1 1 1
r / Å 2.89(0.04) 2.89∗ 2.83/2.78/2.71(0.03) 3.07(0.05) 3.05(0.07) 3.1
τr / ps 38.6(2.9) 38.6∗ 30.0(0.2)/32/32(2) 78.1(8.5) 81.5(12.8) 77(4)
τm / ns 35.5 37.3(0.7) 35.5(4.0)/ − /20 244 244 244(11)
A/h̄ / Mrad s−1 5.37(0.08) 5.37∗ 5.43(0.03)/4.27/5.1(0.5) − − −
τS0 / ps 2267(42) 2267∗ −/3500/3500 486.7(47.8) 445.8(58.2) 473(52)
τv / ps 0.5(0.5) 4.34(0.10) 10(10)/2 − 3/5.3 11 11 11(1)
∆2 / 1019 s−2 − 1.59(0.05) 0.06(0.06)/1.5 − 2.2/0.84 1.56(0.16) 1.70(0.26) 1.6(0.1)
d / Å 3.6 3.6 3.6/ − /− 3.5 1 3.5 3.5
D / 10−9 m2 s−1 2.3 2.3 2.3/ − /− 2.3 2.3 2.2

Table 6: Parameters obtained from the fitting of (A) Dy-DOTA, (B) Tb-DOTA and
(C) Er-DOTA solutions NMRD profiles and from the analysis of the 400
and 700 MHz NMR 1H spectra as explained in the text. Underscored
parameters are those kept fixed in the least-square fitting procedure. The
values in brackets represent the standard deviation of the fitted parameter.
The values fixed for the r2 data analysis and obtained from the r1 data
fitting procedures are labelled with the apical asterisk.

Complex A. Dy-DOTA B. Tb-DOTA C. Er-DOTA

Parameters r1 r2 r1 r2 r1 r2

r / Å 3.37(0.05) 2 3.37∗ 2.96(0.05) 2.96∗ 3.02(0.05) 3.02∗

τS0 / ps 0.19(0.01) 0.19∗ 0.22(0.01) 0.22∗ 0.13(0.01) 0.13∗

α / Mrad s−1 T−1 - 0.31(0.01) - 0.27(0.01) - 0.21(0.01)
τm / ns 10 15.39(0.05) 10 26.39(0.07) 10 1.40(0.03)

τm / ns (spectra) - 16.91(1.15) - 29.36(2.20) - 4.84(0.34)

The NMRD profiles were fitted with the model functions described in
Section 4.3 using a custom Matlab script (MathWorks, Natick, MA, USA).
The proton longitudinal and transverse relaxivity experimental data and
the fitting curves of the five samples are reported in Fig. 48 (Case 1, Gd-

1 A more reasonable choice for this parameter (whose fixed value was taken from [123]) could be d = 4 Å, in
agreement with the molecular radius length which is about 3.7 − 3.8 Å (equatorial metal-proton distance of the
macrocyclic ring). However the fit doesn’t change appreciably and the variation of the estimated parameters is
below 10% (r = 3.01 ± 0.05 Å, τr = 80.5 ± 8.1 ps, τS0 = 488.3 ± 53.4 ps).

2 By imposing r = 3 Å, which is closer to the value of the Ln-Ow distance estimated with many different studies
(such as Density Functional Theory, diffractometric and pulsed EPR) and is also more similar to the values
obtained for Tb- and Er-DOTA, the variations of the other parameters retrieved from the fits are lower than 5%
(τS0 = 0.20 ± 0.01 ps, τm = 15.24 ± 0.05 ns).
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4. insight of ca mechanisms: study of ln-dota complexes

DOTA and [Mn(H2O)6]2+) and in Fig. 49 (Case 2, Dy-DOTA, Tb-DOTA,
and Er-DOTA). The parameters of each fit are reported in Table 5 (Case 1)
and Table 6 (Case 2).
Here below the obtained results are separately discussed.

Case 1 - [Mn(H2O)6]2+

Figure 50: Longitudinal (left) and transverse (right) relaxivity 1H NMRD profiles
of [Mn(H2O)6]2+ solutions at 298 K. The lines represent the best-fit
curves using the Solomon-Bloembergen-Morgan equations (see text).

Experimental data for [Mn(H2O)6]2+, Fig. 48, were fitted with Eq. 50

using the expressions reported in Eqs. 51 to 62 and the parameters in Ta-
ble 5.A. In this table we also indicate fixed and adjustable parameters em-
ployed for the least-square fitting procedure. The fixed parameters were
taken from [119]. The different contributions to the relaxivities described
in Section 4.3 are shown in Fig. 50.
From the fitting of r1 data we estimated r, τr, A/h̄, τS0, and τv. The ob-
tained values were thus fixed for the analysis of r2, from which the values
of τm and of the ZFS parameter τv were extracted. For the sake of clarity, it
should be noticed that the fit of r1 resulted insensitive to values of τm > 1
ns, since the conditions T1m ≫ τm and τr ≪ τm hold. As τv and τS0 were
thus estimated, it was possible to calculate the mean squared fluctuations
of the ZFS parameter ∆2. It is worth remarking that the estimation of τv

obtained from the fitting of r1 data suffers of a great uncertainty, in anal-
ogy with the results of the work of Gomez et al. in 2014 [119]. Indeed, ZFS
parameters can be hardly retrieved by NMR acquisitions only [123, 124],
mainly if limited to the longitudinal relaxivity NMRD profile alone [15].
The increase of the transverse relaxivity at frequency ν > 20 MHz is prin-
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cipally due to the scalar SC contribution, which is a non-negligible mech-
anism differently from the situation of the other DOTA complexes here
investigated. The pseudocontact contribution to ∆ωm was neglected.
It is important to remark that, by extending the data acquisition to the low
frequency regime and combining the analysis of r1 and r2 NMRD profiles,
we were able to directly obtain an estimation of τm, which is usually de-
termined through 17O NMRD profile analysis [119, 123–125], and a more
accurate evaluation of τv and ∆2 [105, 119, 120, 122].
As reported in Table IIA, a good agreement of all the estimated parameters
with the literature ones was found (r = 2.89 ± 0.04 Å, τr = 38.6 ± 2.9 ps,
and τS0 = 2267 ± 42 ps) [119–122].

Case 1 - Gd-DOTA

Figure 51: Longitudinal (left) and transverse (right) relaxivity 1H NMRD profiles
of Gd-DOTA solutions at 298 K. The lines represent the best-fit curves
using the Solomon-Bloembergen-Morgan equations (see text).

The data of Gd-DOTA, Fig. 48, were fitted with Eq. 50 using the expres-
sions reported in Eqs. 51 to 62 and the parameters in Table 5.B (even in this
case, fixed and adjustable parameters are highlighted). The fixed parame-
ters were taken from [123]. The contributions to the relaxivities described
in Section 4.3 are reported in Fig. 51.
As in previous works [123, 126], the scalar contributions (Eqs. 55 and 57) to
the relaxivities were neglected in the present case. Indeed, the dispersions
of relaxivity data due to the scalar term and the related high-field increase
of r2 are absent (see [Mn(H2O)6]2+ data for comparison, Fig. 50).
For the fitting of r1 data we employed r, τr, τS0, and τv as adjustable param-
eters. Analogously to [Mn(H2O)6]2+, the estimation of τv from the fitting of
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the longitudinal NMRD profile was affected by a considerable uncertainty
(∼ 100%). Therefore, we decided to fix τv to the literature value τv = 11 ps
[123].
For r2 fitting, as the scalar contribution can be neglected (A/h̄ must be
lower than 0.1 Mrad s−1 for a correct fitting of both r1 and r2 data), Eq. 52

reduces to (1/T2)
IS = f q/(T2m + τm). This relation has the same form of

Eq. 51, since the chemical shift ∆ωm induced on water protons for Gd(III)
complexes is due to a pure contact contribution [22]. No further informa-
tion could therefore be extracted from r2 data because of the insensitivity
to τm when the conditions T2m ≫ τm and τr ≪ τm hold. In this way, we set
as adjustable parameters the same ones used for r1 fitting, i.e. r, τr, τS0, and
τv. Again, we found a significant uncertainty in estimating the value of τv,
that was therefore fixed to the literature value as done for the r1 fitting.
Nevertheless, from both the analysis of longitudinal and transverse relax-
ivity NMRD profiles we obtained values in good agreement with the liter-
ature [123, 126].

Case 2 - Dy-DOTA, Tb-DOTA and Er-DOTA

The data obtained for Dy-, Tb-, and Er-DOTA complexes, Fig. 49, were
fitted with Eq. 50 using the expressions reported in Eqs. 51 to 57, where
g is substituted by gj and S by J, and Eqs. 63 to 70 and the parameters in
Table 6. The contributions to the relaxivities described in Section 4.3 are
highlighted in Figs. 52 to 54.
We fixed τr = 80 ps [127], d = 3.5 Å (the same value adopted for Gd-
DOTA)3), D = 2.3 × 109 m2 s−1 [22], and we hypothesized the electronic
relaxation times independent from the applied magnetic field, hence τS0 =
T1e = T2e [22, 101]. Moreover, we estimated the ratio between ∆ωm and the
applied magnetic field (α = ∆ωm/B0) from the spectra acquired at 400 and
700 MHz (Fig. 55). Extrapolation of ∆ωm was accomplished by measuring
the paramagnetic chemical shift ∆ωp, that is the shift of the water signal
from the diamagnetic position, given by

∆ωp = f q
∆ωm

(1 + τm
T2m

)2 + τ2
m∆ω2

m
(71)

Eq. 71 reduces to ∆ωp = f q∆ωm if τ2
m∆ω2

m ≪ 1 and τm/T2m ≪ 1, i.e. when
(T−1

2 )IS is proportional to the square of the magnetic field (at high fields)
[21]. This behaviour can be well appreciated in Fig. 49 (right) for each sam-
ple at frequency ν > 20 MHz.

3 As in the case of Gd-DOTA, by setting this parameter to the more reasonable d = 4 Å (see the footnote relative
to Table 5), we obtain no substantial changes in the fits (Dy-DOTA: r = 3.2 ± 0.05 Å, τS0 = 0.24 ± 0.01 ps,
τm = 15.51 ± 0.05 ps; Tb-DOTA: r = 2.90 ± 0.05 Å, τS0 = 0.27 ± 0.01 ps, τm = 26.5 ± 0.07 ps; Er-DOTA:
r = 2.96 ± 0.05 Å, τS0 = 0.16 ± 0.01 ps, τm = 1.57 ± 0.03 ps).
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For the three different samples, we obtained r and τS0 from r1 data fitting,
while we extracted the parameter τm from the analysis of r2 data (see Ta-
ble 6).
Observing Fig. 49, some considerations can follow. Er-DOTA showed sys-
tematically lower relaxivity values than Dy-DOTA and Tb-DOTA, the last
one having the highest relaxivity values, over the whole measured range of
frequency. The differences between the three complexes are evidenced in
the high-field region of r2 data. Indeed, since the three complexes have the
same geometrical structure and similar τS0, τv, and α, such differences are
mainly attributed to the different water-exchange time τm (an independent
estimation of τm was performed using Eq. 52 combined with the expression
for ∆ωp in the limits of τ2

m∆ω2
m ≪ 1 and τm/T2m ≪ 1, neglecting the OS

terms) [21]. More in details, for Er-DOTA we found τm = 1.40 ± 0.03 ns,
i.e. one order of magnitude lower than those of Dy-DOTA and Tb-DOTA,
for which τm = 15.39 ± 0.05 ns (slightly higher than those previously pub-
lished τm = 9 ns, [21]) and τm = 26.39 ± 0.07 ns, respectively (see Table 6).
Now, it should be reminded that the electronic distribution of the 4f elec-
trons is different for the three lanthanide ions, being oblate for Dy(III) and
Tb(III), and prolate for Er(III), see Fig. 46 [25]. Thus, a possible explana-
tion for the lower value of τm of Er-DOTA could be found in the different
magnetic anisotropies of these complexes, due to their different electronic
distributions [128]. In fact, Dy-DOTA and Tb-DOTA complexes are char-
acterized by an easy-plane magnetic anisotropy, i.e. perpendicular to the
Ln-Ow bond (Ow is the oxygen of the coordinated water molecule, which
resides at the top of the oxygen plane of the capped square antiprism struc-
ture of Ln-DOTA). On the other hand, Er-DOTA is characterized by an easy-
axis magnetic anisotropy almost parallel to the Ln-Ow bond, as illustrated
in Fig. 47 in Section 4.2 [114, 128–130]. It is also known in the literature
that these complexes exist in solution as mixtures of isomers with differ-
ent coordination geometry: monocapped square antiprismatic (SAP) and
monocapped twisted square antiprismatic (TSAP). It has been shown that
the TSAP isomer exhibits a coordinated water exchange rate, kex = 1/τm,
much higher than that of the SAP species [131] (i.e. the TSAP isomer has a
lower τm). Furthermore, for the elements that follow Dy the TSAP isomer
loses the coordination water so that, in the specific case of ErDOTA, there
are two species in solution which differ in the state of hydration [132]. Of
course, the species with q = 0 influences the relaxation of the solvent only
with the OS mechanism. Hence, the "effective" τm that we extrapolate re-
flects also the relative populations of the two species as they change across
the Ln series.
The values obtained for the distances between the lanthanide paramagnetic
center and the coordinated water proton are lower than those recently es-
timated for solid-state Ln-DOTA complexes (r = 3.4 Å, [106]) but compa-
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rable to the geometrical distance assumed for similar complexes (e.g. for
Dy-DTPA, Vander Elst et al. [22] assumed r = 3.1 Å).
Considering Dy-DOTA, we found τS0 = 0.19 ± 0.01 ps from measurements
at 298 K, which is smaller than the value reported in the literature for
Dy(III) aqua ion (τS0 = 0.39 ps at 298 K, [101]) and for Dy-DOTA wa-
ter solutions at 310 K (τS0 = 0.33 ps, [133, 134]). Similarly, we found
τS0 = 0.13 ± 0.01 ps (at 298 K) for Er-DOTA that is smaller than the value
reported in the literature for Er(III) aqua ion (τS0 = 0.31 ps at 298 K, [101]).
No literature data for τS0 were found for Tb-DOTA, but Harris et al. deter-
mined τS0 = 0.25 ps for the complex Tb-DTPA-BC12/14 PhenA [99], which
is very close to the value that we have reported (τS0 = 0.22 ps). As can
be seen in detail in Figs. 52 to 54 the Curie interaction (dashed lines) is
the main responsible for the high-field increase of longitudinal relaxivities
observed experimentally, that cannot be described in terms of the dipolar
interaction alone (dotted lines).

Figure 52: Longitudinal (left) and transverse (right) relaxivity 1H NMRD profiles
of Dy-DOTA solutions at 298 K. The lines represent the best-fit curves
using the Solomon-Bloembergen-Morgan equations (see text).
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Figure 53: Longitudinal (left) and transverse (right) relaxivity 1H NMRD profiles
of Tb-DOTA solutions at 298 K. The lines represent the best-fit curves
using the Solomon-Bloembergen-Morgan equations (see text).

Figure 54: Longitudinal (left) and transverse (right) relaxivity 1H NMRD profiles
of Er-DOTA solutions at 298 K. The lines represent the best-fit curves
using the Solomon-Bloembergen-Morgan equations (see text).
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Figure 55: 1H NMR spectra collected at 400 MHz (left) and at 700 MHz (right)
of the aqueous solutions of Dy-DOTA, Tb-DOTA, Er-DOTA, and pure
water. A small amount of TSP locking agent was added to the samples.

MRI Images

The images of the water solution sample of Dy-DOTA, Tb-DOTA and Er-
DOTA with same concentration (5 mM) acquired at 0.18 T are reported in
Fig. 56 (left), while Fig. 57 (left) shows the MRI acquisitions at 7 T.
Circular ROIs (Regions of Interest) were used to measure the variation of
the signal intensity of the vials represented in the images along each se-
ries: the graphs on the right in Figs. 56 and 57 illustrate the evolution of
the normalized signal intensity as a function of the acquisition parame-
ters TR or TE. We found that Tb-DOTA shows the highest enhancement
of the relaxation rate, in good agreement with the NMR relaxivity curves
(see top curves on the right side of the graphs reported in Fig. 56.A and
Fig. 57.A and bottom curves in Fig. 56.B and Fig. 57.B). On the counter
hand, Er-DOTA displays the lowest enhancement, as shown in Fig. 56.A
and Fig. 57.A (bottom curves in the right-sided graphs), and in Fig. 56.B
and Fig. 57.B (top curves). It can be also appreciated the contrast enhance-
ment, according to the NMRD profiles, for all three complexes at high
field (7 T, Fig. 57) if compared to low field acquisitions (0.18 T, Fig. 56),
especially for the series with variable TE, when comparing the relative in-
crement (varying TR) or decrement (varying TE) of the signal. Being equal
the TR/TE variations at both fields, the discrepancies between the relative
signal intensities are wider along the series at 7 T with respect to those at
0.18 T, indicating shorter relaxation times and, therefore, higher relaxivi-
ties.
Thanks to the high-field increment of the transverse relaxivities, Dy-DOTA,
Tb-DOTA, and, to a lesser extent, Er-DOTA could be employed as negative
MRI contrast agents at high field. On the other hand, their longitudinal
relaxivities are too low for applications as positive contrast agents, despite
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the high-field growth caused by the Curie interaction.
Further investigations are needed to assess potential pitfalls in terms of
biocompatibility and side-effects of these Ln-based complexes for in-vivo
applications.

Figure 56: Spin-Echo images of vials containing 5 mM of Dy-DOTA, Tb-DOTA
and Er-DOTA (A) at different repetition times and (B) at different echo
times. The graphs nearby the images show the evolution of the normal-
ized signal intensity measured in circular ROI for each sample along
each series.

Figure 57: Spin-Echo images of vials containing 5 mM of Dy-DOTA, Tb-DOTA
and Er-DOTA (A) at different repetition times and (B) at different echo
times. The graphs nearby the images show the evolution of the normal-
ized signal intensity measured in circular ROI for each sample along
each series.
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4.6 conclusions

The present work provides further evidence of the deep information that
could derive from a combined analysis, not usually performed, of both
longitudinal and transverse relaxivities NMRD profiles collected in a wide
range of frequencies for the structural, dynamic, and magnetic properties of
MRI contrast agents. For the [Mn(H2O)6]2+ aqua ion we were able to assess
the water exchange time τm directly from the analysis of the NMRD pro-
files and to give a more accurate estimation of the ZFS parameters, namely
τv and ∆2. It must be mentioned that such result was obtained without
employing other techniques but NMR. Conversely, the fit of r2 profile of
Gd-DOTA sample did not provide any additional information if compared
to r1 fitting, but it confirmed (i) the suitability of the SBM model in a wide
range of frequencies also for the transverse relaxivity NMRD profiles, of-
ten not measured, and (ii) the negligibility of the scalar interaction for the
Gd(III) complex. In addition, the analysis of Dy-DOTA, Tb-DOTA, and
Er-DOTA NMRD profiles allowed the estimation of the metal-proton dis-
tance r, the electronic relaxation time τS0, and the water exchange time τm.
We hypothesize that the latter might be correlated to the different mag-
netic anisotropy of the complexes, easy-plane for Dy-DOTA and Tb-DOTA,
and easy-axis for Er-DOTA. Finally, the possible high-field application as
negative MRI CAs for Dy-DOTA, Tb-DOTA, and Er-DOTA complexes was
supported by spin-echo images acquired at 7 T. This result could be useful
for future high-field clinical imagers and for currently available preclinical
MRI scanners.
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I n this PhD thesis, the applications of relaxation time measurements for
clinical purposes and contrast agent (CA) characterization are inves-
tigated. In particular, two main research topics have been developed:

the first one concerns the open issue of Magnetic Resonance Imaging (MRI)
relaxation time mapping harmonization while the second one aims at un-
derstanding the relaxation enhancement mechanism of some negative CAs
for high-field applications from a more fundamental point of view.

As far as concerns the issue of data harmonization for relaxation time map-
ping techniques, we developed a robust method based on a reference ’belt
phantom’ composed of vials filled with MnCl2 aqueous solutions. The
phantom can be used as an in-scan reference for the evaluation of both
precision and accuracy of the T1 and T2 maps since its design allows it
to be wrapped around the anatomical region of interest to be mapped (in
a cartridge-like arrangement). The main advantage of this method relies
on the meticulous characterization of the phantom through super partes

Nuclear Magnetic Resonance (NMR) techniques: the phantom’s relaxation
times dependence from both MnCl2 concentration and temperature was
indeed determined thanks to our NMR laboratory instrumentation. By
measuring the temperature of the phantom, which can be inserted in a
thermal-insulator envelope, at the moment of the acquisition by using an
optical fibers sensor, we were able to determine exactly the real relaxation
times of each vial, thanks to the NMR characterization: in fact, the relax-
ation times were found to increase linearly with temperature (in a small
range around the room temperature, 17◦C < T < 29◦C), while a linear de-
pendence with MnCl2 concentration was observed for the relaxation rates
(Ri = 1/Ti with i = 1, 2). Such behaviors are in agreement with the ex-
pected ones from the Solomon-Bloembergen-Morgan theory. Three main
experiments were conducted:

• Exp. 1: Firstly, the method was applied on three types of mapping
sequences (standard IR and SE, turbo IR and SE, MOLLI and T2-prep
TrueFISP) by scanning the belt phantom alone. Two different 1.5 T
MRI scanners were used: a Siemens Magnetom Aera and a General
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Electric Signa (both located at the Niguarda Hospital in Milan). We
found good agreement between the reference NMR relaxation times
values and the ones measured on the maps from standard and turbo
MRI sequences, while significant discrepancies were found for T1 and
T2 values from MOLLI (underestimated) and T2-prep TrueFISP (over-
estimated) sequences respectively. In particular for the T2-prep True-
FISP case, differently from the MOLLI one, the theoretical expected
linear dependence of the relaxation rates as a function of MnCl2 con-
centration was lost.

• Exp. 2: In the second experiment we applied the method to a phan-
tom study, wrapping the ’belt phantom’ around a Eurospin phantom,
which is a device commonly employed for Quality Assurance controls
and is composed of vials filled with Gd-doped agarose gels. We em-
ployed MOLLI and T2-prep TrueFISP acquisitions with the Siemens
Magnetom Aera scanner. We also considered the influence of the
heart-rate on the mapped relaxation times (30 bpm < HR < 150
bpm) finding the major effects on the T2 maps, particularly remark-
able for the highest T2s. Considering the ’belt phantom’, the experi-
ment confirmed the results of Exp. 1. We also tested the recalibration
of the maps using the ’belt phantom’ as reference: we were able to
overcome the 10% of underestimation of Eurospin’s T1s, while, since
Eurospin’s T2 values resulted already underestimated (and being the
’belt phantom’ ones overestimated), we had to conclude that for T2-
prep TrueFISP maps a recalibration using the reference ’belt phantom’
is not applicable.

• Exp. 3: T1 MOLLI and T2 T2-prep TrueFISP maps were acquired in
the third experiment conducted in vivo on an untrained volunteer.
Results confirmed what was found in the previous experiments and
pointed out further limitations of the method if applied to the T2-prep
TrueFISP maps.

A software, named ’swSD’, has been developed and validated for an inde-
pendent evaluation of the relaxation time maps and for the generation of
the Standard Deviation (SD) maps, in which, to each pixel, is assigned the
68% confidence bound of the fitted relaxation time value represented in the
corresponding pixel on the relaxation time map. This piece of information
is usually not considered in the analysis of the maps but we demonstrated
that especially for fast mapping sequences the uncertainties derived from
the pixel-wise fitting procedure are not negligible.

The presented method allows evaluating the performances in terms of
both precision and accuracy for the MRI mapping sequences commonly
used in clinical practice. Moreover, the advantage of an in-scan reference
together with the joint analysis of T1 and T2 maps with their respective
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SD maps could become a powerful instrument for the recalibration, where
applicable, of the relaxation time maps, paving the way for intra- and inter-
center data harmonization.

Future developments on this research topic will be carried out in a clini-
cal trial in which will be further tested the in vivo feasibility of the method
for several clinical mapping sequences and will be also considered pos-
sible surface effects, B0/B1/susceptibility issues, FOV increment, patient
discomfort, temperature stability, etc. In fact, the author has been cur-
rently enrolled in the Specialization School of Medical Physics of the Uni-
versity of Milan with an activated traineeship at the ASST Grande Ospedale
Metropolitano Niguarda (Milan).

In the second research project, we investigated the physical properties of
some CAs by characterizing them through the analysis of the Nuclear Mag-
netic Relaxation Dispersion (NMRD) profiles, i.e. the magnetic field depen-
dence of the longitudinal and transverse relaxation rates normalized to
1 mM concentration of the CA. The rationale of this topic was to under-
stand the Paramagnetic Relaxation Enhancement (PRE) of potential nega-
tive CAs, which are composed of a paramagnetic lanthanide non-Gd center
complexed with a macrocyclic molecule, for high-field applications, by tak-
ing advantage of the quadratic dependence of their transverse relaxation
rate with the chemical shift. This latter, that justifies the exploitation of
such compounds mainly as NMR shift agents for spectroscopic applica-
tions, is indeed proportional to the applied external magnetic field.
We acquired the longitudinal and transverse NMRD profiles by collecting
relaxivity data in a wide range of Larmor resonance frequency (10 kHz
< ν < 700 MHz) of 3 different Ln(III)-DOTA compounds (with Ln = Dy, Tb,
and Er; DOTA = 1,4,7,10 - tetraazacyclododecane - N,N’,N”,N”’ - tetraacetic
acid) in aqueous solutions at 298 K. For comparison, we also collected the
NMRD profiles of the well-known Gd(III)-DOTA and of Mn(II) aqua ions.
We employed standard NMR techniques (IR, SR, and CPMG) for relaxation
times measurements above 7.2 MHz, while below 7.2 MHz we used the
Fast-Field-Cycling (FFC) techniques (SR, CPMG, and SE). The data were
analyzed by means of models derived from the Solomon-Bloembergen-
Morgan theory (SBM), considering both the quenched L = 0 (Gd(III) and
Mn(II)) or unquenched L 6= 0 (Dy(III), Tb(III) and Er(III)) orbital angular
momentum, and the presence of the so-called Curie relaxation.

Through the joint analysis of longitudinal and transverse relaxivity data
we were able to obtain:

• Mn(II) aqua ions: a direct estimation of the water-exchange corre-
lation time τm and the Zero-Field-Splitting (ZFS) parameters (i.e. the
ZFS modulation correlation time τv and the ZFS mean squared fluc-
tuation ∆2);
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• Gd-DOTA: a confirm of the reliability of the SBM theory in describ-
ing both the longitudinal and transverse NMRD profiles (being the
second one often neglected for the characterization of CAs);

• Dy-, Tb- and Er-DOTA: an estimation of the metal-proton distance
r, the low-field electronic relaxation time τS0 and the water-exchange
correlation time τm for each complex.

The lower relaxivity at high-fields of Er-DOTA with respect to Dy- and
Tb-DOTA ones, mainly due to τm, was put in relation with the different
magnetic anisotropies of the complexes (easy-plane for Dy- and Tb-DOTA,
and easy-plane for Er-DOTA). Moreover, it was observed that Dy- and Tb-
derivatives present transverse relaxivity at 7 T (∼ 2 mM−1 s−1) close to the
Gd- one at clinical magnetic fields 1.5 − 3 T (∼ 6 mM−1 s−1).
The efficiency of Dy-, Tb-, and Er-DOTA at high fields as both positive and
negative magnetic resonance imaging CAs has been ascertained by contrast
images collected at 7 T employing a pre-clinical MRI scanner.

As to the future perspectives on this research topic, further studies per-
formed both in vitro and in vivo are needed in order to evaluate the biolog-
ical toxicity, the contrast efficiency in biological medium and at biological
temperature, as well as the effect of others influencing factors (e.g. pH).
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D E V E LO P M E N T

T he subjects presented in this Appendix were developed by the can-
didate during a 4 months mobility project in Basel (Switzerland) at
the Center for Adaptable MRI Technology (AMT) affiliated with the

Department of Biomedical Engineering of the University of Basel (Switzer-
land).

a.1 rationale

Low field approaches are gaining momentum for more accessible MRI-
based diagnoses: in fact, the handle of this type of technology is much
easier (e.g. no cryogenic elements, such as liquid helium, are needed for
the functioning of the scanners), not to mention the lower costs for the in-
stallation, the use and the maintenance of such devices [135]. Quantitative
relaxometry is a critical step towards comparable metrics in MRI [5], de-
spite being regrettably often set aside due to impractical acquisition times.
Remarkably, low field relaxometry could be particularly compelling, bene-
fitting from higher dispersion and potentially unveiling new contrasts [136].
With a further decreased sensitivity though, it becomes crucial to explore
fast approaches for precise and accurate mapping of nuclei relaxation rates.

a.2 t 1- and t 2-prep ssfp

The presented work reports on the use of magnetization prepared Steady-
State Free Precession (SSFP) sequences tuned for fast T1 and T2 mapping
at low field.

The realized sequences were based on the sequence developed by Huang
et al. [38] for the T2 mapping in cardiac applications.
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Custom T1- and T2-prepared SSFP sequences were developed with the soft-
ware PRim (RS2D, France) and consist of three main blocks (see Fig. 58):

1. T1-or-T2 magnetization preparation

2. Transient-state stabilization

3. Transient state SSFP readout with customized k-space centric order-
ing in 2D (projection)

Figure 58: T1- and T2-prepared SSFP sequence acquisition scheme. The three
blocks composing the sequences are highlighted in different colors: T1-
or-T2 magnetization preparation pulses (red), the transient state stabi-
lization pulse (yellow), and the SSFP readout (blue). The T2-prep SSFP
sequence is devoid of the initial inversion pulse. In the top right corner
is reported the phase-encoding Fourier readout scheme.

Many variations were performed to the Huang’s original sequence schemes,
in order to optimize them both in terms of SNR and artifacts:

• The T2 magnetization preparation block was based on a Malcolm-
Levit (MLEV) train of two, instead of four, refocusing rf pulses (πx

and π−x) between an excitation (π/2)x and a tip-up (π/2)−x pulses.
The T2 weighting is obtained by varying the time window of this
train of pulses (TE,prep). The T1 magnetization preparation block was
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obtained by adding a πx pulse before the minimum length T2 prepara-
tion block. The T1 weighting is obtained by varying the time between
the inversion pulse and the shortest T2 preparation block (TI). All
pulses were hard pulses.

• No spoiling gradients were used.

• A preparatory (-α/2)-(TR/2) pulse followed by only one dummy pulse
was applied to stabilize the initial oscillation of the transient state.
Using more than one dummy pulse implied the necessity of more
averages because of the decrement of the SNR.

• A full Fourier readout scheme with linear phase encoding was se-
lected: data were first sampled close to the center of k-space and then
ramped linearly to the outer k-space. This operation was divided in
two parts (see Fig. 58). By starting the signal readout close to the cen-
ter of the k-space, image contrast could be kept close to the initial T1
or T2-prepared magnetization level.

• Unfortunately, some problems arose concerning the full balancing of
the readout gradients: not perfect balancing due to the hardware
chain gave birth to artifacts (e.g. blurring) that severely affected the
image reconstruction. For that reason, an unbalanced readout scheme
was preferred for the acquisitions.

• No slice section gradients were used, resulting in 2D projection image
acquisitions.

• The flip angle α set in the SSFP readout (FA = 40◦) was selected
in order to reduce the artifacts arising from the fact that the central
k-space line (the ones that mostly provides amplitude information)
was sampled first: the decay of the signal occurring while moving to
the steady-state produced a k-space in which the central line had an
exponential higher intensity with respect to the other lines, creating
stripes in the PE direction. With a smaller flip angle, this effect was
mitigated.

• The TR of the readout was kept as short as possible (TR = 10.2 ms)
setting properly the spectral bandwidth (not too long for a good SNR,
not too short for a reasonable FOV) and leaving sufficient time for the
proper setting of the gradients by the hardware (gradient ramp time
and gradient duration not too short, each > 600 µs).

The acquisitions were performed with a resistive biplanar 0.1 T MRI sys-
tem (Bouhnik SAS, France, Fig. 59.A) and tested on an MRI phantom com-
posed of nine vials filled with different [MnCl2] solutions, thus spanning a
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wide range of T1s and T2s. Ground-truth relaxation times were measured at
room temperature using standard spectroscopic sequences (IR and CPMG).
Validation of both magnetization preparation block was assessed spectro-
scopically (FIDs only) for each sample.

Figure 59: (A) The resistive biplanar 0.1 T MRI system (Bouhnik S.A.S., France).
(B) Disposition of the vials inside the bore of the transmitter/receiver
coil.

It was possible to scan altogether nine samples in axial acquisitions with
the disposition shown in Fig. 59.B. The acquisition parameters were as
follows: Acquisition Matrix = 64 × 47, TR/TE = 5000/26 ms, FOV =
153 × 154 mm2, and NA = 5. Ten images were acquired with different T2-
weighting (TE,prep = 2, 4, 10, 20, 35, 50, 70, 100, 150, 200 ms) and ten images
with different T1-weighting (TI = 5, 25, 45, 80, 150, 250, 500, 1000, 2500, 5000
ms). The total acquisition time was ∼ 10 minutes for each set of images.
The acquired images were post-processed by performing a zero-filling to
obtain a final matrix size of 128 × 128; an Hamming filter was also applied
to every images.
A pixel-wise fit was performed for each series of T1- or T2-weighted im-
ages using a 3-parameters exponential recovery function for T1 and a 2-
parameters exponential decay function for T2). The obtained relaxation
maps are illustrated in Fig. 60 and the comparison of spectroscopic mea-
surements with computed maps is reported in Fig. 61, with R1 = 1/T1 and
R2 = 1/T2. As a reference, both the calibration curves from NMR spec-
troscopy (grey areas) and the values obtained from the validation of the
magnetization preparation block are shown. A good correlation was found
for high T1 and T2 values. Blurring artifacts (not shown) from intrinsic
filtering of k-space and possible balancing issues critical in the approach
to steady-state phase could explain the discrepancies observed at low T1
and T2 values. The sampling schemes of the recovery and decay curves
could also affect the accuracy of the extracted maps, particularly over a
broad range of relaxation rates. Introducing slice selection and adding un-
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dersampling strategies are possible solutions to reduce both artifacts and
acquisition times.

In conclusion, the proposed method returned very promising results
both in terms of speed and accuracy for fast and reliable relaxometry of
T1 and T2 at low field strength.

Figure 60: (A) NMR reference (left) and measured T1 maps (right). Acquisition:
10 images with TIs in the range 5 − 5000 ms, NA = 5. (B)) NMR
reference (left) and measured T2 maps (right). Acquisition: 10 images
with TE,preps in the range 2 − 200 ms, NA = 5.

Figure 61: Relaxation rates R1 (left) and R2 (right) as function of [MnCl2] for the
different techniques used. An error of 15% is associated to all values
obtained from the maps (3% for IR and CPMG results, 5% for T1 and
T2 preparation+FID results).
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a.3 schedule optimization for mrf

The interest on Magnetic Resonance Fingerprinting (MRF, [56]) has become
increasingly larger in the last years since it is a method for the simultane-
ous generation of several parametric maps of interest (e.g. T1, T2, B0, B1,
etc.) for clinical applications from a single and time-efficient acquisition.
MRF could benefit from the higher dispersion of relaxation times at low
field, that could translate in new contrasts and hence new diagnostic mark-
ers. In this study, the accuracy of parametric maps is explored at low field
using an optimized approach for a model based, bSSFP (balanced Steady
State Free Precession) sequence inspired from the MRF framework.

magnetic resonance fingerprinting MRF relies on three main pro-
cesses that can be summarized in:

• Dictionary Optimization and Generation: by means of Bloch equation simula-
tions, the intensities of the signal during the acquisition is simulated for many
combinations of a wide range of parameters of interest (T1, T2, B0, B1, etc. . . )
taking into account the details of the acquisition sequence (FA, TR, TE, etc. . . ).
The collection of the signal evolution patterns is called dictionary D. The self-
correlation matrix D+D allows to understand the discrimination power of the
dictionary: as suggested by Cohen et al. [137], an optimization of the acquisi-
tions parameters can be performed in order to reach the condition of D+D = I

(perfect discrimination).

• Data Acquisition: once that the sequence parameters have been optimized
and the dictionary has been created, the data can be acquired. Many different
imaging sequences can be used (bSSF, EPI, etc..) but they must have been
properly simulated. Usually MRF allows to acquire low SNR images speeding
up the acquisition process.

• Pattern Matching: The last step of the MRF consists in finding the simulated
data pattern (or fingerprint) closest as possible to the acquired one (this is a
pixel-wise process). The influence of the SNR and the discrimination power
of the dictionary play a fundamental role in this passage. Once the match has
been found, it is possible to assign to the pixel with the matched fingerprint all
the parameters used for the simulations, thus providing as many parametric
maps as the number of parameters taken into account in the simulations.

Two series of twenty bSSFP projections (Acquisition Matrix = 47 × 47,
FOV = 12 × 12 cm2, NA = 4, Acquisition Time = 32 min) were acquired
of an MR phantom using a random and an optimized set of coupled FAs
(range = 0 − 180◦) and TRs (range = 20 − 500 ms), in a resistive biplanar
0.1 T MRI system (Bouhnik SAS, France). The scheme of the sequences,
developed by means of the software PRim (RS2D, France) is reported in
Fig. 62.

The phantom was composed of nine vials filled with different [MnCl2]
aqueous solutions, spanning a wide range of T1s (88 − 1016 ms) and T2s
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Figure 62: MRF sequence scheme: a full balanced SSFP able to acquire the same
specific k-space line of all the images consecutively. Before moving to
the next phase encoding step, a 5 s delay was set for the full recovery
of the magnetization.

(38 − 486 ms). Ground-truth relaxation times were measured using stan-
dard spectroscopic sequences (IR and CPMG).

The MRF parameter optimization was performed by searching the set of
FAs and TRs that minimize the difference between the self-correlation ma-
trix M = D+D of the dictionary and the identity matrix I (i.e. the condition
of perfect discrimination), using the Frobenius norm:

min
FAs, TRs

= ||I − D+D||2F (72)

In the optimization procedure, the dictionary was limited to 142 combina-
tions of T1 (range = 50− 3000 ms) and T2 (range = 25− 2000 ms) supposing
ideal conditions for both B0 and B1.
The dictionaries, both the random and the optimized one, for the match-
ing simulated the fingerprints for ∼ 11 × 106 combinations of different
values of T1 (range = 50 − 3000 ms), T2 (range = 10 − 2000 ms), B0 (range
= −100 − 100 Hz), and B1 (range = 0.9 − 1.4). In Fig. 63 are reported the
random and optimized FA and TR values, while in Fig. 64 are shown the rel-
ative acquisitions. The corresponding dictionaries and their self-correlation
matrices are illustrated in Fig. 65. As can be seen from the self-correlation
matrix of the dictionary generated from the set of the randomly generated
FA and TR, the yellow area near the diagonal of the matrix is quite large
(black points are those equal to 1). This could represent a problem for un-
dersampled or noisy acquisitions. After the optimization the yellow area is
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reduced by a lot: notice that no particular pattern is visible in the choice of
FA and TR with respect to random ones.

Figure 63: Comparison between FA and TR values chosen randomly and obtained
from the optimization procedure.

Figure 64: Random (top) and optimized (bottom) acquisitions of 20 images with
the MRF-bSSFP sequence of Fig. 62 and the 20 couples of acquisition
parameters of Fig. 63.

The parametric maps of M0, T1, T2, B0, B1 were obtained through a cus-
tom Matlab algorithm (Mathworks, USA) performing a pixel-wise vector-
based inner product comparison between the acquired and the simulated
fingerprints composing the full dictionary.

As can be seen in Fig. 67, we obtained good matches for both acquisitions,
with values of dot-products very close to 1 and with reasonable B0 and B1
maps (similar in both cases) but the main attention was focused on the dif-
ferent performances in the relaxation time estimation. From the Solomon-
Bloembergen-Morgan theory, which describes the relaxation mechanism in
paramagnetic aqueous dilute solutions, we expected linear dependence of
the relaxation rates as a function of the MnCl2 concentration in the aqueous
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Figure 65: Pictorial representation of the random (top) and optimized (bottom)
dictionaries (left) and self-correlation matrices (right). The points high-
lighted in black in the self-correlation matrices are those equal to 1.

solutions. A better agreement with the reference values was reached for
T1s obtained from the optimized set of acquisition parameters (RMSErand
= 0.21, RMSEopt = 0.07). T2 values were found to be underestimated. Yet,
we can see the effect of the optimization procedure because the theoreti-
cally expected linear dependence from the concentration of the transverse
relaxation rate is restored (R2

opt = 0.998; R2
rand = 0.94).

Introducing slice selection gradients or 3D imaging gradients and con-
sidering also B0 and B1 in the optimization process could address the dis-
crepancies found for T2s.
Nevertheless, dictionary optimization provides a better estimation of the
parametric maps. The latter could turn out to be promising for multipara-
metric MRI at low field, and be similarly explored at higher field regimes.
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Figure 66: Matching results for the parametric maps of interest (M0, T1, T2, B0 and
B1) using the random (left) and the optimized (right) set of acquisition
parameters FA and TR. The dot product matrix between acquired data
and the dictionary is also shown (threshold = 0.8).

Figure 67: MRF results. The gray areas in the graph represents the reference val-
ues obtained with NMR spectroscopic IR and CPMG pulse sequences.
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a b s t r a c t

We present a proof-of-concept study focusing on a method for the intra- and inter-center validation and

harmonization of data obtained from MRI T1 and T2 maps. The method is based on a set of MnCl2 samples

that provide in-scan ground-truth reference values regardless of the details of the MRI protocol. The

relaxation times of MnCl2 aqueous solutions were first measured by means of an NMR laboratory relax-

ometer, as a function of concentration and temperature. The obtained T1 and T2 values, once renormalized

at the scanner temperature, were used as reference values for the MRI mapping measurements of the

MnCl2 relaxation times. By using different clinical MRI scanners and sequences, we found a good agree-

ment for standard and turbo sequences (limits of agreement: 5% for IR, SE, IR-TSE; 10% for TSE), while an

under-estimation and an over-estimation were found respectively for MOLLI and T2-prep TrueFISP, as

already reported in the literature. The linearity of the relaxation rates with the concentration predicted

by the Solomon-Bloembergen-Morgan theory was observed for every dataset at all temperatures, except

for T2-prep TrueFISP maps results. Some preliminary results of an in vivo experiment are also presented.

! 2021 Elsevier Inc. All rights reserved.

1. Introduction

The re-scaling of a parametric map using in-scan reference cal-

ibrated samples, hence resulting in a recalibration of the map, has

been a commonly used technique for Computed Tomography (CT)

applications since the 60s [1,2]. In fact, the intensity values from CT

images, which reflect the absorption coefficients of different mate-

rials/tissues, are reported in Hounsfield Units (HU), and are often

re-scaled using reference standard values from calibrated samples

scanned simultaneously with the patient. On the other hand, MRI

often suffers from limited use of in-scan reference standards for

improved accuracy of quantitative imaging data acquisitions which

can provide physiologically relevant parametric maps. In recent

years, thanks to the technological developments of MRI scanners,

such sequences have become routine in todays clinical settings

[3]. To further establish quantitative MRI for diagnostic purposes

there is a strong need for advanced acquisition and analysis

approaches that can guarantee accuracy and precision of diagnosis,

but also enable robust reliability and reproducibility of across dif-

ferent scanners (both intra and interinstitutional) [4,5].

MRI parametric maps of the spin–lattice relaxation times (T1)

and of the spin–spin relaxation times (T2) are extracted from MR

images acquired using dedicated T1- or T2- ‘‘weighted” sequences

with variable acquisition parameters in a sequential or interleaved

manner, obtaining sets of the same slice images with different

parameter values (e.g. different inversion times for the Inversion

Recovery imaging sequence [6], or different echo-times for the

Spin-Echo imaging sequence [6]). The resulting set of images with

variable parameter-dependent intensities are then used to extract

relaxation time parametric maps through a voxel-by-voxel

least-square-fitting analysis using the phenomenological Bloch

equations [6,7], which describe the relaxation behavior of the

nuclear system, usually composed of hydrogen nuclei, decoupling

the different relaxation time contrast mechanisms that contribute

to the overall MR signal: for example, the signal for an image

https://doi.org/10.1016/j.jmr.2021.107110

1090-7807/! 2021 Elsevier Inc. All rights reserved.
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ABSTRACT

Longitudinal and transverse 1H nuclear magnetic resonance relaxivities of Ln(III)-DOTA complexes (with Ln = Gd, Tb, Dy, Er; DOTA
= 1,4,7,10-tetraazacyclododecane-N,N′,N′′,N′′′-tetraacetic acid) and Mn(II) aqueous solutions were measured in a wide range of frequen-
cies, 10 kHz to 700 MHz. The experimental data were interpreted by means of models derived from the Solomon–Bloembergen–Morgan
theory. The data analysis was performed assuming the orbital angular momentum L = 0 for Gd-DOTA and the aqua ion [Mn(H2O)6]

2+ and
L ≠ 0 for Dy-, Tb-, and Er-DOTA. A refined estimation of the zero-field-splitting barrier Δ and of the modulation correlation time τv was
obtained for [Mn(H2O)6]

2+ by extending the fitting of nuclear magnetic relaxation dispersion profiles to the low-field regime. The Gd-DOTA
fitting parameters resulted in good agreement with the literature, and the fit of transverse relaxivity data confirmed the negligibility of the
scalar interaction in the nuclear relaxation mechanism. Larger transverse relaxivities of Dy-DOTA and Tb-DOTA (∼10 mM−1 s−1) with
respect to Er-DOTA (∼1 mM−1 s−1) were observed at 16 T. Such higher values are suggested to be due to a shorter residence time τm that is
possibly linked to the fluctuations of the hyperfine interaction and the different shape of the magnetic anisotropy. The possible employment
of Dy-DOTA, Tb-DOTA, and Er-DOTA as negative magnetic resonance imaging contrast agents for high-field applications was envisaged
by collecting spin-echo images at 7 T. Particularly in Dy- and Tb-derivatives, the transverse relaxivity at 16 T is of the order of the Gd-one at
1.5 T.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0072185

INTRODUCTION

The Magnetic Resonance Imaging (MRI) contrast agents have
been extensively studied in the last 40 years, and their use in
medicine is widespread, especially for the most common applica-
tions at 1.5 and 3 T,1 The main property that allows these systems
to enhance the MRI sensitivity is the ability of improving the image
contrast, taking advantage of their capability to increase the nuclear
relaxation rates. For their characterization, Nuclear Magnetic

Resonance (NMR) is commonly employed for collecting nuclear
relaxivity data, i.e., the relaxation rate increment (with respect to
the pure solvent) normalized to 1 mM concentration of the con-
trast agent (CA), as a function of Larmor resonance frequency
ν = (γ/2π)B0, where γ is the gyromagnetic ratio of the nuclear species,
usually 1H, and B0 is the applied static magnetic field. The acquired
data generate the so-called Nuclear Magnetic Relaxation Disper-
sion (NMRD) profiles, which can be analyzed according to mod-
els based on Solomon–Bloembergen–Morgan (SBM) theory2–5 for

J. Chem. Phys. 155, 214201 (2021); doi: 10.1063/5.0072185 155, 214201-1
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Abstract: A linear polyamidoamine (PAA) named BAC-EDDS, containing metal chelating repeat

units composed of two tert-amines and four carboxylic groups, has been prepared by the aza-Michael

polyaddition of ethylendiaminodisuccinic (EDDS) with 2,2-bis(acrylamido)acetic acid (BAC). It was

characterized by size exclusion chromatography (SEC), FTIR, UV–Vis and NMR spectroscopies. The

pKa values of the ionizable groups of the repeat unit were estimated by potentiometric titration,

using a purposely synthesized molecular ligand (Agly-EDDS) mimicking the structure of the BAC-

EDDS repeat unit. Dynamic light scattering (DLS) and ζ-potential analyses revealed the propensity

of BAC-EDDS to form stable nanoaggregates with a diameter of approximately 150 nm at pH 5

and a net negative charge at physiological pH, in line with an isoelectric point <2. BAC-EDDS

stably chelated Gd (III) ions with a molar ratio of 0.5:1 Gd (III)/repeat unit. The stability constant

of the molecular model Gd-Agly-EDDS (log K = 17.43) was determined as well, by simulating

the potentiometric titration through the use of Hyperquad software. In order to comprehend the

efficiency of Gd-BAC-EDDS in contrasting magnetic resonance images, the nuclear longitudinal

(r1) and transverse (r2) relaxivities as a function of the externally applied static magnetic field were

investigated and compared to the ones of commercial contrast agents. Furthermore, a model derived

from the Solomon–Bloembergen–Morgan theory for the field dependence of the NMR relaxivity

curves was applied and allowed us to evaluate the rotational correlation time of the complex (τ =

0.66 ns). This relatively high value is due to the dimensions of Gd-BAC-EDDS, and the associated

rotational motion causes a peak in the longitudinal relaxivity at ca. 75 MHz, which is close to the

frequencies used in clinics. The good performances of Gd-BAC-EDDS as a contrast agent were also

confirmed through in vitro magnetic resonance imaging experiments with a 0.2 T magnetic field.
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1. Introduction

Magnetic resonance imaging (MRI) is an in-clinic diagnostic modality that has received
tremendous development for many decades. It allows for obtaining images of an organ-
ism in a non-invasive way, without damaging ionizing radiation and with an excellent
penetration depth, having the advantage of providing better spatial resolution than other
clinical imaging modalities [1–9]. Unfortunately, in many cases, the natural tissue contrast
is not enough to obtain images of good quality. For that reason, many different contrast
agents have been developed since the 1970s. To date, the contrast agents used clinically
are small molecules, mostly gadolinium chelates, which, however, have the drawback of a
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