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Abstract 

In the last decade, Quantitative Susceptibility Mapping (QSM) has been 

proven a promising Magnetic Resonance Imaging (MRI) tool for the non-

invasive quantification of clinically relevant biomarkers, such as iron 

stores and myelination. The relative simplicity of QSM implementation, 

which does not require dedicated hardware or acquisition sequence, and 

its validation with histological evidence favored the diffusion of this 

technique in the clinical practice, particularly in the diagnosis and 

follow-up of neurodegenerative diseases. In this thesis, we discussed a 

critical issue affecting quantification, namely the dependence on 

acquisition parameters, and its implications for clinical and fundamental 

research. Specifically, we investigated QSM potential in the study of 

synucleinopathies, that is a group of neurodegenerative disorders 

including Multiple System Atrophy (MSA) and Parkinson’s disease 

(PD), and its capability of detecting brain function via functional QSM 

(fQSM). 

As a first step, we assessed how TE-dependence affects QSM intra- and 

inter-scanner reproducibility by performing repeated measurements on 

the same participants acquired with both a 3T and a 7T scanner. Then, 

we explored the impact of TE on the diagnostic accuracy of this 

technique by acquiring multi-echo data at 7T on MSA patients with 

Parkinsonian and cerebellar phenotypes and a group of Healthy 

Controls (HC). In this study, we also assessed the potential of histogram 

analysis in enhancing QSM diagnostic power. In a third work, we aimed 

to identify a presymptomatic biomarker in patients at risk for 

synucleinopathies using 7T QSM. Specifically, we measured and 

compared iron deposition in nigrosome 1 (a small ovoid-shaped 

structure located within the dorsolateral portion of the Substantia Nigra 

pars compacta (SNc)) of PD, idiopathic Rapid Eye Movement (REM) 

sleep Behavior Disorder (iRBD) patients and HC. Finally, we 

implemented fQSM and explored its potential compared to fMRI using 
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7T MRI, a stimulation paradigm for tonotopic mapping, and univariate 

and multivariate analysis approaches. 

Overall, these studies emphasize the importance of QSM in both 

structural and functional studies and prove that QSM is a versatile and 

powerful tool for a wide range of neuroimaging applications. 
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Chapter 1 Introduction 

1.1 General framework 

Since its invention in the early 1970s in the laboratories of Damadian and 

of the Nobel laureates Lauterbur and Mansfield, Magnetic Resonance 

Imaging (MRI) has blossomed into an exceptionally dynamic and 

powerful tool and into an exciting multidisciplinary research field in 

which physics, chemistry, engineering, neuroscience and medicine 

merge together. 

The success and widespread diffusion of MRI scanners are due to the 

unprecedented potential of obtaining detailed information on the 

structure, the function and the metabolism of the human body, and of 

the brain above all, with a safe and non-invasive procedure. Moreover, 

the possibility of sensitizing the MR signal to a broad range of tissue 

properties makes MRI extremely flexible in exploring a variety of 

biological biomarkers. 

During the whole MRI history, manufacturers worked towards the 

development of MRI scanners incorporating magnets with increasingly 

higher static magnetic field strength (𝐵0), progressing from the low field 

(< 0.5 T) systems used in the 1980s to the 1.5 T and the 3 T clinical system 

in use nowadays, to the ultra-high field (UHF) (≥ 7 T) scanners 

developed in the last two decades. The efforts to address the issues 

conveyed by ultra-high field strength, e.g., field inhomogeneities and 

higher energy depositions in the tissues, are justified as the two main 

factors determining image quality, i.e., tissue contrast and Signal-to-

Noise Ratio (SNR), increase with field strength. The nearly linear growth 

rate of SNR with increasing magnetic field intensity can be spent in 

improving several image properties, depending on the application of 

interest. In structural imaging, UHF MRI provides images with higher 

spatial resolution (up to ∼100 µm), allowing the depiction of small 

anatomical structures and their pathological alterations. On the other 

hand, the gain in sensitivity can be used to improve acquisition time and 
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time resolution, favoring applications to, e.g., cardiac imaging requiring 

high frame rate acquisition. Metabolic studies performed via Magnetic 

Resonance Spectroscopy (MRS) also benefit from higher field strength, 

as chemical shift among the resonance frequencies of metabolites and 

spectral resolution show a direct proportionality to 𝐵0. Moreover, UHF 

MRI opens up new possibilities in multinuclear imaging. The imaging of 

nuclei other than hydrogen-1 (1H), such as sodium-23 (23Na), 

phosphorus-31 (31P), oxygen-17 (17O) and carbon-13 (13C), could provide 

unique information, as they play a critical role in metabolic pathways 

and cellular processes. MRI of these nuclei at conventional field strength 

is hindered because of their small gyromagnetic ratio, fast relaxation rate 

and low concentration in biologic tissue. Nevertheless, UHF MRI boosts 

the signal of these nuclear species enabling multinuclear imaging in 

clinically feasible acquisition time. Furthermore, increasing the field 

strength provides the opportunity to enhance novel contrast 

mechanisms. In this context, magnetic susceptibility contrast emerged in 

the last few years as one of the major strong points of UHF MRI. 

1.1.1 Magnetic susceptibility 

Magnetic susceptibility (𝜒) is a physical property of materials that 

measures the degree of their magnetization in the presence of an external 

magnetic field 𝐵0. Susceptibility is a dimensionless quantity and it is 

reported in parts per million (ppm) in the International System of Units 

(SI). The magnetization of a 𝜒 source induces a non-local modification of 

the surrounding 𝐵0 field that is described by the perturbation produced 

by a magnetic dipole. The dipole field for unit magnetization, depicted 

in Figure 1.1, is written as follows: 

 𝐷(𝒓) =
1

4𝜋

3𝑐𝑜𝑠2𝜃 − 1

|𝒓|2
 1.1 
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Figure 1.1: Illustration of the magnetic field D(r) induced by a unit magnetic 

dipole described by Equation 1.1. Between the positive and negative lobes, at the 

so-called magic angle 𝜃𝑚 = 54.7° with respect to the direction of the external 

magnetic field, the dipole perturbation D(r) takes on zero values. 

Biological tissues show weak magnetic behavior (|𝜒| ≪ 1) and the 

magnetization M is linearly dependent on 𝐵0: 

 𝑀 = 𝜒𝐵0 1.2 

The magnetic induction B observed in the presence of a susceptibility 

source is then: 

 𝐵 = 𝜇0(𝑀 + 𝐵0) =  𝜇0(1 + 𝜒)𝐵0 1.3  

Based on the sign of 𝜒, materials can be divided into paramagnetic (𝜒>0) 

and diamagnetic (𝜒<0) tissues. Diamagnetism is the magnetic effect 

observed in closed-shells atoms, i.e., that have a null magnetic moment: 

the external 𝐵0 causes the precession of electrons and the so-generated 

current induces a macroscopic magnetization opposite to 𝐵0, according 

to Lenz’s law. Hence, in the presence of diamagnetic materials, the 

resulting magnetic field is decreased. Paramagnetism is found in 

molecules with an intrinsic magnetic moment: in the presence of an 

external magnetic field, the magnetic moment aligns with 𝐵0. 

Macroscopically, this results in a magnetization parallel to the external 
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field. Hence, in the presence of paramagnetic materials, the resulting 

magnetic field is increased. 

MRI measures susceptibility on a macroscopic scale, i.e., by averaging 

the concentration of molecules and their effects within a voxel. Biological 

tissues are mostly composed of water, which is diamagnetic with 𝜒𝐻20 =

−9.053 ppm [1], thus almost all soft tissues in the body are diamagnetic 

and their susceptibility generally lies within a range of 10-20% of 𝜒𝐻20 

[1]. Therefore, in MRI the terms paramagnetic and diamagnetic are used 

relative to the susceptibility of water 𝜒𝐻20, rather than that of vacuum. 

Biological diamagnetic tissues include calcification, lipids in myelin 

sheath and oxygenated blood while examples of paramagnetic ones are 

ferritin, hemosiderin and deoxygenated blood. 

1.1.2 Magnetic susceptibility effect in MRI 

The frequency of precession, i.e., the Larmor frequency, of spins at 

position r in an external magnetic field B is given by the following 

formula: 

 𝜔(𝒓) = 𝛾𝐵(𝒓) 1.4  

where 𝛾 is the gyromagnetic ratio of the hydrogen proton (1H; 𝛾 = 2𝜋 ⋅

42.6 ⋅ 106𝑟𝑎𝑑 𝑇 𝑠⁄ ). 

The distortion of the magnetic field caused by susceptibility sources 

within and outside themselves affects the image formation process in 

MRI, as the actual Larmor frequency is different by the expected 𝜔0 =

𝛾𝐵0. This causes image distortions due to the mapping of spins to 

erroneous locations [2]. Moreover, local differences in magnetic field 

cause spins with different Larmor frequencies to dephase with each 

other during time. Dephasing can be recovered by refocusing the 

magnetization with Spin Echo (SE) techniques which provide T2-

weighted images. When Gradient Recalled Echo (GRE) acquisition 

sequences are used, dephasing is not recovered, and the effects of 

magnetic susceptibility become prominent. This represents one of the 
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main mechanisms at the basis of T2* relaxation. Specifically, the relation 

existing between the magnetic field perturbations ΔB and T2* is the 

following: 

 
1

𝑇2
∗(𝒓)

=
1

𝑇2(𝒓)
+

𝛾

2
Δ𝐵(𝒓) 1.5  

and the magnitude 𝑀(𝒓, 𝑡) of the signal measured at position r decays in 

time as follows: 

 𝑀(𝒓, 𝑡) = 𝑀(𝒓, 0)𝑒−𝑡 𝑇2
∗(𝒓)⁄  1.6  

and it is therefore referred to as T2*-weighted. 

The susceptibility effect in T2*-weighted images provokes dramatic 

signal loss, in the presence of both diamagnetic and paramagnetic 

tissues. These artifacts are more pronounced at the interfaces of two 

media with noticeably different 𝜒 values, e.g., at the air-tissues interfaces 

at paranasal sinuses or in auditory canals. However, the phase of the 

GRE signal is linearly dependent on the field perturbation and evolves 

according to the following: 

 Δ𝜙(𝒓, 𝑡) = 𝛾Δ𝐵(𝒓)𝑡 = 𝛾𝐷(𝒓) ∗ 𝜒(𝒓)𝐵0𝑡 1.7  

where Δ𝜙(𝒓, 𝑡) = 𝜙(𝒓, 𝑡) − 𝜙(𝒓, 0). 

The GRE signal phase provides a more direct measurement of 

susceptibility effect, as it can distinguish between diamagnetic and 

paramagnetic sources, which exhibit positive and negative phase 

accumulation respectively. Notably, the magnetic field deformation 

grows linearly with 𝐵0, making UHF MRI more sensitive to 

susceptibility differences. However, the information provided by phase 

imaging is inherently non-local, as the field distortion extends beyond 

the susceptibility source itself, it is not isotropic and depends on the 

geometry and orientation of the tissue. The goal of Quantitative 

Susceptibility Mapping (QSM) is to solve Equation 1.7 for 𝜒 spatial 
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distribution in order to obtain a quantitative and local measurement of 

an intrinsic tissue property. 

1.1.3 Quantitative Susceptibility Mapping (QSM) 

One of the main paradigm shifts in MRI is quantitative imaging. 

Conventional MRI relies mostly on qualitative techniques based on 

contrast-weighted images: the diagnostic process is based on the visual 

inspection performed by radiologists that retrieve information from the 

contrast between different tissues. Besides suffering from the subjective 

evaluation performed by the specific radiologist, contrast-weighted 

images show spoiled reproducibility across different exams and 

scanners, also limiting the potential of longitudinal and multi-center 

studies. These limitations can be overcome by quantitative MR 

techniques, consisting in the measurement of intrinsic tissue properties 

by the removal of spurious contributions to the signal. The signal of a 

GRE sequence is susceptibility-weighted and QSM aims at removing 

unwanted contributions in order to get a quantitative map of tissue 

susceptibility. The conceptual steps of QSM reconstruction are shown in 

Figure 1.2. 

The phase image from GRE acquisition is the starting point for QSM and 

is computed as the inverse tangent of the ratio of the real and the 

imaginary part of the signal. Because of the periodicity of the inverse 

tangent function, raw phases are wrapped over the interval (−𝜋, 𝜋], 

while the actual phase can take on any value. The wrapping artifact gets 

more severe in the presence of strong susceptibility variation, e.g., at the 

air-tissue interfaces, and for long echo times (TE). Phase unwrapping 

algorithms recover the original phase 𝜙 from the wrapped one 𝜙𝑤𝑟 , that 

are related by the following: 

 𝜙(𝒓) = 𝜙𝑤𝑟(𝒓) + 2𝜋𝑛(𝒓) 1.8  

with 𝑛(𝒓) an integer number. Among the several phase unwrapping 

strategies that have been developed, the Laplacian-based approach [3–5] 
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is the most frequently adopted in QSM preprocessing pipelines, thanks 

to its simplicity, robustness to noise and fast computation [6]. 

The field map Δ𝐵(𝒓) measured by the GRE phase in the area of interest, 

e.g., the brain, results from the sum of two contributions, i.e., the local 

field Δ𝐵𝑙(𝒓) originating by the local susceptibility distribution inside the 

area of interest, and the background field Δ𝐵𝑏(𝒓) induced by other 

sources. These contributions include high susceptibility variations 

(about 9 ppm) [1] at air-tissue interfaces at the outer surface of the head 

or in inner areas such as sinus cavities, 𝜒 differences from structures of 

no interest, e.g., the skull, 𝐵0 inhomogeneities and macroscopic currents, 

e.g., in MRI shim coils [7]. The background field is usually dominant (i.e., 

one order of magnitude larger than local fields) and needs to be 

removed. After selecting the area of interest via a masking operation, 

background field removal is usually performed via Laplacian-based 

methods, such as Sophisticated Harmonic Artifact Reduction for Phase 

data (SHARP) [8] that exploits the spherical mean value property of 

harmonic functions. 

After these preprocessing steps, QSM aims to solve the phase-to-

susceptibility inverse problem. Equation 1.7 can be transformed into the 

k-space domain via Fourier transform to obtain the following: 

 𝜒(𝒌) =
𝜙(𝒌)

𝛾𝐵0𝐷(𝒌)TE
 1.9  

where TE is the echo time at which the signal is sampled and 

 𝐷(𝒌) =
1

3
−

𝑘𝑧
2

|𝒌|2
 1.10  

is the Fourier transform of Equation 1.1, that is the dipole convolution 

kernel for a point source of susceptibility, being 𝒌 a k-space vector and 

𝑘𝑧 its component along the direction of 𝐵0. 𝐷(𝒌) takes on zero values 

when |𝒌|2 = 3𝑘𝑧
2, i.e., when the angle between the k-vector and 𝐵0 is 

equal to 54.7° or 125.3° (Figure 1.1), the so-called magic angles, creating 

a cone of singularities in which Equation 1.9 cannot be solved via a direct 
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division. Hence, the QSM inverse problem is ill-posed and its 

computation leads to artifacts in the reconstructed 𝜒 maps. The gold 

standard for QSM reconstruction is known as Calculation of 

Susceptibility through Multiple Orientation Sampling (COSMOS) [9] 

and requires the acquisition of images with the subject’s head rotated at 

multiple orientations. This procedure allows filling the missing data 

inside the cone of singularities at the magic angles of one orientation 

using data acquired in the others. However, this method is unfeasible in 

clinical settings because of patients’ discomfort and long scanning time. 

For this reason, several single orientation approaches have been 

proposed to solve the ill-posed inverse problem and suppress streaking 

artifacts, such as Thresholded k-space Division (TKD) [10,11], iLSQR 

[12,13], STAR-QSM [14], Morphology Enabled Dipole Inversion (MEDI 

and MEDI+0) [15,16] and Multi-Scale Dipole Inversion (MSDI) [17], as 

well as the novel deep learning-based methods [18,19]. 

 

 

Figure 1.2: Reconstruction pipeline of susceptibility maps. The raw images 

obtained from a GRE acquisition are the magnitude and phase shown on the left. 

The phase undergoes the following processing steps in QSM: phase unwrapping, 

background field removal and finally the deconvolution of the dipole kernel 

(Equation 1.9). 

1.1.4 QSM potentials and pitfalls 

QSM can non-invasively provide a local and quantitative measurement 

of a physical tissue property. One of its first clinical applications 

consisted in the discrimination between calcifications and hemorrhages 
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[20], i.e., between diamagnetic and paramagnetic lesions that appear 

indifferently as hypointensities in T2*-weighted images. Moreover, QSM 

provides unprecedented views of brain morphology, depicting 

structures such as basal ganglia and brainstem structures with 

exceptional anatomical detail [21,22], and representing a potential tool 

for the optimization of pre-surgical planning in deep brain stimulation 

[23,24]. Histological studies in humans and ex-vivo experiments on 

animal models assessed the correlation between measured susceptibility 

values and biomarkers of paramount importance, such as iron stores 

[25–27] and myelination [28–31]. The quantitative assessment of 

biomarkers provides the opportunity to perform longitudinal evaluation 

and follow-up in clinical settings and in multi-center studies. QSM is 

then gaining increasing importance in the study of many developmental, 

aging and pathological processes and it is entering clinical practice. Brain 

tumors [32,33] and traumatic brain injuries [34,35] are two examples of 

clinical applications that can benefit from this technique, but nowadays 

the research field in which QSM is most widely spreading is the study of 

neurodegenerative disorders [36,37], e.g., Alzheimer’s disease [38–42], 

Parkinson’s disease [43,44,53,45–52], amyotrophic lateral sclerosis [54–

60], Wilson’s disease [61–63], Huntington’s disease [64–66], multiple 

sclerosis [31,67–69] and Friedreich's ataxia [70–72]. It was demonstrated 

that QSM can detect increased magnetic susceptibility in brain regions 

involved in the pathological processes corresponding to each disorder, 

indicating iron accumulation, and susceptibility values correlate with 

disease duration and with clinical scores associated with disease 

severity. 

In this thesis, QSM was performed on healthy controls and on patients 

with Parkinson’s disease or atypical Parkinsonism to explore its 

diagnostic performance. In this clinical framework, the quantitative 

assessment of susceptibility can be a powerful tool for longitudinal 

follow-up and for the diagnosis and the differential diagnosis of these 

populations of patients, which is often challenging. 

One of the main drawbacks of QSM concerns the erroneous implicit 

assumption that 𝜒 is a scalar quantity. It was observed that, in the 
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presence of highly organized microstructures, measured susceptibility 

depends on the orientation of the tissues with respect to the external 

magnetic field. In fact, magnetic susceptibility is a second‐order tensor, 

whose complete estimation requires at least six acquisitions with the 

patient's head oriented along different directions with respect to 𝐵0. This 

approach, known as Susceptibility Tensor Imaging (STI) [73–75], , would 

provide a more accurate assessment of the magnetic properties of the 

tissues but it is not suitable for clinical applications due to dramatically 

long acquisition time and patient discomfort. Even though in single 

acquisition QSM protocols susceptibility anisotropy impairs QSM 

accuracy, in the brain this issue is mainly limited to white matter, due to 

the highly ordered anisotropic lipid molecules constituting the myelin 

sheath [76–78]. 

It has to be noticed that, even though QSM ability to distinguish between 

calcified and hemorrhagic lesions facilitates the diagnosis process, the 

disentanglement of myelin and iron content is a challenging issue. 

Measured susceptibility results from the interplay of multiple 

contributions as brain tissues present complex composition and 

organization. Iron in white matter oligodendrocytes and mitochondria 

and myelinated fibers in deep gray matter nuclei represent confounding 

factors in the evaluation of myelination and iron stores respectively. An 

interesting example is provided by multiple sclerosis plaques in which 

the processes of demyelination and iron accumulation may colocalize 

[79,80]. Other quantitative techniques, patient history and clinical 

evaluation should be combined with QSM in order to disentangle each 

contribution and establish the source of susceptibility alteration. In this 

context, the emerging research line of sub-voxel multi-component 

imaging may prove useful in probing structure heterogeneity at a sub-

voxel level. 

Another limitation of susceptibility mapping is that it can quantify 

susceptibility only with respect to a reference value rather than in 

absolute terms, since the maps have an unknown region-independent 

offset due to the singularity of the k-space kernel (Equation 1.10) at the 

origin of k-space (𝒌 = 0) [81,82]. Hence, 𝜒 values have to be referred to a 



11 

 

reference region that should be easy to delineate and ideally not affected 

by age, disease and head orientation. Several brain structures have been 

suggested [83,84], including cerebrospinal fluid in the ventricles, frontal 

white matter, internal capsule or the whole brain average. However, it 

was observed that this correction represents a negligible adjustment [85] 

with respect to other effects such as aging and it was suggested to keep 

susceptibility values unreferenced in order to avoid making 

assumptions on brain areas spared by the disease. 

An issue that has to be tackled in clinical practice concerns physiological 

motion. Whole-brain acquisitions for susceptibility mapping require 

long scanning time and patient motion and physiological fluctuations 

(e.g., respiration, blood flow and oxygenation changes) introduce phase 

shifts that compromise the accuracy of 𝜒 maps [86]. Prospective motion 

correction approaches [87,88] have been recently applied to QSM and 

proved successful in image quality improvement and artifacts reduction. 

1.1.5 QSM dependence on echo time 

An important issue that needs to be addressed concerns the dependence 

of the accuracy of 𝜒 quantification and its reproducibility on some 

acquisition settings, such as voxel size and anisotropy, spatial coverage 

[89,90] and echo time [91,92]. In order to shorten scanning time, 

acquisition sequences employed in clinical imaging are often prescribed 

with partial brain coverage, thick slices and large spacing. This results in 

reduced susceptibility contrast and in underestimated 𝜒 values with 

increasing slice thickness and spacing and with decreasing coverage 

[90,93–95]. Moreover, echo time is usually set to its scanner default value 

with no targeted optimization. The SNR of phase images is maximized 

when TE equals the T2* relaxation time of the tissue of interest but 𝜒 

values obtained via QSM should theoretically be inherently TE-

independent, as phase accumulation is assumed to be a linear process in 

time (Equation 1.7). However, inconsistently with this assumption, 

susceptibility of several brain regions in both white and gray matter was 

reported to be variable when calculated from different TEs of multi-echo 
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acquisitions [91,92]. These variations reach up to 100 parts per billion 

(ppb) in intact tissues and beyond 1000 ppb in cerebral microbleeds [92]. 

Factors that can possibly flaw the assumption of linear phase evolution 

at the basis of QSM reconstruction are related to those responsible for 

multi-exponential T2* decay: sub-voxel compartmentalization, tissue 

composition and microstructures, which are not modeled in Equation 1.7 

[91,96–98]. While multi-component fittings in gray matter are 

particularly challenging due to its complex microstructure, attempts at 

modelling white matter signal were performed via a three-pool (axonal, 

myelin, and extra-axonal space) hollow cylinder model [96,99]. 

However, it failed to explain QSM signal behavior at short TEs [92], 

suggesting the existence of a shorter T2* component that is missing in 

the model, whose contribution to the phase rapidly vanishes over time. 

Moreover, this simple model did not take complex geometrical factors 

into account, such as the variable orientation and curvature and the 

irregular cross-section size and shape of the white matter fibers that are 

found within a voxel. 

It was also demonstrated that TE-dependence is not attributable to 

artifacts introduced by algorithms for background field removal and 

dipole field inversion, but voxelwise-unwrapped data show notably 

reduced 𝜒 variability compared to Laplacian-unwrapped data [92]. This 

was attributed to the subtraction of the phase of the first echo which may 

remove the contributions from rapidly decaying components, 

reinforcing the hypothesis of a biophysical origin of this effect [92]. 

As it raises important concerns on the accuracy of this technique, the TE-

dependence of QSM needs to be addressed in order to guarantee 

reproducibility. On the other hand, further exploration of this effect in 

multi-echo GRE acquisition may provide information on sub-voxel 

microstructure, which could be exploited to maximize diagnostic 

accuracy. The study of the influence of TE-dependence on 

reproducibility and diagnostic power of QSM was part of this thesis 

project and will be further discussed in the following chapters. 
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1.1.6 Magnetic susceptibility of hemoglobin 

Hemoglobin (Hb) is an iron-containing protein in red blood cells that is 

responsible for carrying oxygen to cells from the lungs. Due to its 

molecular structure and to the reconfiguration it undergoes when 

binding or releasing oxygen, hemoglobin shows peculiar magnetic 

properties. The structure of a molecule of deoxyhemoglobin is 

approximately spherical and consists of four protein chains each 

containing one paramagnetic iron ion (Fe++). It can bind four 

paramagnetic oxygen molecules and undergo an extreme structural 

change resulting in an oxyhemoglobin molecule with no net spin, which 

is therefore diamagnetic [1,100]. This variability of the magnetic 

properties of hemoglobin linked to oxygenation can be observed via T2*-

weighted images and measured through QSM. As it is the dominant 

contribution to blood susceptibility and it relates to physiological and 

physiopathological processes, it represents a useful and informative 

biomarker. 

Blood fractional oxygen saturation Y, i.e., a physiological parameter 

describing the amount of oxygen dissolved in blood, can be estimated 

from the difference in susceptibility between blood and the surrounding 

parenchymal tissues 𝛥𝜒𝑏𝑙𝑜𝑜𝑑−𝑤𝑎𝑡𝑒𝑟  via the following: 

 Δ𝜒𝑏𝑙𝑜𝑜𝑑−𝑤𝑎𝑡𝑒𝑟 = Δ𝜒𝑑𝑜 ⋅ Hct ⋅ (1 − 𝑌) 1.11  

where Hct is the hematocrit, that is the volume fraction of red blood cells 

whose average value is 0.4 [101], Δ𝜒𝑑𝑜 = Δ𝜒𝑑𝑒𝑜𝑥𝑦 − Δ𝜒𝑜𝑥𝑦 = 3.39 ppm (in 

SI units) [102,103] is the susceptibility difference between fully 

deoxygenated and oxygenated blood per unit hematocrit [104]. The 

mapping of blood oxygenation saturation may help in understanding 

processes undergoing pathological conditions such as strokes [105,106] 

and tumors [107]. 
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1.1.7 BOLD effect and functional QSM 

The difference in susceptibility between deoxy- and oxy-hemoglobin is 

the basic physical principle of Blood Oxygenation Level Dependent 

(BOLD) effect exploited in functional MRI (fMRI) and schematized in 

Figure 1.3. Brain metabolism requires a continuous supply of oxygen 

and glucose, which is provided by Cerebral Blood Flow (CBF). When a 

portion of the brain is involved in a task, the consumption of glucose and 

the Cerebral Metabolic Rate of Oxygen consumption (CMRO2) are 

increased and their necessary intake is ensured by an increase in CBF 

and in Cerebral Blood Volume (CBV). This interaction between neural 

activity and vascular response is known as neurovascular coupling. The 

increase in CMRO2 is counterbalanced and overcome by the increase in 

CBV and CBF, leading to a net increase in blood oxygenation, making 

the tissue hyperoxic. Due to oxyhemoglobin diamagnetism, the tissue 

becomes less paramagnetic when involved in neural activity than at rest, 

leading to an increase in the intensity of T2*-weighted images. Hence, 

hemoglobin acts as an endogenous magnetic contrast agent, leaving a 

fingerprint on the GRE signal which depends on the functional state of 

the tissue. In conventional fMRI, brain activity is revealed by the 

variation in signal intensity but this information is neither quantitative 

nor local, as it relies on T2*-weighted images and suffers from the 

blooming effect due to dipole field perturbation. 

 

 

Figure 1.3: Schematic illustration of the biophysical principles of BOLD effect. 

Following stimulation, e.g., visual stimulation with a contracting checkerboard 

ring on gray background, the neuronal activity elicits a response of the vascular 
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system via a mechanism known as neurovascular coupling, which gives rise to 

the hemodynamic response. The interplay between the increase in Cerebral 

Blood Flow and Volume (CBF and CBV) and the increase in Cerebral Metabolic 

Rate of Oxygen (CMRO2) results in a net increase of oxy-hemoglobin (oHb) with 

respect to deoxy-hemoglobin (dHb), making the tissue less paramagnetic (Δ𝜒<0). 

The inhomogeneities of the static magnetic field diminish in the correspondence 

of the susceptibility source and, because of the magnetic dipole effect, in its 

surroundings. Hence, the T2*-weighted signal, i.e., the magnitude of the GRE 

signal, increases while the phase shift is reduced. fQSM enables the 

reconstruction of Δ𝜒 maps, by removing the non-local dipole effect and 

providing a measurement that is closer to the actual hemodynamic response 

with respect to conventional fMRI. Part of this figure was adapted and modified 

from Tsvetanov et al., 2021 (CC BY 3.0) [108] and from Servier Medical Art (CC 

BY 4.0) [109]. 

The use of QSM in functional studies can address both issues and allow 

a more direct assessment and a more precise localization of brain 

activity, by measuring from the phase signal the susceptibility changes 

that underlie magnitude signal variation (Figure 1.3). The feasibility of 

this novel strategy called functional QSM (fQSM) was recently assessed 

[95,110–115], showing that it can extract complementary information to 

fMRI from the same complex-valued time series. Importantly, the signals 

of fMRI and fQSM are inversely correlated, as the increase in signal 

intensity following brain activity is due to a decrease in tissue 

susceptibility. One of the research lines of this thesis deals with the 

characterization of this technique and its applicability in a state-of-the-

art neuroimaging scenario. 

1.2 Aims and structure of this thesis 

This thesis project is structured into three major research lines focusing 

on potentials and pitfalls of QSM from a methodological perspective 

(Chapters 2 and 3), on its application in the clinical practice (Chapters 3 

and 4), and on its implementation in functional studies (Chapter 5). 

In the last decade, QSM has been proven a promising technique, thanks 

to the improvement of reconstruction algorithms on the one hand and 
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its assessment as a powerful histologically-validated diagnostic tool for 

a variety of disorders on the other. However, some concerns were raised 

regarding the influence of acquisition parameters on 𝜒 measurements, 

that could impair the accuracy and the reproducibility of this technique. 

Thus, it is critical to further explore these confounding factors and be 

aware of their effect, in order to exploit the full potential of QSM in 

longitudinal and multi-center studies. 

In light of this, we investigated the impact of echo time on the 

reproducibility of QSM at two different strengths of the static magnetic 

field, i.e., using a clinical 3T and a 7T MRI system from the same vendor. 

It has been shown that UHF MRI is more sensitive to the susceptibility 

effect yielding higher SNR and contrast, which can be crucial in finding 

new biomarkers. However, as no additional or dedicated sequences and 

hardware are required to perform QSM, it is growingly spreading in 

clinical protocols performed at lower field strength, i.e., 1.5T and 3T. To 

allow for a comparison between findings obtained at different magnetic 

fields, it is important to ensure reproducibility across scanners and 

assess which sets of echo times maximize the detection of changes in 

susceptibility. This work is presented in Chapter 2. 

Chapter 3 shows the effects of this acquisition parameter on the clinical 

application of QSM. Specifically, we highlighted how TE-dependence 

influences not only 𝜒 values but also the diagnostic performances of 

QSM. To this purpose, we acquired a multi-echo GRE sequence on a 7T 

scanner and compared the susceptibility in deep gray matter nuclei of 

Multiple System Atrophy (MSA) patients and healthy controls at each 

individual TE. We also explored the potential of histogram analysis, 

which may provide further insight on pathological processes, by 

revealing information not just on the overall iron deposition but also on 

its pattern heterogeneity. 

A further project on the employment of QSM as a diagnostic tool in the 

clinical setting was carried out on a 7T MRI system to establish 

biomarkers for the diagnosis and the differential diagnosis of patients 

with Parkinson’s Disease (PD) and Rapid Eye Movement (REM) sleep 

Behavior Disorder (RBD). Susceptibility values in Nigrosome 1 (N1) 
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were compared between healthy controls and the two groups of patients 

and were also correlated with disease duration. This study is reported in 

Chapter 4. 

The last research line, presented in Chapter 5, concerns the translation of 

QSM to functional studies via fQSM, with a focus on the characterization 

of activations and on its potential in the discrimination of brain 

responses evoked by different perceptual stimulus features. In fact, to 

date only simple “On/Off” stimulation experiments and conventional 

analysis techniques (e.g., the classic mass-univariate General Linear 

Model - GLM) have been applied to fQSM studies. Here, we assessed 

fQSM performances at 7T with a complex auditory stimulation 

paradigm under different analysis approaches, ranging from the classic 

GLM to state-of-the-art techniques such as population Receptive Field 

method (pRF) and Multivoxel Pattern Analysis (MVPA). 

The final Chapter 6 summarizes the main results of this thesis and 

discusses their potential implications for future research. 

1.3 Contributions to this work 

The work presented in this thesis resulted in four first-authored 

manuscripts and it is the outcome of a choral and collaborative effort of 

several interdisciplinary research groups. The institutions involved in 

this project are the following: 

● Molecular Mind Laboratory (MoMiLab), IMT School for 

Advanced Studies Lucca (Lucca, Italy); 

● IMAGO7 Research Center (Pisa, Italy); 

● Laboratory of Medical Physics and Magnetic Resonance, IRCCS 

Stella Maris (Pisa, Italy); 

● Neuroradiology Unit, University Hospital of Pisa (Pisa, Italy); 

● Neurology Unit, University Hospital of Pisa (Pisa, Italy); 

● Parkinson and Movement Disorder Unit, IRCCS Mondino 

Foundation (Pavia, Italy); 

● Department of Biomedical and NeuroMotor Sciences, 

University of Bologna (Bologna, Italy) 



18 

 

● Neurological Clinic, IRCCS Institute of Neurological Sciences of 

Bologna (Bologna, Italy) 

The 7T MR images employed in this thesis were acquired at the IMAGO7 

Research Center in Pisa, while the 3T MR images were acquired at the 

Neuroradiology Unit of the University Hospital of Pisa. 
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Chapter 2 Echo-time dependency of 

quantitative susceptibility mapping 

reproducibility at different magnetic field 

strengths 

The study presented in this chapter was conducted thanks to the 

collaboration of the Neuroradiology Unit of the University Hospital of 

Pisa (Pisa, Italy), IRCCS Stella Maris and the IMAGO7 Research Center 

(Pisa, Italy). 

This work has been published as follows [116]: 

Lancione, M., Donatelli, G., Cecchi, P., Cosottini, M., Tosetti, M., 

Costagli, M., (2019). Echo-time dependency of quantitative susceptibility 

mapping reproducibility at different magnetic field strengths. Neuroimage 

197, 557–564. 

2.1 Abstract 

Quantitative Susceptibility Mapping (QSM) provides a way of 

measuring iron concentration and myelination non-invasively and has 

the potential of becoming a tool of paramount importance in the study 

of a host of different pathologies. However, several experimental factors 

and the physical properties of magnetic susceptibility (χ) can impair the 

reliability of QSM, and it is therefore essential to assess QSM 

reproducibility for repeated acquisitions and different field strength. In 

particular, it has recently been demonstrated that QSM measurements 

strongly depend on echo time (TE): the same tissue, measured on the 

same scanner, exhibits different apparent frequency shifts depending on 

the TE used. This study aims to assess the influence of TE on intra-

scanner and inter-scanner reproducibility of QSM, by using MRI systems 

operating at 3T and 7T. To maximize intra-scanner reproducibility, it is 

necessary to match the TEs of the acquisition protocol, but the 
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application of this rule leads to inconsistent QSM values across scanners 

operating at different static magnetic field. This study however 

demonstrates that, provided a careful choice of acquisition parameters, 

and in particular by using TEs at 3T that are approximately 2.6 times 

longer than those at 7T, highly reproducible whole-brain χ maps can be 

achieved also across different scanners, which renders QSM a suitable 

technique for longitudinal follow-up in clinical settings and in multi- 

center studies. 

2.2 Introduction 

Quantitative Susceptibility Mapping (QSM) [10,94,117–121] provides a 

way of measuring tissue magnetic susceptibility (χ) non-invasively by 

means of Magnetic Resonance Imaging (MRI). QSM enables a 

quantitative characterization of myelination [28,29] and of the 

concentration of calcium, iron [25] and blood compounds like 

hemoglobin, and therefore it has opened new possibilities in the study 

of a host of different pathologies including, for example, 

neurodevelopmental disorders, brain tumors, and neurodegenerative 

diseases [32,38,49,55,57,68]. The increasing importance of QSM in 

medical research and its use in the clinical practice make reproducibility 

an important issue. 

Tissues with magnetic susceptibility introduce, in their surroundings, 

microscopical distortions of the static magnetic field 𝐵0. These 𝐵0 

inhomogeneities cause shifts in the local resonance frequency that are 

reflected in the MR signal phase, and QSM images are obtained from the 

frequency shift maps by deconvolving out the magnetic dipole field 

generated by susceptibility sources. In general, it is assumed that one 

voxel is a point (one-dimensional) susceptibility source containing one 

single chemical species: therefore, the signal phase 𝜙 of one voxel is 

generally assumed to linearly follow 𝐵0 and the acquisition echo time 

(TE), as described in the following relation in the k-space [11]: 

 𝜙̃(𝐤) = −γ B0TE D(𝐤) ∙ χ̃(𝐤) 2.1  
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The symbol “~” indicates the 3D Fourier transform, and 𝒌 represents the 

k-space vector; γ is the gyromagnetic ratio and B0 is the main magnetic 

field; 𝐷(𝒌) = (
1

3
−

𝑘𝑧
2

|𝒌|2) represents the Fourier transform of the dipole 

convolution kernel for a point source of susceptibility, being 𝑘𝑧 the k-

space vector component along the direction of B0. 

However, several experimental factors may impair the reliability of QSM 

as a quantitative tool in multi-center studies and for longitudinal follow-

up: an important role is played by the physical properties of magnetic 

susceptibility itself, such as χ anisotropy [76–78], which make subject 

positioning an important aspect; moreover, to maximize the QSM 

reproducibility it is also important to match acquisition parameters, such 

as coverage [89,90], spatial resolution [90,93], and echo times (TE) [91,92] 

across different sessions. In particular, it has been shown that the phase 

signal in brain tissues, including deep gray matter nuclei and white 

matter regions, exhibits different nonlinear behaviors as a function of TE, 

which are possibly caused by factors such as sub-voxel 

compartmentalization, tissue composition and microstructure [91,96–

98], that are not taken into account in the model described by Equation 

2.1. The extent of this TE-dependency, previously studied at 3T, is such 

that QSM values can vary up to approximately 100 ppb in intact tissues, 

and beyond 1000 ppb in the presence of cerebral microbleeds [92]. The 

interplay between phase contributions colocalizing in the same voxel is 

not trivial, not only for varying TE, but also at different operating field 

strengths. 

Taken together, these considerations drive the motivation to especially 

investigate the case where scanners operating at different field strength 

are involved, because in such a scenario the choice of TEs might be 

crucial to obtain reproducible QSM results. Due to the higher signal- and 

contrast-to-noise ratio achievable with scanners operating at ultra-high 

field strength, many researchers attempted to find biomarkers for 

diseases by using 7T MRI systems [43,55,64,122–128]. To relate these 

results to the growing amount of findings obtained with QSM at clinical 

field strength [38,44,49,57,67,68,129], it is crucial to ensure the 

reproducibility of susceptibility measures across scanners. Multi-center 



22 

 

studies have been carried out on 1.5T and 3T scanners on both healthy 

subjects and patients [17,84,130–134]. At fields ≥ 7T, QSM 

reproducibility was quantitatively investigated only using phantoms 

[135], while in-vivo it was assessed only qualitatively [17].  

Here we aim to assess the influence of echo time on intra-scanner and 

inter-scanner reproducibility of QSM acquired on healthy subjects using 

MRI systems operating at 3T and 7T. 

2.3 Methods 

2.3.1 Subjects 

Five volunteers (S1~S5, aged 26-41, 32 ± 6 years, two females) with no 

history of neurological diseases or psychiatric disorders participated to 

this study, with their understanding and written consent in accordance 

with the protocol approved by the competent ethics committee, and in 

compliance with national legislation and the Declaration of Helsinki. 

2.3.2 MRI acquisition hardware 

All subjects underwent both 3T and 7T MRI examinations, using 

scanners from the same vendor (systems GE-MR750 and GE-MR950, 

respectively, both manufactured by GE Healthcare, Milwaukee, 

Wisconsin, U.S.A.). Both scanners were equipped with the same gradient 

system (maximum amplitude = 50 mT/m; slew rate = 200 mT/m/ms). On 

the 3T scanner, radiofrequency power was transmitted with the system’s 

body coil, while the MR signal was acquired with an 8-channel receive-

only head coil. On the 7T scanner, a two-channel transmit / 32-channel 

receive head coil (Nova Medical, Wilmington, MA, U.S.A.) was used.  

2.3.3 Data acquisition  

Each subject underwent four QSM examinations (two at 3T and two at 

7T) within one month. All QSM data were acquired by using a 3D 
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Gradient-Recalled Multi-Echo sequence (product name: SWAN) 

prescribed axially with whole-brain coverage, with the subject lying in 

supine position. The two 3T scans (hereafter referred to as “3T1” and 

“3T2”) and the two 7T scans (referred to as “7T1” and “7T2”) were 

acquired in different examinations, therefore with slightly different head 

position, pre-scan and shimming steps. All scans shared the following 

acquisition parameters: Time of Repetition TR=54.1ms, receiver 

bandwidth rBW = 100 kHz, 11 echo times equally spaced between 5ms 

to 42ms, flip angle (FA) = 15°, parallel imaging ASSET (Array Coil Spatial 

Sensitivity Encoding) acceleration factor = 2, flow compensation. All 

scans had voxel size of 1 mm3 isotropic, obtained by using acquisition 

matrices of sizes equal to the extent, in mm, of the Field Of View (FOV): 

at 3T, the in-plane FOV was 240 mm (frequency encoding along the 

posterior-anterior direction) × 192 mm (phase encoding along the left-

right direction) with acquisition matrix of size 240 × 192 (scan duration: 

9min 56s), while at 7T the FOV was 240 × 168 mm2 with matrix of size 

240 × 168 (scan duration: 8min 30s). The prescriptions included the entire 

brain of all subjects, with the same coverage of 158 mm in the inferior-

superior direction. Both the real and imaginary parts of the images 

obtained at each echo were saved and converted into phase and 

magnitude data.  

For anatomical reference, 3D T1-weighted images with isotropic spatial 

resolution of 1mm3 were obtained for all subjects by using an inversion 

recovery (IR) fast spoiled gradient recalled (FSPGR) sequence prescribed 

sagittally on the 3T scanner. The acquisition parameters were: TE = 5.6 

ms, TR = 54.1 ms, matrix size = 256 × 256 × 170, FA = 12°, receiver 

bandwidth = 62.5 kHz, parallel imaging ARC (Autocalibrating 

Reconstruction for Cartesian imaging) acceleration factor = 2. 

2.3.4 Data processing 

Data processing and analysis were performed using FSL 5.0.9 [136] 

(FMRIB Software Library, Oxford Centre for Functional MRI of the 

Brain, Oxford, UK) and MATLAB 2017a (Mathworks, Natick, MA, USA). 
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QSM images were obtained as follows, with the same processing 

pipeline for both 3T scans and 7T scans. First, T2*-weighted images from 

each of the SWAN acquisitions were generated by averaging the 

magnitude images of all the echoes, and were used to obtain brain masks 

by using FSL (Brain Extraction Tool BET [137] followed by an erosion 

step using a flat disk-shaped structuring element with a radius of 3 mm). 

The raw phase images of individual echoes underwent the following 

procedure by using STI Suite (MATLAB code from UC Berkeley, 

Berkley, CA, USA) [138]. Phases were unwrapped using a Laplacian-

based algorithm [3,12] and the brain masks were used for the removal of 

the background field via V-SHARP [8]. The iLSQR [12,13] method was 

applied to the processed phase of each individual echo separately to 

compute χ maps. One average QSM, obtained by averaging the χ maps 

obtained for each echo of one acquisition, was also computed [139]. 

2.3.5 Data analysis 

Reproducibility was assessed via a voxel-wise analysis, conducted on 

each individual subject separately. The four SWAN datasets of each 

subject were co-registered to first one acquired at 3T via FSL-FLIRT [136] 

by using nearest neighbor interpolation. All voxels inside the subject’s 

brain mask were considered, and the orthogonal linear fit and Pearson’s 

correlation for each pair of TEs were computed. For each TE of one scan, 

the corresponding TE in another scan that maximized QSM 

reproducibility was selected as the one that produced the angular 

coefficient m closest to 1, obtained by linear regression. The optimal pairs 

of TEs between scans were linearly fitted to obtain the relationship 

between TEs that maximized reproducibility. A leave-one-out cross-

validation (LOOCV) approach was adopted. The TEs that maximize 

reproducibility were identified on the aggregate dataset of all-but-one 

subjects, and were applied on the left-out subject. The procedure was 

repeated for every subject. 
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2.4 Results 

Typical QSM images obtained at 3T and 7T by averaging susceptibility 

maps across TEs are displayed in Figure 2.1 for one representative 

subject (S4). 

 

 

Figure 2.1. Susceptibility maps computed as the average of QSM images across 

TEs for each scan for one representative subject (S4). The labels 3T1, 3T2, 7T1 and 

7T2 indicate the first and the second QSM acquisition performed at 3T and 7T 

respectively. 

The scatter plots in Figure 2.2 demonstrate the excellent intra-scanner 

reproducibility of χ maps obtained this way on that subject (panels A 

and B). 

 

Figure 2.2. Scatter plots show a comparison between QSM measurements from 

the whole brain in different scans (gray dots) for one representative subject (S4). 
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The red line shows the result of the orthogonal linear fit. Excellent intra-scanner 

reproducibility (m~1) is observed for both 3T and 7T acquisitions (panels A and 

B) but inter-scanner reproducibility is considerably lower (panel C). 

Values of m and r for all subjects for both intra-scanner analyses are 

reported in Tables 2.1 and 2.2. The average values of m across subjects 

were 1.01 ± 0.09 for scans at 3T and 1.00 ± 0.01 at 7T, while the average 

values of r were 0.78 ± 0.07 at 3T and 0.83 ± 0.03 at 7T. QSM intra-scanner 

reproducibility was therefore better at 7T than at 3T, as testified also by 

the average confidence intervals C.I. of the quantitative measures of χ 

(C.I. = 0.055 ± 0.009 ppm at 3T and 0.034 ± 0.003 ppm at 7T) obtained by 

a Bland-Altman analysis. On the contrary, inter-scanner reproducibility 

was very limited (Figure 2.2, panel C), with average angular coefficient 

across subjects m = 0.61 ± 0.04, significantly smaller than the ideal value 

m = 1. Values of m and r for all subjects for inter-scanner analyses are 

shown in Table 2.3.  

The intercepts computed by linear fitting were of the order of 1 ppb or 

less. 

 

 m q [ppm] r CI [ppm] 

Subject 1 1.06 0.0002 0.77 0.05 

Subject 2 0.86 0.0013 0.68 0.07 

Subject 3 1.03 -0.0006 0.81 0.05 

Subject 4 1.00 0.0002 0.87 0.04 

Subject 5 1.09 0.0004 0.75 0.06 

Table 2.1. Intra-scanner reproducibility at 3T. Slope m, intercept q and Pearson’s 

correlation coefficient r that characterize QSM reproducibility in two datasets 

acquired for each subject on the same 3T scanner. Confidence intervals C.I. of the 

quantitative measures of χ are also indicated. 
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 m q [ppm] r CI [ppm] 

Subject 1 0.99 0.00011 0.83 0.033 

Subject 2 1.01 0.00008 0.87 0.029 

Subject 3 0.99 -0.00003 0.80 0.038 

Subject 4 1.02 -0.00002 0.83 0.035 

Subject 5 1.01 -0.00008 0.82 0.035 

Table 2.2. Intra-scanner reproducibility at 7T. Slope m, intercept q and Pearson’s 

correlation coefficient r that characterize QSM reproducibility in two datasets 

acquired for each subject on the same 7T scanner. Confidence intervals C.I. of the 

quantitative measures of χ are also indicated. 

 

 m q [ppm] r 

Subject 1 0.62 0.00023 0.62 

Subject 2 0.53 0.00008 0.62 

Subject 3 0.63 -0.00009 0.67 

Subject 4 0.63 -0.00008 0.70 

Subject 5 0.63 0.00014 0.71 

Table 2.3. Inter-scanner reproducibility at different field strength. Slope m, 

intercept q and Pearson’s correlation coefficient r that characterize QSM 

reproducibility in two datasets: one acquired on the 3T scanner the other 

acquired on the 7T scanner. The fact that the quantitative measures of χ are not 

reproducible is certified by m << 1 for all subjects. 
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The comparison between χ maps obtained from single echoes revealed 

high dependence on TEs, as shown in Figure 2.3. The four images along 

the diagonal (panels A, F, K, P) demonstrate, for data acquired from 

different echoes in the same acquisition, the systematic dependence of 

QSM values on the TE: the values of m in the lower right side with 

respect to the diagonal are systematically > 1, while in the upper left side 

m values are < 1. This observation indicates that, in a whole-brain 

comparison, QSM values tend to be smaller, on average, when they are 

computed from data obtained using longer TE. Matrices depicting the 

values of Pearson’s coefficients of correlation are shown in Figure 2.4. 

For data acquired within the same acquisition, panels A, F, K, P indicate 

that r decreases for increasing differences between the TEs used. 

 

Figure 2.3. Matrices showing the dependence of QSM reproducibility on echo 

time for one representative subject. Each element of the matrices refers to the 

comparison between two QSMs obtained with different echoes, from the scans 

indicated on each axis. The colour indicates the value of the angular coefficient 
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m obtained by linearly fitting, voxel-wise, QSM measurements at different TEs: 

QSMTEy = m × QSMTEx, where QSMTEy and QSMTEx indicate the χ maps obtained 

from the TEs indicated on the vertical and horizontal axes, respectively. Panels 

on the diagonal (A, F, K, P) show TE-dependence of reproducibility within the 

same scan; panels B, E and L, O show intra-scanner reproducibility for repeated 

scans on MRI systems operating at 3T and 7T respectively; panels C, D, G, H, I, 

J, M, N refer to inter-scanner reproducibility at different field strength. 

 

Figure 2.4. Matrices showing the TE-dependence of voxel-wise correlation 

between χ maps for one representative subject. Each element of the matrices 

refers to the comparison between two QSMs obtained with different echoes, 

from the scans indicated on each axis. The color indicates the value of the 

Pearson’s correlation coefficient r obtained by voxel-wise comparison of QSM 

measurements for different TEs and scan pairs. Panels on the diagonal (A, F, K, 

P) show TE-dependence of correlation coefficient within the same scan; panels 

B, E and L, O show intra-scanner comparison for repeated scans on MRI systems 

operating at 3T and 7T respectively; panels C, D, G, H, I, J, M, N refer to inter-

scanner comparison at different field strength. 
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The relationship between QSM values obtained for individual echoes in 

different acquisitions on the same scanner are shown in Figure 2.3, in 

panels B and E (3T scanner) and L and O (7T scanner). The highest 

reproducibility (m closest to 1) is observed for pairs of QSMs obtained at 

identical TE (the diagonal elements in each panel), with average values 

of m = 1.00 ± 0.01 across subjects and scanners for the 11 echo pairs. The 

same panels in Figure 2.4 indicate, however, that r has the highest values 

for longer TE: along the diagonal, r at 3T increases from 0.56 for the 

shortest echo pair, to 0.79 for the longest TEs, while at 7T r ranges from 

0.67 to 0.80. 

The remaining eight panels in Figures 2.3 and 2.4 (C, D, G, H, I, J, M, N) 

describe the reproducibility of QSM in acquisitions on different scanners. 

The combinations of TE that produce m coefficients closest to 1 are not 

on the panels’ diagonals, indicating that best reproducibility is obtained 

by using longer echoes at 3T than at 7T. 

The optimal pairs of TEs that maximize reproducibility in whole-brain 

scans computed on pooled datasets of all but one subjects are shown in 

Figure 2.5: for each TE at the field strength indicated on the x-axes, gray 

dots indicate the optimal TE at the field strength on the y-axes, to 

maximize QSM reproducibility. The red lines show the results of linear 

fits: TEs should be matched for intra-scanner measurement while TEs 

selected at 3T should be approximately 2.6 times the ones at 7T to obtain 

maximum reproducibility in the whole-brain. For example, Panel C 

shows that the QSM obtained from first echo at 7T is best matched by 

the QSM obtained with the third echo at 3T. 
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Figure 2.5. Optimal pairs of TEs obtained by pooling datasets from all-but-one 

subjects. In this case subject S4 was excluded. For each TE at the field strength 

indicated on the x-axes, gray dots indicate the optimal TE at the field strength on 

the y-axes, to maximize QSM reproducibility. The red lines show the results of 

linear fits. In panels C, D, G, H the data points at the plateau are excluded from 

the fit. TEs must obviously be matched for intra-scanner measurement while TEs 

selected at 3T should be approximately 2.6 times the ones at 7T to obtain 

maximum reproducibility in whole-brain scans. 

Figure 2.6 shows the results of one application of the LOOCV approach 

to the corresponding left-out subject. It indicates improved 

reproducibility that can be obtained between 3T and 7T scans when 

optimal pairs of echoes are carefully selected: in Panel A, the resultant 

QSM obtained for one representative subject by averaging the QSMs 

generated from echoes 1 through 4 in scan 7T1 is compared to the 
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resultant QSM obtained by averaging the QSMs from echoes 3, 5, 8, 11 

in scan 3T1 (that is, the optimal echo pairs that were fitted in Figure 2.5 

Panel C). Figure 2.6 Panel B shows the Bland-Altman plot of the 

comparison considered in Panel A, which indicates the absence of 

significant biases between the two measures (mean difference between 

QSMs = 0.0013 ppm), with C.I. = 0.06 ppm. Table 2.4 shows the values 

that characterize inter-scanner reproducibility in all subjects, when the 

TEs of 3T and 7T acquisitions are selected as explained above. Compared 

to those in Table 2.3, the values of m and r in each of all subjects have 

systematically and significantly improved (paired t-tests; p < 0.0005 for 

m; p < 0.01 for r). Across subjects, the average values of m were 0.97 ± 

0.044, r = 0.68 ± 0.04, and C.I. = 0.063 ± 0.004 ppm. The bar plot in Figure 

2.7 shows the improved values of m and r in inter-scanner (3T vs 7T) 

QSM reproducibility, when only the appropriate echo times are selected. 

 

 

Figure 2.6. Scatter plot (panel A) and Bland-Altman plot (panel B) obtained as a 

result of the leave-one-out cross-validation for subject S4 by averaging the χ 

maps computed at the TEs that maximize inter-scanner reproducibility. 

Excellent reproducibility (m~1) can be achieved by choosing the appropriate 

combination of TEs. χ7T1 is obtained by averaging the QSMs generated from 

echoes 1 through 4 in scan 7T1; χ3T1 is obtained by averaging the QSMs from 

echoes 3, 5, 8, 11 in scan 3T1 (refer to the optimal echo pairs that were fitted in 

Figure 2.5 Panel C). Bland-Altman plots show absence of any bias or trend 

together with good agreement between the two measurements. 
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Figure 2.7. Bar plot showing the improvement in inter-scanner (3T vs 7T) QSM 

reproducibility, when only the appropriate echo times are selected. Each bar 

indicates the average and standard deviation across subjects of m and r. Red bars 

refer to QSMs obtained by averaging the χ maps derived from all acquired 

echoes (as in Figure 2.2 and Table 2.3). Blue bars refer to QSMs obtained by 

averaging only the χ maps derived from appropriate echoes (as in Figure 2.6 and 

Table 2.4). Both the improvements in m and r are statistically significant (paired 

t-tests; *** indicates p < 0.0005; ** indicates p < 0.01). 

 m q [ppm] r CI [ppm] 

Subject 1 0.91 -0.0013 0.64 0.063 

Subject 2 1.02 -0.0010 0.63 0.069 

Subject 3 0.99 -0.0016 0.69 0.064 

Subject 4 0.98 -0.0012 0.72 0.058 

Subject 5 0.96 -0.0018 0.72 0.060 

Table 2.4. Inter-scanner reproducibility at different field strength with optimal 

TEs. Slope m, intercept q and Pearson’s correlation coefficient r that characterize 
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QSM reproducibility in two datasets (one acquired on the 3T scanner the other 

acquired on the 7T scanner) when only the susceptibility maps obtained at the 

optimal echo times are averaged. The values of the angular coefficient m are 

much closer to 1 than those in Table 2.3. 

2.5 Discussion 

The assessment of reproducibility of quantitative measurements of χ is 

essential to apply QSM as a regular technique in clinical MRI protocols 

of multi-center studies and for longitudinal follow-up. We compared the 

data of multiple QSM acquisitions obtained on healthy subjects at 3T 

and, for the first time, at 7T. The assessment was conducted by using 

acquisition protocols with harmonized scanning parameters, similar to 

those typically reported in the literature and used for clinical 

applications, and a standardized and well-established post-processing 

pipeline.  

The main sources of magnetic susceptibility in healthy subjects are 

myelin in white matter fibers, iron in cortical and subcortical structures 

and hemoglobin in veins. The transient changes in blood susceptibility, 

which can be measured via QSM by using EPI acquisition 

[95,110,111,113,114,140], cannot be appreciated with the standard QSM 

protocol used in this study. Therefore, it is reasonable to assume that the 

sources of susceptibility remained unaltered in each subject between the 

first and last QSM acquisition (all exams were performed within one 

month). Our data and analyses directly demonstrate that quantitative 

measures of χ vary with TE. This aspect is attributed to the nature of the 

phase signal, which does not evolve linearly with TE due to mechanisms 

involving tissue microstructure and intra-voxel compartmentalization 

[91,92,96,97,118,141] and may not be observable in studies that 

investigated QSM reproducibility by using phantoms [135].  

The TE-dependency of QSM does not impact the reproducibility of 

quantitative χ measures in studies where only one MR system (or only 

one static magnetic field) is used, provided that scanning parameters, 

including coverage [89,90], imaging resolution [90,93] and of course TEs 
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[91,92], are matched, and provided also that the subject’s head is 

positioned approximately in the same orientation to avoid issues arising 

from the anisotropic behavior of susceptibility [76–78]. When multi-echo 

acquisitions are used, averaging the QSMs obtained from all individual 

echoes [139] produces coefficients of correlation between measures that 

are higher than those between single-echo QSMs, possibly as a 

consequence of improved Signal-to-Noise Ratio (SNR).  

The main result of our study is that excellent QSM reproducibility can 

be achieved, even across systems operating at different field strengths, 

provided that acquisition parameters are properly selected. By scanning 

the same group of healthy subjects on 3T and 7T scanners, with same 

spatial resolution and whole-brain coverage, we demonstrated that 

optimal reproducibility is obtained when TEs at 3T are ~2.6 times longer 

than those at 7T. It is worth pointing out that, since the number of TEs 

used in this study is finite and TEs are systematically the same with the 

same echo-spacing in all scans, the ratios between them can assume only 

a limited number of possible values. The factor of 2.6 found in this study 

may slightly change in protocols with different TEs. Moreover, this 

factor has been computed with the aim to maximize QSM 

reproducibility in the whole brain: the computation of the optimal ratio 

between TEs in studies targeting only specific anatomical regions at 

different field strengths might require further investigation. To this 

purpose, it is possible and desirable to select appropriate echo times by 

using a small group of travelling-heads, especially when performing 

multi-center studies with scanners operating at different field strength. 

Our data show that r steadily increases when long TEs are used, as maps 

obtained by using shorter TEs suffer from lower phase contrast and 

reduced dynamic range. It should not be straightforwardly inferred, 

though, that the use of even longer TEs would improve reproducibility. 

Phase data have maximal SNR when the TE is equal to the T2* of the 

tissue of interest [142]; data with longer TE might be considerably noisier 

and especially tissues with short T2* relaxation could be affected. 

Similarly, studies focusing on specific regions instead of the whole brain 

may benefit from the use of reproducible QSM protocols specifically 



36 

 

designed to take into account TE dependencies and SNR issues in the 

targeted tissues.  

In the 7T vs 3T comparison, Pearson’s r values using the optimally 

chosen pairs of TEs are significantly higher than those in the non-

calibrated case (Figure 2.7). However, they still remain lower than the 

intra-scanner correlation coefficients, in accordance with what was also 

reported in other studies at lower field strengths [130]. The limited 

increase in correlation coefficient can be explained by a series of possibly 

concomitant reasons. First, the correlation coefficients in Figure 2.2 are 

measured by averaging all echoes: the SNR of the susceptibility maps 

obtained this way is higher than in QSM obtained by using only a few 

echoes. Second, the TEs that maximize the reproducibility include the 

shortest TEs of the 7T acquisition which, as shown in Figure 2.4, are 

associated to smaller correlation values. Third, the relative phase 

contribution of intra-voxel compartments may differ between 3T and 7T, 

even when optimal pairs of TEs are chosen. This aspect might limit the 

improvement in Pearson’s correlation that can be achieved in the 

comparison between QSMs obtained at different magnetic fields. While 

the proposed procedure of echo selection and averaging favors overall 

unbiased and reproducible QSM measures at different magnetic fields 

across the whole brain, the presence of voxels with different QSM values 

at different field strengths, attributable to intra-voxel 

compartmentalization, remains an open issue. Last, lower inter-scanner 

correlation coefficients may be a consequence of different 𝐵0 

inhomogeneities and head positioning related to the different head coil 

conformation: each subject is more likely to have the head in positions 

that are more similar when lying inside the same head coil and scanner. 

Any step in the QSM processing pipeline may introduce errors. For 

example, it is worth mentioning that, in the presence of strong 

susceptibility sources, phase unwrapping may fail [92]. Moreover, in the 

background field removal step, VSHARP may not be reliable close to the 

boundaries of the brain mask, as the small kernel used in these regions 

to minimize erosion may lead to the amplification of the phase error 

[143]. However, since the phase-processing pipeline is equally applied 
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to all datasets in this study, and it affects only a small number of voxels, 

this aspect should have only a marginal impact on the presented results. 

Different QSM algorithms produce different χ maps [144]. However, a 

recent study [92] obtained similar results with iLSQR [12,13] and other 

methods, namely streaking artifact reduction for QSM (STAR-QSM) [14] 

and thresholded k-space division with modified dipole kernel inversion 

[10,145], and concluded that TE-dependencies occur consistently, 

irrespectively of the QSM algorithm used.  

In conclusion, our study demonstrated high consistency of susceptibility 

measures across repeated acquisition at 3T, as reported by previous 

works [84,130–134], and for the first time it assessed QSM stability in-

vivo at 7T. Albeit care should be taken when comparing susceptibility 

maps acquired at different field strength due to the uncertain and 

relative contribution of voxel compartments to the signal, QSM can be 

considered as a suitable technique for longitudinal follow-up in clinical 

settings and in multi-center studies, provided that acquisition 

parameters, including TE, are suitably set.  
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Chapter 3 Diagnostic accuracy of 

Quantitative Susceptibility Mapping in 

Multiple System Atrophy: the impact of 

echo time and the potential of histogram 

analysis 

The work presented in this chapter was performed thanks to the 

collaboration of the Neuroradiology Unit of the University Hospital of 

Pisa (Pisa, Italy), the Department of Biomedical and NeuroMotor 

Sciences of the University of Bologna and the IRCCS Institute for 

Neurological Sciences of Bologna (Bologna, Italy), the Parkinson and 

Movement Disorder Unit of the IRCCS Mondino Foundation (Pavia, 

Italy) and the IMAGO7 Research Center (Pisa, Italy). 

It was presented at the 29th Annual Meeting of ISMRM in 2021, and the 

manuscript is currently in preparation for submission to a peer-reviewed 

journal: 

Lancione M, Cencini M, Costagli M, Donatelli G, Giannini G, Tosetti M, 

Calandra-Buonaura G, Zangaglia R, Pacchetti C, Cortelli P, Cosottini M, 

Diagnostic accuracy of Quantitative Susceptibility Mapping in Multiple 

System Atrophy: the impact of echo time and the potential of histogram analysis. 

3.1 Abstract 

The non-invasive quantification of iron stores via Quantitative 

Susceptibility Mapping (QSM) can play an important role in the 

diagnosis and the differential diagnosis of atypical Parkinsonisms. 

However, the susceptibility (𝜒) values measured via QSM depend on 

echo time (TE). This effect relates to the microstructural organization 

within the voxel, whose composition can be altered by the disease. 

Moreover, pathological iron deposition in a brain area may not be 
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spatially uniform, and conventional Region of Interest (ROI)-based 

analysis may fail in detecting alterations. Therefore, in this work we 

evaluated the impact of echo time on the diagnostic accuracy of QSM on 

a population of patients with Multiple System Atrophy (MSA) of either 

Parkinsonian (MSAp) or cerebellar (MSAc) phenotypes. In addition, we 

tested the potential of histogram analysis to improve QSM classification 

accuracy. 

We enrolled 32 patients (19 MSAp and 13 MSAc) and 16 healthy controls, 

who underwent a 7T MRI session including a gradient-recalled multi-

echo sequence for susceptibility (𝜒) mapping. Nine histogram features 

were extracted from the 𝜒 maps computed for each TE in atlas-based ROI 

covering deep brain nuclei, and compared among groups. 

Alterations of susceptibility distribution were found in Putamen, 

Substantia Nigra, Globus Pallidus and Caudate Nucleus for MSAp and 

in Substantia Nigra and Dentate Nucleus for MSAc. Increased iron 

deposition was observed in a larger number of ROIs for the two shortest 

TEs and the standard deviation and the 90th percentile were the most 

informative features yielding excellent diagnostic accuracy with area 

under the ROC curve > 0.9. 

In conclusion, short TEs may enhance QSM diagnostic performances, as 

they can capture variations in rapidly-decaying contributions of high 𝜒 

sources. The analysis of histogram features allowed to reveal fine 

heterogeneities in the spatial distribution of susceptibility alteration, 

otherwise undetected by a simple evaluation of ROI 𝜒 mean values. 

3.2 Introduction 

Multiple System Atrophy (MSA) is a rare neurodegenerative disorder 

characterized by a combination of autonomic dysfunctions 

(cardiovascular autonomic failure and urogenital dysfunctions) plus 

cerebellar syndrome and/or Parkinsonism. The current diagnostic 

criteria define three degrees of certainty for diagnosis (possible, probable 

and definite) and two phenotypes, Parkinsonian (MSAp) or cerebellar 

(MSAc), according to the predominant features at the time of evaluation 
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[146]. Even though it is still a matter of debate whether iron 

accumulation is a cause or a consequence of the neurodegenerative 

process [147], increased iron deposition has been documented in many 

deep grey matter nuclei of MSA patients. Histopathological studies, 

indeed, reported iron deposition in the posterolateral putamen [148], in 

substantia nigra pars compacta, globus pallidus [149], caudate nucleus 

[150] and dentate nucleus [151]. 

Iron store represents an important biomarker for the diagnosis and the 

differential diagnosis of neurodegenerative diseases and Quantitative 

Susceptibility Mapping (QSM) is a powerful tool for its non-invasive and 

quantitative assessment in vivo via Magnetic Resonance Imaging (MRI) 

[10,94,117–121]. QSM derives the magnetic susceptibility of the tissues, 

which correlates with iron concentration [25], from the phase of a T2*-

weighted Gradient Recalled Echo (GRE) signal. The provided 

information is quantitative and spatially specific, as the non-local 

distortions induced by susceptibility sources on the magnitude of T2*-

weighted signals are removed. For these reasons, QSM is gaining 

increasing importance in the study of neurodegenerative disorders [36], 

including Parkinson’s disease [43,45,49,152] and atypical Parkinsonisms 

[153,154]. Concerning MSA, previous studies reported altered 

susceptibility in putamina, substantia nigra, red nuclei, subthalamic 

nuclei and, for MSAc, in dentate nuclei [46,47,51,155], yielding good 

diagnostic accuracy in discriminating MSA patients to both healthy 

controls and other Parkinsonisms. 

Recent works reported that measured susceptibility values depend on 

several experimental factors. First of all, susceptibility anisotropy 

impairs QSM accuracy in white matter, where the highly organized 

microstructure of myelin sheath introduces a dependence of measured 

susceptibility on the orientation of fibers with respect to the external 

magnetic field [28,77,78,156]. In addition, the dependence of QSM on 

acquisition parameters such as coverage [89,90], spatial resolution 

[90,93] and Echo Time (TE) [91,92,116,157] was demonstrated. The 

dependence on TE is due to the non-linear time-evolution of the phase 

signal, possibly reflecting the presence of multiple signal components 
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caused by sub-voxel compartmentalization and microstructures [91,96–

98]. A previous study at 3T reported that it can yield variations of QSM 

values in intact tissues up to approximately 100 parts per billion (ppb) 

and beyond 1000 ppb for cerebral microbleeds [92]. On these premises, 

as pathological processes can affect sub-voxel composition, we 

hypothesize that 𝜒 maps computed at different TEs may provide 

different and complementary diagnostic information. 

The vast majority of QSM studies targeting the deep gray matter nuclei 

are based on the measurement of mean susceptibility in manually-

drawn or automatically-selected regions of interest (ROI). However, the 

iron deposition in nuclei affected by the disease might not be uniform, 

as also reported by histological studies (e.g., in MSA the putamen is 

mainly involved in its posterolateral portion [148]). In these cases, the 

mean value would provide a partial and inaccurate estimate of iron 

distribution. Histogram analysis performed on the whole nucleus may 

provide a more comprehensive overview of the susceptibility 

distribution and the underlying iron deposition pattern, reflecting its 

spatial heterogeneity [158].  

The goal of the present study was twofold. First, we aimed to assess the 

impact of TE-dependency of QSM on the accuracy of differential 

diagnosis in a cohort of MSA patients of both Parkinsonian and 

cerebellar variants and a population of healthy controls. Second, we 

explored the potential of histogram analysis in enhancing the diagnostic 

performance of QSM. To these purposes, we enrolled a cohort of patients 

with MSA and a population of healthy controls and acquired multi-echo 

GRE data on a 7T MRI system. We reconstructed a susceptibility map for 

each TE separately and performed histogram analysis on a set of ROIs 

selected from published atlases covering ten deep gray matter nuclei. 
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3.3 Methods 

3.3.1 Study group 

We enrolled patients with a diagnosis of possible or probable MSA 

referring to the Movement Disorders and Autonomic Disorders centers 

of the University of Bologna, Italy, and to the Parkinson and Movement 

Disorder Unit of IRCCS Mondino Foundation in Pavia, Italy during 

2019-2020. Diagnosis of MSA was independently confirmed by three 

movement disorder specialized neurologists (PC, GCB, CP) according to 

current consensus criteria [146]. The MSA phenotype was defined as 

MSAp or MSAc on the basis of the predominant motor involvement at 

the time of the last clinical evaluation. The absence of non-supporting 

features for MSA were mandatory for inclusion in the study. Disease 

duration was defined as the time interval between the onset of the first 

MSA-related symptom and enrollment in this study. 

We recruited 32 patients with MSA: 19 MSAp (11 females, 65±8 [51-76] 

years old, 4 possible and 15 probable MSAp, disease duration = 5.3 ± 2.2 

[3-9]) and 13 MSAc patients (5 females, 60±7 [48-72] years old, all 

probable MSAc, disease duration = 6.0 ± 3.0 [3-13]). In addition, a 

population of 16 healthy controls (HC) and comparable age and sex 

distribution (6 females, 60±10 [43-76] years old) was enrolled. The study 

was performed in accordance with the Declaration of Helsinki and 

approved by the Independent Ethics Committee of the local health 

service of Bologna (CE number: 18056, 212/2018/OSS/AUSLBO) and of 

Pavia (CE number: p-20180049076); all participants gave their written 

informed consent. 

3.3.2 MRI acquisition hardware 

All subjects underwent an ultra-high field MRI examination at the 

IMAGO7 Foundation in Pisa, Italy, using a GE Healthcare Discovery 

MR950 7‐T MRI system (GE Healthcare, Milwaukee, WI, USA). The 

patients were scanned within one month from the clinical evaluation. 
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The scanner was equipped with a two‐channel transmitter/32‐channel 

receiver head coil (Nova Medical, Wilmington, MA, USA) and a gradient 

system with maximum amplitude = 50 mT/m and slew rate = 200 T/m/s. 

3.3.3 MRI imaging protocol 

The MRI protocol included a 3D Gradient Recalled Multi-Echo sequence 

(Susceptibility Weighted Angiography – SWAN, GE Healthcare) for the 

quantitative assessment of iron deposition. The sequence was prescribed 

axially with whole-brain coverage. The acquisition parameters were set 

as follows: TR = 54.1ms; four equally spaced echoes: TE = 7.38, 16.36, 

25.34, 34.32 ms; FA = 15°; voxel size = 0.6 × 0.6 × 1.2 mm3; in-plane FOV = 

173 × 173 mm2; axial coverage = 165.6 mm; parallel imaging ASSET 

(Array Coil Spatial Sensitivity Encoding) acceleration factor = 2. Both the 

real and imaginary parts of the images obtained at each echo were saved 

and converted into magnitude and phase data. 

3.3.4 Data processing 

Susceptibility maps were computed via the following procedure. The 

raw phase images of individual echoes were unwrapped using a 

Laplacian-based algorithm [3,12]. A brain mask was generated using 

Brain Extraction Toolbox (bet) [137] in FSL 5.0.9 (FMRIB Software 

Library, Oxford Centre for Functional MRI of the Brain, Oxford, UK) on 

the T2*-weighted image averaged across echoes and then used for the 

removal of the background field via V-SHARP [8]. QSM images were 

obtained by applying the iLSQR [12,13] method separately to each 

individual echo. We used Laplacian-based phase unwrapping, V-

SHARP and iLSQR implementations from STI Suite (MATLAB code 

from UC Berkeley, Berkley, CA, USA) [138].  

A study-specific template was also created using skull-stripped T2*-

weighted images averaged across TEs of all subjects with Greedy-SyN 

approach and cross-correlation similarity metric [159] setting the 

parameters of antsMultivariateTemplateConstruction2 as follows: six 

template-construction iterations, 0.1 gradient step size, maximum 
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1000×500×250×100 multi-resolution iterations per registration, shrink 

factors 12×8×4×2, smoothing factors 4×3×2×1. The susceptibility maps of 

each echo were warped to the template space by applying the 

corresponding transformation. Then, they were averaged to create a 

study-specific QSM template. 

3.3.5 Qualitative data inspection 

The T2*-weighted images obtained from the magnitude of the 3D GRE 

signal were evaluated by a neuroradiologist and graded based on the 

severity of motion artifacts into three categories: “none/mild” 

corresponding to non-visible or little motion artifact, “moderate” for 

detectable motion and “severe” for extreme motion artifacts. Images 

affected by “severe” motion artifacts were excluded from the analysis. 

3.3.6 QSM ROI-based analysis 

Regions of interest were selected from the PD25 atlas [160], from the 

probabilistic CIT168 atlas [161] and from the probabilistic DN atlas [162]. 

The selected ROIs were the following, each divided into left (L) and right 

(R) regions: Red Nucleus (RN), Subthalamic Nucleus (STN), Caudate 

Nucleus (CN), Putamen (Pu), Globus Pallidus externus (GPe) and 

internus (GPi), Thalamus (Th) from the PD25 atlas, Substantia Nigra pars 

compacta (SNc) and reticulata (SNr) from probabilistic CIT168 atlas, and 

Dentate Nucleus (DN) from DN atlas. Probabilistic ROIs were converted 

to binary masks by choosing a threshold of 0.5. The T2*-weighted 

template was non-linearly warped to the T2*-weighted version of the 

multi-contrast PD25 atlas via antsRegistration using cross-correlation 

similarity metric and nearest neighbor interpolation. By applying the 

inverse transformation, the ROIs from the PD25 atlas were warped to the 

study-specific template. To improve registration accuracy, the CIT168 

atlas and DN atlas were warped from the MNI to the T1-weighted 

version of PD25 atlas and then to the study-specific template, after 

concatenating the two transforms in order to perform them in a single 

step. 
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For each ROI and for each subject in the study-specific template space 

we extracted the following histogram features for each TE: mean value, 

standard deviation, 10th/25th/50th/75th/90th percentile, kurtosis and 

skewness. The histogram features were computed using the 

corresponding built-in function in MATLAB which employed the whole 

sample, making the calculation independent of histogram binning 

operations. The measured values of susceptibility were expressed in 

parts per million (ppm). QSM values were not referenced to any specific 

region [85] to avoid assumptions on brain areas spared by MSA. 

3.3.7 Statistical analysis 

Statistical analysis was performed in MATLAB (MathWorks, Natick, 

MA, USA). Sex and age distributions of the three populations (MSAc, 

MSAp and HC) were compared pair-wise via chi-square test and 

independent t-test respectively. The threshold of statistical significance 

was set to p < 0.05. Non-parametric statistical tests were employed to 

analyze QSM data: the feature values among the three groups were 

compared with Kruskal-Wallis omnibus test, followed by Dunn’s test 

and Dunn-Sidak correction for post-hoc analysis. Diagnostic accuracy 

was evaluated via the Area Under the Curve (AUC) of the Receiver 

Operating Characteristic (ROC) curve. 

3.4 Results 

After visual inspection and rating of the T2*-weighted images by a 

neuroradiologist, four subjects (1 MSAp, 3 MSAc) were excluded from 

QSM analysis due to severe motion artifacts. The remaining population 

of patients was demographically distributed as follows: 18 MSAp (10 

females, 65±8 [51-76] years old, disease duration = 5.4 ± 2.1 [3-9], 4 

possible and 14 probable MSAp) and 10 MSAc patients (4 females, 60±7 

[52-72] years old, disease duration = 5.8 ± 3.1 [3-13], all probable MSAc). 
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No statistically significant differences between the distribution of the 

demographic features of sex and age were reported between healthy 

controls and MSAc and MSAp patients. 

Nine histogram features (mean, standard deviation, 

10th/25th/50th/75th/90th percentile, kurtosis and skewness) were computed 

for each subject, TE and ROI. These covered ten nuclei divided into left 

and right sides which are displayed in Figure 3.1 overlaid onto the study-

specific template. 

 

 

Figure 3.1: ROIs used in the QSM analysis overlaid onto the study-specific 

template (top row), which was computed from the across-TEs average of the T2*-

weighted image of each subject. In the bottom row the corresponding 

susceptibility maps computed from the first TE averaged over all the subjects in 

the template space is displayed. 

We compared the distribution of the histogram features between the 

MSAc and MSAp patients and healthy controls for each ROI and each 

TE. The obtained p-values are reported in Figure 3.2. Statistical 

significance was reached for several ROIs and features, e.g., for the 

mean, the 75th percentile, and above all for the standard deviation and 
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the 90th percentile computed at the first (TE01) and the second TE (TE02), 

respectively, for which up to fourteen ROIs reported significant 

difference among groups. These findings indicate a distributed pattern 

of pathological iron deposition. The tests performed at shortest TEs (i.e., 

TE01 and TE02) yielded higher levels of statistical significance, detecting 

group differences that were not observed with longer TEs. 
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Figure 3.2: Results of group comparison of QSM histogram features. The gray-

level in each plot indicates the p-values obtained by comparing a specific 
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histogram feature of QSM data among the three groups (HC, MSAc and MSAp) 

via Kruskal-Wallis test for each TE (indicated as TE01, TE02, TE03 and TE04) and 

each ROI. Overall, the features reaching the highest statistical significance in 

group discrimination are the mean, the standard deviation, the 75th and the 90th 

percentile. Smaller p-values are obtained with short TEs which enable to detect 

statistically significant differences even in ROIs that do not exhibit differences 

when long TEs are used. 

In Figure 3.3, we reported the mean susceptibility values computed at 

TE01 in all the ROIs for all subjects, divided into the three groups. In the 

post-hoc analysis, MSAp patients showed higher susceptibility in Pu and 

GPe bilaterally with respect to MSAc and HC, and higher susceptibility 

in GPi bilaterally with respect to HC. Increased iron deposition was also 

reported in left SNc for both phenotypes with respect to HC and higher 

susceptibility was observed in DN bilaterally for MSAc with respect to 

MSAp. The 90th percentile and the standard deviation detected 

significant susceptibility differences between groups also in other ROIs, 

such as CN, SNr and right SNc (Supplementary Figures S3.1 and S3.2). 

However, when the same features were extracted from susceptibility 

maps computed at longer TEs, the 𝜒 difference between groups was 

reduced and did not reach statistical significance. Figure 3.4 displays the 

dependence on TE of an exemplary feature, i.e., mean susceptibility, in 

each ROI for the three groups. While short echo times, such as TE01 and 

TE02, allowed group discrimination, at longer TEs the measured values 

for each population were similar: at TE01 and TE02, we reported 

statistically significant group differences in 11 and 10 ROIs respectively, 

but only in 4 ROIs at TE03 and 1 at TE04. This finding indicates that the 

TE-dependence of the histogram features differs for the three 

populations. 
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Figure 3.3: Box plots showing the mean QSM values in each ROI for all subjects 

(HC in blue, MSAp in red and MSAc in green) extracted from maps computed 

from the first TE, which shows the highest number of significant alterations. In 

the top-left corner of each plot the p-value from the Kruskal-Wallis test is 

reported. Post-hoc Dunn’s tests reaching significance after Dunn-Sidak 

correction for multiple comparison are indicated by the asterisks (* p < 0.05, ** p 

< 0.01, *** p < 0.001). 
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Figure 3.4: Dependence on TE of the group differences in mean susceptibility. 

Each plot displays the mean susceptibility in one ROI for the three groups: HC 

(blue line), MSAp (red line) and MSAc (green line). The shaded area represents 

the standard error of the mean, and the asterisks indicate the TEs at which the 

difference in mean susceptibility across groups reaches significance in the 
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Kruskal-Wallis omnibus test (* p < 0.05, ** p < 0.01, *** p < 0.001). At longer TEs 

the measured values for each population tends to converge, preventing groups 

discrimination. 

The diagnostic accuracy provided by each histogram feature at each TE 

was evaluated via ROC analysis. In Figure 3.5, the AUC is reported as a 

measurement of diagnostic accuracy. Generally, the AUC tended to be 

higher for short TEs (i.e., TE01 and TE02), for which excellent diagnostic 

accuracy (up to 0.92) was achieved. The mean, the standard deviation 

and the 90th percentile yielded the highest accuracy overall. In the 

discrimination of MSAp and HC, the 75th percentile of the susceptibility 

distribution in left GPe at TE02 showed the highest AUC of 0.917, with a 

specificity of 0.938 and a sensitivity of 0.889. When considering MSAc 

and HC, the highest AUC of 0.919 was found for the standard deviation 

of TE02 in right DN with a specificity of 0.938 and a sensitivity of 0.800. 

In the classification of the two phenotypes of MSA, the standard 

deviation of TE02 in right DN yielded the highest AUC of 0.922 with a 

specificity of 0.944 and a sensitivity of 0.800. Instead, the simple mean-

based analysis yielded lower AUC values: specifically, in discriminating 

MSAp from HC, MSAc from HC, and MSAp from MSAc, the highest 

AUC were 0.906 (left GPe at TE02), 0.775 (left SNc at TE01) and 0.828 

(right Pu at TE01), respectively. The ROC curves computed for these 

features are shown in Figure 3.5. 
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Figure 3.5: Diagnostic accuracy for each group pair (HC vs MSAp, HC vs MSAc 

and MSAp vs MSAc) is displayed in panels A-C. Colors represent the values of 

the area under the ROC curve (AUC) for each TE, for each ROI and for each 

histogram feature. It can be noticed that AUC values are higher for short TEs. In 

panel D, we reported the ROC curve computed for the combinations of TE, ROI 

and histogram feature yielding the highest AUC for each comparison between 

groups. The dots represent the optimal cut-off values of each curve. 
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3.5 Discussion 

In this study we computed susceptibility maps on a population of 

patients with MSA of both cerebellar and Parkinsonian phenotypes and 

a population of healthy controls in order to investigate the diagnostic 

value of QSM. Specifically, we performed an ROI-based analysis 

targeting deep gray matter structures and explored the effect of TE on 

classification accuracy and the diagnostic potential of a set of histogram 

features. 

We found alterations of the susceptibility distribution in several regions 

for both phenotypes, including Pu, SN, GP and CN for MSAp and SN 

and DN for MSAc, highlighting a distributed pattern of iron load 

alteration. These findings are in agreement with histopathological 

reports [148,149,151] and previous neuroimaging studies which reported 

higher susceptibility in Pu and SN for MSAp patients [46] and in SN and 

DN for MSAc patients [155] compared to healthy controls. Interestingly, 

we observed significantly increased iron deposition in MSA patients in 

a higher number of ROIs at short echo times, i.e., the first two TEs. These 

ROIs also included nuclei not previously reported in other QSM studies, 

such as GP and CN, but in agreement with post-mortem findings 

[149,150]. 

The dependence of the diagnostic accuracy of QSM on TE is attributable 

to the non-linear time-evolution of the phase signal. Previous studies 

observed this phenomenon in several brain tissues, involving both white 

and gray matter structures, and both cortical and subcortical regions 

[91,92], due to a mechanism involving tissue microstructure and intra-

voxel compartmentalization [91,96–98]. Even though QSM provides 

reproducible measurements of tissue susceptibility for matching TEs at 

the same field strength [116,163,164] when scanning parameters such as 

coverage [89,90] and spatial resolution [90,93] are fixed and the subject’s 

head is accurately positioned along the same orientation [76–78], the 

choice of these experimental factors can affect differently the 

susceptibility values measured in distinct populations. In fact, the 

rapidly-decaying contribution of strong susceptibility sources, which 

can be present to a different extent in patients and controls, vanished for 
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long TEs, preventing the detection of differences between the groups. 

Hence, when designing a clinical protocol involving single-echo QSM, 

TE must be chosen carefully, depending on the target ROI. On the other 

hand, each TE of multi-echo QSM sequences may be reconstructed and 

analyzed independently in order to get an insight into the tissue 

microstructures. 

In addition to the mean susceptibility, other histogram features yielded 

excellent diagnostic accuracy in discriminating patients from controls 

and between phenotypes, with values of AUC above 0.9. In particular, 

the standard deviation and the 90th percentile were the most informative 

features. This may reflect the non-uniform alteration of the spatial 

distribution of iron deposition in some regions. For example, in patients 

with MSAp the putamina showed increased susceptibility in their 

posterolateral portion rather than the anterior part [47]. This effect may 

be detected more easily by analyzing histogram features relating to the 

tails of the distribution, rather than the mean, in agreement with a 

previous study that reported the highest diagnostic accuracy in 

differentiating patients with Parkinson’s disease from healthy controls 

for the 10th/75th/90th percentiles and the skewness of the distribution 

[158]. Also, in ROIs presenting inner subdivisions that are difficult to 

identify especially in patients, such as the trilaminar structure of 

substantia nigra in Parkinson’s disease, histogram analysis performed 

on the whole-volume of the ROI may help in separating the 

contributions of different structures [165,166]. Future studies should 

focus on the potential of radiomics second-order textures [166–168] and 

on the application of advanced multivariate methods based on 

multivoxel pattern analysis. These approaches may reveal fine-grained 

textures of iron loads and enhance the classification power of QSM in the 

early differential diagnosis of neurodegenerative disorders. 

The relatively small population included in the current study, due to the 

low prevalence of MSA, may represent a limitation. However, the high 

level of statistical significance of the results here reported supports the 

reliability of findings. A larger cohort of subjects would enable the 

analysis of subgroups of patients based on the presence or the absence 
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of additional clinical manifestations of interest, as well as the application 

of machine learning algorithms for feature selection and cross-validation 

that could improve the diagnostic accuracy by combining the 

information coming from different features and ROIs [167,168]. One 

possible limitation is related to the risk of misdiagnosis, as patients were 

clinically evaluated without post-mortem pathological confirmation. 

However, the diagnosis was clinically confirmed in the follow-up 

evaluations for all patients. The ROIs employed in this study were 

selected from published atlases and automatically registered to the 

study-specific template, in order to avoid subjective biases affecting 

manual segmentation. Visual inspection by one experienced 

neuroradiologist excluded the presence of registration errors that could 

have affected the results of this study. Similarly, the adopted choice of 

using unreferenced QSM values (which are therefore referred to the 

average susceptibility in the acquired volume) should not have 

influenced our results, as the use of reference region provides negligible 

corrections [85]. 

In conclusion, we demonstrated that the use of short TEs enhances the 

diagnostic performance of QSM, improving its capability in detecting 

altered iron deposition in deep gray matter nuclei. Notably, it allowed 

the detection of significant susceptibility increase in previously 

unreported ROIs. Hence, a targeted choice of TE can increase QSM 

importance in the diagnosis and differential diagnosis of 

neurodegenerative diseases. Finally, the analysis of histogram features 

other than the mean may detect subtle differences in the pattern of 

susceptibility increase, reflecting not just the overall iron accumulation 

but also heterogeneities in its spatial distribution within a brain region. 
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Supplementary Figures 

 

Figure S3.1: Box plots showing the 90th percentile of the distribution of QSM 

values in each ROI for all subjects (HC in blue, MSAp in red and MSAc in green) 

extracted from maps computed from the first TE. In the top-left corner of each 

plot the p-value from the Kruskal-Wallis test is reported. Post-hoc Dunn’s tests 

reaching significance after Dunn-Sidak correction for multiple comparison are 

indicated by the asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure S3.2: Box plots showing the standard deviation of the distribution of QSM 

values in each ROI for all subjects (HC in blue, MSAp in red and MSAc in green) 

extracted from maps computed from the first TE. In the top-left corner of each 

plot the p-value from the Kruskal-Wallis test is reported. Post-hoc Dunn’s tests 

reaching significance after Dunn-Sidak correction for multiple comparison are 

indicated by the asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Chapter 4 Evaluation of iron overload in 

Nigrosome 1 via Quantitative 

Susceptibility Mapping as a 

presymptomatic biomarker in prodromal 

stages of Parkinson’s disease  

The work presented in this chapter was performed thanks to the 

collaboration of the Neurology and Neuroradiology Units of the 

University Hospital of Pisa (Pisa, Italy) and the IMAGO7 Research 

Center (Pisa, Italy). 

The manuscript is currently in preparation for submission to a peer-

reviewed journal: 

Lancione M, Donatelli G, Del Prete E, Campese N, Frosini D, Cencini M, 

Costagli M, Lucchi G, Tosetti M, Godani M, Arnaldi D, Terzaghi M, 

Pacchetti C, Cortelli P, Bonanni E, Ceravolo R, Cosottini M, Evaluation of 

iron overload in Nigrosome 1 via Quantitative Susceptibility Mapping as a 

presymptomatic biomarker in prodromal stages of Parkinson’s disease. 

4.1 Abstract 

Idiopathic rapid eye movement (REM) behavioral disorder (iRBD) is a 

prodromal stage of α-synucleinopathies, such as Parkinson’s disease 

(PD), which are characterized by the loss of dopaminergic neurons in 

substantia nigra, associated with abnormal iron load. The assessment of 

presymptomatic biomarkers predicting the onset of neurodegenerative 

disorders is critical for monitoring early signs and understanding the 

causal relationship between iron accumulation processes and disease 

development. Here, we used Quantitative Susceptibility Mapping 

(QSM) and 7T MRI to quantify iron deposition in Nigrosome 1 (N1) in 
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PD patients, iRBD patients and healthy controls and investigated group 

differences and correlation with disease progression. 

We evaluated the radiological appearance of N1 and analyzed its iron 

content in 46 PD patients, including 43 early PD (ePD), 36 iRBD patients 

and 14 healthy controls via T2*-weighted sequences and susceptibility 

(𝜒) maps. A follow-up scan was performed after 3 years on 8 iRBD 

patients. N1 ROIs were manually drawn on control subjects and warped 

onto a study-specific template to obtain probabilistic N1 ROIs. For each 

subject the N1 with the highest mean 𝜒 was considered for statistical 

analysis.  

The appearance of N1 was rated pathological in 45% of iRBD patients. 

ePD patients showed increased N1 𝜒 compared to iRBD patients and HC 

but no correlation with disease duration, indicating that iron load 

remains stable during the first stages of disease progression. Although 

no difference was reported in iron content between iRBD and HC, N1 𝜒 

in the iRBD group increases as the disease evolves, showing a steeper 

increment when approaching conversion to synucleinopathies. 

QSM can reveal temporal changes in N1 iron content and its 

quantification may represent a valuable presymptomatic biomarker to 

assess neurodegeneration in the prodromal stages of PD. 

4.2 Introduction 

Parkinson’s Disease (PD) is a progressive and disabling 

neurodegenerative disease more frequent in elderly people [169], 

characterized by striatal dopamine deficiency and motor symptoms as 

bradykinesia, muscular rigidity, rest tremor and postural instability 

[170]. 

Pathological hallmarks of the disease are the loss of dopaminergic 

neurons, mainly in substantia nigra (SN) pars compacta (SNc), and the 

accumulation of intra-cytoplasmic Lewy bodies inclusions containing 

misfolded α-synuclein [170,171]. Evidence suggests that these 

pathological changes appear years before the onset of symptoms 
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[170,171] and that 68% of dopaminergic neurons of the ventrolateral tier 

of the SNc are lost at the time of clinical onset [171]. 

Current medical therapies aim to treat motor symptoms mainly by 

restoring the striatal dopamine levels, whereas treatments to prevent, 

halt or slow the rate of disease progression are not yet available [169]. 

The future availability of neuroprotective and disease-modifying drugs 

would represent a milestone in the pharmacological treatment of PD. In 

this context, the presymptomatic phase of PD is of huge relevance in the 

search for biomarkers of neurodegeneration occurrence and of 

forthcoming phenoconversion. 

Recently, the idiopathic rapid eye movement (REM) behavioral disorder 

(iRBD), a parasomnia characterized by dream enacting behaviors related 

to the loss of muscular atonia during REM sleep [172], has been 

recognized as a predictor of neurodegenerative diseases [173]. iRBD 

confirmed by polysomnography has a prevalence of about 0.74-1.15% in 

the general population [174–176] and patients have an increased risk of 

developing parkinsonism compared to control populations [177]. 

Synucleinopathies, in particular PD and Dementia with Lewy Bodies 

(DLB), are the neurodegenerative diseases more commonly developed 

by iRBD patients [173,178], with the overall risk for neurodegeneration 

increasing over time and reaching 96.6% at 14 years follow-up [173]. 

In recent years, an abnormal radiological appearance of SN has been 

reported in most PD patients [179–181] and then also in a variable share 

of iRBD patients [182–184]. In particular, the SNc ventralis and the 

Nigrosome 1 (N1), an ovoid shape area within the dorsolateral border of 

the SNc, were described as abnormally hypointense in T2*-weighted 

images. 

The abnormal nigral iron storage has also been documented and 

estimated using Quantitative Susceptibility Mapping (QSM) assessing 

altered susceptibility (χ) in the whole SN [44,45,185–187], in the SN pars 

reticulata [188,189] and in the SN pars compacta [188–191], but without 

purposely targeting N1. 
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As the risk of forthcoming conversion is higher in iRBD patients with 

dopamine transporter Single Photon Emission Tomography (123I-FP-

CIT SPECT) evidence of nigro-striatal involvement [192] and iRBD 

patients with N1 hypointensity also have reduced striatal 123I-FP-CIT 

uptake [182,184,193], MRI could represent a useful tool for improving 

our insight into the presymptomatic stage of PD and N1 abnormality 

may be a marker for short-term risk of overt synucleinopathy occurrence 

in iRBD patients [193]. 

Here we employed QSM at ultra-high magnetic field to investigate 

differences in N1 iron deposition between PD patients, iRBD patients 

and healthy controls, and between specific subgroups of patients. Then, 

we explored the evolution of N1 iron accumulation over time in both 

iRBD and PD patients. 

4.3 Methods 

4.3.1 Subjects 

Consecutive outpatients referring to the Movement Disorders Center of 

the University of Pisa with a clinical diagnosis of PD or iRBD were 

recruited during 2015–2020. Diagnosis of PD was performed based on 

the UK Parkinson's Disease Brain Bank criteria (Hughes et al., 1992). The 

presence of RBD was diagnosed based on the International classification of 

sleep disorders of the American Academy of Sleep Medicine published in 

2014 [194]. Exclusion criteria were claustrophobia or any other 

contraindication to perform MRI at 7T and the presence of gene 

mutations associated with PD. According to these criteria, 65 PD patients 

and 36 patients with iRBD were enrolled in this study, together with a 

population of 16 healthy controls (HC) with no movement disorder and 

no neurological or psychiatric diseases, and comparable sex and age 

distribution. Eight iRBD patients also underwent a follow-up MRI 

session after 3 years on average from the baseline scan. This study was 
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approved by the local ethical committee; all participants gave their 

written informed consent. 

4.3.2 Clinical data 

Patients were clinically evaluated by neurologists experienced in 

movement disorders on the day of the MRI exam and at follow-up 

examinations. On the day of the MRI procedure, the diagnosis of 

Parkinsonism in iRBD patients was excluded. At all clinical 

examinations of iRBD patients, the following data were recorded: age, 

sex, disease duration, follow-up duration and conversion time from 

iRBD to synucleopathies, when applicable. For PD patients, age, sex, 

disease duration, the Hoehn and Yahr (H&Y) [195] score, the presence of 

RBD and the clinical phenotype, i.e., Tremor Dominant (TD) or Postural 

Instability Gait Disorder (PIGD) were recorded. For all patients, motor 

function was assessed using the Unified Parkinson's Disease Rating 

Scale motor item (UPDRS-III), while cognitive screening was performed 

via Mini-Mental State Examination (MMSE). 

4.3.3 MRI acquisition hardware 

All subjects underwent an ultra-high field MRI examination at the 

IMAGO7 Foundation in Pisa, Italy, using a GE Healthcare Discovery 

MR950 7‐T MRI system (GE Healthcare, Milwaukee, WI, USA). The 

scanner was equipped with a two‐channel transmitter/32‐channel 

receiver head coil (Nova Medical, Wilmington, MA, USA) and a gradient 

system with maximum amplitude = 50 mT/m and slew rate = 200 T/m/s. 

4.3.4 MRI imaging protocol 

The MRI protocol included two 3D Gradient Recalled Multi-Echo 

sequences (Susceptibility Weighted Angiography – SWAN, GE 

Healthcare). One was acquired for the qualitative evaluation of the 

structures affected by the diseases with the following parameters: 
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Repetition Time TR = 55.7 ms; eight equally spaced echoes with the Echo 

Time TE1:ΔTE:TE8 = 5.57 : 5.1 : 41.5 ms; acquired voxel size = 0.5 × 0.5 × 

1.2 mm3; reconstructed voxel size = 0.313 × 0.313 × 1.2 mm3; Flip Angle 

FA = 8°; in-plane FOV = 160 × 160 mm2; through-plane coverage = 24 mm; 

parallel imaging ASSET (Array Coil Spatial Sensitivity Encoding) 

acceleration factor = 2, scan duration = 4’02”. The acquisition targeted the 

midbrain and was oriented in the plane perpendicular to the floor of the 

fourth ventricle. This T2*-weighted sequence will be hereafter referred 

to as “morphological”. 

The second sequence was acquired to perform a quantitative assessment 

of iron deposition via QSM, and will be hereafter referred to as 

“complex-valued” dataset. The acquisition parameters were set as 

follows: TR = 54.1 ms; seven equally spaced echoes with TE1:ΔTE:TE7 = 

5.6 : 6.0 : 41.8 ms; voxel size = 0.6 × 0.6 × 0.6 mm3; FA = 15°; in-plane FOV 

= 160 × 160 mm2; through-plane coverage = 36 mm; parallel imaging 

ASSET (Array Coil Spatial Sensitivity Encoding) acceleration factor = 2, 

scan duration = 5’04”. This sequence covered the brain from the 

pontomesencephalic junction to the splenium of the corpus callosum 

and was prescribed perpendicular to the floor of the fourth ventricle. 

Both the real and imaginary parts of the images obtained at each echo 

were saved and converted into magnitude and phase data. 

4.3.5 QSM reconstruction pipeline 

To obtain magnetic susceptibility maps, the processing of the “complex-

valued” dataset was performed as follows. The raw phase images of 

individual echoes were unwrapped using a Laplacian-based algorithm 

[3,12]. A brain mask was generated using FSL 5.0.9 Brain Extraction 

Toolbox (bet) [137] (FMRIB Software Library, Oxford Centre for 

Functional MRI of the Brain, Oxford, UK) on the T2*-weighted image 

averaged across echoes and then used for the removal of the background 

field via V-SHARP [8]. QSM images were obtained by applying the 

iLSQR [12,13] method separately to each echo, and then averaged to 

obtain one susceptibility map with higher signal-to-noise ratio (SNR) for 
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statistical analyses [139]. The Laplacian-based algorithm for phase 

unwrapping, V-SHARP and iLSQR are implemented in STI Suite 

(MATLAB toolbox from UC Berkeley, Berkley, CA, USA) [138]. 

4.3.6 Qualitative data inspection 

The T2*-weighted images obtained from the magnitude of the 3D GRE 

signal were evaluated by a neuroradiologist and graded based on the 

severity of motion artifacts into three categories: “none/mild” 

corresponding to non-visible or little motion artifact, “moderate” for 

detectable motion and “severe” for extreme motion artifacts. Images 

affected by “severe” motion artifacts were excluded from the analysis.  

4.3.7 Qualitative evaluation of T2*-weighted “morphological” images 

The “morphological” T2*-weighted images were averaged across TEs to 

increase SNR. Then, they were visually inspected by a neuroradiologist 

experienced in neurodegenerative disorders and in ultra-high field MR 

imaging. The anatomy of the substantia nigra of each subject was 

examined according to established criteria [180], which assess the 

appearance of the trilaminar organization of the SN and the presence of 

an oval-shaped hyperintensity located dorsolaterally in the SN between 

two hypointense layers, corresponding to nigrosome 1. The images were 

labeled as “normal” where these structures were clearly visible in both 

left and right SN, or “pathological” when this was not the case in at least 

one side of the brainstem. 

4.3.8 ROI selection 

For the QSM-based quantitative analysis, we selected regions of interest 

(ROI) covering the nigrosomes 1 (N1) in both right (R) and left (L) 

hemispheres. These regions were manually segmented on the high-

resolution T2*-weighted “morphological” images of healthy controls, on 

a single slice in which they were more clearly visible. Then, an atlas of 
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the corresponding probabilistic ROIs was created as follows. First, the 

correction of bias of the TE-averaged T2*-weighted “morphological” 

images was performed using 3dUnifize in AFNI [196] and non-brain 

tissues were removed via bet in FSL 5.0.9. Then, these bias-corrected 

skull-stripped images of the healthy controls were employed to build a 

study-specific template using antsMultivariateTemplateConstruction 

routine in ANTs (Advanced Normalization Tools) with Greedy-SyN 

approach and cross-correlation similarity metric [159]. Afterward, the 

“morphological” image of each patient was warped to the template 

space via antsRegistration with Greedy-SyN approach and cross-

correlation similarity metric [159]. The ROIs of each healthy control were 

warped to the study-specific template by applying the corresponding 

transformation. As we are dealing with 2-D ROIs, we employed linear 

interpolation method to avoid the loss of voxels belonging to the mask 

falling in between slices in the template space. Then, the obtained masks 

were binarized. Probabilistic ROIs were computed by averaging the 

transformed ROIs across all healthy controls and then thresholded to a 

probability of 0.4 for the following analyses. The pipeline for the creation 

of the template and of the probabilistic ROIs is schematized in Figure 4.1. 

4.3.9 Quantitative analysis 

The magnitude of the “complex-valued” datasets were bias-corrected 

via 3dUnifize in AFNI and skull-stripped via bet in FSL 5.0.9. The 

“morphological” T2*-weighted image of each subject was aligned to the 

magnitude of corresponding “complex-valued” image by computing an 

affine transformation using antsRegistration. This transformation was 

inverted and concatenated to the non-linear deformation field calculated 

previously on the “morphological” images in order to warp the QSM 

images of each subject onto the template space (Figure 4.1). Then, they 

were averaged to create a study-specific QSM template. As the 

“morphological” image is missing for one patient, the corresponding 

magnitude of the “complex-valued” dataset was directly warped to the 

template space. 
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For each subject, we identified the N1 (left or right) showing the highest 

mean susceptibility (χ) and considered it for statistical analysis, 

according to radiological criteria [180] . Measured χ is reported in parts 

per million (ppm). To avoid assumptions on brain areas impaired by the 

disease, we did not reference QSM values with respect to any specific 

region [85]. 

 

Figure 4.1: Pipeline for template creation and QSM registration. ROIs 

encompassing N1 were manually drawn on the “morphological” T2*-weighted 

images of healthy controls. These images were bias-corrected, skull stripped and 

used to create a study-specific template (A). The probabilistic N1 ROIs were 

obtained by averaging the ROIs drawn on each control subject and warped to 

the template and were then threshold to 0.4 and binarized (B). The magnitude of 

the “complex-valued” dataset of each subject was aligned to the corresponding 

“morphological” T2*-weighted image (C). Then, a transformation warp was 

computed to transform the “morphological” image to the template space (D). 

Finally, the transformations were concatenated to warp the QSM image onto the 

template (C+D). 
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4.3.10 Statistical analysis 

Statistical analysis was performed in MATLAB (MathWorks, Natick, 

MA, USA). Sex distribution of the populations (PD, iRBD and HC) were 

compared using chi-square test. Clinical and QSM data were analyzed 

via non-parametric statistical tests, i.e., Kruskal-Wallis omnibus tests 

followed by Dunn’s test for post-hoc analysis and Dunn-Sidak correction 

for multiple comparisons. The area under the curve (AUC) of the 

receiver operating characteristic (ROC) curve was employed as a 

measure of diagnostic accuracy. The correlation between susceptibility 

values and disease duration was evaluated with the Spearman rank 

correlation test. The threshold of statistical significance was set to p < 

0.05. 

4.4 Results 

The study-specific template and the probabilistic ROIs were computed 

from the “morphological” dataset of all HC. After visual inspection and 

rating of the magnitude image of the “complex-valued” dataset by a 

neuroradiologist, 19 PD patients, 6 patients with iRBD and 2 controls 

were excluded from QSM analysis due to severe motion artifacts. The 

demographic and clinical distribution of the population used for QSM 

analysis are summarized in Table 4.1. Specifically, the QSM population 

included: 

¶ 14 HC (7 females, 58 ± 10 [43-77] years old); 

¶ 30 iRBD patients (6 females, 66 ± 10 [32-81] years old) with an 

average disease duration of 5 ± 4 [1-13] years and an average 

follow-up duration after the MRI of 24 ± 14 [5-50] months (3 

patients were lost to follow-up); 

¶ 46 PD patients (11 females, 59 ± 12 [35-81] years old). Among PD 

patients, 43 underwent MRI in early stages of PD (disease 

duration ≤ 4 years; 11 females, 60 ± 12 [35-81] years old) with 

either Young-Onset (YOPD; ≤ 45 years old; 8 patients, 1 female, 

39 ± 4 [35-45] years old) or Late-Onset (LOPD; 35 patients, 10 

females, 64 ± 8 [50-81] years old). 
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Five iRBD patients (17%) developed PD (4 patients) or Dementia with 

Lewy Body (DLB) (1 patient) by the end of the follow-up observation 

period. 

Within the group of iRBD patients who underwent two MRI sessions, six 

had the diagnosis of iRBD confirmed, while two converted to PD before 

the second session. The average interval between the first MRI session 

and the follow-up was 38 ± 4 months (37 months on average for the non-

converted patients and 42 and 43 months for the two converted patients). 

We found no significant differences in sex distribution between groups. 

Age differences between groups were significant (p < 0.01): specifically, 

age distribution of the iRBD group was different from that of HC (p < 

0.05) and PD (p < 0.05). However, no significant correlation was found 

between age and 𝜒 values in N1 for any group. 
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PD iRBD HC 

N  46  30  14 

Sex (females)  11 6  7 

Age (years) 69 ± 12 [35-81]  66 ± 10 [32-81]  58 ± 10 [43-77]  

Disease duration 

(years) 
 3 ± 2 [0.5-11]  5 ± 4 [1-13] -  

Follow-up 

duration (months) 
-  24 ± 14 [5-50]  -  

Phenotype 

(PIGD/TD) 
33% / 66%  - -  

H&Y 1.6 ± 0.5 [1-2.5] -  -  

UPDRS-III  17.3 ± 6.1 [7-33] 2.6 ± 2.1 [0-7]   - 

MMSE  29.5 ± 0.7 [27-30] 28.9 ± 2.0 [20-30]  - 

N1 𝜒 [ppm]  0.071 ± 0.022 0.044 ± 0.027  0.047 ± 0.015 

Table 4.1: Demographic and clinical information of the population used for QSM 

analysis. For the iRBD group, clinical scores reported here refers to the baseline 

evaluation at the time of the first MRI session. The reported 𝜒 value refers to the 

nigrosome 1 with the highest QSM value for each subject (i.e., either left or right 

side). 
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4.4.1 Qualitative imaging results 

The appearance of nigrosome 1 in the “morphological” T2*-weighted 

images was labeled as pathological in 40/46 (87%) PD patients, in 

particular in 37/43 (86%) early PD and 3/3 (100%) late PD. At baseline 

evaluation in the iRBD group, one patient was excluded due to motion 

artifacts in the “morphological” image and 13/29 (45%) reported 

abnormal N1 appearance, while this was the case for 4/5 (80%) iRBD 

patients that converted to PD or DLB. The follow-up evaluation for the 

6 iRBD patients who underwent two MRI sessions confirmed the 

baseline assessment in 3 cases (2 rated as normal and 1 as abnormal) and 

documented a worsening in N1 appearance in 1 case, rated as normal at 

the first exam and abnormal in the follow-up. The remaining 2 patients 

(1 with normal and 1 with abnormal imaging at the first scan) had the 

follow-up image excluded from the qualitative analysis due to motion 

artifact. In the control population, 2/14 (14%) exhibited N1 alterations. 

Normative and pathological imaging in exemplary subjects is displayed 

in Figure 4.2. 

 

 

Figure 4.2: “Morphological” T2*-weighted images of the nigrosome 1 in four 

representative subjects. In healthy controls (A), N1 appears as an oval-shaped 

hyperintensity (white arrows) surrounded by two hypointense layers and 

located dorsolaterally in the SN. This structure is also visible in some patients 

with iRBD (B), while this is not the case for other iRBD patients (C) and for the 

great majority of PD patients (D). 

4.4.2 Quantitative imaging results 

After selecting the N1 ROI with the highest susceptibility for each 

subject, we compared the average QSM values between groups. No 
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significant differences between young- and late-onset PD were found 

(Figure 4.3A), so they were merged into one group of early PD (ePD) for 

further analysis. Similarly, 𝜒 values measured in iRBD patients who 

converted to synucleinopathies by the end of the follow-up period 

(iRBD-C) and in iRBD patients who had not yet converted (iRBD-NC) 

were not significantly different (Figure 4.3B), therefore the two groups 

were considered together. Susceptibility in N1 was not significantly 

different in ePD patients with or without RBD symptoms (Figure 4.3C). 

 

 

Figure 4.3: Box plots showing comparisons of N1 susceptibility between groups: 

no significant differences were found between LOPD and YOPD (panel A), 

between iRBD-C and iRBD-NC (panel B) and between PD patients with or 

without RBD (panel C). The p-value of the Dunn’s test is reported in the top-left 

corner of the corresponding plot. 

The omnibus test revealed significant differences in N1 susceptibility 

between ePD, iRBD and HC (p < 0.0001): in particular, ePD patients 

showed increased 𝜒 with respect to both HC (p < 0.01) and iRBD (p < 0. 

0001), as shown in Figure 4.4A. The AUC obtained in discriminating ePD 

from iRBD patients was 0.77, with a specificity of 0.80 and a sensitivity 

of 0.73. Moreover, PD and HC could be discriminated with an AUC of 

0.83, a specificity of 0.93 and a sensitivity of 0.71 (Figure 4.4B). 
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Figure 4.4: Box plot displaying group differences in N1 susceptibility between 

ePD patients, iRBD patients and HC (panel A). In the top left corner, we reported 

the p-value of the omnibus Kruskal-Wallis test. Post-hoc Dunn’s tests reaching 

significance after Dunn-Sidak correction are indicated by asterisks (* p < 0.05, ** 

p < 0.01, *** p < 0.001, **** p < 0.0001). Panel B shows the ROC curves computed 

when discriminating PD from iRBD (solid line) and PD from HC (dashed line). 

The dots represent the optimal cut-off values of each curve. 

We split the iRBD population into two subgroups: one including patients 

with normal N1 appearance in the T2*-weighted image (iRBD-) and one 

comprising those with pathological imaging (iRBD+). Although 𝜒 

difference did not reach statistical significance, we measured higher 

QSM values in iRBD+ patients (Figure 4.5A). This led to a smaller 

difference with the ePD group (p < 0.05) (Figure 4.5B) compared to that 

reported when considering the entire iRBD cohort (Figure 4.5A), but no 

statistically significant difference is reported comparing iRBD+ to HC. 
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Figure 4.5: Box plot displaying group differences in N1 susceptibility considering 

iRBD patients with normal (iRBD-) and pathological (iRBD+) qualitative imaging 

separately. Although the difference does not reach significance, iRBD+ patients 

reported slightly higher 𝜒, on average, than those in iRBD- group (panel A). 

Similarly, panel B shows that the difference in N1 𝜒 with ePD patients is reduced 

when considering iRBD+ patients only instead of the whole iRBD population 

(Figure 4.4A). In the top left corner, we reported the p-value of the omnibus 

Kruskal-Wallis test. Post-hoc Dunn’s tests reaching significance after Dunn-

Sidak correction are indicated by the asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). 

Statistically significant positive correlation (r = 0.475; p < 0.01) emerged 

between susceptibility in N1 and disease duration in iRBD patients 

(Figure 4.6A). Instead, no significant correlation was found between N1 

𝜒 and disease duration in PD patients (Figure 4.6B). 
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Figure 4.6: Correlation of N1 𝜒 and disease duration. A significant positive 

correlation was found for iRBD (p < 0.01; panel A) but not for the PD group 

(panel B). 

Longitudinal analysis was performed to assess variations of 

susceptibility in both left and right N1 (N1L and N1R, respectively) from 

the time of the first baseline acquisition (tB) to the time of the follow-up 

scan (tF). We compared iRBD patients who have not yet converted by 

the end of the observation period (iRBD-NC) and iRBD patients that 

developed PD by the second MRI session (iRBD-C). For these patients, 

we found a steeper 𝜒 increase over 3 years (𝛥𝜒𝑁1𝑅 = 0.0028 𝑝𝑝𝑚, 

𝛥𝜒𝑁1𝐿 = 0.0194 𝑝𝑝𝑚) with respect to iRBD-NC (𝛥𝜒𝑁1𝑅 = −0.0047 𝑝𝑝𝑚, 

𝛥𝜒𝑁1𝐿 = −0.0019 𝑝𝑝𝑚) (Figure 4.7A-B). However, the susceptibility at 

the time of the second MRI scan is not significantly different between the 

two groups. 
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Figure 4.7: Longitudinal analysis. Panels A and B show the susceptibility 

measure at the time of the first (tB) and of the second (tF) MRI in right and left 

N1, respectively. Each color represents a subject. Reddish solid lines indicate 

iRBD-NC patients, while blueish dashed lines refer to iRBD-C patients. In panels 

C and D, we reported the data of panels A and B averaged over each group. The 

mean variation of 𝜒 is larger for iRBD-C patients compared to the iRBD-NC 

group. 

4.5 Discussion 

This study focused on exploring the potential of N1 magnetic 

susceptibility as a non-invasive biomarker for synucleinopathies and 

their prodromal stages, such as iRBD. Specifically, we recruited PD 

patients, iRBD patients and healthy controls and acquired a GRE 

sequence for susceptibility mapping on a 7T MRI system. We measured 

susceptibility in nigrosome 1 in order to detect group differences in iron 

load, assess its increase as long as the disease progresses and 

longitudinally evaluate its variability at the time of conversion to α-

synucleinopathies. To the best of our knowledge, this is the first QSM 

study targeting N1 in a population of iRBD patients at 7T. 

We reported increased N1 susceptibility in ePD patients with respect to 

the iRBD group and HC and demonstrated that QSM can discriminate 

ePD patients with good diagnostic accuracy. Instead, no differences 

between iRBD patients and HC were found. Within the ePD group, we 

explored the effect of clinical variables such as late- or young-onset and 

RBD presence: no significant differences emerged between LOPD and 

YOPD or between ePD with and without RBD symptoms. No differences 
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were detected between iRBD-C and iRBD-NC, as well. Susceptibility 

was higher -though not significantly- in iRBD+ patients than in iRBD- 

group. We found a significant positive correlation of N1 𝜒 with disease 

duration in iRBD patients, while it was not the case for the PD group. 

The longitudinal analysis highlighted a larger variation of 𝜒 in iRBD 

patients that had converted to synucleinopathies by the time of the 

follow-up MRI scan, with respect to the ones for which the iRBD 

diagnosis was confirmed. 

Iron concentration in N1 was higher for ePD patients than for the control 

group. This is in agreement with previous studies that investigated 

susceptibility in SNc [44,188–191,197] and in its dorsolateral portion 

[198]. The role of iron in neurodegeneration has not been completely 

elucidated, as the impairment of its metabolism can lead to cell damage 

via oxidative stress and/or it can be stored in cerebral tissue as the 

consequence of cell death [147]. Abnormal iron storage has been 

documented in target areas in PD [199] as well as in other 

neurodegenerative diseases [200,201]. In PD, the iron deposition in the 

SN, and especially in SNc, increases along with disease staging and has 

been found in many different cell types including inflammatory cells and 

melanized dopamine neurons of SNc [199]. We can then suppose that 

iron accumulation is related to neuronal death; in this case, the 

susceptibility increase in SNc and N1 of PD patients would not be 

surprising, as that is the SN region with the greatest disease-related 

neuronal loss [171]. 

The absence of a correlation between N1 𝜒 and age in ePD patients, iRBD 

and control subjects is in line with the relatively limited involvement of 

the ventrolateral tier of SNc in aging, as it is the SN tier less affected by 

age-related neuronal loss (with an estimated cell loss of 11% at 60 years 

old) [171]. 

The accumulation of iron in N1 in the iRBD group is comparable to that 

in HC, in accordance with previous studies that observed no differences 

in T2* in SN between iRBD patients and controls [202,203] and with 
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recents works that considered average QSM values in the whole SN 

[204,205] or in its functional subregions [206]. However, another study 

reported higher susceptibility in iRBD patients compared to HC, but 

significantly lower than in PD [187]. The slightly inconsistent results 

reported so far can be accounted for by the different degree of striatal 

dopamine deficiency in iRBD patients enrolled in each study, and by the 

use of a reference region for susceptibility measures. Previous studies 

showed a variable prevalence of pathological MR imaging in iRBD 

patients, ranging between 27.5% and about 77% [182–184,193]. iRBD+ 

patients have a peculiar level of putaminal dopaminergic SPECT activity 

as it has been found lower than in both iRBD- patients [184,193] and 

healthy controls [193], but higher than in PD patients [193]. Therefore, 

the number of patients with impaired putaminal dopaminergic 

projections and the degree of the dopaminergic deficiency could affect 

the results of both qualitative and quantitative MR studies. Second, in 

our analysis and in two other studies [204,205] susceptibility values were 

not referenced to a specific anatomical area, to avoid assumptions on 

brain regions not involved in neurodegeneration, as the populations 

considered in this study may show a diffuse pattern of pathological 

alterations in both gray and white matter: this strategy may lead to 

slightly different results from those obtained with referencing [187,206]. 

In addition, we selected a small ROI covering only the nigrosome 1 while 

the whole SN was considered in other studies [187,204,205]. Further 

investigations are required to settle this discrepancy. Lastly, even though 

the degeneration affects SN subregions other than N1, it seems unlikely 

that the iron deposition could alter more the mean 𝜒 value of SNc than 

that of N1.  

The correlation between N1 𝜒 and duration of iRBD points out that iron 

accumulation increases along with the disease evolution, confirming a 

previous observation [187]. As no differences are reported between ePD 

patients with or without RBD, we hypothesize that the gradual 

increment in iron stores in N1 may happen prior to the emergence of 

motor symptoms, irrespective of the presence of RBD. Moreover, despite 

a slow increase over time, no correlation was found between PD 

duration and susceptibility in N1, so it can be assumed that further iron 
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accumulation is not significant once motor symptoms appear. 

Concerning this finding, the literature provides inconsistent 

observations, as the positive correlation of susceptibility in SN with 

disease duration was reported by some previous works [207], especially 

for PD patients with longer disease duration [197] but not confirmed by 

others [187]. In this regard, one possible confounding factor relates to the 

prevalence of PD patients with short disease duration generally enrolled 

in these studies. In this work, only 3 subjects had a disease duration 

longer than 4 years (i.e., 9, 11 and 11 years). This may cause long-term 

correlations to remain undetected. Another possible explanation is the 

different percentage of dopaminergic neurons which die after clinical 

onset in the whole SNc (where about 52% of cells are still alive) and in 

its ventrolateral tier (where there are still about 32% of cells) [171]. Even 

though the neuronal death continues exponentially, the influence on 

susceptibility measures is expected to be greater for SNc than for N1. On 

these premises, we may hypothesize that the iron load in N1 is not an 

index of disease progression and severity, at least in the first years of PD, 

but rather a marker of ongoing neurodegeneration in presymptomatic 

stages. 

The longitudinal analysis on iRBD patients with a follow-up MRI 

examination after 3 years from the baseline revealed a larger increase of 

iron content in N1 for patients that developed α-synucleinopathies by 

the second examination, with respect to the ones for which the iRBD 

diagnosis was confirmed. However, the susceptibility values at the time 

of the follow-up are comparable between iRBD-C and iRBD-NC patients. 

This may suggest that iron load at the moment of the conversion to 

neurodegenerative motor disorders does not represent a fixed threshold, 

but it may show inter-subject variability ascribable to factors such as the 

capability of residual neurons to supply the dysfunctions caused by 

neuronal loss. However, this should be considered a preliminar and 

speculative result because of the small size of the sample available for 

this analysis. Further investigation will be carried out during future 

follow-ups. 
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From the methodological point of view, the ROIs covering N1 used in 

this study were manually drawn by an experienced neuroradiologist on 

a high-resolution T2*-weighted image of the control subjects. Then, a 

probabilistic atlas was created and used to evaluate N1 𝜒 in all subjects. 

The rationale for this approach concerned the absence of a published N1 

ROI and the critical issues in drawing it on structures with pathological 

appearance. This semi-automated approach removed the user's 

discretionality in drawing the small N1 ROIs on the single patient. To 

ensure that the results were not affected by coregistration errors, a 

neuroradiologist checked the alignment of each subject to the template. 

In the future development of this study, the rating of “morphological” 

T2*-weighted will be blindly repeated by the same radiologist and also 

performed by another, in order to provide measures of intra- and inter-

rater reproducibility of the qualitative assessment of the images. In this 

work, we performed the statistical analysis on the 𝜒 map obtained by 

averaging QSM images across TEs to increase SNR [139]. Considering 

the known dependence of 𝜒 values on TE [91,92], we repeated group 

comparison analysis using maps obtained at individual TEs to assess the 

robustness of our results. As shown in Supplementary Figure S4.1, even 

though measured susceptibility varies, we obtained similar results for 

each TE except the longest one (41.8 ms), possibly due to low SNR. The 

stability of the statistical outcome across TEs could be due to a consistent 

difference in N1 iron accumulation for the three populations which 

reaches high levels of significance independently of TE. 

An alternative approach for future studies may involve the usage of 

histogram and pattern analysis on the whole volume of SN. This would 

allow the exploration of the tails of the 𝜒 distribution and of its fine 

spatial variations, so as to also taking into account N1 spatial variants 

[208]. 

The choice of selecting and analyzing the N1 with the highest 

susceptibility is supported by clinical and radiological findings and 

pointed out to maximize the sensitivity in revealing neurodegeneration 

in both ePD and iRBD patients. Motor symptoms of PD are, indeed, 
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usually asymmetric [169] and this asymmetry matches with the different 

N1 visibility [209]. It is therefore commonly accepted to define an 

imaging “pathological” in case of the loss of N1 visibility in at least one 

side of the midbrain [179,180,210]. 

In conclusion, we reported that the iron content in N1 of iRBD patients 

is comparable to those in HC but it grows as the disease evolves, 

showing a steeper variation in the proximity of conversion to 

synucleinopathies. On the contrary, PD patients show increased N1 iron 

load with respect to iRBD and HC but our results suggest that it remains 

roughly unaltered during disease evolution. Even though N1 iron 

content may not be an index of PD progression, at least during its first 

stages, our work suggests the potential of N1 iron load detection via 

QSM as a presymptomatic biomarker for the assessment of PD and of 

ongoing neurodegeneration in its prodromal stages, such as iRBD. 

Longitudinal studies are warranted to get further insights into the 

mechanisms of iron accumulation and their causal relationship to 

disease development. 
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Supplementary Figures 

 

 

Figure S4.1: Dependence on TE of N1 QSM values (Panel A). Each plot displays 

the mean susceptibility in N1 for the three groups: ePD (aqua green), iRBD (pale 

blue) and MSAc (violet). The shaded area represents the standard error of the 

mean and the asterisks indicate the TEs at which the difference in mean 

susceptibility across groups reaches significance in the Kruskal-Wallis omnibus 

test (* p < 0.05, ** p < 0.01, *** p < 0.001). Panel B displays the statistical results of 

the post-hoc comparisons of QSM mean values in N1 among the three groups 

(HC, PD and iRBD) via Dunn’s test followed by and Dunn-Sidak correction for 

multiple comparisons for each TE (indicated as TE01-TE07) and for the map 

obtained by averaging all TEs (TEaver). The gray-levels indicate p-values (n.s.: 

not significant; * p < 0.05, ** p < 0.01, *** p < 0.001). Similar results were obtained 

for each TE, except the longest one (41.8 ms) in the comparison between ePD and 

HC, probably due to low SNR. 



83 

 

Chapter 5 Complementing canonical fMRI 

with functional Quantitative Susceptibility 

Mapping (fQSM) in modern neuroimaging 

research 

The work presented in this chapter was performed in collaboration with 

the IMAGO7 Research Center (Pisa, Italy). 

It is an extension of a preliminary study published in 2019 [114]: Costagli, 

M., Lancione, M., Cecchetti, L., Pietrini, P., Cosottini, M., Ricciardi, E., & 

Tosetti, M. (2019). Quantitative Susceptibility Mapping of Brain Function 

During Auditory Stimulation. IEEE Transactions on Radiation and Plasma 

Medical Sciences, 3(4), 516-522. 

It has been published as follows [211]: 

Lancione, M., Costagli, M., Handjaras, G., Tosetti, M., Ricciardi, E., 

Pietrini, P., Cecchetti, L. (2021). Complementing canonical fMRI with 

functional Quantitative Susceptibility Mapping (fQSM) in modern 

neuroimaging research. NeuroImage, 244, 118574 

5.1 Abstract 

Functional Quantitative Susceptibility Mapping (fQSM) allows for the 

quantitative measurement of time-varying magnetic susceptibility 

across cortical and subcortical brain structures with a potentially higher 

spatial specificity than conventional fMRI. While the usefulness of fQSM 

with General Linear Model and “On/Off” paradigms has been assessed, 

little is known about the potential applications and limitations of this 

technique in more sophisticated experimental paradigms and analyses, 

such as those currently used in modern neuroimaging.  

To thoroughly characterize fQSM activations, here we used 7T MRI, 

tonotopic mapping, as well as univariate (i.e., GLM and population 
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Receptive Field) and multivariate (Representational Similarity Analysis; 

RSA) analyses. 

Although fQSM detected less tone-responsive voxels than fMRI, they 

were more consistently localized in gray matter. Also, the majority of 

active gray matter voxels exhibited negative fQSM response, signaling 

the expected oxyhemoglobin increase, whereas positive fQSM 

activations were mainly in white matter. Though fMRI- and fQSM-based 

tonotopic maps were overall comparable, the representation of 

frequency tunings in tone-sensitive regions was significantly more 

balanced for fQSM. Lastly, RSA revealed that frequency information 

from the auditory cortex could be successfully retrieved by using either 

methods. 

Overall, fQSM produces complementary results to conventional fMRI, 

as it captures small-scale variations in the activation pattern which 

inform multivariate measures. Although positive fQSM responses 

deserve further investigation, they do not impair the interpretation of 

contrasts of interest. The quantitative nature of fQSM, its spatial 

specificity and the possibility to simultaneously acquire canonical fMRI 

support the use of this technique for longitudinal and multicentric 

studies and pre-surgical mapping. 

5.2 Introduction 

Quantitative Susceptibility Mapping (QSM) [10,94,117–121] is a well-

established method based on the phase of the Magnetic Resonance (MR) 

signal acquired via a Gradient Recalled Echo (GRE) sequence, which 

allows the non-invasive quantification of tissue magnetic susceptibility 

(χ). Since susceptibility represents an important biomarker for the 

quantitative evaluation of iron loads [25], myelination [28,29], 

hemorrhages and calcification [20,21,212,213], its employment is 

particularly growing in clinical studies focusing on the diagnosis and 

follow-up of neurodegenerative diseases, such as Parkinson’s disease 

[43,45,46,51,214], multiple sclerosis [67–69], amyotrophic lateral sclerosis 

[55,59] and Alzheimer’s disease [38,40]. Information provided by QSM 
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is not only quantitative, but also reflects a local property of the tissues, 

as free from the non-local dipole effect created by susceptibility sources 

that instead affect T2*-weighted images. 

QSM has been recently applied to functional MRI, as well (i.e., functional 

QSM - fQSM) [95,110–115,215]. This method relies on the acquisition of 

a complex-valued GRE-EPI signal (i.e., the simultaneous acquisition of 

both signal magnitude and phase) [216], with no increase in acquisition 

time. By removing the non-local dipole effect, fQSM guarantees a more 

direct measure of the susceptibility variation, which is responsible for 

the Blood Oxygenation Level-Dependent (BOLD) effect. Hence, fQSM 

can provide a quantitative and spatially specific correlate of neural 

activity. 

Previous studies assessed the feasibility of fQSM [111,112] and 

highlighted some of its characteristics. In particular, fQSM has sufficient 

sensitivity - though lower than magnitude-based fMRI - to detect 

parenchymal activation [110,111]. This lower sensitivity is balanced by 

higher spatial specificity due to the removal of the non-local dipole field 

effect [110,114,115]. A potentially interesting but still unclear property of 

fQSM is related to the sign of the activation [110,113,114]. The net effect 

of the variation of the cerebral metabolic rate of oxygen and of cerebral 

blood flow and volume observed during neuronal activation determines 

a local increase of oxygenated blood in task-sensitive regions. As deoxy-

hemoglobin is paramagnetic (i.e., it has positive susceptibility) and oxy-

hemoglobin is diamagnetic (i.e., it has negative susceptibility), during 

task periods we observe a decrease in tissue susceptibility which leads 

to an increase in the T2*-weighted signal. Hence, in voxels showing a 

BOLD fMRI signal increase, a negative fQSM activation is expected. 

Although this is the case for the vast majority, some voxels show the 

same directionality in BOLD fMRI and fQSM signal change. Indeed, the 

presence of both positive and negative fQSM activations complicates the 

interpretation of contrasts of interest in task-based paradigms. 

Unexpected directionality in fQSM could be caused by incomplete 

dipole inversion [110,113], especially near strong susceptibility sources, 

such as veins. However, this effect has been observed using a broad 
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range of acquisition parameters and several reconstruction algorithms, 

suggesting that data processing has a limited impact on this. Therefore, 

new studies are needed to better clarify the biophysical principles that 

could explain task-related fQSM signal increments. 

Previous works focused on the application of conventional analysis 

techniques to fQSM data, such as General Linear Model (GLM) for 

simple task-based “On/Off” experiments. Yet, GLM is not the only 

approach adopted by the neuroimaging community, and more 

advanced tools, namely multivariate methods, have become increasingly 

popular in neuroscientific analytical pipelines. Also, to precisely dissect 

complex cognitive and affective human abilities, simple “On/Off” task 

designs have been replaced by paradigms including several 

experimental conditions. Notwithstanding progress in functional 

neuroimaging data analysis and study design, a comprehensive 

assessment of the applicability of these approaches to fQSM data is 

currently missing. 

Here, we used ultra-high field 7T-MRI and fine-grained tonotopic 

mapping to characterize “unexpected” fQSM responses (i.e., those 

voxels with equal activation sign in fQSM and fMRI) and to assess the 

ability of this technique to discriminate between brain responses elicited 

by different perceptual features, specifically tone frequency. To do this, 

we used three approaches typically adopted in modern neuroimaging 

studies: the classic mass-univariate GLM, the population Receptive Field 

(pRF) method [217], and the Representational Similarity Analysis (RSA) 

[218]. 

5.3 Methods 

5.3.1 Subjects 

Twelve healthy volunteers (6 females, aged 27 - 44 years, 33 ± 6 years 

old) with normal hearing and no history of neurological diseases or 

psychiatric disorders were recruited to participate in the study and 
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underwent a 7 Tesla MRI scan session. All subjects received a medical 

interview, including a brain structural MRI scan, to exclude any disorder 

that could affect brain structure or function. All participants gave their 

written informed consent after the study procedures and potential risks 

had been explained. The study protocol was approved by the local 

Institutional Review Board (IRB) (Comitato Etico Area Vasta Nord Ovest 

- CEAVNO; Protocol No. 1485/2017) and the research was conducted in 

accordance with national legislation and the Declaration of Helsinki. 

5.3.2 Experiment and stimulus design 

Stimuli for tonotopic mapping consisted of trains of pure tones (rate: 10 

tones per second; duration: 75ms with 5ms cosine ramp in loudness) 

selected from ten perceptually uniform frequency bands based on the 

Bark scale [219]: (1) 100-200 Hz; (2) 300-400 Hz; (3) 510-630 Hz; (4) 770-

920 Hz; (5) 1080-1270 Hz; (6) 1480-1720 Hz; (7) 2000-2320 Hz; (8) 2700-

3150 Hz; (9) 3700-4400 Hz; (10) 5300-6400 Hz). We adopted this 

particular stimulation paradigm based on narrowband stimuli as it 

provides high sensitivity in detecting differences in frequency tuning 

[220]. Pure tones were presented binaurally in blocks of 7.5 seconds 

followed by randomly selected rest periods of either 7.5 or 10 seconds. 

The loudness of each block was modulated by a cosine ramp of 0.3 s, to 

fade in and out and mitigate the startle caused by stimulus onset. The 

onset of the first stimulus block was preceded by a rest period of 20 s 

(including 10 s of dummy scans) and each fMRI run ended with an 

additional 5 s period of silence. A scheme of the stimulation paradigm 

for one fMRI run is presented in Supplementary Figure S5.1. The ten 

frequency bands were played in a pseudorandom order across subjects 

and across the four runs that were acquired in the MRI session. Each 

frequency band was presented twice per run, summing up to a total of 

20 trials per run and 80 trials per scan session, that is 8 trials per 

frequency band. The duration of one run was 5 minutes and 50 seconds, 

summing up to 23 minutes and 20 seconds for the whole functional scan. 

To ensure that all frequency bands were perceived as having comparable 

loudness, three subjects were asked to equalize the volume of 12 pure 
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tones ranging 100-8000 Hz with respect to a 1000 Hz reference frequency. 

This procedure was performed during an EPI scan to account for the 

scanner noise. The equalization was performed via the QUEST adaptive 

psychometric method [221], with an initial guess for the algorithm 

derived from the ISO-226 standard. Afterward, the loudness for each 

tone was derived via an interpolating fit and further adjusted for each 

subject to account for possible differences in scanner noise attenuation 

due to earphone positioning and head padding. Subjects were instructed 

to passively listen to the stimuli and keep their eyes closed during the 

entire acquisition. 

Stimuli were designed in MATLAB 2017a (Mathworks, Natick, MA, 

USA) running Psychtoolbox and administered via MR-compatible in-ear 

earphones (VisuaStimDigital, Resonance Technologies, Los Angeles, 

USA), connected to a computer placed in the control room. 

5.3.3 MRI system 

Functional and anatomical MR images were acquired on a GE 

Healthcare Discovery MR950 7T MRI system (GE Healthcare, Chicago, 

Illinois) equipped with a two‐channel transmitter/32‐channel receiver 

head coil (Nova Medical, Wilmington, MA, USA) and a gradient system 

with maximum amplitude = 50 mT/m and slew rate = 200 T/m/s. 

5.3.4 MRI acquisition 

Functional scans were performed by using a 2D gradient echo EPI. Forty-

nine slices were prescribed axially and acquired in interleaved ascending 

order (odd slices first). The prescription partially covered the brain 

starting from ventral regions, up to perisylvian frontal and parietal 

territories. The following acquisition parameters were employed for all 

functional runs: Echo Time (TE) = 21.3 ms, Repetition Time (TR) = 2.5 s, 

Flip Angle (FA) = 74°, Field Of View (FOV) = 230 × 230 mm2, matrix size 

= 128 × 128, in-plane resolution = 1.8 mm, slice thickness = 1.8 mm, 

parallel imaging ASSET (Array coil Spatial Sensitivity Encoding 
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Technique) acceleration factor = 3, fat suppression. No resampling was 

performed during image reconstruction to preserve native resolution. 

Each subject underwent one fMRI session, consisting of four runs of 

tonotopic mapping. To correct for geometric distortions associated with 

phase-encoding direction, we set opposite gradient polarity (either 

anterior-to-posterior or posterior-to-anterior) for odd and even runs. 

Four “dummy” volumes were discarded at the beginning of each run to 

allow the magnetization to reach the steady-state. The number of 

acquired volumes for each tonotopy run was 136. For each functional 

scan, we acquired the complex-valued signal and reconstructed the 

magnitude and the phase images using a custom code running in 

MATLAB 2019a. 

For anatomical reference, a T1-weighted image was acquired using an 

MP2RAGE sequence [222]. This is a modified version of a 

Magnetization-Prepared Rapid Gradient Echo (MPRAGE) scan, based 

on the acquisition of two low-flip angle images at two different Inversion 

Times (TI). MP2RAGE sequence was prescribed axially to cover the 

whole brain and acquisition parameters were set as follows: TR = 6.6 ms; 

TE = 2.0 ms; Inversion Time TI1,2 = 1000, 3200 ms; FA = 5°.; voxel size = 

0.8 × 0.8 × 0.8 mm3, in-plane FOV = 220 × 220 mm2; sagittal coverage = 176 

mm; scan duration = 11′36″). 

5.3.5 Functional QSM data reconstruction 

A susceptibility map was computed for each acquired volume as 

follows. Firstly, the raw phase image of each volume was unwrapped 

via a Laplacian-based algorithm [3,12]. A brain mask was generated 

using the Brain Extraction Toolbox (bet) [137] in FSL 5.0.9 (FMRIB 

Software Library, Oxford Centre for Functional MRI of the Brain, 

Oxford, UK) on the magnitude image and then used for the background 

phase removal. To this purpose, we employed an optimized pipeline for 

2D EPI phase processing [223]: the background phase was removed via 

a 2D version of the Laplacian-based method V-SHARP, followed by 3D 

V-SHARP [8]. This joint 2D and 3D approach solves the issue of phase 
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inconsistencies across adjacent slices of 2D EPI. The 2D step removes the 

in-plane harmonic components of background noise and reduces the 

phase inconsistencies between slices; then, the 3D step removes the 

through-plane noise contributions. The iLSQR method [12,13] was 

applied to tissue phase images of each time-point to obtain QSM maps. 

The algorithms used for phase processing and QSM reconstruction are 

implemented in STI Suite (MATLAB toolbox from UC Berkeley, Berkley, 

CA, USA) [138]. The reconstruction pipeline is illustrated in Figure 5.1A. 

5.3.6 Preprocessing of anatomical data 

MP2RAGE raw data were reconstructed offline with a custom MATLAB 

code using Orchestra, a GE Healthcare reconstruction framework. 

Images corresponding to each inversion time were obtained via 

Autocalibrating Reconstruction for Cartesian imaging (ARC) followed 

by adaptive coil combination [224] and vendor-provided gradient non-

linearities correction. The final MP2RAGE image was obtained by 

combining the images acquired with different TIs [222] to produce T1-

weighted anatomical images virtually free of intensity bias. After 

reconstruction, the anatomical images were rigidly aligned along the 

Anterior Commissure (AC) - Posterior Commissure (PC) plane (AC-PC). 

Specifically, an affine transformation (12 degrees of freedom) was 

computed to transform the T1-weighted image into MNI space using flirt 

[136] in FSL 5.0.9. Then, the transformation was converted to rigid body 

transform (6 degrees of freedom) and applied to the anatomical dataset. 

Brain extraction was performed via antsBrainExtraction.sh routine in 

ANTs (Advanced Normalization Tools), using the OASIS dataset as a 

template. Tissue class segmentation was performed in SPM12 [225] to 

obtain gray and white matter probabilistic maps that were then 

resampled to EPI spatial resolution. Linear and non-linear registration to 

the MNI152 template were performed via 3dQwarp in AFNI [196] 

adopting the wsinc5 interpolation method. 
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5.3.7 Preprocessing of functional data 

Data were visually inspected to ensure the absence of excessive motion 

and scanning artifacts. Preprocessing of the functional datasets was 

performed in AFNI. Motion correction was carried out via 3dvolreg in 

two sequential steps: in the first iteration, all volumes were aligned to 

the first of each time series to compute the framewise displacement 

between each pair of successive time points; then, the registration was 

repeated using the volume showing the smallest displacement as a 

reference. This procedure ensures that the reference time point is not 

corrupted by sudden head motion. Rigid body transformations (6 

degrees of freedom) were computed and applied to functional time 

series. Head motion parameters were plotted and inspected to verify 

data quality and the absence of a significant correlation between motion 

and stimulus timing. Non-brain tissues were removed using bet routine 

in FSL 5.0.9. B0 distortion was corrected by applying the following steps: 

the two pairs of scans acquired with the same gradient polarity were 

aligned together and averaged. Afterward, the two average images with 

opposite polarity were coregistered using 3dQwarp and the “meet in the 

middle” algorithm (-plusminus option). After computing the affine 

transformation matrix of the undistorted average EPI image to the skull-

stripped T1-weighted scan via align_epi_anat.py routine, the two 

transformations (the B0 distortion correction and the alignment to the 

anatomical scan) were concatenated and applied simultaneously to the 

functional scans via 3dNwarpApply. Data were spatially blurred to a Full-

Width at Half-Maximum (FWHM) of 6 mm using 3dBlurToFWHM, a 

routine that iteratively estimates and increases the smoothness of data 

until reaching the desired level. Lastly, the time series were demeaned 

and scaled to percent signal change. 

Functional QSM data were motion-corrected and aligned to the 

anatomical image by applying the transformation computed for 

conventional fMRI data. To preserve fQSM quantitative information, we 

applied nearest-neighbor interpolation method, in both fQSM and fMRI 

pipelines for consistency. Then, data were smoothed up to 6 mm FWHM 

(3dBlurToFWHM) and demeaned. Scaling was avoided to preserve the 
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quantitative information of the variation of tissue susceptibility, here 

reported in parts per billion (ppb). The preprocessing steps are 

summarized in Figure 5.1A. 

 

 

Figure 5.1: Graphical summary of the reconstruction and preprocessing 

pipelines (panel A) and of the analyses that were performed on the fMRI and 

fQSM datasets (panel B). 

5.3.8 Selection of tone-responsive areas 

For each subject, we used AFNI’s 3dDeconvolve to perform a mass-

univariate voxelwise GLM analysis [226] on fMRI and fQSM data. 

Regressors for each individual trial were created by convolving a boxcar 

function with the canonical hemodynamic response function. 

Polynomial drifts and six motion parameters (three translations and 

three rotations) were included as nuisance regressors. For conventional 

BOLD fMRI, voxels responding to auditory stimulation - i.e., All Sounds 

> Rest - were identified by performing a non-parametric permutation test 

(two-tailed) on the t-statistic map of each trial using FSL randomise, 

setting a threshold of p < 0.05 voxel-wise corrected. We selected the two 
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largest clusters with positive fMRI response for each subject, together 

with voxels showing significant negative responses, so as to obtain a 

functionally defined mask of the Sound Responsive Area (SRA). Even 

though negative fMRI activations are not usually taken into account, 

their inclusion in the current analysis allows us to have a fair comparison 

between conventional BOLD fMRI and fQSM, where the presence of 

both positive and negative activations is frequently acknowledged. 

Similarly, a region of active voxels in fQSM with both positive and 

negative responses was defined via a permutation test with the same 

statistical threshold used for conventional fMRI. After alignment to the 

MNI space, a probabilistic SRA Region Of Interest (ROI) was computed 

by summing the masks across subjects. The peak values of R2 obtained 

in SRA for fMRI and fQSM for all subjects were compared with a paired 

t-test. 

5.3.9 Tonotopic mapping 

A first contrast of interest was computed on single-subject GLM 

coefficients, testing the “Low frequencies” (pure tones ranging from 100 

to 630 Hz; frequency bands 1 to 3) > “High frequencies” (pure tones 

ranging from 2700 to 6400 Hz; frequency bands 8 to 10) contrast. In 

addition, to estimate the frequency tuning curve of voxels in the SRA 

ROI, we employed the population Receptive Field (pRF) approach [217]. 

The population response was modeled as a one-dimensional Gaussian 

function, defined over log-scaled frequency [227]. The center frequency 

f0 spanned the whole range of frequencies played during stimulation, 

from 100 Hz to 6400 Hz, covering an interval of 6 octaves, with a step 

size of 0.25 octaves. The values of the standard deviation σ ranged from 

0.25 to 4 octaves, with 0.25 octaves step size. The expected response for 

a population whose tuning is described by one of the Gaussian functions 

is computed by evaluating the Gaussian curve at the frequency played 

at each time point. Models were fitted to the data via linear regression, 

after cleaning out the contribution of nuisance variables (i.e., drifts and 

head motion), and the tuning for each voxel was determined by selecting 

the combination of f0 and σ that maximizes the t-score of the fit, that is 
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β/SE where β is the coefficient of the linear regression and SE is the 

standard error of the fit. For fQSM data, we selected the Gaussian 

function that provided the maximum negative t-score, as one should 

expect the fQSM activation to be sign-flipped as compared to 

conventional fMRI. The similarity of pRF maps obtained from fMRI and 

fQSM for each subject was quantified using Pearson’s correlation. 

Statistical significance of the correlation coefficient was evaluated via 

permutation testing. 

5.3.10 Multivariate pattern analysis 

To evaluate the response pattern of SRA and to assess the ability of this 

region in discriminating pure tones based on their frequency, we 

employed RSA [218]. We conducted this analysis in an ROI defined as 

the intersection between fMRI and fQSM SRA masks, which identifies 

task-selective voxels regardless of the technique. For both fMRI and 

fQSM and for each subject, we obtained Representational Dissimilarity 

Matrices (RDM) by computing the pairwise correlation distance between 

tone-specific activity patterns. The correspondence between the fMRI 

and fQSM RDMs was tested through Pearson’s correlation coefficient 

and statistical significance was assessed via permutation testing. 

Specifically, in each iteration, stimulus labels of fQSM trials were 

shuffled thus to obtain a null RDM, which was correlated with the one 

coming from conventional fMRI. This procedure generated a null 

distribution (105 permutations), which was used to test the significance 

of the actual correlation value. Lastly, to visualize the functional 

mapping of pure tones in the SRA region obtained from fMRI and fQSM 

data, we performed Multidimensional Scaling (MDS; mdscale function in 

MATLAB). Both single-subject and group-average RDMs were 

visualized in a two-dimensional MDS space. Analyses performed in this 

study are summarized in Figure 5.1B. 
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5.4 Results 

5.4.1 Data quality and phase artifacts 

All subjects involved in the study completed the exam session. However, 

two of them (M-28yo, F-27yo) reported having fallen asleep during the 

scan. Moreover, the analysis of motion parameters revealed extreme 

head motion for another subject (M-32yo): nearly 30% of total timepoints 

(up to 78% in one of the four runs) were corrupted by excessive 

framewise displacement (> 0.3 mm). These three subjects were not 

included in further analyses. 

An exemplary fQSM image obtained from the 2D-EPI acquisition by 

applying the optimized background phase removal workflow [223] is 

shown in Figure 5.2B, together with the corresponding T2*-weighted 

image (Figure 5.2A). The across-slices phase-inconsistency artifact also 

reported in previous fQSM studies [110,113] was removed. Figure 5.2C 

shows fMRI and fQSM activity of a voxel located in the auditory cortex 

for a single functional run. Instead, Figure 5.2D depicts the peristimulus 

plots computed in a voxel showing positive fMRI and negative fQSM 

responses. 
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Figure 5.2: fMRI and fQSM data. In panel A, an exemplary T2*-weighted image 

obtained with EPI is presented, while panel B shows the corresponding QSM 

image obtained from the phase of the same acquisition. The optimized joint 2D-

3D background field removal enables the reconstruction of susceptibility maps 

from 2D EPI with no phase inconsistencies across slices. Panel C shows the time 

course during one run of one exemplary voxel in SRA, indicated by the red dot 

in panel A and B, for fMRI (top) and fQSM (bottom) signal. The gray shaded area 

indicates stimulus presentation. In panel D we reported the average peristimulus 

plot for a voxel with positive fMRI and negative fQSM response (blue line, the 

shaded area indicates the standard error). The gray lines represent the 

peristimulus plot for an individual trial of each band for a representative subject. 

The gray shaded area indicates the stimulus period, lasting 3 TRs, that is 7.5 

seconds. 

5.4.2 GLM analysis and tone-responsive areas 

Results of the All Sounds > Rest contrast showed that the average R2 peak 

across subjects in PAC was 0.7 ± 0.1 for fMRI and 0.4 ± 0.1 for fQSM 

(systematically lower in fQSM than fMRI; p < 10-6 in a paired t-test). Also, 

R2 maps obtained from fMRI and fQSM data were significantly 

correlated (Pearson’s correlation coefficient was 0.434, p < 0.001; Figure 

5.3A). A linear fit yielded an angular coefficient of 0.17 (R2 = 0.19), 
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indicating that the variance of fMRI data explained by the model is 

higher than for fQSM data (Figure 5.3A). Further, the average maximum 

signal increment observed for magnitude EPI during the task was 9 ± 

1%. For fQSM, the maximum decrease in susceptibility was -47 ± 14 ppb, 

ranging from -79 ppb to -35 ppb depending on the subject. Maximum 

positive fQSM response was 39 ± 14 ppb. At the statistical significance 

threshold chosen in the current study, the minimum detectable variation 

of susceptibility ranged from -0.006 ppb to -0.9 ppb depending on the 

subject, with a median of -0.023 ppb. 

The contrast All Sounds > Rest is shown in Figure 5.4 for fMRI and fQSM 

on the reconstructed cortical surface of each subject. 

 

 

Figure 5.3: fMRI and fQSM responses from GLM analysis. Scatter plot showing 

the relationship between fMRI and fQSM R2 values (panel A) of voxels that are 
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identified as tone-responsive (p < 0.05 voxelwise corrected) by both techniques, 

for all subjects. The red line indicates the average fQSM R2 over 0.1-wide fMRI 

R2 intervals and the result of the linear fit is displayed as a gray dashed line. We 

reported Pearson’s correlation coefficient r = 0.434 (p < 0.001) and an angular 

coefficient of 0.17 from the linear fit (R2 = 0.19). In panel B, the scatter plot shows 

the fQSM t-stat values corresponding to fMRI t-stat values. For voxels with 

responses of opposite sign we reported Pearson’s correlation coefficient r- = -

0.495 (p < 0.001), while r+ = 0.212 (p < 0.001) was found for voxels with responses 

with the same sign. Panel C displays the fraction of voxels showing negative 

fQSM response in the SRA ROI defined by fQSM (light blue) and voxels showing 

opposite response with respect to fMRI in shared tone-responsive areas (dark 

blue). The error bars indicate the standard error of the mean. 
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Figure 5.4: Activation maps overlaid onto the inflated cortical surface mesh of 

each subject. The first two columns display the t-statistics obtained for each 
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subject by summing the response to all stimulus trials in the SRA ROI identified 

via non-parametric permutation test (p < 0.05 voxelwise corrected), for fMRI and 

fQSM respectively. The colormaps corresponding to fMRI and fQSM are 

inverted to take the sign inversion of the response into account and allow a more 

direct comparison. The third column reports the anatomical landmarks of 

interest: Superior Temporal Sulcus (STS), Superior Temporal Gyrus (STG), 

Planum Temporale (PT) and Heschl’s Sulcus (HS, blue line) and Gyrus (HG, red 

line). 

 

 

Figure 5.5: Probabilistic SRA ROIs obtained by computing the overlap in the 

MNI space of the SRA masks of all subjects. The ROI computed via fQSM was 

smaller and showed less inter-subject overlap than the fMRI ROI. 

The probabilistic SRA ROI projected onto a group level MNI cortical 

mesh is shown in Figure 5.5. The tone-responsive areas identified by the 

two techniques differed in size, with the fQSM ROI being approximately 

15 ± 9 % of the SRA ROI defined by fMRI. Also, the definition of SRA 

using fQSM data had higher inter-subject variability. Moreover, 

differently from fMRI results, voxels in these regions showed both 

increments and decrements in susceptibility (Figure 5.3B). For voxels 

with responses of opposite sign in fMRI and fQSM, we reported 

significant Pearson’s correlation r- = -0.495 (p < 0.001) between t-stats 

values, while r+ = 0.212 (p < 0.001) was found for voxels with responses 

with the same sign. The fraction of voxels yielding a positive fQSM 

response was 27 ± 10 % in the SRA ROI defined by fQSM. This ratio 

dropped to 14 ± 10 % when we considered “unexpected” voxels in the 
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overlap between the tone-responsive areas of fMRI and fQSM (Figure 

5.3C). 

Voxels belonging to White Matter (WM) and Gray Matter (GM) were 

studied separately according to the segmentation of the anatomical 

image with a probability threshold of 0.5. The fraction of active voxels 

belonging to gray matter structures was 65 ± 4 % for fMRI and 73 ± 8 % 

for fQSM (Figure 5.6A). This statistically significant difference (p < 0.01 

in a Wilcoxon signed rank test) indicates that fQSM provides patterns of 

activation that are more spatially specific than the one obtained via fMRI. 

We reported that the fraction of voxels with fQSM response of opposite 

sign with respect to fMRI was higher in GM than in WM. In fact, while 

in GM the fraction of voxels with “unexpected” fQSM response was 12 

%, in WM it was 42 % (Figure 5.6B). The anatomical localization of active 

voxels can be also indicated by their structural tissue susceptibility, as 

measured by the fQSM time average. Figure 5.6C shows the relationship 

between the average susceptibility of tone-responsive voxels and the 

sign and magnitude of its response. Negative fQSM responses generally 

yielded a higher R2 value with respect to positive fQSM. The median of 

the tissue susceptibility distribution in an fQSM t-stat interval shifts 

towards negative values when fQSM response becomes positive (Figure 

5.6D). As negative values in QSM indicate the presence of a diamagnetic 

source, such as myelin, they are typically found in WM structures, 

whereas positive χ values in GM. Thus, fQSM activation of the same sign 

as fMRI were mostly located in WM, while in GM the expectations on 

fQSM behavior were met in the great majority of voxels. 
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Figure 5.6: Anatomical distribution of active voxels. The fraction of voxels that 

belong to gray matter structures and show a significant response at the statistical 

threshold selected in this study was higher in fQSM (dark blue) than in fMRI 

(light blue) (Panel A), indicating that fQSM yields higher spatial selectivity than 

fMRI. The error bars indicate the standard error of the mean. Panel B shows the 

fraction of voxels with negative fQSM response in gray matter (light blue) and 

white matter (dark blue) for each subject and averaged over the whole group, 

highlighting that voxels with positive fQSM response were mostly found in 

white matter. Panel C displays in a scatter plot the relationship between fQSM 

R2 values and the structural tissue susceptibility χ for all subjects. The colors of 

the dots represent the magnitude of fQSM response. Panel D shows the data 

plotted in panel C after dividing the values of the t-statistics into five intervals. 

The colors of the histogram bars represent the intensity of the fQSM response, 

while the gray dot indicates the median of the distribution. It can be seen that 

the median susceptibility shifts towards negative values when the response 

becomes positive. This suggests that the voxels showing positive responses were 

mainly located in white matter. 

5.4.3 Comparison of tonotopic mapping 

Regions in SRA that responded preferentially to lower and higher 

frequencies according to GLM analyses are displayed in the first two 

columns of Figure 5.7. In fMRI data, 34 ± 16 % of voxels were selective 
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for higher frequencies, whereas in fQSM this fraction was significantly 

higher (p < 0.05 in a paired t-test), reaching 52 ± 3 % and yielding more 

balanced GLM contrast maps. We obtained the fine-grained mapping of 

the frequency tuning of SRA voxels for both fMRI and fQSM data (third 

and fourth columns in Figure 5.7, respectively). Even though the maps 

obtained from fMRI data were smoother, fQSM frequency tuning maps 

showed the expected rostro-caudal high-low-high organization. Also, 

this arrangement extended to areas that did not reach significance for 

fQSM at the threshold selected in this study. The similarity between 

results obtained via fMRI and fQSM was also testified by the significant 

correlation between the pRF patterns (p < 0.001 for each individual; 

across-subjects average r = 0.22 ± 0.11). 
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Figure 5.7: GLM-contrast and pRF maps. The first two columns display the areas 

in SRA ROI that responded preferentially to low frequencies belonging to the 

first three frequency bands (100-630 Hz) with respect to the high frequencies 

from the last three bands (2700-6400 Hz), for fMRI and fQSM respectively. The 

colormaps corresponding to fMRI and fQSM are inverted to take the sign 

inversion of the response into account and allow a more direct comparison, so 

that low and high frequencies are consistently represented in blue and red 

respectively. The third and fourth columns show the results of the pRF approach 
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for each subject for fMRI and fQSM respectively. The maps obtained by fMRI 

were smoother but a comparable pattern of frequency tuning preference was 

retrieved also for fQSM. 

5.4.4 Similarity of activation patterns 

The group average RDMs obtained from both fMRI and fQSM data are 

shown in Figure 5.8A. Single-subject RDMs are reported in 

Supplementary Figure S5.2. RSA analysis revealed significant 

correspondence between the RDMs obtained from the two approaches 

(r = 0.72 for the group average, 0.49 ± 0.15 for individual subjects, p < 10-

5). 

The results of the MDS analysis are shown for the group-average RDMs 

and for two representative subjects in Figure 5.8B. The scatter plots for 

each individual subject are reported in Supplementary Figure S5.3. The 

MDS analysis on the group-average RDMs, as well as the results on the 

single subject, showed that trials of the same stimulus condition were 

clustered together along the first dimension for both fMRI and fQSM. As 

shown in Supplementary Figure S5.4, the second dimension highlighted 

two clearly distinguished clusters corresponding to the trials belonging 

to EPI runs with opposite polarities. Despite being noisier than fMRI, the 

activation patterns in fQSM retained enough information to enable the 

mapping of a fine-grained, topographically-arranged organization of 

SRA. 
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Figure 5.8: RDMs and the results of MDS analysis. Panel A shows the group 

average RDMs computed via the correlation distance between activation 

patterns in SRA ROI for fMRI (top) and fQSM (bottom). In panel B, the scatter 

plots representing in a 2-dimensional MDS space the group-average RDMs and 

the RDMs of two representative subjects are displayed. The first row refers to 

fMRI results while the second corresponds to fQSM. The colors represent the 

central frequency of the band of each trial. The activation patterns of trials 

corresponding to the same stimulus condition clustered along the first MDS 

dimension. 

5.5 Discussion 

In the current study, we acquired a complex-valued 2D-EPI dataset in a 

sample of healthy subjects using a 7T MRI scanner to assess the 

usefulness of fQSM in up-to-date human neuroimaging research. We 

particularly focused on the evaluation of fQSM spatial specificity and on 

the characterization of its sensitivity in discriminating patterns of 

activation associated with different stimulus conditions. 

We report that, in fQSM data, voxels significantly activated by listening 

to pure tones are less numerous, but also more likely located in the gray 

matter, than above-threshold voxels identified using canonical fMRI. 

This suggests that the lower sensitivity of fQSM is, indeed, paralleled by 

higher spatial specificity. Interestingly, “unexpected” positive fQSM 



107 

 

activations are mainly limited to white matter. Moreover, both 

univariate GLM and pRF analyses provide similar results when 

comparing the two acquisition methods. Nevertheless, while maps 

obtained from fMRI are smoother in their spatial distribution, those 

coming from fQSM show a patchier organization and voxel tunings are 

more equally represented across the whole frequency range. This 

evidence is - again - in favor of the higher specificity of fQSM in 

capturing fine spatial variations related to the functional architecture of 

tone selective brain areas. Lastly, the representational similarity analysis 

highlights a significant correlation between patterns of brain activity 

derived from fQSM and canonical fMRI data.  

In light of all this, our findings indicate that when univariate and 

multivariate methods are applied to fQSM data, they provide 

biologically plausible results and that fQSM and canonical fMRI data 

complement each other in the study of brain activity. 

In agreement with previous studies [95,110–115], when the same 

statistical threshold is applied, the extent of tone-responsive areas 

identified by fQSM is five- to ten-fold smaller as compared to the one 

identified by fMRI. However, fQSM is sufficiently sensitive to detect 

significant variation of susceptibility in the order of -0.01 ppb, that is two 

orders of magnitude lower than what expected for pial veins [110]. This 

suggests its capability of revealing not only strong sources of 

susceptibility variation, such as big vessels that yield a signal alteration 

in the order of -10 ppb, but also weak activations in the parenchyma. 

Also, fQSM activation maps have a significantly greater fraction of 

voxels lying in gray matter tissues than fMRI, which we interpreted as a 

clue of higher spatial specificity. This is built on the assumption that 

brain activity should be typically observed in gray matter rather than 

white matter. By testing the spatial distribution of active voxels at 

different statistical thresholds, we reported higher specificity of fQSM 

for activations in gray matter for the majority of subjects, as described in 

Supplementary Materials and Supplementary Figure S5.5. However, a 

conclusive proof of this statement would require a ground truth 

measurement for tonotopic mapping. The higher spatial specificity of 
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fQSM can be explained by the deconvolution of the dipole kernel 

performed during QSM reconstruction and the subsequent removal of 

the non-local effect. Indeed, in conventional fMRI the perturbation of the 

magnitude signal extends to voxels surrounding the foci of the neural 

activation, hindering the accurate mapping of the true activation site [1]. 

Notably, the increased spatial specificity is not canceled by the small 

amount of spatial smoothing that was applied to the data, suggesting 

that the non-local dipole effect acts on a larger-scale distance. On the 

other hand, spatial smoothing allowed direct comparison with fMRI 

data and increased statistical robustness [228]. In addition, the analysis 

repeated with no spatial blurring applied yielded analogous results, 

indicating that activation pattern can be retrieved by fQSM data even in 

the absence of smoothing, as shown in Supplementary Figure S5.6. 

Despite negative fQSM responses are expected to colocalize with 

positive fMRI activation, previous studies [110,112–114] reported sign 

inversion of the fQSM activity, that is voxels whose susceptibility time 

series showed significant positive correlation with stimulus 

presentation, just as the corresponding fMRI time series. This was 

especially observed in regions close to strong susceptibility sources such 

as large veins [113], suggesting that in these areas the QSM 

reconstruction step failed in completely removing the non-local field 

components [110,113]. On the other hand, positive fQSM was reported 

for several reconstruction methods, analysis approaches and acquisition 

parameters, indicating that it may underlie some physiological 

information. In this work, we observed the same effect and attempted to 

characterize its biophysical properties. Specifically, we characterized the 

anatomical substrate underlying these observations by labeling each 

activated voxel as belonging to gray or white matter, so as to test whether 

“unexpected” fQSM activations depended on the underlying anatomical 

structure. The labeling operation was performed based both on the tissue 

class segmentation obtained from the T1-weighted anatomical image 

and on the time-average susceptibility value of each voxel. We reported 

that the voxels showing positive fQSM activation were mainly located in 

white matter, while in gray matter more than 90% of voxels display the 

expected behavior. In fact, in our data, GLM contrasts were minimally 
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affected by unexpected fQSM responses. Instead, the interpretation of 

activations in white matter is not trivial, even for conventional fMRI, and 

represents an open question in neuroscience [229]. It is acknowledged 

that the conventional fMRI models may not be suitable to detect white 

matter task-specific activations [230] and that the lower density of 

vessels reported in white matter reduces the contribution of cerebral 

blood flow and volume to the fMRI signal [229]. Moreover, the 

anisotropic vascular architecture in white matter affects the GRE signal, 

i.e., the apparent R2* and magnetic susceptibility, as well as cerebral 

blood flow and volume, whose measured values depend on the 

orientation of vessels with respect to the static magnetic field B0 [231]. 

Hence, the mismatch between fMRI and fQSM and its prevalence in 

white matter may be related to artifacts or it may be due to the detection 

of different contributions to the signal which could be interpreted by 

developing improved biophysical modeling, as the well-established 

model adopted for the cerebral cortex might be inadequate. Even though 

our characterization suggests that morphological properties of brain 

tissues are implicated in the generation of positive fQSM responses, 

further investigations are needed to clarify its underlying mechanisms. 

On these premises, we compared fQSM and fMRI responses to different 

stimulus conditions, that is to different sound frequencies, using both 

univariate and multivariate methods. The “Low > High frequency” GLM 

map revealed the expected rostro-caudal high-low-high functional 

organization in SRA [227,232–237]. The morphological, functional and 

topographical organization of the human auditory cortex is highly 

variable [227,237–239] and both fMRI and fQSM maps displayed high 

inter-subject and inter-hemispheric variability. Voxels selective for 

higher frequencies were significantly more represented in fQSM-based 

maps than in the corresponding fMRI data, leading to more balanced 

GLM contrast maps. Accordingly, the pRF method yielded fine-grained 

frequency-tuning maps that were similar for fQSM and fMRI, as testified 

by Pearson's correlation coefficient. The smoother appearance of fMRI 

tonotopic maps may relate to the intrinsic blurring of the magnitude 

signal due to dipole effect, or to the higher noise level in fQSM. A test-

retest analysis performed by splitting the data into two halves proved 
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the reproducibility of fQSM responses. In addition, the stability of the 

pRF estimates of frequency tuning was demonstrated by performing the 

fitting operation on a partition of the data and testing its reliability on 

the remaining part. Test-retest reproducibility was lower in fQSM with 

respect to fMRI and stable fQSM response was reported in a smaller 

fraction of voxels, likely due to the different sensitivity and specificity of 

the two techniques. Nonetheless, the high-low-high frequency tuning 

pattern was successfully retrieved. These analyses are described in the 

Supplementary Materials and shown in Supplementary Figures S5.7 and 

S5.8. 

Multivoxel pattern analysis confirmed the correspondence between 

fMRI and fQSM information. For each technique, we obtained RDMs 

from patterns of activation corresponding to each stimulus trial and 

attested their similarity via RSA. Non-metric multidimensional scaling 

was employed to reduce matrix dimensionality and unveil RDMs 

structure. In both cases, the trials clustered along the first MDS 

dimension based on their frequency. Hence, similarly to fMRI, fQSM 

captures variations in brain activity associated with the processing of 

perceptual features. Unexpectedly, despite the correction for 

susceptibility-induced geometric distortions, the second dimension 

distinguished between trials belonging to acquisition runs with opposite 

phase-encoding polarities, which then left a trace in the response pattern 

of both techniques. 

One interesting application that fQSM might find in neuroscience 

research concerns the study of cortical columnar- or layer-specific 

activation via sub-millimetric fMRI acquisitions, as the spatial accuracy 

of activity localization would be a powerful tool in disclosing small-scale 

functional differentiation and architecture. However, in order to enable 

such application, future studies should test whether fQSM sensitivity is 

sufficient to detect brain activity using sub-millimetric spatial resolution 

and no spatial smoothing. In this case, one limitation would be 

represented by the small brain coverage, which would disrupt fQSM 

quantification accuracy. In fact, QSM values are affected by partial 

coverage of the brain, especially in slices near the boundaries [89,90], 
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even though deep learning approaches may mitigate this issue [240]. In 

this study, we did not reach whole-brain coverage but the cortical areas 

of interest (i.e., SRA) are far from the borders of the acquired volume. 

Other factors affecting susceptibility quantification concern the choice of 

voxel size [90,93], echo time [91,92,116,157], and the orientation of the 

subject's head with respect to the external magnetic field, due to the 

tensorial nature of magnetic susceptibility [78]. However, this does not 

represent a confounding factor in gray matter, as susceptibility 

anisotropy in the brain is mainly related to the highly ordered 

microstructure of myelin sheath [28,77,78,156]. Further studies are 

needed to assess the accuracy of quantification of dynamic variations in 

tissue oxygenation obtained from fQSM. 

In the current study, the use of an optimized pipeline for the processing 

of the phase of 2D-EPI data enabled the reconstruction of susceptibility 

maps devoid of phase inconsistency artifacts, reported in previous 

works [110,113]. The following functional processing pipeline was 

derived from the canonical workflow for fMRI with some minor 

adjustments: spatial transformations were computed on the magnitude 

images and then applied to susceptibility maps and sign inversion of 

fQSM time series with respect to fMRI signal was taken into account 

when computing statistics and when fitting pRF models. 

One limitation of this study is related to the lack of a ground truth for 

non-invasive in vivo brain functional mapping, as magnitude-based 

fMRI only represents a surrogate of neural activation with well-known 

limits concerning spatial specificity. As for the studies on the 

neurophysiological correlates of BOLD activations [241], simultaneous 

recording of fQSM data and local field potentials or multi-unit spiking 

activity are needed to address this issue. Also, activations obtained from 

fQSM and spin-echo (SE) fMRI should be compared, as SE-EPI are 

characterized by higher spatial accuracy [242]. 

While the relatively small sample size included in the current study 

could be considered a limitation, the results were obtained at single-

subject level. Moreover, the high across-participants consistency of 
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results for a wide range of analyses further corroborates the reliability of 

findings. 

In conclusion, fQSM produces activation maps that are complementary 

to those obtained from conventional fMRI, as they seem to be 

characterized by a higher spatial specificity, though further studies 

comparing fQSM activation maps to ground truth measurement are 

needed. Not only have we been able to produce fine-grained tonotopic 

maps using univariate methods, but we also demonstrated that 

multivariate techniques can be applied to fQSM activity to access brain 

regional information content. Importantly, because fQSM is 

quantitative, information obtained at different scanning sites may be 

compared, thus providing a valuable, novel and cost-effective tool for 

pooling together data from different studies, including longitudinal as 

well as consortium and multicentric research and clinical projects. Of 

note, our results indicate that positive fQSM responses do not affect the 

interpretation of activations or contrasts of interest. Lastly, thanks to its 

higher spatial specificity, fQSM can detect brain activity more precisely, 

providing finer functional cerebral maps for brain surgery planning, as 

well as for other clinical investigations. 
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Supplementary Figures 

 

 

Figure S5.1: Schematic representation of the auditory stimulus played in one 

functional scan. Each dot represents a single pure tone, while different colors 

depict different frequency bands, whose central frequencies are reported in the 

legend. The gray shaded area indicates dummy volumes. 
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Figure S5.2: Single-subject RDMs computed via the correlation distance between 

activation patterns in PAC ROI for fMRI (top) and fQSM (bottom). 
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Figure S5.3: Scatter plots representing the single-subject RDMs in a 2-

dimensional MDS space. The top panel refers to fMRI results while the bottom 

one corresponds to fQSM. The colors represent the central frequency of the band 

of each trial. The activation patterns of trials corresponding to the same stimulus 

condition clusters along the first MDS dimension. 
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Figure S5.4: Scatter plots representing the RDMs in a 2-dimensional MDS space. 

The plot on the left refers to fMRI results while the one on the right corresponds 

to fQSM. The colors represent odd and even runs, which were acquired with 

opposite phase-encoding polarities. 

Evaluation of spatial specificity 

The evaluation of spatial detection accuracy is not straightforward, as no 

ground truth measurement is available. To provide a quantitative value 

for the accuracy assessment, the analysis reported in Figure 5.6A 

concerning the spatial distribution of fQSM activation was extended to 

multiple statistical thresholds. We assumed that during auditory 

stimulation all gray matter voxels in Heschl’s gyrus should be detected 

as active voxels, while white matter voxels could be assumed to be non-

active, based on the assumption that brain activity should be typically 

observed in gray matter rather than in white matter. An ROI of Heschl’s 

gyrus was defined by thresholding the probabilistic ROI from the 

Harvard-Oxford Cortical Structural atlas to a probability of 0.1. Voxels 

were assigned to either white or gray matter based on single-subject 

tissue class segmentation. Afterward, we selected the voxels whose t-

statistics was above a variable percentile threshold and defined active 

voxels in gray matter as true positives, non-active voxels in gray matter 
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as false negatives, active and non-active voxels in white matter as false 

positives and true negatives, respectively. The ROC curves in Figure S5.5 

show that, given a sensitivity level, fQSM had higher specificity than 

fMRI in six out of nine subjects. In two subjects (S02 and S06) the curves 

overlap and in one subject (S05) the fQSM curve lies slightly below the 

fMRI one. While this test does not represent a conclusive proof, which 

would instead require a ground truth measurement of tonotopic 

mapping, it provides supporting evidence for the higher spatial 

specificity of fQSM. 

 

Figure S5.5: Single-subject ROC curves showing the sensitivity and the 

specificity of fQSM and fMRI in detecting brain activity in gray matter voxels, 

rather than in white matter. 

Analysis with no spatial smoothing 

The analysis was repeated with no spatial smoothing applied. Figure 

S5.6 displays the results of the RSA analysis for one exemplary subject 
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(S01). The RDMs show that the correlation distances between patterns 

were higher with respect to the ones obtained using smoothed data but 

the general structure of the matrix was preserved, leading to significant 

correlation between fMRI and fQSM (r = 0.91 for the group average, 0.78 

± 0.11 for individual subjects, p < 10-5). As the blurring operation may 

partially hide the response patterns, the correlation values yielded by 

RSA are higher when no smoothing is applied. 

 

Figure S5.6: RDMs computed via the correlation distance between activation 

patterns in SRA ROI with no spatial smoothing applied for fMRI (left) and fQSM 

(center), for a representative subject (S01). The scatter plot (right) highlights the 

correlation between the RDMs obtained with the two methods. 

Test-retest analysis 

To assess fQSM reproducibility, a test-retest evaluation was performed 

by splitting the whole experiment into two parts, specifically by 

comparing the results of GLM analysis performed on the first and 

second runs and, separately, on the third and fourth runs. Pearson’s 

correlation coefficient was calculated considering the t-statistics of the 

All sounds > Rest contrast in an anatomically defined probabilistic ROI 

of Heschl’s gyrus from the Harvard-Oxford Cortical Structural atlas. The 

ROI was thresholded to a probability of 0.1. The correlation analysis 

yielded an across-subject average r = 0.91 ± 0.04 (p < 0.001) for 

conventional fMRI and r = 0.67 ± 0.14 (p < 0.001) for fQSM. Even though 

the reproducibility of fQSM is lower than that of fMRI, the results are 

significantly stable, even when obtained with half of the data used in this 

study for the other analyses. 
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Reliability of pRF estimates 

The pRF maps in Figure 5.7 show the frequency tuning in the whole SRA. 

Here we report the frequency tuning map obtained for a representative 

subject (S01) considering only the voxels fitted by the pRF model with p 

< 0.01, which corresponds to a Pearson’s correlation between the 

predicted and actual response above 0.11. Figure S5.7 shows that the 

tonotopic organization of the auditory cortex can be reliably retrieved 

via fQSM. 

 

Figure S5.7: Results of the pRF mapping for a representative subject (S01) using 

fQSM, after applying a statistical threshold of p < 0.001 (Pearson’s r > 0.11), 

showing the pattern of frequency tuning preference. 

To evaluate the reliability and the stability of pRF parameters estimation, 

we partitioned the data, computed pRF fitting using the first three runs 

and tested the fit of the parameters on the fourth run. Panel A in Figure 

S5.8 shows the value of the Pearson’s correlation coefficient in each voxel 

for fMRI and fQSM. Even though correlation values were generally 

lower in fQSM than in fMRI and a stable fQSM response was reported 

in a smaller fraction of voxels with respect to fMRI in the considered ROI, 

voxels passing the p < 0.01 threshold demonstrate the typical high-low-

high frequency tuning pattern (Figure S5.8, panel B). 



120 

 

 

Figure S5.8: Stability of pRF parameters estimation. Panel A shows the Pearson’s 

r obtained by correlating the time series of the fourth run and the predicted time 

series computed using the parameters fitted on the first three runs, for a 

representative subject (S01). Panel B displays the tonotopic organization 

retrieved considering voxels with Pearson’s r > 0.11 (p < 0.01). 
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Chapter 6 Final remarks and outlook 

This thesis focused on the assessment of potentials and pitfalls of 

Quantitative Susceptibility Mapping and on the application of this 

technique to both clinical and fundamental research questions. In the last 

few years, the histological validation of the correlation of QSM 

measurements to fundamental biomarkers, such as iron load and 

myelination, favored new clinical applications, especially concerning the 

study of neurodegenerative disorders. Moreover, the use of QSM in the 

study of brain function was recently suggested to obtain quantitative 

and spatially specific information on neural activity. 

A fundamental requirement for a quantitative technique is its 

reproducibility and its transferability across scanners. For this reason, it 

is crucial to assess to what extent some acquisition parameters may 

impair 𝜒 measurements. In this work, we focused on the impact of echo 

time on QSM reproducibility (Chapter 2), assessed on a group of healthy 

controls that were scanned multiple times, and its diagnostic power, 

tested in a cohort of patients with Multiple System Atrophy (Chapter 3). 

In this study, the potential of histogram analysis in supporting 

differential diagnosis was also investigated. Afterward, we exploited the 

information provided by QSM to explore the mechanisms of iron 

accumulation in a sample of patients with Parkinson’s diseases or in its 

prodromal stages, such as REM sleep behavior disorder (Chapter 4). 

Finally, we characterized functional QSM performances in tonotopic 

mapping and compared it to conventional fMRI using both univariate 

and multivariate methods (Chapter 5). 

The first part of this research was motivated by the need to optimize the 

acquisition parameters for QSM in multi-center studies to ensure 

reproducibility and enable the translation of ultra-high field MRI results 

into clinical applications at lower field strength. To this purpose, we 

acquired susceptibility maps on a group of “traveling heads” on a 7T and 

a 3T MRI system and focused on the impact of echo time. Provided to 

keep it fixed across repeated measurements, we confirmed the excellent 
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repeatability of susceptibility measurements at 3T and, for the first time, 

assessed it at 7T in-vivo. We achieved high inter-scanner reproducibility 

by setting the TEs of the 3T and 7T sequences to a specific ratio (Chapter 

2). Hence, careful protocol standardization is required in multi-center 

studies that involve scanners operating at different field strength. 

The impact of TE on QSM measurements relates to sub-voxel 

microstructural organization. As it may be altered by diseases, TE-

dependence may vary across populations with different pathological 

conditions. Using 7T multi-echo GRE images of healthy controls and 

MSA patients with both cerebellar and Parkinsonian phenotypes, we 

demonstrated that the choice of TE also affects the diagnostic value of 

QSM (Chapter 3). We reported iron overload in MSA patients with 

respect to healthy controls in several deep gray matter nuclei, such as 

putamen, substantia nigra, globus pallidus, caudate nucleus and dentate 

nucleus. However, these differences could not be detected irrespective 

of TE. In fact, susceptibility measured at short TEs provided higher 

discrimination accuracy between groups than those at longer TEs, as 

they can capture variations in rapidly-decaying contributions of high 𝜒 

sources. Thus, a targeted choice of TE can boost QSM performance in the 

diagnosis and differential diagnosis of neurodegenerative diseases. 

Moreover, the analysis of histogram features yielded increased 

diagnostic power, as it can also reveal heterogeneities in the spatial 

distribution of iron deposition, rather than the overall alterations 

detected by the ROI mean value. Future studies focusing on radiomics 

second-order textures and multivoxel pattern analysis may unveil fine-

grained textures of iron load and enhance QSM classification power. 

Parkinson’s disease is one of the main targets of QSM clinical 

investigations, as it is characterized by a diffuse pattern of iron 

accumulation, and the identification of presymptomatic biomarkers to 

support early diagnosis in prodromal stages with no motor symptoms 

would be crucial. In our study, we created a probabilistic ROI of 

nigrosome 1 from a group of healthy controls to evaluate iron deposition 

in PD and iRBD patients at 7T (Chapter 4). We reported iron overload in 

only PD patients with respect to iRBD and HC. However, we 
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demonstrated that N1 iron content in iRBD patients increases with 

disease duration and it may provide information on the mechanisms 

underlying conversion to α-synucleinopathies. Due to the limited time 

available for this project, we have not yet been able to observe the 

conversion in a significant number of patients. Future studies will focus 

on longitudinal follow-up of iRBD patients to observe how susceptibility 

of nigrosome 1 is affected by the development of α-synucleinopathies 

and to identify predictive hallmarks for the onset of motor impairment. 

Finally, we applied QSM to the study of brain function as it may address 

the well-known drawback of conventional fMRI related to the blooming 

effect, which limits its spatial specificity. The characterization of 

functional QSM activations was carried out through both univariate and 

multivariate analysis approaches on a dataset acquired on a 7T MRI 

system on healthy controls during a stimulation paradigm for tonotopic 

mapping (Chapter 5). We proved that the lower sensitivity of this 

technique is compensated by higher spatial specificity. fQSM tonotopic 

maps obtained via pRF were comparable but more balanced across the 

whole frequency range of stimulation than those obtained via 

conventional fMRI. RSA revealed that activation patterns of fQSM and 

fMRI similarly encode fine-grained frequency information. Hence, fQSM 

yields complementary information to conventional fMRI, and, thanks to 

its quantification capability and spatial specificity, it may represent a 

promising method for multicentric studies and pre-surgical mapping. 

Future studies should investigate fQSM quantification accuracy and 

assess the precision of fQSM activation maps by comparing them to 

ground-truth -yet invasive- techniques. 

In conclusion, by assessing its reproducibility and diagnostic accuracy 

and by characterizing the activation maps produced when applied to 

functional studies, the work presented in this thesis demonstrated the 

potential of QSM as a powerful and versatile tool in both clinical and 

fundamental neuroimaging. 
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