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ARTICLE INFO ABSTRACT
Keywords: Quantitative Susceptibility Mapping (QSM) is an MRI-based technique allowing the non-invasive quantification
Magnetic resonance imaging of iron content and myelination in the brain. The RIN — Neuroimaging Network established an optimized and

Quantitative susceptibility mapping
Multicentric study

Protocol harmonization
Reproducibility

harmonized protocol for QSM across ten sites with 3T MRI systems from three different vendors to enable
multicentric studies. The assessment of the reproducibility of this protocol is crucial to establish susceptibility as
a quantitative biomarker. In this work, we evaluated cross-vendor reproducibility in a group of six traveling
brains. Then, we recruited fifty-one volunteers and measured the variability of QSM values in a cohort of healthy
subjects scanned at different sites, simulating a multicentric study. Both voxelwise and Region of Interest (ROI)-
based analysis on cortical and subcortical gray matter were performed.

The traveling brain study yielded high structural similarity (~0.8) and excellent reproducibility comparing
maps acquired on scanners from two different vendors. Depending on the ROI, we reported a quantification error
ranging from 0.001 to 0.017 ppm for the traveling brains. In the cohort of fifty-one healthy subjects scanned at
nine different sites, the ROI-dependent variability of susceptibility values, of the order of 0.005-0.025 ppm, was
comparable to the result of the traveling brain experiment.

The harmonized QSM protocol of the RIN — Neuroimaging Network provides a reliable quantification of
susceptibility in both cortical and subcortical gray matter regions and it is ready for multicentric and longitudinal
clinical studies in neurological and pychiatric diseases.
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Introduction

The understanding of the pathological pattern of iron deposition and
its causal relationship with neuronal loss is a crucial issue for the study
of neurodegeneration [1,2]. Non-invasive in-vivo quantification of iron
stores can be performed using Quantitative Susceptibility Mapping
(QSM), an advanced MRI technique [3-5]. QSM measures magnetic
susceptibility (y), which is an inherent magnetic property of tissues,
from the phase signal obtained by Gradient Recalled Echo (GRE) ac-
quisitions. The static magnetic field By of the MRI scanners induces a
magnetization in tissues containing paramagnetic molecules, such as
ferritin, or diamagnetic substances, like myelin or calcium, which in turn
generate dipolar field perturbations. These perturbations lead to two
main effects: on the one hand, transverse T2* relaxation is accelerated
causing a faster decay of signal intensity; on the other hand, the phase of
the signal accrues linearly with the dipolar field distortion. QSM aims at
deconvolving the dipole field kernel which characterizes this perturba-
tion in order to retrieve information on the susceptibility sources
generating the perturbation, resulting in a quantitative and local map of
magnetic susceptibility.

The histological validation of QSM, showing the correlation of
measured susceptibility with iron concentration and myelination,
together with the ease of implementation as no dedicated hardware or
sequence are required, increased QSM popularity and its application to a
variety of disorders [6,7], e.g. Parkinson’s disease [8-11], Amyotrophic
Lateral Sclerosis [12-14] or Alzheimer’s diseases [15-18], and pio-
neered the use of QSM as a quantitative MRI biomarker. However, an
MRI biomarker should be fully quantitative to make an impactful
contribution to the diagnosis, prognosis, and follow-up of patients, both
during the natural history of pathology and during treatments. The
assessment of its reliability in time and space is fundamental to evaluate
the reproducibility of results in longitudinal and in multi-center/multi-
vendor studies.

The impact of mono-centric studies is limited by the small cohorts
recruited for research purposes, especially for low-prevalence diseases
such as atypical Parkinsonism (e.g. Multiple System Atrophy), Frie-
dreich ataxia or Huntington’s disease. The optimization and the
harmonization of acquisition protocols across a wide network of hos-
pitals and research centers would enable the enrollment of larger pop-
ulations of patients and a more comprehensive study of risk factors and
other relevant clinical variables. However, susceptibility measured via
QSM was shown to depend on several experimental factors including
both fundamental physical properties of susceptibility and acquisition
parameters. Magnetic susceptibility could be more rigorously modeled
as a second-order tensor and its estimation would require at least six
acquisitions with the patient’s head oriented differently with respect to
the main static magnetic field By [19-21]. As this is not feasible in
clinical practice due to patient discomfort and long scanning time, QSM
approaches approximate susceptibility to a scalar quantity. This leads to
y dependence on head orientation, especially in highly organized
structures such as white matter fiber bundles where myelin sheath
microstructure is responsible for susceptibility anisotropy, while this
should not represent a confounding factor in gray matter [22]. Acqui-
sition parameters affecting ) quantification are spatial resolution
[23,24], brain coverage [23,25], echo time [26-30] and field strength
[29,31,32]. For this reason, multicentric studies require careful opti-
mization and standardization of the GRE sequence used to perform QSM
across clinical systems from different vendor platforms and the assess-
ment of the reproducibility of the biomarkers of interest.

Previous studies assessed QSM reproducibility in multi-centric
studies at 1.5 T, 3T and 7 T using scanner platforms from one
[29,31,33-35] or two vendors [36-38]. Good reproducibility was re-
ported for repeated scans on the same system and for standardized
protocols across scanners operating at the same field strength, while to
obtain consistent results at different field strengths required careful
optimization of echo times [29].
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The RIN — Neuroimaging Network (https://www.reteneuroscienze.
it/en/progetti/neuroimaging/) aimed at creating a harmonized proto-
col, including a GRE sequence for QSM, and at setting it up on several
clinical 3T MRI scanners from three vendors, in order to be able to
aggregate data and boost our knowledge on brain structure and function
in physiological and pathological conditions.

In this study, a harmonized multi-echo GRE sequence was acquired
at ten different sites across Italy on a population of healthy adults. In
addition, four sites were involved in a “traveling brain” experiment in
which six volunteers were scanned on 3T MRI systems from different
vendors. We performed voxel-wise and ROI-based analyses on both
cortical and subcortical structures to assess the similarity of the maps
and the reproducibility of y maps. We also provided an estimation of the
susceptibility variability that can be expected over a healthy population
for inter-site, inter-vendor or cross-vendor acquisitions.

Methods
Experimental design

This study involved sites of the RIN - Neuroimaging Network
equipped with 3T MRI scanners and data were acquired on scanner
platforms from three vendors (Philips, Siemens and GE Healthcare).

For the traveling brain experiment, four sites located in two different
areas of Italy (two in area Al and two in A2) with scanners from two
different vendors (V1 and V2) were selected. Three healthy subjects (S1-
3; 1 female and 2 males, 29, 30 and 33 years old) were scanned at both
Al sites and three other subjects (S4-6; 2 females and 1 male, 21, 21 and
43 years old) at both A2 sites, so that each subject was scanned once for
vendor V1 and once for V2. This information is summarized in Table 1.

To assess inter-site variability on a healthy population, fifty-one
volunteers (33 females and 18 males, 29 + 5 [21-40] years old) un-
derwent a 3T MRI scan in one of nine sites with MR systems from three
different vendors (V1, V2, V3): five sites from V1, three sites from V2
and one from V3. Demographic and technical information on the subject
cohort and the MRI system of each site are reported in Table 2.

The participants had no history of neurological diseases or psychi-
atric disorders and gave their written informed consent. The Protocol
Study was performed under the Declaration of Helsinki (59th General
Assembly of the World Medical Association, Seoul, October 2008) and
the Medical Research Involving Human Subjects Act (WMO). All the
procedures described were performed in compliance with security,
integrity, and privacy. The studies involving human participants were
reviewed and approved by the Ethics Committee of Lombardy Region -
IRCCS Institute of Neurology Carlo Besta Foundation Section.

MRI imaging protocol

The MRI protocol was optimized and standardized across sites on 3T
MRI platforms from three different vendors [39], in order to minimize
inter-vendor differences in acquisition parameters. The Standard Oper-
ating Procedures (SOPs) required that subjects be positioned inside the
scanner so that the bicallosal alignment and the pure axial alignment
corresponded, to minimize the effect of different head orientations
across subjects. For susceptibility mapping, a flow-compensated 3D

Table 1
Details on the hardware and the cohort of traveling brains for each site involved
in the study.

Area Site Vendor Coil [ch] Subjects Age [y] Sex

Al 1 A 32 3 29, 30, 33 1F/2M
2 V2 64

A2 3 A%t 32 3 21, 21, 43 2F/1M
4 V2 32
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Table 2
Details on the hardware and the cohort of healthy subjects for each site involved
in the study.

Site Vendor Coil [ch] Subjects Age [y] Sex

1 V1 32 5 32+2 3F/2M
2 V1 32 6 30+ 4 1F/5M
3 \'2! 32 5 32+5 3F/2M
4 A%t 32 3 25+ 2 1F/2M
5 V1 32 5 32+6 4F/1M
6 V2 64 6 26+ 6 2F/4M
7 V2 64 7 25+ 3 6F/1M
8 V2 12 7 31+5 3F/4M
9 V3 32 7 29+3 4F/3M

multi-echo GRE sequence with whole-brain coverage was prescribed
axially for each subject. Details on the acquisition parameters for each
vendor defined by the SOPs are reported in Table 3. Both magnitude and
phase images were collected on Philips and Siemens MRI systems, while
on GE scanners we acquired the magnitude and the real and imaginary
parts of the data which were used to produce phase images. In addition,
a sagittal whole-brain 3D T1-weighted sequence with 1-mm isotropic
resolution was acquired for anatomical reference.

Data processing

Susceptibility maps were computed using the algorithms imple-
mented in STI Suite (MATLAB toolbox, available at https://people.eecs.
berkeley.edu/~chunlei.liu/software.html from UC Berkeley, Berkeley,
CA, USA) as follows. The raw phase images acquired at each echo were
unwrapped using a Laplacian-based method [19,40]. The T2*-weighted
image averaged across echoes was skull-stripped using Brain Extraction
Toolbox (bet) [41] in FSL 5.0.9 (FMRIB Software Library, Oxford Centre
for Functional MRI of the Brain, Oxford, UK) and the brain mask was
used to remove the background field via V-SHARP [42]. Finally, we
applied the iLSQR algorithm [43,44] to obtain QSM images for each
echo that were then averaged to increase SNR [45].

The T1-weighted images were processed in FreeSurfer 6.0 [46,47]
for brain extraction and for the parcellation of cortical regions and the
segmentation of subcortical nuclei. The skull-stripped TE-averaged T2*-
weighted image of each subject was aligned to the corresponding T1-

Table 3
Acquisition parameters for 3D multi-echo GRE sequence of each vendor.
Vendor Philips Siemens GE
Healthcare
Sequence type 3D GR 3D GRE (swi3d8r) 3D SWAN
MULTIECHO
FFE-3D
FOV [mm)] 224 x 224 224 x 224 224 x 224
Resolution [mm3] 1x1x1 1x1x1 1x1x1
Matrix 224 x 224 224 x 224 224 x 224
Slice thickness 1 1 1
[mm]
Slice gap [mm] 0 0 0
# slices 140 144 140
TR [ms] 40 51 51
Average TE [ms] 21 25.2 27.4
First TE [ms] 5.4 5.6 5.6

# echoes 7 8 7

Echo spacing [ms] 5.2 5.6 5.6
Flip angle (deg) 18 18 18
k-space coverage - 6/8 0.85
Slice k-space - 6/8 -

coverage
Acceleration factor SENSE = 2 GRAPPA =2 ASSET = 2
Filter CLEAR on Prescan Normalize -

on

Bandwidth [Hz/px] 271 340 279
Duration [min] ~ 8:11 ~ 8:45 ~ 8:01
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weighted image via an affine transformation using antsRegis-
trationSyN routine in ANTs [48]. The computed transformation was
then inverted and applied to the segmentation from which eight Regions
Of Interest (ROI), each divided into left (L) and right (R) ROIs, were
selected. Specifically, ROI-based analysis was performed in four
subcortical regions, i.e. Caudate Nucleus (CN), Putamen (Pu), Globus
Pallidus (GP) and Hippocampus (HC), and in four cortical areas, i.e.
Cuneus (Cu), Precuneus (PCu), Precentral Gyrus (PCG) and Superior
Frontal Gyrus (SFG).

For a voxel-wise analysis on traveling brain data, the TE-averaged
T2*-weighted images of the same subject in different sites were co-
registered via an affine transformation computed using antsRegistra-
tion in ANTs, which was then applied to susceptibility maps.

Statistical analysis

Statistical analysis was performed in MATLAB (MathWorks, Natick,
MA, USA). Data from the traveling brain experiment were analyzed to
assess inter-vendor reproducibility. A quantitative voxel-wise compari-
son was performed by computing structural similarity (SSIM) [49] using
the ssim built-in function in MATLAB, and root-mean-squared error
(RMSE) [50] as follows:

2
RMSE = ,/Z’f 1M
= n

where y; and y2; indicate measured susceptibility for the i-th voxel at
the two sites and n is the number of voxels. Estimation of SSIM and
RMSE were provided both globally, i.e. by considering all the voxels in
the brain mask, and locally by computing them in a moving 3 mm-radius
region. In addition, we computed the voxel-wise difference (DIFF) be-
tween the two repeated scans.

Reproducibility evaluation was performed by computing an
orthogonal linear fit and Pearson’s correlation considering the suscep-
tibility values in the voxels inside the brain mask for the scans performed
at the two sites for each subject. An analogous ROI-based analysis was
conducted after extracting average susceptibility and standard de-
viations from the selected ROIs. Via Bland-Altman plots, the mean dif-
ference and the 95 % limits of agreement were calculated for both voxel-
wise and ROI-based analyses.

Cross-site variability of susceptibility measurements on a healthy
population was performed considering average and standard deviation
of susceptibility values for each ROI independently. Specifically, cross-
subject variability within-site, within-vendor and cross-vendors were
calculated via the between-subjects standard deviation for each ROL.

Results

Susceptibility maps for two exemplary subjects, one from area Al
and one from A2, scanned at two sites on scanners from two different
vendors are shown in Fig. 1, together with the maps of SSIM and RMSE
computed using a searchlight analysis approach, and the voxel-wise
DIFF map. A global estimation of SSIM considering all the voxels in
the brain mask yielded an across-subject average of 0.58 + 0.11 and
0.60 + 0.04 for Al and A2 respectively, while the global RMSE was
respectively 0.028 + 0.005 ppm and 0.029 + 0.0023 ppm. However, the
computation of local SSIM and RMSE values highlighted that very low
SSIM and high RMSE values are limited to particular regions, mainly
located at the borders of the brain, at the skull base and at the edges of
the cortex. Overall, high SSIM values were reached for both Al and A2,
with a median of 0.66 + 0.09 and 0.65 =+ 0.05 on average across subjects
and a mode of 0.85 & 0.08 and 0.72 + 0.12 for Al and A2 respectively.
The median of RMSE distribution was 0.018 + 0.004 ppm and 0.017 +
0.002 ppm while the mode was 0.009 + 0.002 ppm and 0.010 + 0.003
ppm on average across subjects for A1 and A2 respectively.

The results of the voxelwise assessment of reproducibility are
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Fig. 1. Left panel: susceptibility maps obtained for two representative subjects scanned on the MRI platforms from vendors V1 and V2 of areas Al and A2. Right
panel: local estimation of SSIM and RMSE computed using a searchlight analysis approach and voxelwise difference map (DIFF).

reported in Table 4. Good Pearson’s correlation was found and the
orthogonal linear fit yielded angular coefficients close to 1, indicating
high correspondence between y values measured at the two sites,
especially for Al, while the small intercepts indicate the absence of
offset. No bias was reported in the Bland-Altman analysis and the 95
%-confidence intervals were C.I.o; = 0.045 + 0.009 ppm and C.I.pz =
0.047 + 0.002 ppm.

The results of the ROI-based analysis are reported in Table 4 and
displayed in Fig. 2. High correlation between y values measured on the
scanner from V1 and V2 was observed in both A1 and A2 groups. The
orthogonal linear fit yielded angular coefficients close to 1, indicating
excellent reproducibility, though slightly lower for A2 than for A1. The
subject-average difference between y measures at the two sites ranged
from 0.002 and 0.014 ppm with a median of 0.006 ppm for Al
depending on the ROI and from 0.001 to 0.017 ppm with a median of
0.007 ppm for A2. The Bland-Altman plots revealed the absence of
biases and a 95 %-confidence interval C.I. = 0.02 ppm. However, for A2
a trend can be observed in susceptibility differences, being negative for
negative y and becoming positive for increasing y.

Susceptibility values obtained for each ROI at each site are shown in
Fig. 3. Cross-subject variability within-site was measured via the

Table 4

Results for the reproducibility assessment in the traveling brain experiment
obtained via voxelwise and ROI-based analysis. The angular coefficient and the
intercept of the orthogonal linear fit, Pearson’s correlation coefficient and
Bland-Altman analysis parameters are reported.

Voxelwise analysis ROI-based
analysis
Al A2 Al A2
Fit Angular 1.01 + 0.77 + 0.97 0.82
coefficient m 0.05 0.03
Intercept q (5 £ 3)- (13 + 4)- 0.0013 0.0035
[ppm] 10 104
Pearson’s r 0.74 + 0.69 + 0.98 0.97
0.08 0.04
Bland- Mean difference (-5 +2) (-13 + 6)- —4.10° 3.10*
Altman [ppm] 104 10* 4
95 % C.I. [ppm] 0.045 + 0.047 + 0.02 0.02
0.009 0.002
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between-subjects standard deviation averaged across ROIs and ranged
from 0.0064 ppm to 0.0083 ppm with a median of 0.0073 ppm. Cross-
sites within-vendor variability was 0.0079 ppm, 0.0074 ppm and
0.0071 ppm for V1, V2 and V3 respectively on average across ROIs,
while the average standard deviation across all sites and vendors was
0.0085 ppm. The average susceptibility for each ROI and the cross-
vendor, within-vendor and within-site standard deviations are re-
ported in Table 5. Fig. 4 shows the average susceptibility across the
whole population and the susceptibility averaged across sites with MRI
platforms from the same vendor with the corresponding standard de-
viations (See Table 5).

Discussion

In this work, we assessed the reproducibility of susceptibility maps
obtained via QSM in a multicentric study at 3T using an optimized and
harmonized protocol across MRI scanner platforms from three different
vendors, consisting of a multi-echo GRE sequence with 1 mm isotropic
spatial resolution. A traveling brain experiment was run on four
different scanners from two vendors while nine sites collected data on
groups of healthy volunteers to provide an estimation of the variability
that can be expected in a multicentric multi-vendor study across a
normative population.

The traveling brain experiment showed high SSIM (~ 0.8) and low
RMSE (~ 0.01 ppm) of y maps acquired on scanners from two different
vendors across the whole brain, with some exceptions: areas at the
border of the brain, at the skull base or near the interhemispheric or the
transverse fissures suffer from the proximity to air-tissue interfaces or
sinuses that may cause excessive phase wrap leading to incomplete
dipole inversion, while y comparisons at the edges of the cortex can be
affected by registration errors. Excellent reproducibility was reported in
both voxelwise and ROI-based analyses (m ~ 0.8-1). Voxelwise analysis
yielded a good correlation (r ~ 0.7), partially affected by voxels in the
previously mentioned areas showing higher RMSE, while excellent
correlation (r ~ 1) was found in ROI-based analysis. Depending on the
ROI, we reported inter-site y differences of 0.001-0.017 ppm on average
across participants in the traveling brain experiment. This is consistent
with previous multi-sites reproducibility studies at 3T, reporting inter-
site standard deviation of 0.006-0.012 ppm [37]. In addition, the 95
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Fig. 2. Scatter plot (top row) and Bland-Altman plot (bottom row) of the ROI-based susceptibility measurement performed on scanners from vendors V1 and V2 in

areas Al (left column) and A2 (right column).

% C.I. (1.96 times the standard deviation) of 0.04 ppm and 0.02 ppm for
voxelwise and ROI-based analysis are compatible with previously re-
ported inter-vendor 95 % C.L. [36].

The within-site variability across subjects measured via the between-
subjects standard deviation is slightly smaller on average than the inter-
site within-vendor variability, which is in turn slightly smaller than the
cross-vendor standard deviation. However, the variability estimations
are very similar, being of the order of 0.01 ppm for deep gray matter
nuclei except for HC, and of the order of 0.005 ppm for cortical regions
and HC, even though the scanners involved in the study are equipped
with different hardware and operate with different software versions,
even when they refer to the same vendor. These calculations were per-
formed on separated cohorts of healthy subjects which differed from one
site to the other rather than a group of traveling brains, so taking into
account the physiological variance observable for different subjects and
reproducing more realistically the conditions of a multicentric study.
Despite this additional contribution to the variance, both the within-site
and cross-site variability are comparable to the standard deviation ob-
tained by the Bland-Altman analysis on the traveling brain data and to
what was reported in previous traveling brain studies [36,37].

The QSM acquisition protocol implemented in this study was set up
using product pulse sequences already installed on the MRI systems,
with no additional programming required, and the reconstruction al-
gorithms provided by the vendors in order to be able to easily export the

41

protocol to other clinical hospitals or research centers and extend or
create new multicenter networks. The drawback for portability is that
the acquisition is not locally-optimized and may not represent the most
performing option at a particular site. The sequence used in this study
had an acceptable but slightly long acquisition time (~ 8-9 min).
However, some acceleration approaches such as compressed sensing
were not available at all sites and are not widely spread in clinical set-
tings, so they were not employed in this work. The spatial resolution
obtained with this protocol may serve many clinical aims, but partial
volume effect may limit studies targeting small subcortical structures
such as nigrosome 1 or locus coeruleus. In this study we chose to use a
well-established QSM pipeline [51-54]. As different pipelines produce
slightly different quantitative results [55], it is critical to standardize the
QSM reconstruction pipeline when pooling data from different sites.
QSM cannot quantify susceptibility in absolute terms, but only with
respect to a reference value, due to an unknown region-independent
offset [56,57]. Susceptibility measures should be then referred to a
reference region. Criteria for reference region selection include easy
delineation and segmentation, susceptibility ideally not affected by age,
head orientation or disease condition. Several candidate brain regions
have been suggested [58,59], such as frontal white matter, internal
capsule, cerebrospinal fluids (CSF) in ventricles and the whole brain.
However, measured susceptibility white matter tracts may be influenced
by head orientation [19-22], while the ventricles do not only contain
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Fig. 3. Susceptibility values obtained for each ROI at each site. The first five blue boxes refer to sites equipped with MRI systems from vendor V1, the following three
pink boxes from vendor V2, and the last yellow box from vendor V3. The bottom and top edges of each box indicate the 25th and 75th percentile respectively of the
susceptibility distribution at each site for a particular ROI and the central line indicates the median. The whiskers extend to the maximum and minimum values

excluding outliers, which are plotted using the ‘+’ symbol.

Table 5

Susceptibility values and standard deviations measured on groups of healthy controls. As only one scanner from vendor V3 was available in this study, the within-
vendor standard deviation for V3 coincides with the within-site estimation of QSM variability.

Susceptibility values [ppm]

ROI Cross-vendor Within-vendor Within-site
Mean Std V1 std V2 std V3 std Min std Max std Mean std

GPL 0.110 0.022 0.019 0.017 0.024 0.013 0.024 0.019
GPR 0.111 0.017 0.016 0.016 0.017 0.008 0.022 0.016
CNL 0.048 0.011 0.009 0.008 0.009 0.006 0.013 0.009
CNR 0.050 0.010 0.009 0.009 0.008 0.006 0.014 0.009
Pul 0.039 0.012 0.012 0.012 0.013 0.006 0.018 0.012
PuR 0.038 0.011 0.012 0.010 0.010 0.006 0.017 0.011
HCL —0.0065 0.0064 0.0075 0.0048 0.0044 0.0034 0.0090 0.0057
HCR —0.0060 0.0056 0.0055 0.0063 0.0034 0.0034 0.0080 0.0052
Cul 0.0050 0.0053 0.0052 0.0044 0.0054 0.0024 0.0066 0.0048
CuR 0.0087 0.0067 0.0048 0.0057 0.0041 0.0034 0.0073 0.0050
PCul 0.0022 0.0056 0.0044 0.0036 0.0022 0.0014 0.0058 0.0035
PCuR 0.0046 0.0058 0.0038 0.0033 0.0022 0.0016 0.0052 0.0035
PCGL 0.0075 0.0051 0.0047 0.0049 0.0040 0.0024 0.0060 0.0041
PCGR 0.0056 0.0047 0.0047 0.0033 0.0035 0.0022 0.0048 0.0036
SFG L 0.0028 0.0046 0.0037 0.0051 0.0016 0.0016 0.0067 0.0038
SFG R 0.0020 0.0033 0.0028 0.0039 0.0015 0.0015 0.0046 0.0031

CSF and the presence of veins and choroid plexus can alter susceptibility.
Moreover, ventricles are typically small in young healthy subjects and
their susceptibility may be affected by partial volume effect. These
factors make the delineation of an ROI in the ventricles complex and
operator-dependent. Previous studies reported that whole-brain refer-
encing reduces cross-site and within-site QSM variability with respect to
CSF referencing [38] and that the referencing operation represents a
small adjustment compared to other factors such as age [60]. For this
reason, as the QSM processing pipeline used in this study sets to zero the
average susceptibility in the whole brain mask, we left measured ¥
values unreferenced. Similarly, the ROI-based analysis was performed
using automatic segmentations of deep gray matter nuclei and auto-
matic cortical parcellations performed on the T1-weighted images to
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eliminate operator-dependent bias.

The harmonization across MRI systems from different vendors was
not trivial and different sequence implementations led to different echo
trains. As matching TEs is crucial to achieve reproducibility [29], we
aimed at having the first TE, the average TE and the train length uniform
at all sites. As shown in Table 3, the first TE and the average TE were
similar, though not the same, across vendors, with the largest difference
being 6.4 ms between average TE for Philips and GE. Moreover, eight
echoes were acquired on Siemens scanners, while seven were acquired
on Philips and GE. This can lead to differences in signal-to-noise ratio of
the average susceptibility map.

Limitations to the traveling brain experiment may relate to the small
sample size and to the lack of test-retest repeatability assessment on the
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Fig. 4. Average susceptibility values and corresponding standard deviations. The gray dots represent the mean of the whole cohort of subjects across all sites, while
the triangles and the square markers indicate average susceptibility values measured on average across sites from each of the three vendors.

same scanner. Moreover, scanners from only two vendors were involved.
However, the consistency of the results across subjects, across the two
areas Al and A2 and the correspondence with what has previously been
reported in the literature [36,37] support the reliability of findings. Also
the second part of the study concerning the estimation of QSM vari-
ability cross-sites in a healthy population is limited by the small popu-
lation acquired at each site. Moreover, only one site with an MR system
from vendor V3 was involved in the study. This should be considered
when comparing the within-vendor standard deviations in Table 5, as
for V3 it actually represents a within-site cross-subjects variability. It
should be also taken into account that the standard deviation between
different sites with systems from the same vendor can be affected by
different scanner models, software releases and coils (see Table 1).
Subject age might be another possible confounding factor, as some brain
areas are known to accumulate iron due to aging [60,61]. For this
reason, we enrolled young and healthy subjects in a narrow age interval,
equally distributed across sites.

This study supports the effective feasibility of the potential use of
QSM in multicentric studies evaluating within-site and cross-site
reproducibility and repeatability. In future works, the RIN — Neuro-
imaging Network will enroll populations of patients with well-known
patterns of susceptibility alteration, e.g. patients with dementia
[15,62,63], Parkinson’s disease [64,65], multiple sclerosis and white
matter disease [32,66-68], and an age-matched cohort of healthy sub-
jects in order to compare the within-site and the cross-site performance
of QSM in discriminating the two groups, so evaluating the effective
feasibility and sensitivity of multicentric studies.

In conclusion, we implemented and optimized a harmonized proto-
col for QSM across 3T MRI scanner platforms from three different ven-
dors. Importantly, we leveraged product sequences and signal
reconstruction algorithms provided by the vendor, to set a protocol easy
to implement on clinical scanners. Despite some differences in the
acquisition parameters due to slightly different sequence implementa-
tions for each vendor, we obtained excellent reproducibility in the
traveling brain experiment. We provided an ROI-dependent estimation
of the variability of susceptibility measurements that could be expected
in a healthy population in a multicentric study and reported a precision
of the order of 0.005-0.025 ppm. Hence, we suggest that multicentric
multi-vendor studies using QSM at 3T are feasible and reliable in
quantifying magnetic susceptibility in both cortical and subcortical gray
matter regions.

The RIN-Neuroimaging Network
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