
NeuroImage 278 (2023) 120272 

Contents lists available at ScienceDirect 

NeuroImage 

journal homepage: www.elsevier.com/locate/ynimg 

Optimal echo times for quantitative susceptibility mapping: A test-retest 

study on basal ganglia and subcortical brain nuclei 

Valentina Bordin 

a , ∗ , Alice Pirastru 

a , b , Niels Bergsland 

b , c , Marta Cazzoli b , Giuseppe Baselli a , 

Francesca Baglio 

b 

a Department of Electronics, Information and Bioengineering, Politecnico di Milano, Milan, Italy 
b IRCCS Fondazione Don Carlo Gnocchi ONLUS, Milan, Italy 
c Department of Neurology, Buffalo Neuroimaging Analysis Center, School of Medicine and Biomedical Sciences, University at Buffalo, State University of New York, 

Buffalo, NY, United States 

a r t i c l e i n f o 

Keywords: 

Magnetic resonance imaging 

Quantitative susceptibility mapping 

Repeatability 

Basal ganglia 

Subcortical brain nuclei 

Longitudinal study 

a b s t r a c t 

Quantitative Susceptibility Mapping (QSM) is a recent MRI-technique able to quantify the bulk magnetic suscepti- 

bility of myelin, iron, and calcium in the brain. Its variability across different acquisition parameters has prompted 

the need for standardisation across multiple centres and MRI vendors. However, a high level of agreement be- 

tween repeated imaging acquisitions is equally important. With this study we aimed to assess the inter-scan 

repeatability of an optimised multi-echo GRE sequence in 28 healthy volunteers. We extracted and compared the 

susceptibility measures from the scan and rescan acquisitions across 7 bilateral brain regions (i.e., 14 regions of 

interest (ROIs)) relevant for neurodegeneration. Repeatability was first assessed while reconstructing QSM with 

a fixed number of echo times (i.e., 8). Excellent inter-scan repeatability was found for putamen, globus pallidus 

and caudate nucleus, while good performance characterised the remaining structures. An increased variability 

was instead noted for small ROIs like red nucleus and substantia nigra. Secondly, we assessed the impact exerted 

on repeatability by the number of echoes used to derive QSM maps. Results were impacted by this parameter, 

especially in smaller regions. Larger brain structures, on the other hand, showed more consistent performance. 

Nevertheless, with either 8 or 7 echoes we managed to obtain good inter-scan repeatability on almost all ROIs. 

These findings indicate that the designed acquisition/reconstruction protocol has wide applicability, particularly 

in clinical or research settings involving longitudinal acquisitions (e.g. rehabilitation studies). 
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. Introduction 

Quantitative Susceptibility Mapping (QSM) is an advanced Magnetic

esonance Imaging (MRI) technique providing quantitative measure-

ents of the bulk magnetic susceptibility characterizing biological tis-

ues ( Reichenbach, 2012 ; de Rochefort et al., 2010 ; Li and Leigh, 2004 ;

ang and Liu, 2015 ). The method exploits the phase signal of Gradient

ecalled Echo (GRE) sequences, which is typically discarded in conven-

ional image reconstruction procedures despite retaining useful infor-

ation. The phase grows proportionally with disturbances in the mag-

etic field caused by the interaction of paramagnetic and diamagnetic

olecules – present within the human body – with the static magnetic

eld of the MRI. These elements play a crucial role in determining tissue

usceptibility. Thus, by solving an inverse ill-posed problem that begins

ith the phase content (i.e., field variations), it becomes possible to ac-

urately estimate this property. 
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Given its physical principles, QSM is highly sensitive to different

rain metabolites including myelin, iron, calcium, and blood com-

ounds ( Haacke et al., 2015 ; Feng et al., 2018 ). Hence, it holds

reat potential for diagnosing and monitoring a wide range of neuro-

ogical diseases. Various studies have indicated QSM as an effective

ool for analysing the process of demyelination ( Huang et al., 2022 ;

rgyridis et al., 2014 ; Wharton and Bowtell, 2015 ) and for detecting

hite matter lesions that are frequent in multiple sclerosis patients

 Wisnieff et al., 2015 ). In addition, QSM has proved to be highly sen-

itive to increased iron concentration as compared to traditional R2 ∗ 

elaxometry ( Du et al., 2016 ; Murakami et al., 2015 ). This encouraged

ts applications in a variety of fields, including the detection of iron

ccumulation in deep cerebral nuclei. Similar findings are often linked

o the presence of neurodegenerative conditions such as Parkinson’s dis-

ase ( Langkammer et al., 2016 ) and Alzheimer’s disease ( Du et al., 2018 ;

costa-Cabronero et al., 2013 ). 
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Table 1 

Demographics of the study population. 

Subjects Number 28 

Age (years) Mean 28.8 

Standard Deviation 3.96 

Range (min – max) 22.9–38.1 

Sex M 14 

F 14 

g  

c  

n  

q  

R  

Δ  

v  

s  

a  

h  

u  

r  

T  

t

 

t  

b  

w

2

 

2  

u  

E  

R  

t  

q  

T  

m  

c  

d  

r  

t  

n  

t  

w  

s  

D  

z  

e

 

f  

p  

(  

r  

s  

d  

(  

F

2

 

s  
Due to its clinical relevance and quantitative nature, QSM appears

s an ideal candidate for the long-term assessment of neurological con-

itions in which altered homeostasis may have a role. However, the

egree of variability revealed by susceptibility maps when derived from

RI scans using different magnetic field strength and acquisition pa-

ameters has raised concerns regarding its ability to provide reliable

ndings in longitudinal follow-ups. For example, it has been reported

hat 7T MRI scanners allow equivalent image quality with respect to 3T

nes in half of the scan time ( Spincemaille et al., 2020 ). This may be

scribed to an increased phase contrast and signal-to-noise ratio (SNR)

f the magnitude images at 7T ( Emmerich et al., 2021 ). Another study

nvestigating QSM reproducibility suggested that, in multi-centric sce-

arios where different MRI field strength are used, the choice of acqui-

ition parameters such as the time of echo (i.e., TE) is crucial to derive

imilar results ( Lancione et al., 2019 ). The influence of TE has further

een stressed in other studies ( Sood et al., 2017 ; Cronin et al., 2017 ;

aji et al., 2022 ). The white matter and deep gray matter nuclei have

isplayed a non-linear trend of variation, as a function of TE, in the

omputed susceptibility values ( Fan et al., 2020 ). Besides TE, the spa-

ial resolution (in terms of both slice thickness and spacing) ( Zhou et al.,

017 ; Karsa et al., 2019 ), brain coverage (in terms of % field of view)

 Karsa et al., 2019 ; Elkady et al., 2016 ) and head orientation with re-

pect to the B 0 field ( Lancione et al., 2017 ) have also been indicated as

ossible factors contributing to increased differences in the final QSM

stimates. 

This major and complex variability has prompted numerous eval-

ations targeting the reproducibility of QSM across different sites

 Spincemaille et al., 2020 ; Ippoliti et al., 2018 ; Hinoda et al., 2015 ).

everal studies have also attempted to harmonise the imaging acqui-

ition protocol for QSM, prior to assessing reproducibility ( Rua et al.,

020 ; Clarke et al., 2020 ; Voelker et al., 2021 ). Among these, the RIN

Neuroimaging Network ( Nigri et al., 2022 ), has recently harmonized

nd tested the multi-centre/multi-vendor reliability of a multi-echo GRE

equence suited for QSM ( Lancione et al., 2022 ). They found promising

esults on both subcortical (i.e., caudate nucleus, putamen, globus pal-

idus and hippocampus) and cortical grey matter regions (i.e., cuneus,

recuneus, precentral gyrus and superior frontal gyrus). 

However, not only reproducibility but also a high level of agree-

ent between measures extracted from repeated MRI acquisitions is

undamental to ensure the collection of unbiased datasets and to allow

he potential development/implementation of quantitative biomarkers

 Salluzzi et al., 2022 ). Moreover, repeatability has to be considered with

espect to the imaging acquisition parameters and specifically account-

ng for the TE effect. To this aim, 28 young and healthy volunteers were

nrolled in this study and acquired twice using a multi-echo GRE se-

uence ( Lancione et al., 2022 ). Two levels of analysis (i.e., ROI-based

nd voxel-wise) were implemented to assess the repeatability of QSM

nd its dependence on the number of echoes. Results were evaluated

ver 7 regions of interest (ROIs) comprising basal ganglia and subcorti-

al brain nuclei, chosen as relevant for neurodegeneration. 

. Methods 

.1. Subjects 

Twenty-eight young volunteers (see Table 1 for demographic details)

ithout any history of neurological or psychiatric diseases, according

o clinical interview, underwent an MRI scanning session at IRCCS Fon-

azione Don Gnocchi ONLUS in Milan. The study was approved by the

ocal ethics committee and carried out according to the Declaration of

elsinki. Informed written consent was obtained from all participants. 

.2. MRI acquisition 

The imaging protocol comprised two sequences acquired on a 3T

iemens MAGNETOM Prisma scanner (Siemens Healthineers, Erlan-
2 
en Germany), equipped with a 64-channel head/neck coil: (i) a flow-

ompensated 3D multi-echo GRE sequence used to derive both mag-

itude and phase volumes relative to the susceptibility mapping; ac-

uisition parameters were set according to the protocol defined by the

IN ( Nigri et al., 2022 ) for Siemens vendor: number of echoes = 8,

TE = 5.6 ms, first TE = 5.6 ms, TR = 51 ms, flip angle = 18°,

oxel size = 1 × 1 × 1 mm 

3 , FoV = 224 × 224 mm 

2 , slices per

lab = 144, readout mode = bipolar, acquisition time = 8.45 min;

cquisition were carried out using a pure axial orientation; (ii) a

igh resolution 3D magnetization prepared GRE (MPRAGE) sequence

sed as anatomical reference and acquired with the following pa-

ameters: voxel size = 0.8 × 0.8 × 0.8 mm 

3 , TR = 2300 ms,

E = 3.1 ms, FOV = 256 × 240 mm 

2 , slices per slab = 224, acquisi-

ion time = 6.21 min. 

In order to test the inter-scan repeatability, every subject repeated

he QSM acquisition twice with an interscan interval of 10 minutes and

ed repositioning (i.e., subjects exited and re-entered the scanning bed,

hile it underwent a complete retraction and repositioning). 

.3. QSM processing 

For the entire dataset, we reconstructed QSM maps using MATLAB

021a (MathWorks, Natick, MA, USA). Both magnitude and phase vol-

mes from the 3D GRE sequence were used as inputs for the Morphology

nabled Dipole Inversion (MEDI) Toolbox developed by the Cornell MRI

esearch Lab ( Cornell MRI Research Group, 2020 ). Minor changes to

he original code enabled to spatially unwrap the raw phase images ac-

uired at every echo using a Laplacian based algorithm ( Li et al., 2011 ).

he subsequent step of background field removal was carried out by

eans of Projection onto Dipole Fields (PDF). At this point, the pro-

essed phase was combined with the corresponding echo magnitude to

erive a complex GRE signal, for all the available echoes. The obtained

esults were then pooled using a complex nonlinear fitting to estimate

he local magnetic field of tissues. To perform the multi-echo combi-

ation step a modified version of the original Fit_ppm_complex func-

ion ( Cornell MRI Research Group, 2020 ) (i.e., Fit_ppm_complex_bipolar )

as used to account for the bipolar readout mode of our data. Finally,

usceptibility values were estimated through the Morphology Enabled

ipole Inversion algorithm with automatic uniform cerebrospinal fluid

ero referencing (MEDI + 0) ( Liu et al., 2018 ). The final QSM maps were

xpressed in parts per billion (ppb). 

All the available echoes were initially used to derive QSM maps,

or both the scan and rescan acquisitions (i.e., SC1 and SC2). The same

rocedure was then repeated using a decreasing number of echoes times

i.e., nTEs), (i.e., late nTEs were removed thus decreasing the overall

ange of echo times) as we looked for potential differences in the inter-

can repeatability results (see the “2.4. Data analysis ” section for further

etails). We completed the analysis as we reached the minimum nTEs

i.e., 3) needed to perform the multi-echo complex linear fitting with

it_ppm_complex_bipolar ( Cornell MRI Research Group, 2020 ). 

.4. Data analysis 

Our analysis comprised two different steps to evaluate the inter-

can repeatability of the final QSM maps: i) a ROI-based assessment
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erformed in the native subject space. The ROI-based analysis was per-

ormed on QSM maps reconstructed using all the available echoes (i.e.,

TEs = 8). The rationale was to investigate the level of across scans

epeatability characterising individual ROIs at a fixed nTEs; ii) both a

oxel-wise analysis – carried out after normalizing the QSM maps to

he standard Montreal Neurological Institute (MNI) template – and a

OI-based assessment – performed in the native subject space – were

sed to explore the dependence between the level of inter-scan repeata-

ility characterising individual ROIs and the nTEs used to derive QSM

econstructions. The rationale behind this choice lies with the variabil-

ty introduced by this acquisition parameter on the final susceptibility

stimates. The TE-dependency is non-linear and has revealed different

atterns across different brain nuclei ( Sood et al., 2017 ; Cronin et al.,

017 ). Most importantly, TE has been shown to affect the multi-centre

eproducibility of QSM across the whole brain ( Lancione et al., 2019 ).

herefore, we aimed to assess whether a similar impact was present on

he inter-scan repeatability of basal ganglia and subcortical brain nuclei.

.4.1. Across scans repeatability 

ROI-based analysis: in each subject, 7 brain nuclei were bilat-

rally segmented, for a total of 14 ROIs that were analysed sepa-

ately. Five nuclei were segmented from the MPRAGE scan – thalamus

THL), putamen (PUT), globus pallidus (GP), amygdala (AMG), cau-

ate nucleus (CN) – using the FSL 6.0 toolbox FIRST ( Patenaude et al.,

011 ). Then, the derived masks were linearly registered to the first

cho magnitude of the QSM sequence, using the FSL FLIRT toolbox

 Jenkinson and Smith, 2001 ) (12 degrees of freedom). Conversely,

ubstantia nigra (SN) and red nucleus (RN), were derived through a

irect registration from the Edlow brain atlas ( Snider et al., 2019 )

i.e., MNI space 1 × 1 × 1 mm 

2 ) to the QSM space. This was ob-

ained by combining the following matrices with the ANTs toolbox

 http://stnava.github.io/ANTs/ ): (i) the original MPRAGE to QSM trans-

ormation matrix; (ii) the inverse of the non-linear transformation ma-

rix derived from the MPRAGE to MNI non-linear registration. Structures

rom the right and left hemisphere (i.e., RH and LH) were isolated and

roded through a 2D kernel (i.e., box of 3 × 3 × 1 voxels), to obtain

onservative masks. In addition, the RN underwent manual refinements

o best fit the anatomical contours that can be well-identified on QSM

ata, according to the guidelines reported in Liu et al. (2016) . Finally,

or each of the considered ROIs, the binary mask was applied to the

SM reconstruction relative to SC1 and SC2 and, for both cases, mean

alues were extracted. The obtained results (i.e., the ROI means) were

ombined across the entire dataset and compared between SC1 and SC2

sing several metrics to provide a detailed assessment of the inter-scan

epeatability characterising different brain nuclei. At first, we calculated

he intra-class correlation coefficient (ICC) between the repeated mea-

ures to obtain a quantitative evaluation of their agreement. We used the

tatistical package SPSS version 27 (Armonk, NY: IBM Corp). A single-

ating, absolute agreement, two ways mixed-effect model was adopted

 McGraw and Wong, 1996 , Koo and Li, 2016 ). According to Koo and

i (2016) , ICC values lower than 0.5 indicate poor repeatability, val-

es between 0.5 and 0.75 indicate moderate repeatability, values be-

ween 0.75 and 0.9 indicate good reliability, and values greater than

.90 indicate excellent reliability. The assessment was further carried

ut by computing the linear regression between ROI QSM values ex-

racted from SC1 and SC2. The angular coefficient and the intercept of

he linear fit were reported for every ROI alongside the Pearson’s corre-

ation coefficient. Similarly, Bland-Altman plots were derived for every

OI to display the mean difference between SC1 and SC2, alongside the

5% confidence interval (CI – i.e., 1.96 times the standard deviation).

s previously stated, the present analysis was performed on QSM recon-

tructions obtained using all the available echoes (i.e., nTEs = 8). 

.4.2. TE dependence 

Voxel-wise analysis: for every subject, the final QSM reconstruc-

ions were normalized to the standard MNI space (1 ×1 ×1 mm 

2 ) by
3 
ombining with the ANTs toolbox ( http://stnava.github.io/ANTs/ ): (i)

he inverse of the original MPRAGE to QSM transformation matrix;

ii) the transformation matrix derived from the MPRAGE to MNI non-

inear registration. At this point, the same seven brain nuclei consid-

red for the ROI-based analysis were isolated from the Harvard Oxford

tlas ( Goldstein et al., 2007 ; Makris et al., 2006 ; Frazier et al., 2005 ;

esikan et al., 2006 ), eroded through a 2 mm spherical kernel and fi-

ally re-combined to obtain a single 3D mask (i.e., a single volume com-

rising all ROIs). Then, for both SC1 and SC2, we merged the QSM maps

elative to all participants into a 4D file. The obtained results (i.e., one

D file for SC1 and one 4D file for SC2) were eventually compared us-

ng the fmreli MATLAB toolbox ( Fröhner et al., 2019 ). The tool, origi-

ally designed to assess the reliability and similarity of fMRI data in the

resent work, was exploited to calculate the voxel-wise ICC between the

C1 and SC2 measures constrained to the anatomical regions underlying

he binary nuclei mask. Even in this case, a single-rating, absolute agree-

ent, two ways mixed-effect model was adopted. Results were provided

n the form of a 3D volume containing a single ICC value for every voxel

elonging to the binary nuclei mask. The analysis was repeated for ev-

ry QSM reconstruction obtained using a decreasing number of echoes

anging from 8 to 3. Finally, ICC values found within the mask were ex-

racted at different nTEs and compared. The mean, first quartile, third

uartile and minimum values of each distribution were discussed, along

ith the percentage volume of the binary mask containing ICC values

igher than 0.75. We determined the number of echoes to be sufficient if

he average of the whole mask scored 0.75 or higher, since ICC values in

anging from 0.75 to 1 indicate good to excellent inter-scan agreement

 Koo and Li, 2016 ). 

ROI-based analysis: we repeated the across scan repeatability anal-

sis (see the “2.4.1. Across scans repeatability ” section for further de-

ails) – initially performed on all the available echoes (i.e., nTEs = 8)

using progressively decreasing nTEs. In addition, for every ROI, we

pecifically investigated the dependence of ICC values with respect to

he different nTEs used to derive QSM maps. This allowed us to ex-

lore any potential change in the level of repeatability characterising the

ean susceptibility of different brain nuclei when using a nTEs lower

han 8. Even in this case, we considered as indicators of good repeatabil-

ty ICC values greater than 0.75 ( Koo and Li, 2016 ). The TE-dependence

f the inter-scan repeatability was further explored at nTEs higher than

, as we acquired an additional scan-rescan subject using a maximum

cho time of 80 ms and compared its SC1 and SC2 mean QSM values

cross echoes (see the Supplementary Materials for details). 

. Results 

.1. Across scans repeatability 

ROI-based analysis. The average volume of all ROIs, calculated

cross the entire population, is reported in Table 2 . As for the suscepti-

ility maps obtained using 8 nTEs, the box plots of the ROI QSM values

elative to SC1 and SC2 are displayed in Fig. 1 . The right ( Fig. 1 , Panel

) and the left ( Fig. 1 , Panel B) structures are shown separately, for a

otal of 14 ROIs. The mean and standard deviation values relevant to

ll distributions are reported in the Supplementary Materials whereas the

CC computed between SC1 and SC2 are reported in Table 3 . Overall, re-

ults indicated that no structure other than the RN RH was characterised

y a level of inter-scan repeatability lower than good (ICC = 0.735

or RN RH and ICC > 0.75 for all the remaining structures). Addition-

lly, for both brain hemispheres, the following structures displayed an

CC > 0.90, indicating excellent repeatability: PUT (RH: ICC = 0.960;

H: ICC = 0.913), GP (RH: ICC = 0.956; LH: ICC = 0.958) and CN (RH:

CC = 0.902; LH: ICC = 0.912). The orthogonal linear fit between SC1

nd SC2 is reported in Fig. 2 for every ROI separately for right ( Fig. 2 ,

anel A) and left ( Fig. 2 , Panel B) brain nuclei. Results confirmed a good

orrespondence between the repeated ROI QSM values. The angular co-

fficient (m) of the computed regressions was high (ideal value: m = 1),

http://stnava.github.io/ANTs/
http://stnava.github.io/ANTs/
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Table 2 

Average volume of brain nuclei segmented in native subject space, separated by right and left brain hemisphere. Results were evaluated on the full sample. 

THL PUT GP AMG CN SN RN 

Volume 

(mm 

3 /number 

of voxels) 

RIGHT BRAIN 

HEMISPHERE 

6041.9 2935 954.6 664.1 1946.2 66.3 66.8 

LEFT BRAIN 

HEMISPHERE 

6147.7 2895.8 922.0 631.6 1848.7 58.2 59.7 

Fig. 1. Boxplots of the ROI QSM in the scan (SC1) and the rescan (SC2) acquisition (specified on the x -axis) for brain nuclei of the right (A) and left (B) brain 

hemisphere. Results were evaluated on the full sample, after reconstructing QSM with 8 nTEs. 

Table 3 

Intra-class correlation coefficient (ICC) between the QSM distributions relative to the scan (SC1) and rescan (SC2) acquisition for brain nuclei of the right and left 

brain hemisphere. Results were evaluated on the full sample, after reconstructing QSM with 8 nTEs. 

THL PUT GP AMG CN SN RN 

RIGHT BRAIN 

HEMISPHERE 

ICC 0.835 0.956 0.96 0.787 0.902 0.826 

0.735 ∗ 

LEFT BRAIN 

HEMISPHERE 

ICC 0.824 0.958 0.913 0.870 0.912 0.766 0.834 

∗ ICC < 0.75. 

r  

R  

R  

R  

l  

G  

s

9  

h  

L  

f

anging from 0.874 to 0.993, for the following structures: PUT (both

H and LH), GP (both RH and LH), AMG (both RH and LH), CN (both

H and LH) and SN LH . Even if lower values were found for THL (both

H and LH), SN RH and RN (both RH and LH), values never dropped be-

ow 0.7. The only exception was represented by the RN RH (m = 0.648).

ood inter-scan repeatability was further indicated by the small regres-
4 
ion intercepts characterising all the investigated nuclei (range 0.403–

.864). The presence of a minor offset was instead suggested by the

igher values obtained for SN RH (b = 29.184) and RN (RH: b = 29.650;

H: b = 19.571). The Pearson’s correlation coefficients gave good result

or every structure (range 0.777–0.972). 
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Fig. 2. Scatterplot of the ROI QSM in the scan (SC1) and the rescan (SC2) acquisition for brain nuclei of the right (A) and left (B) brain hemisphere. The regression 

fits are displayed with dash-dotted coloured lines (orange and blue for the right and left brain nuclei, respectively), while the ideal fits are represented with black 

solid lines. The regression slopes and intercepts are indicated as m and b, respectively. The Pearson’s correlation coefficient is indicated as r . Results were evaluated 

on the full sample, after reconstructing QSM with 8 nTEs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 

Table 4 

Descriptive statistic for the SC1–SC2 voxel-wise ICC values obtained at decreasing nTEs over a binary mask comprising all ROIs (see Fig. 4 ). 

8 nTEs 7 nTEs 6 nTEs 5 nTEs 4 nTEs 3 nTEs 

Mean ± standard deviation 0.762 ± 0.120 0.756 ± 0.127 0.735 ± 0.138 0.717 ± 0.147 0.634 ± 0.181 0.589 ± 0.186 

First quartile 0.694 0.693 0.668 0.644 0.532 0.471 

Third quartile 0.851 0.849 0.838 0.824 0.768 0.731 

Min–Max range 0.197–0.964 0.070–0.960 − 0.018–0.945 − 0.070–0.944 − 0.410–0.939 − 0.383–0.941 

% volume with ICC > 0.75 61.27% 60.63% 55.08% 49.91% 30.18% 20.85% 
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The Bland-Altman analysis, plots are reported in Fig. 3 for every ROI,

eparately for right ( Fig. 3 , Panel A) and left ( Fig. 3 , Panel B) structures.

he mean difference between SC1 and SC2 yielded low values (range

 0.51–3.83 ppb) for almost all nuclei. A slight bias was instead revealed

y the RN RH (mean difference 6.29 ppb) and SN LH (mean difference

.22 ppb). Similar results were found for the 95% CI. Broad intervals

ere obtained only for SN (RH: CI = 41.18; LH: CI = 43.49) and RN

RH: CI = 47.71; LH: CI = 37.62). 

.2. TE dependence 

Voxel-wise analysis. As displayed in Fig. 4 , we extracted and com-

ared the SC1–SC2 voxel-wise ICC obtained at every nTEs over a bi-

ary mask comprising all ROIs. Results showed a decreasing trend in

he inter-scan agreement when passing from 8 to 3 nTEs. This was sup-

orted by a reduction in the mean, first quartile and third quartile values
5 
hat characterise ICC distributions at small nTEs (see Table 4 ). In addi-

ion, when using less than 7 echoes the ICC metric provided negative

cores whose amount increased at lower nTEs. Eventually, when con-

idering the limit of 0.75 as criterion for determining good repeatability

 Koo and Li, 2016 ), it can be observed that the only reconstructions with

 mean ICC higher than the threshold over all ROIs are obtained using

 or 8 nTEs. 

These two nTEs are also the ones maximizing the percentage volume

f the binary mask for which we have ICC > 0.75 (8 nTEs: 61.27%;

 nTEs: 60.63%), as is clearly visible from the example shown in Fig. 5 .

ROI-based analysis. Results from all the metrics used to evaluate

he across scan repeatability of different ROIs when using nTEs values

rogressively lower than 8 (see the “2.4.1. Across scans repeatability ”

ection for further details) are reported in the Supplementary Materials .

owever, the nTEs-evolution of ICC values is displayed in Fig. 6 for ev-

ry ROI, separately for right ( Fig. 6 , Panel A) and left structures ( Fig. 6 ,
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Fig. 3. Bland-Altman plot of the ROI QSM in the 

scan (SC1) and the rescan (SC2) acquisition for brain 

nuclei of the right (A) and left (B) brain hemi- 

sphere. The mean difference between SC1 and SC2 

are highlighted with dashed lines alongside the con- 

fidence interval (i.e., 1.96 times the standard devi- 

ation (SD)). Results were evaluated on the full sam- 

ple, after reconstructing QSM with 8 nTEs. 

6 
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Fig. 4. Violin plots of the voxel-wise SC1–SC2 ICC val- 

ues obtained over a binary mask comprising all ROIs at 

decreasing nTEs (each indicated by a fading shade of pur- 

ple). The interquartile range and median value of each dis- 

tribution is represented trough a boxplot. Mean values are 

displayed by black stars. Two dashed red lines highlight 

the range of ICC values comprised between 0.0 and 0.75. 

Results were evaluated on the full sample. (For interpre- 

tation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

Fig. 5. Effect of the nTEs used to perform reconstructions on the level of voxel-wise inter-scan repeatability characterising QSM. ICC maps are shown relevant to 

slice z = 40 and in the MNI space: good ICC > 0.75 is displayed in blue, while poor ICC < 0.75 is displayed in red. The ICC maps are superimposed to the QSM of a 

single representative subject. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

7 
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Fig. 6. Lineplot of the nTEs-evolution of the 

intra-class correlation coefficient (ICC) be- 

tween ROI QSM in the scan (SC1) and the 

rescan (SC2) acquisition for brain nuclei of 

the right (A) and left (B) brain hemisphere. 

A dashed red line indicates the ICC thresh- 

old for good repeatability (i.e., ICC = 0.75). 

Results were evaluated on the full sam- 

ple. (For interpretation of the references to 

colour in this figure legend, the reader is re- 

ferred to the web version of this article.) 

8 
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anel B). Numerical values are reported in the Supplementary Materials .

he structures displaying good inter-scan repeatability (i.e., ICC values

bove 0.75) for all nTEs were: PUT (both RH and LH), GP (both RH

nd LH) and THL (both RH and LH). A similar behaviour was also dis-

layed by the CN, that showed a sole performance drop at nTEs = 4

ICC = 0.728) in correspondence of the LH. Nevertheless, for both hemi-

pheres the highest ICC values were obtained when using high nTEs

i.e., nTEs = 8) (RH: ICC = 0.902; LH: ICC = 0.912). A greater amount

f variability was instead exhibited by the repeatability pattern of the

MG. This nucleus showed ICC values higher than 0.75 for nTEs = 8,

, 6, 5 (in the RH) and for nTEs = 8, 7, 3 (in the LH). Lower perfor-

ances were instead detected in correspondence of the remaining nTEs

alues. As for the SN, the LH was always characterised by ICC above

.75, with slightly increased values as we move towards lower nTEs.

he RH, on the other hand, showed a decrease in the ICC at nTEs = 4

ICC = 0.655) and highest repeatability at nTEs = 7 (ICC = 0.861).

ventually, good performances were found for all nTEs for both RN RH 

nd RN LH . The only exception was represented by nTEs = 8 for RN RH 

ICC = 0.735). The highest ICC was found at nTEs = 5 for both

emispheres. 

. Discussion 

QSM is an imaging technique that could be favourably used to derive

maging biomarkers for several neurological conditions. In fact, it pro-

ides quantifiable measures of the magnetic susceptibility characteris-

ng brain tissues and helps monitoring subtle changes in their own com-

osition. In this study, we explored the inter-scan repeatability of the

SM maps reconstructed using a flow-compensated 3D multi-echo GRE

equence ( Lancione et al., 2022 ) within 14 regions of interest (ROIs)

overing putamen (PUT), globus pallidus (GP), caudate nucleus (CN),

halamus, amygdala, red nucleus, and substantia nigra bilaterally. The

nter-scan repeatability is of fundamental importance, especially in lon-

itudinal MRI settings where patients’ neurodegeneration patterns and

heir modifications have to be closely monitored over time for diagnostic

nd treatment purposes. However, the local reliability of susceptibility

easures is still a matter of debate since QSM maps have displayed a

reat level of variability when derived according to different MRI setups

 Spincemaille et al., 2020 ; Emmerich et al., 2021 ; Lancione et al., 2019 ;

ood et al., 2017 ; Cronin et al., 2017 ; Naji et al., 2022 ; Fan et al., 2020 ;

hou et al., 2017 ; Karsa et al., 2019 ; Elkady et al., 2016 ). To address

his issue, we implemented two different assessments while measuring

he repeatability of QSM across a scan and rescan MRI acquisition: (i)

rst, a ROI-based analysis allowed to compare mean susceptibility val-

es when QSM maps were reconstructed using a fixed number of echoes.

pecifically, we used all the 8 available ones; (ii) second, a composite

nalysis – comprising both a voxel-wise and a ROI-based step – allowed

o compare susceptibility values both across scans and along different

cho times. Throughout the study, we used different metrics to evaluate

esults (see the “2.4. Data analysis ” section for further details), the major

ne being represented by the intra-class correlation coefficient (ICC). 

Using all the acquired 8 echoes in the ROI-based analysis, we ob-

erved excellent inter-scan repeatability in terms of ICC values (i.e.,

CC > 0.90) for basal ganglia (PUT RH : ICC = 0.956, PUT LH : ICC = 0.958;

P RH : ICC = 0.960, GP LH : ICC = 0.913; CN RH : ICC = 0.902, CN LH :

CC = 0.912). This was further confirmed by a good linear regression

t (i.e., angular coefficient close to 1 and low intercept) between the

epeated QSM estimates (m: ranging from 0.874 to 0.969; b: ranging

rom − 0.877 to 9.864). Similarly, good results were obtained for the

mygdala, though, with ICC values comprised between 0.75 and 0.90.

 slightly lower repeatability was instead observed for the thalamus as

ighlighted by a decrease in the angular coefficient of the regression

t (RH: m = 0.732; LH: m = 0.737). This could be due to strong het-

rogeneity characterising this structure, which is organized in nuclear

egions delimited by white matter trabeculae, each with a unique input–

utput connectivity pattern, gene expression and function ( Roy et al.,
9 
022 ). However, it should be noted that, the ICC values between scans

emained high (RH: ICC = 0.835; RH: ICC = 0.824), suggesting the

ocal reliability of the current acquisition and reconstruction pipeline

hich seem suitable to longitudinally assess the susceptibility of tha-

amus. Additionally, our findings showed that the red nucleus and sub-

tantia nigra were characterised by the greatest amount of variability. In

act, the large confidence interval characterising differences between the

can and rescan ROI QSM values (as highlighted by the Bland-Altman

lots – RN RH : CI = 47.71, RN LH : CI = 37.62; SN RH : CI = 41.18; SN LH :

I = 43.49) were paired in all cases (except for SN LH ) with poor regres-

ion fits (RN RH : m = 0.648, b = 29.65, RN LH : m = 0.789, b = 19.571;

N RH : m = 0.737, b = 29.184). Furthermore, the ICC value of the RN RH 

ICC = 0.735) was below the threshold for good repeatability (i.e.,

CC < 0.75). These findings could be attributed to the small dimension

f both structures, which could easily lead to biases in the extracted

usceptibility measures due to partial volume effects ( Rua et al., 2020 ;

ancione et al., 2022 ). In addition, the low reproducibility of red nu-

leus had already been noted by Santin and colleagues ( Santin et al.,

017 ), who hypothesised as cause the suboptimal background field re-

oval characterising that area. Due to their anatomical proximity, this

ould similarly affect the repeatability of the substantia nigra. Thus, the

econstruction pipeline used to derive susceptibility measures should

e carefully considered and optimised when focusing on target areas of

pecific neurodegenerative conditions. This applies particularly well to

arkinson’s disease ( Guan et al., 2022 ), which is usually characterized

y neurodegeneration of the substantia nigra. 

The voxel-wise analysis was also restricted to all the above-

entioned gray matter nuclei using a binary mask of their union. Fur-

hermore, it was iteratively repeated along a decreasing number of echo

imes (i.e., nTEs) ranging from 8 to 3. Overall, a trend of diminishing ICC

alues was displayed at lower nTEs. In particular, only QSM reconstruc-

ion derived using 8 and 7 echoes produced mean ICC values above the

hreshold fixed for good repeatability (i.e., 0.75 according to ( Koo and

i, 2016 )) across all nuclei. These were also the ones maximising the

ercentage of voxels characterised by an ICC greater than 0.75, over

he whole binary mask. Moreover, when using nTEs lower than 7, the

CC metric provided negative results that indicate lack of interpretabil-

ty for certain areas of the binary mask ( Acosta-Cabronero et al., 2013 ).

he amount of negative ICC scores became higher as we moved towards

ower nTEs, suggesting increased difficulties in the assessment. As we in-

estigated the nTEs impact on individual nuclei comprised within the

inary mask, we found consistent results with respect to the ROI-based

nalysis conducted using 8 echoes. In fact, larger structures (i.e., PUT,

P, CN) showed the highest ICC values and good consistency across

TEs (i.e., ICC values remained above 0.75 across all nTEs, except for

N LH at nTEs = 4). On the other hand, small subcortical brain nuclei

uch as amygdala, red nucleus and substantia nigra, despite maintain-

ng acceptable ICC values (i.e., ICC > 0.75) at certain nTEs (see the “3.2.

E dependence ” section for further details), demonstrated the greatest

mount of variability. They were indeed characterised by performance

rops, that affected different structures at different nTEs values. How-

ver, it should be noted that – overall – when using either 8 or 7 echoes

t was possible to obtain ICC values > 0.75 for almost all structures in

oth brain hemispheres. This finding, coupled with results of the voxel-

ise assessment, may be attributed to the lower signal-to-noise ratio

SNR) characterising QSM at lower nTEs. However, it should be noted

hat this association is not always accurate. According to Lancione and

olleagues ( Lancione et al., 2019 ), the highest SNR occurs when the TE

f the imaging sequence equals the T2 ∗ value of tissues. At longer TE,

hough, results might become noisier. This holds particularly true for

issues characterised by short T2 ∗ relaxation and was further confirmed

y the scan-rescan analysis performed on a single subject (see the Sup-

lementary Materials for details), which revealed a trend of increasing

C1–SC2 differences at nTEs > 8. Therefore, it is important to carefully

onsidered the TE-dependence of the SNR, especially for studies focus-

ng on specific ROIs rather than the whole brain. 



V. Bordin, A. Pirastru, N. Bergsland et al. NeuroImage 278 (2023) 120272 

 

c  

t  

2  

b  

p  

o  

r  

v  

t  

b  

Q  

d  

o  

t  

s  

s  

A

 

s  

t  

r  

p  

M  

c  

a  

T  

f

5

 

r  

p  

fi  

m  

a  

l  

t  

t  

a  

c  

t

D

 

a

E

 

H  

w

D

 

i  

o  

t

C

 

s  

M  

&  

M  

p  

i

D

A

 

f

F

 

s  

-

S

 

t

R

A  

 

A  

 

C  

C  

C  

 

 

d  

 

 

D  

 

D  

D  

 

E  

 

E  

 

 

F  

 

 

F  

 

F  

 

F  

 

G  

 

The results we obtained are supported by the number of subjects in-

luded in our analysis, which was greater when compared to the litera-

ure ( Feng et al., 2018 ; Karsa et al., 2019 ; Rua et al., 2020 ; Salluzzi et al.,

022 ). Furthermore, the dataset was balanced in terms of sex (1:1 ratio

etween F and M) and age. This allowed us to remove most sources of

otential bias that might have affected the local reliability of results. The

nly exception was represented by the subjects’ head orientation with

espect to the B 0 s field, that is known to introduce a certain amount of

ariability in the final susceptibility estimates ( Lancione et al., 2017 ). In

his regard, we considered using a method called Calculation Of Suscepti-

ility through Multiple Orientation Sampling (i.e., COSMOS) to reconstruct

SM ( Liu et al., 2009 ). The algorithm can average out the orientation-

ependent errors by acquiring multiple sets of images with different

rientations. Nevertheless, its implementation is complex and severely

ime-consuming as it requires multiple MRI acquisitions. For this rea-

on, it is not commonly used in clinical settings or longitudinal research

tudies, that represent the primary focus of our repeatability assessment.

s a consequence, COSMOS was not involved in the analysis. 

These considerations represent the main limitation of the present

tudy, that concerns the use of a single reconstruction pipeline to derive

he final QSM maps (spatial phase unwrapping: Laplacian based algo-

ithm; background field removal: PDF; multi-echo combination: com-

lex nonlinear fitting; susceptibility estimate: MEDI + 0). Besides COS-

OS, numerous algorithms can be adopted to perform the different pro-

essing steps and a former study attested they have an impact on the

mount of reproducibility characterising results ( Santin et al., 2017 ).

herefore, a careful evaluation should be conducted when deviating

rom the methods presented in this work. 

. Conclusions 

Our study suggests that QSM is characterised by a good level of

epeatability across repeated MRI scans. In addition, it shows that re-

eatability is influenced by the number of echo times used to derive the

nal susceptibility estimates, with more echoes generally resulting in

ore consistent outcomes. These findings are favourable as to the wide

pplicability of the present QSM acquisition/reconstruction protocol to

ongitudinal settings such as disease/treatment monitoring and rehabili-

ation trials. However, particular attention should also be devoted to the

arget brain structure under analysis, as smaller regions seem generally

ffected by a higher amount of variability. This indicates the need for

areful methodological considerations, that must be tailored according

o the neurodegenerative pathology of interest. 
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