
NeuroImage 264 (2022) 119751 

Contents lists available at ScienceDirect 

NeuroImage 

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

Reliability of multi-parameter mapping (MPM) in the cervical cord: A 

multi-center multi-vendor quantitative MRI study 

Maryam Seif a , b , ∗ , Tobias Leutritz b , Simon Schading 

a , Tim Emmengger a , Armin Curt a , 

Nikolaus Weiskopf b , c , 1 , Patrick Freund 

a , b , d , 1 

a Spinal Cord Injury Center, University Hospital Balgrist, University of Zurich, Forchstrasse 340, Zurich 8008, Switzerland 
b Department of Neurophysics, Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany 
c Faculty of Physics and Earth Sciences, Felix Bloch Institute for Solid State Physics, Leipzig University, Leipzig, Germany 
d Wellcome Centre for Human Neuroimaging, Institute of Neurology, University College London, London, UK 

a r t i c l e i n f o 

Keywords: 

Quantitative MRI 

Multi-center study 

Reproducibility 

Spinal cord 

Brain 

Traveling heads study 

a b s t r a c t 

MRI based multicenter studies which target neurological pathologies affecting the spinal cord and brain – in- 

cluding spinal cord injury (SCI) – require standardized acquisition protocols and image processing methods. We 

have optimized and applied a multi-parameter mapping (MPM) protocol that simultaneously covers the brain 

and the cervical cord within a traveling heads study across six clinical centers ( Leutritz et al., 2020 ). The MPM 

protocol includes quantitative maps (magnetization transfer saturation (MT), proton density (PD), longitudinal 

(R1), and effective transverse (R2 ∗ ) relaxation rates) sensitive to myelination, water content, iron concentration, 

and morphometric measures, such as cross-sectional cord area. Previously, we assessed the repeatability and re- 

producibility of the brain MPM data acquired in the five healthy participants who underwent two scan-rescans 

( Leutritz et al., 2020 ). This study focuses on the cervical cord MPM data derived from the same acquisitions 

to determine its repeatability and reproducibility in the cervical cord. MPM matrices of the cervical cord were 

generated and processed using the hMRI and the spinal cord toolbox. To determine reliability of the cervical 

MPM data, the intra-site (i.e., scan-rescan) coefficient of variation (CoV), inter-site CoV, and bias within region 

of interests (C1, C2 and C3 levels) were determined. The range of the mean intra- and inter-site CoV of MT, R1 

and PD was between 2.5% and 12%, and between 1.1% and 4.0% for the morphometric measures. In conclusion, 

the cervical MPM data showed a high repeatability and reproducibility for key imaging biomarkers and hence 

can be employed as a standardized tool in multi-center studies, including clinical trials. 
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. Introduction 

Quantitative MRI (qMRI) can measure microstructural features of

he brain and spinal cord tissue. QMRI provides a mean to investigate

issue properties with higher sensitivity both in the healthy and dis-

ased central nervous system ( Edwards et al., 2018 a; Leutritz et al.,

020 ; Cohen-Adad et al., 2021 ; Weiskopf et al., 2021 ; Cohen ‐Adad et al.,

022 ). In theory, qMRI readouts are insensitive to differences in MR

oftware and hardware and thereby increase the comparability across

ifferent time points and sites ( Weiskopf et al., 2021 ; Edwards et al.,

018 b; Voelker et al., 2021 ). This feature renders qMRI attractive to

linical trials that are most often run as multi-center studies. Thus, a

ressing need exists to provide a standardized acquisition protocol of

MRI and image processing tools for the brain but also the spinal cord.
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Multi-parametric mapping (MPM) is a qMRI method ( Helms et al.,

008 ; Weiskopf et al., 2013 ) which provides high-resolution maps of

agnetization transfer saturation (MT), proton density (PD), longitu-

inal and effective transverse relaxation (R1, R2 ∗ respectively). While

2 ∗ , MT and R1 are myelin-sensitive, R2 ∗ is also sensitive to iron and

D reflects the water content. The field of view of our optimized MPM

rotocol for clinical trials ( Leutritz et al., 2020 ) covers the brain and

ervical cord. It thereby allows to assess (micro-) structural changes

cross the neuroaxis, simultaneously ( Blaiotta et al., 2018 ). Our pre-

ious multi-center multi-vendor study applying an optimized MPM pro-

ocol that covers the brain and cervical cord, showed high repeatability

nd reproducibility for the brain MPM data within and across different

ites ( Leutritz et al., 2020 ). Following this validation, the MPM pro-

ocol is in use in a European multi-center phase II clinical trial (NISCI,
ovember 2022 
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Table 1 

MRI scanning sites and their main hardware and software characteristics. Site: 

BCN: Clinica Creu Blanca, Barcelona, Spain; BSL: Radiology Department, Univer- 

sity Hospital Basel, Basel, Switzerland; HD: Spinal Cord Injury Center, University 

Hospital, Heidelberg, Germany; NOT: Radiology, Swiss Paraplegic Center, Not- 

twil, Switzerland; ZH: Spinal Cord Injury Center, University Hospital Balgrist, 

Zurich, Switzerland; SNS: Laboratory for Social and Neural Systems Research, 

Zurich Center for Neuroeconomics, University of Zurich, Zurich, Switzerland. 

Site MRI 

vendor 

MRI 

system 

Number of channels 

of RF receive head & 

neck coil 

MRI software 

version 

BCN Siemens verio 32 VD13A 

BSL Siemens Prisma 20 VE11C 

HD Siemens Verio 16 VB19A 

NOT Philips Achieva 16 5.3.0 

ZH Siemens Skyra 16 VE11B 

SNS Philips Achieva 16 5.1.7 
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Table 2 

MRI parameters on the Philips and Siemens scanners. Abbreviations: 

FoV: field of view, MT: magnetization transfer, PD: proton density, 

pF: partial Fourier, pS: parallel speedup factor, T1: longitudinal re- 

laxation time, TE: echo time TR: repetition time TA: acquisition time. 

Default settings (mostly unchangeable) marked with ∗ . 

Acquisition Parameter Siemens Philips 

Minimum TE & ΔTE (ms) 2.46 2.40 

Maximum TE (ms) 14.76 14.40 

Acquisition resolution (mm 

3 ) 1.1 × 1.0 × 1.1 1.0 × 1.0 × 1.0 

Acquired slice resolution (%) 91.0 78.5 

FoV phase (%) 87.50 93.75 

Slice pF (%) 75.0 62.5 

Phase pS 2 2 

Slice pS 1.00 1.25 

PDw & T1w TA (min) 3:38 3:37 

Spoiling phase increment (°) 50 ∗ 150 ∗ 

MTw TA (min) 6:37 9:40 

MTw TR (ms) 37 48 

MT pulse angle (°) 500 ∗ 220 ∗ 

MT pulse length (ms) 10 ∗ 8 ∗ 

MT pulse off res. freq. (kHz) 1.2 ∗ 1.0 ∗ 

MT pulse shape Gaussian ∗ Gauss filtered sinc ∗ 

MT pulse bandwidth (Hz) 192 ∗ 300 ∗ 
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ww.nisci-2020.eu ) investigating a therapeutic effect based on the Anti-

ogo-A antibody treatment ( Freund et al., 2006 ) in acute SCI patients.

n this study, we aimed to additionally determine the intra-site repeata-

ility (scan-rescan) and inter-site reproducibility of the cervical MPM

ata obtained in the same traveling heads study for which we previ-

usly reported the intra-site repeatability (scan-rescan) and inter-site

eproducibility of the brain MPM data ( Leutritz et al., 2020 ). 

. Material and methods 

.1. Ethics statement 

Informed written consent was obtained from each subject prior to

ach measurement per site, and all sites obtained local ethics approval

rom their institutional ethical review. 

.2. Participants and MRI sites 

The study was conducted on six 3T MRI scanners with different hard-

are and software ( Table 1 ), having four Siemens MRI scanners (Erlan-

en, Germany) and two Philips MRI scanners (Eindhoven, Netherlands).

ive healthy participants (2 females, age: 32.4 ± 6.0 years [mean ± stan-

ard deviation]) underwent a scan-rescan MRI session across all sites

ith an average interscan break of approximately two hours between

he two measurements ( Leutritz et al., 2020 ). All study participants have

een scanned using 3T MRI scanners equipped with head and neck RF

oil. 

.3. MRI acquisition 

The MPM protocol was implemented based on product se-

uences available on the manufacturer’s clinical MRI systems. Three-

imensional (3D) data acquisition comprised of three multi-echo spoiled

radient echo scans (i.e. fast low angle shot [FLASH] sequences on

iemens scanners and multi-echo fast field echo [mFFE] sequences on

hilips scanners) with MT, T1, and PD contrast weighting. Additional

eference scans for radio-frequency (RF) transmit (B1 + ) and receive

B1 − ) fields for bias correction within the hMRI-toolbox ( Tabelow et al.,

019 ) were acquired. The total acquisition time was 18:45 min on

he Siemens scanner and 23:58 min on the Philips scanner. There-

ore, we adapted a previous protocol used in an SCI longitudinal study

 Freund et al., 2013 ) by reducing the total number of acquired echoes,

epetition time (TR) and maximum echo time (TE), which still allows

or mapping R2 ∗ well in subcortical —short T2 ∗ —areas. Optimal flip an-

les were derived from the Ernst angle (based on respective TR and an

verage longitudinal relaxation time (T1) of 1050 ms for brain tissue)
 (

2 
y multiplying them with a factor of 0.4142 for PD- and MT-weighted

cquisitions, and by 2.4142 for T1-weighted acquisitions, respectively,

n order to minimize noise propagation ( Helms et al., 2008 ). The ac-

uisition protocols shared the following common parameters across all

latforms ( Table 2 ): TR of PD- and T1-weighted contrasts: 18 ms; flip

ngles for MT-, PD- and T1-weighted contrasts: 6°, 4°, 25°, respectively;

ix equidistant echoes; 1 mm 

3 isotropic reconstruction voxel size; read-

ut (RO) field of view (FoV): 256 mm; base resolution: 256 pixels in

he RO direction; 176 slices; readout in the head-foot direction, inner

hase encoding loop in the left-right ( “slice ”, fast phase encoding) di-

ection, outer phase encoding loop in the anterior-posterior direction

 “phase ”, slow phase encoding); RO bandwidth: 480 Hz/pixel; elliptical

-space coverage; parallel imaging speedup factor of 2 in the slow/slice

hase encoding direction. We accounted for differing RF spoiling char-

cteristics between vendors’ sequence implementations ( Table 2 ) in the

rocessing. Since the MT pulse details cannot be changed on different

endors without pulse sequence programming and appropriate research

greement, which is not practical for the clinical scanners, we used

tandard settings ( Table 2 ). Additionally, a post-acquisition harmoniza-

ion between vendor implementations was performed ( Leutritz et al.,

020 ). The minimum TR of the MT-weighted sequences was restricted

t Philips scanners due to specific absorption rate (SAR) constraints

nd thus extended the total acquisition time in comparison to Siemens

canners. The B1 + field mapping methods differed across vendors and

ites. At Siemens sites, vendor-supplied sequences were used. It was ei-

her based on spin-echo and stimulated echo acquisitions and is simi-

ar to the customized sequence by Lutti et al. (2010) or based on the

radient echo sequence with ultrafast turbo-FLASH readout (available

rom version VE11 onwards on Siemens scanners). At the Philips scan-

ers a vendor based actual flip angle imaging (AFI) technique was used

 Yarnykh, 2007 , 2010 ). Moreover, to obtain B1 − maps and correct for

he apparent sensitivity changes between MPM acquisitions induced

y potential head motions, we used low-resolution 3D spoiled gradi-

nt echo volumes once with RF head and neck coils and once with the

ody coils consequently prior to each MPM modality acquisition. The

atio between RF coil sensitivity maps results into a relative net RF re-

eived field sensitivity (B1 − ) ( Papp et al., 2016 ; Tabelow et al., 2019 ).

or more details in the B1 + and B1 − mapping acquisition parameters

lease refer to the previous published report based on the brain MPM

 Leutritz et al., 2020 ). 

http://www.nisci-2020.eu
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Fig. 1. Illustration of measures of spinal cord multi-parametric mapping (MPM) and cross-sectional spinal cord area of a subject example across all scans. A: the 

T1-weighted MRI of the whole brain and spinal cord with three cervical levels (C1 to C3) for illustration purpose. B: the MPM maps, cross-sectional area (CSA), 

left-right width (LRW) and anterior-posterior width (APW) at cervical levels C1-C3. 
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.4. Data quality control 

The acquisition parameters of each scan (as stored in the DICOM

eader) were manually checked against standard settings to detect in-

onsistencies in the data acquisition ( Leutritz et al., 2020 ). Intermediate

ata volumes, segmentations, and parameter maps were systematically

hecked visually, to detect misregistration or wrong scaling of the quan-

itative maps. 

.5. Creating MPM maps and cross-sectional cord area 

The MPM data were processed using the hMRI-toolbox

 www.hmri.info ,versions v0.1.1-beta and v0.1.2-beta) ( Tabelow et al.,

019 ) within the SPM12 framework (version 6906; FIL, London, UK)

n MATLAB (version R2017b; Mathworks, Natick, Massachusetts, USA

n GNU/Linux computers with x86_64 architecture) ( Fig. 1 A). The

ain processing steps included the data conversion, calculation of

uantitative maps and reproducibility analyses. For optimal segmenta-

ion and registration of volumes, we first applied auto-realignment as

mplemented in the hMRI-toolbox ( Tabelow et al., 2019 ). R1, PD, R2 ∗ 

nd MT maps were estimated from the multi-echo data in combination

ith the B1 + and B1 − measurements using the “Create hMRI maps

odule ” in the hMRI toolbox and applying the probabilistic atlas

f the brain and neck ( Blaiotta et al., 2018 ; Tabelow et al., 2019 ;

zzarito et al., 2020 ). Estimation of R1, PD and MT maps was based

n the rational approximation of the signal ( Helms et al., 2008 ) with

dditional corrections for B1 + inhomogeneities ( Tabelow et al., 2019 ).

he R2 ∗ maps were calculated based on all echoes acquired across

ll contrasts using the ESTATICS estimation scheme ( Weiskopf et al.,

014 ). To correct for R2 ∗ - and remaining B1 − -related bias of the PD

aps, the signal was extrapolated to TE = 0 ( Leutritz et al., 2020 ). 

To extract the quantitative maps of the cervical cord we used the

pinal cord toolbox (SCT) ( De Leener et al., 2017 ). The spinal cord from

evels C1 to C3 was automatically segmented based on the MT maps.

ext, MT maps were co-registered with the MNI-Poly-AMU template

 De Leener et al., 2018 ). Using the spinal cord segmentations and ver-

ebral labels mean values of MT, PD, R1, and R2 ∗ were extracted from

he parameter maps for each vertebral level (C1-C3) separately. 

Spinal cord cross-sectional area: To estimate the spinal cord cross-

ectional area, the T1-weighted images of the MPM were segmented us-
3 
ng the SCT ( De Leener et al., 2017 ). First, an averaged T1-weighted

RI was calculated across six echoes to increase the contrast between

he spinal cord and CSF signal. The spinal cord was then automatically

egmented on the averaged images using sct_deepseg_sc ( Gros et al.,

019 ) and co-registered with the MNI-Poly-AMU ( De Leener et al.,

018 ). Finally, the cross-sectional area (CSA), left-right width (LRW),

nd anterior-posterior width (APW) of the spinal cord were estimated

ased on the spinal cord segmentation for each vertebral level (C1-C3)

 Fig. 1 B). 

.6. Analysis of inter- and intra-site reproducibility 

To determine intra- and inter-site reproducibility of the MPM met-

ics and the macrostructural parameters (CSA, LRW, APW) of the spinal

ord, coefficients of variance (CoV) within and between sites were cal-

ulated across C1 to C3 levels —for each MPM map and each macrostruc-

ural parameter ( Fig. 1 ). To assess systematic bias, mean parameter val-

es were additionally compared between sites. The intra-site CoV was

etermined as the standard deviation ( 𝜎intra ) of the extracted parame-

er (average over all voxels within each ROI) estimated from scan and

escan data over the mean (μintra ) of both parameters at a single site for

ach vertebral level separately: 

𝑜𝑉 𝑖𝑛𝑡𝑟𝑎 ( 𝑅𝑂𝐼, 𝑠𝑖𝑡𝑒, 𝑠𝑢𝑏𝑗, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 ) = 𝜎𝑖𝑛𝑡𝑟𝑎 ∕ 𝜇𝑖𝑛𝑡𝑟𝑎 ∗ 100 (1)

The inter-site CoV was determined as the standard deviation ( 𝜎inter )

ver the mean (μinter ) across all scans for a specific subject, comprising

ias observed at individual sites: 

𝑜𝑉 𝑖𝑛𝑡𝑒𝑟 ( 𝑅𝑂𝐼, 𝑠𝑢𝑏𝑗, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 ) = 𝜎𝑖𝑛𝑡𝑒𝑟 ∕ 𝜇𝑖𝑛𝑡𝑒𝑟 ∗ 100 (2)

ROI is C1, C2 and C3 level of the cervical cord, site is the scanning

enter where the data were acquired, subj is the study participant iden-

ifier, and parameter is the quantitative parameters such as MT, R1, R2 ∗ ,

D, CSA, LRW, and APW. This represents the precision of the metric

ithin the same subject. 

.6.1. Inter-site and vendor-bias 

The site-specific bias ( Δ) was also defined as the normalized differ-

nce of the mean (μintra ) of both maps at a single site minus the mean

f all μintra across all sites (normalized by the μintra across all sites). For

http://www.hmri.info
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Fig. 2. Mean of MPM maps across all sites across levels C1-C3 of cervical cord. The mean per subject was calculated across the scan and rescan measurements as well 

as across sites. Box plot = interquartile range (q3 – q1); bold horizontal line = median, feathers = data range of values across subjects. Cross = outlier, which exceeds 

the range of (q1–1.5 × [q3 − q1]; q3 + 1.5 × [q3 − q1]), where q1 and q3 are the 25th and 75th percentiles of the sample data, respectively. MT: Magnetization 

transfer saturation, PD: proton density, R1 and R2 ∗ : longitudinal and effective transverse relaxation, respectively. 
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etter assessment of a systemic bias caused by different MRI systems,

he site-specific bias was averaged across ROIs (C1-C3): 

( 𝑅𝑂𝐼, 𝑠𝑖𝑡𝑒, 𝑠𝑢𝑏𝑗, 𝑀𝑃 𝑀 ) = 

( 

𝜇𝑖𝑛𝑡𝑟𝑎 

μinter 
− 1 

) 

∗ 100 (3)

To assess the differences due to slightly different acquisition MPM

rotocols across different vendors as well as hardware and software

vailable at each site, (e.g., different RF pulses or spoiling character-

stics), the data were sub-grouped as follows: (a) data from all sites

quipped with Siemens scanners, (b) data from all sites equipped with

hilips MRI scanner, (c) data from all sites, irrespective of manufac-

urer. For each of these subgroups, the intra-site CoV, inter-site CoV,

nd site-specific bias were determined according to the same methods

escribed above. Next, the root-mean-square (RMS) value (x RMS ) was

alculated for each of the measures (intra-site CoV, inter-site CoV and

he site-specific bias) to average the different subjects, sites, and ROIs,

espectively, using Eq. (4 ). Thereby, a single output measure was ob-

ained for each subgroup, which allows for better comparison between

roups. 

 RMS = 

√ ∑(
𝑥 2 ( ROI , subj , site ) 

)
∕ 𝑁 (4) 
o  

4 
. Results 

.1. Mean values of the MPM maps 

The mean values of the MT, PD, R1 and R2 ∗ maps of the cervical cord

cross vertebral levels (C1-C3) are shown in Fig. 2 . The mean value of

T across C1-C3 cervical cord was 3.28 ± 0.45 p.u. (percent unit), the

ean value of PD was 71.98 ± 4.94 p.u. (percent unit), the mean value

f R1 was 0.88 ± 0.09 s − 1 , and R2 ∗ mean was 19.98 ± 3.00 s − 1 . The

alue of the CSA based on the T1-w MRI was 62.04 ± 4.85 mm 

2 , the

PW and LRW were 7.28 ± 0.34 mm and 10.79 ± 0.84 mm, respectively

 Fig. 3 ). 

.2. Intra- and inter-site reproducibility 

The mean intra-site CoV across cervical levels C1 to C3 was 7.3%

or MT, 2.5 % for PD, 5.4% for R1 and 7.5% for R2 ∗ across the C1-C3

evels based on ROI analysis ( Fig. 4 A–D). The mean inter-site CoV across

ervical levels C1 to C3 was 10.5% for MT, 6.1% for PD, 7.7% for R1

nd 12% for R2 ∗ ( Fig. 5 ). The mean intra-site CoV of levels C1 to C3

f the cervical cord of CSA was 2.0% and 1.1% for LRW and 1.3% for



M. Seif, T. Leutritz, S. Schading et al. NeuroImage 264 (2022) 119751 

Fig. 3. Mean of macrostructural measures derived from T1-w images across all sites across C1-C3 segments of the cervical cord. The mean per subject was calculated 

across the scan and rescan measurements as well as across sites. Box plot = interquartile range (q3 – q1); bold horizontal line = median, feathers = data range of 

values across subjects. Cross = outlier, which exceeds the range of (q1–1.5 × [q3 − q1]; q3 + 1.5 × [q3 − q1]), where q1 and q3 are the 25th and 75th percentiles of 

the sample data, respectively. CSA: spinal cord cross-sectional area, LRW: spinal cord left-right width, APW: spinal cord anterior-posterior width. 

Fig. 4. Intra-site CoV of parameter maps for individual C1, C2 and C3 segments scanned across all sites. The intra-site CoV was calculated for every subject within 

each site. Box plot = interquartile range (q3 – q1); bold horizontal line = median, feathers = data range of values across subjects. Cross = outlier, which exceeds the 

range of (q1–1.5 × [q3 − q1]; q3 + 1.5 × [q3 − q1]), where q1 and q3 are the 25th and 75th percentiles of the sample data, respectively. 

5 
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Fig. 5. Inter-site CoV of parameter maps for the C1, C2 and C3 levels of the cervical cord acquired across all sites. The inter-site CoV was calculated for every subject 

between sites. Box plot = interquartile range (q3 – q1); bold horizontal line = median, feathers = data range of values across subjects. Cross = outlier, which exceeds 

the range of (q1–1.5 × [q3 − q1]; q3 + 1.5 × [q3 − q1]), where q1 and q3 are the 25th and 75th percentiles of the sample data, respectively. 
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PW. Inter-site CoV of C1 to C3 level was 4.0% for CSA, 2.5% for LRW

nd 2.3% for APW ( Fig. 6 ). 

.3. Relative bias measures 

First, we assessed the relative bias of each site separately, which is

 measure of the difference between the measurements of one site and

he mean of all six sites and thereby allows to evaluate the systemic

ias caused by different MRI acquisition protocols at different sites. The

MS of the relative bias was 9.4% for MT, 5.4% for PD, 7.2% for R1,

nd 12.0% for R2 ∗ ( Fig. 7 ). 

Next, we divided the six sites into two separate subgroups with re-

pect to the MRI vendor and compared these subgroups to the whole

ataset including all six scanning sites. The sub-groups were a) all sites

quipped with siemens scanner and b) all sites equipped with Philips

canner. Of note, the CoVs of most of the MPM maps at the cervical

ord were in a similar range comparing the data acquired across the

wo vendors (Siemens and Philips), except for R2 ∗ maps ( Fig. 8 ). 

. Discussion 

This study determined the intra (scan-rescan) repeatability and inter-

ite comparability of cervical cord MPM data across six different clinical
6 
ites equipped with MRI scanners from two different vendors (Siemens

nd Phillips) by a traveling heads study. The intra-site (scan-rescan) re-

eatability CoV was between 2.5% and 7.5% across five subjects and

nter-site comparability CoV was between 6.1% and 12% across six sites.

he intra- and inter site CoV of the cervical cord morphometric measures

anged between 1.1% and 4.0% for CSA, LRW and for APW. By including

iverse hardware and software, this study captures the situation across

ulticenter clinical trials and provides a realistic reference for the per-

ormance of MPM protocol in multicenter studies using widely available

roduct sequences and processing methods. 

.1. MPM values in the cervical cord 

The mean values of MT, PD, R1, and R2 ∗ in cervical levels (C1-C3)

cross participants were in line with previous reports at cervical cord

evels. For instance, the mean value of the R1 and R2 ∗ (mean ± SD:

.88 ± 0.09 s − 1 and 19.98 ± 3.00 s − 1 respectively) were in the range

f reported values in the spinal cord (R1; 87.7 ± 9.04 s − 1 & R2 ∗ ; 20.0

 3.0 s − 1 ( Azzarito et al., 2020 ). Likewise, mean PD in the spinal cord

as in the range of values reported previously in the cervical spinal cord

 Lévy et al., 2018 ). Of note, the mean MT in this study was 3.28 ± 0.45

.u., and hence was in line with those previously reported ( Lévy et al.,
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Fig. 6. Intra and inter-site CoV of the spinal cord macrostructural measures across C1, C2 and C3 level of cervical cord. Cross-sectional area (CSA), left-right width 

(LRW) and anterior-posterior width (APW) at cervical level C1-C3 level. Box plot = interquartile range (q3 – q1); bold horizontal line = median, feathers = data range 

of values across subjects. Cross = outlier, which exceeds the range of (q1–1.5 × [q3 − q1]; q3 + 1.5 × [q3 − q1]), where q1 and q3 are the 25th and 75th percentiles 

of the sample data, respectively. 
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018 ; Azzarito et al., 2020 ). However, there is no gold-standard proto-

ol and value for the MT saturation due to the fact that the MT pulse

s limited to the vendors’ default product sequence settings. Therefore,

he MT values were harmonized across vendor platforms in the post-

rocessing in this study ( Leutritz et al., 2020 ). In general, residual de-

iations may exist in multi-center studies due to methodological and

nstrumental differences as well as inter-individual biological variation.

or instance, the different approaches in correcting B1 + / − field and in-

omplete spoiling biases ( Preibisch and Deichmann, 2009 ) may result

nto slightly different outcomes. Moreover, gradient non-linearity may

ontribute to some of the differences. Of note, in this study, the differ-

nt field strengths between the two vendors (Siemens = 2.89T, Philips =
.00T) were connived which may lead to a small bias of approximately

.4% in T1 relaxation ( Rooney et al., 2007 ). 

.2. Intra- and inter-site reproducibility and relative bias of MPM maps 

For the cervical cord, we chose a ROI-based analysis and calculated

he reproducibility of averaged measures per vertebral level in the spinal

ord which is a common approach in the spinal cord MRI processing

 Samson et al., 2013 ; Martin et al., 2016 ; Lévy et al., 2018 ; Lukas et al.,

021 ). Using this approach, the MPM maps in the cervical cord showed

 high intra-site reproducibility in the range of 2.6% and 7.5% across

ervical levels C1-C3. Similarly, the inter-site CoV was in a range of

.5% and 12% for all the MPM maps. Although, our cervical cord data

howed higher intra-site repeatability for some maps (R2 ∗ ) compared to

he brain data of the same subject presented previously ( Leutritz et al.,

020 ), a direct comparison between CoVs of spinal cord and the brain

ata is not recommended as Leutritz et al. calculated the reproducibility

f brain MPM by applying a voxel-wise approach. 
7 
The observed CoV of the spinal cord MPM parameters in this study

as 3 times lower (in the range of 2.5% and 12%, Figs. 3 and 4 ) than the

rauma-related effect sizes shown in longitudinal studies of spinal cord

njury which is in the range of 30% changes using ROI based approach

 Freund et al., 2013 ). Hence, the presented MPM protocol is expected

o reliably detect and characterize the trauma-related effects in longitu-

inal multicenter studies ( Leutritz et al., 2020 ). The root-mean-square

RMS) value (x RMS ) of the inter-site biases were between 5.4% and 12%

or different sites for MT, PD and R1 which is comparable in the brain.

owever, the R2 ∗ variability was still higher than the other MPM pa-

ameters both in the spinal cord and the brain ( Leutritz et al., 2020 ),

artly due to higher intra-site CoV of R2 ∗ maps and systematic differ-

nces between the two MRI manufactures included in this study. The

ource of higher variability of R2 ∗ could also arise from magnetic field

nhomogeneities which may be corrected by the approach suggest by

 Baudrexel et al., 2009 ). 

.3. Morphometric measures of the cervical cord 

The mean cervical cord cross-sectional area (62.04 ± 4.85 mm 

2 )

nd the APW and LRW (7.28 ± 0.34 mm, 10.79 ± 0.84 mm, respec-

ively) was calculated based on the T1-weighted scan derived from the

PM protocol and agreed with previous reported values ( Lundell et al.,

011 ; Cohen-Adad et al., 2021b ; Lukas et al., 2021 ). It is known that

pinal cord cross-sectional area estimates can systematically differ be-

ween the various segmentation software methods ( Prados et al., 2017 ;

eeda et al., 2019 ; Lukas et al., 2021 ). Hence, the values calculated in

his study compared to studies using the JIM software ( Horsfield et al.,

010 ) which has implemented a semi-automated algorithm to cal-

ulate the CSA is generally bigger (approximately mean 76·7 ± 4·6
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Fig. 7. Distribution of the relative bias of (a) MT, (b) PD, (c) R1 ∗ , and (d) R2 ∗ across C1-C3 levels and participants for each site. Box plot = interquartile range 

(q3 – q1); bold horizontal line = median, feathers = data range of values across participants. Cross = outlier, which exceeds the range of (q1–1.5 × [q3 − q1]; 

q3 + 1.5 × [q3 − q1]), where q1 and q3 are the 25th and 75th percentiles of the sample data, respectively. 

Fig. 8. (a) Intra- and (b) inter-site CoV, and (c) inter-site bias in a subgroup of sites, which is aggregated across all participants/sites in the corresponding subgroup 

across C1, C2 and C3 cervical cord levels. 
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2 ) ( Freund et al., 2013 ; Grabher et al., 2017 ; Seif et al., 2019 ;

allotton et al., 2021 ). Moreover, differently weighted MR images also

mpact the calculation of the cord area due to different contrasts be-

ween the spinal cord and CSF. This speaks for the need of future stud-

es that investigate the effects of different MR contrast on the size of the

alculated spinal cord cross-sectional area. 

.4. Considerations and limitations 

The small sample size of five participants may not represent the gen-

ral population and its variability. Thus, care should be taken when ex-

rapolating these results to different patient or healthy control groups.

owever, we believe that most of the study characteristics are funda-

ental and will be only modulated by the population studied. Further-

ore, the results of this study which is based on ROI analysis must be

nterpreted carefully when comparing with reproducibility studies that

pplied a different approach such as voxel-based measures, as the repro-

ucibility measures may differ considerably between these approaches

iven ROI based analysis results into smaller CoVs. Moreover, differ-

nt MRI scanners are equipped with different MT pulses which re-

ulted in about 20% difference in MT saturation values in this study

 Leutritz et al., 2020 ). Therefore, the MT maps were harmonized dur-

ng the post-processing by a linear rescaling of the MT values for both

rain and spinal cord ( Leutritz et al., 2020 ). This may impact the inter-

ite bias due to different pulse designs. The MT harmonization would

nly marginally influence the maps. However, rescaling MT values may

esult in different values compared with previous studies, for example,

ue to differences between custom-made sequences with optimized MT

ulse or different standardized MT sequences. 

. Conclusion 

This study corroborates a high intra- and inter-site reproducibility of

he MPM data of the cervical cord obtained from the MPM protocol that

overs the whole brain and cervical cord at 3T MRI using Philips and

iemens vendor sequences. The measurements were comparable across

ites and scans, as reflected by a low inter-site bias and highly repro-

ucible. Our MPM protocol can be readily applied in qMRI single- and

ulti-site studies as we only used optimized vendor product sequences

or the data acquisition and the open source SCT-toolbox ( De Leener

t al., 2017 ) and hMRI toolbox ( Tabelow et al., 2019 ) for the data pro-

essing. The results enable and crucially improve the comparability of

ulticenter studies towards standardized neuroimaging biomarkers ap-

lied in clinical trials. 

ata and code availability statement 

The anonymized data that support the findings of this study are avail-

ble from the corresponding author upon request. 

tudy funding 

This project has received funding from the European Union’s Hori-

on 2020 research and innovation programme under the grant agree-

ent No 681094 and is supported by the Swiss State Secretariat for

ducation, Research and Innovation (SERI) under contract number

5.0137. NW received funding from the European Research Council un-

er the European Union’s Seventh Framework Programme (FP7/2007-

013)/ERC grant agreement no. 616905, from the Federal Ministry of

ducation and Research (BMBF) under support code 01EW1711B and

rom the European Union’s Horizon 2020 research and innovation pro-

ramme/from the European Research Council under the Grant Agree-

ent No 681094." PF received funding from ERA-NET NEURON (hM-

IofSCI no: 32NE30_173678), grants from Wings for life charity (IN-

PIRED) (No WFL-CH-007/14), grants from International Foundation

or Research (IRP-158) and Eccellenza fellowship/181362 by SNSF.
9 
oreover, MS receive funds from Wings for life charity (No WFL-CH-

9/20) and grants from International Foundation for Research (IRP-

022-01-158). 

eclaration of Competing Interest 

The Max Planck Institute for Human Cognitive and Brain Science has

nstitutional research agreements with Siemens Healthcare. NW was a

peaker at an event organized by Siemens Healthcare and was reim-

ursed for the associated travel expenses. 

redit authorship contribution statement 

Maryam Seif: Conceptualization, Visualization, Data curation, For-

al analysis, Writing – review & editing. Tobias Leutritz: Visualiza-

ion, Data curation, Formal analysis, Writing – review & editing. Simon

chading: Formal analysis, Writing – review & editing. Tim Emmeng-

er: Formal analysis, Writing – review & editing. Armin Curt: Con-

eptualization, Visualization, Writing – review & editing. Nikolaus

eiskopf: Conceptualization, Visualization, Writing – review & edit-

ng. Patrick Freund: Conceptualization, Visualization, Data curation,

riting – review & editing. 

ata availability 

Data will be made available on request. 

cknowledgement 

We thank all collaborating radiologists and radiographers at the clin-

cal and research sites for their help and contribution to the current

tudy, namely Massimo Feliciani & Elena Ferre (Clinica Creu Blanca,

arcelona, Spain), Stephanie Prati (Radiology Department, University

ospital Basel, Basel, Switzerland), Christoph Rehnitz (Spinal Cord In-

ury Center, University Hospital, Heidelberg, Germany), Ernst Chris-

ianse, Mihael Abramovic, and Patrik Wyss (Radiology, Swiss Paraplegic

enter, Nottwill, Switzerland), and Karl Treiber (Laboratory for So-

ial and Neural Systems Research, Zurich Center for Neu- roeconomics,

niversity of Zurich, Zurich, Switzerland). In addition, we thank Gia-

omo Luccichenti (Santa Lucia Fondazion, IRCCS, Rehabilitation Hos-

ital, Rome, Italy), Paul Summers (IRCCS Istituto delle Scienze Neuro-

ogiche di Bologna [ISNB], Bologna, Italy), and Ronja Berg (School of

edicine, Department of Neuroradiology, Technical University of Mu-

ich, Munich, Germany) for assisting with the design of the Philips MRI

rotocols. We thank Philips for providing Clinical Science Keys for im-

lementation of the B1 + mapping as well as information about scaling of

he data intensities, namely Hendrik Kooijman-Kurfuerst (Philips GmbH,

amburg, Germany). 

upplementary materials 

Supplementary material associated with this article can be found, in

he online version, at doi: 10.1016/j.neuroimage.2022.119751 . 

eferences 

zzarito, M., Kyathanahally, S.P., Balbastre, Y., Seif, M., Blaiotta, C., Callaghan, M.F.,

et al., 2020. Simultaneous voxel-wise analysis of brain and spinal cord morphome-

try and microstructure within the SPM framework. Hum. Brain Mapp. 42, 220–232.

doi: 10.1016/j.nicl.2020.102221 , Epub 2020 Feb 25 . 

zzarito, M., Seif, M., Kyathanahally, S., Curt, A., Freund, P., 2020. Tracking the neu-

rodegenerative gradient after spinal cord injury. NeuroImage Clin. 26 (102221).

doi: 10.1016/j.nicl.2020.102221 . 

audrexel, S., Volz, S., Preibisch, C., Klein, J.C., Steinmetz, H., Hilker, R., et al.,

2009. Rapid single-scan T2 ∗ -mapping using exponential excitation pulses and image-

based correction for linear background gradients. Magn. Reson. Med. 62, 263–268.

doi: 10.1002/mrm.21971 . 

laiotta, C., Freund, P., Cardoso, M.J., Ashburner, J., 2018. Generative diffeomorphic

modelling of large MRI data sets for probabilistic template construction. Neuroimage

166, 117–134. doi: 10.1016/j.neuroimage.2017.10.060 . 

https://doi.org/10.1016/j.neuroimage.2022.119751
https://doi.org/10.1016/j.nicl.2020.102221
https://doi.org/10.1016/j.nicl.2020.102221
https://doi.org/10.1002/mrm.21971
https://doi.org/10.1016/j.neuroimage.2017.10.060


M. Seif, T. Leutritz, S. Schading et al. NeuroImage 264 (2022) 119751 

C  

 

C  

 

C  

 

 

E  

E  

F  

 

F  

 

 

G  

 

G  

 

 

H  

 

H  

 

 

H  

 

 

D  

 

 

D  

 

L  

 

 

L  

 

 

L  

 

 

L  

 

 

L  

 

M  

 

 

P  

 

P  

 

P  

 

R  

 

S  

 

 

S  

 

T  

 

V  

 

 

V  

 

W  

 

 

 

W  

 

 

W  

 

W  

 

Y  

 

Y  

 

ohen-Adad, J., Alonso-Ortiz, E., Abramovic, M., Arneitz, C., Atcheson, N., Barlow, L.,

et al., 2021. Generic acquisition protocol for quantitative MRI of the spinal cord. Nat.

Protoc. 16 (10), 4611–4632 . 

ohen-Adad, J., Alonso-Ortiz, E., Abramovic, M., Arneitz, C., Atcheson, N., Barlow, L.,

et al., 2021b. Open-access quantitative MRI data of the spinal cord and reproducibility

across participants, sites and manufacturers. Sci. Data 8, 1–17 2021 81 . 

ohen-Adad, J., Alonso-Ortiz, E., Alley, S., Lagana, M.M., Baglio, F., Vannesjo, S.J., et al.,

2022. Comparison of multicenter MRI protocols for visualizing the spinal cord gray

matter. Magn. Reson. Med. 88(2), 849–859. doi: 10.1002/mrm.29249 , Epub 2022

Apr 5 . 

dwards, L.J., Kirilina, E., Mohammadi, S., Weiskopf, N., 2018. Microstructural imaging

of human neocortex in vivo . Neuroimage (182) 184–206 . 

dwards, L.J., Kirilina, E., Mohammadi, S., Weiskopf, N., 2018b. Microstructural imaging

of human neocortex in vivo . Neuroimage 182, 184–206 . 

reund, P., Schmidlin, E., Wannier, T., Bloch, J., Mir, A., Schwab, M.E.E., et al., 2006.

Nogo-A-specific antibody treatment enhances sprouting and functional recovery after

cervical lesion in adult primates. Nat. Med. 12, 790–792. doi: 10.1038/nm1436 . 

reund, P., Weiskopf, N., Ashburner, J., Wolf, K., Sutter, R., Altmann, D.R., et al., 2013.

MRI investigation of the sensorimotor cortex and the corticospinal tract after acute

spinal cord injury: a prospective longitudinal study. Lancet Neurol. 12, 873–881.

doi: 10.1016/S1474-4422(13)70146-7 . 

rabher, P., Mohammadi, S., David, G., Freund, P., 2017. Neurodegeneration in the spinal

ventral horn prior to motor impairment in cervical spondylotic myelopathy. J. Neu-

rotrauma 34, 2329–2334. doi: 10.1089/neu.2017.4980 . 

ros, C., De Leener, B., Badji, A., Maranzano, J., Eden, D., Dupont, S.M., et al.,

2019. Automatic segmentation of the spinal cord and intramedullary multiple

sclerosis lesions with convolutional neural networks. Neuroimage 184, 901–915.

doi: 10.1016/j.neuroimage.2018.09.081 . 

elms, G., Dathe, H., Dechent, P., 2008. Quantitative FLASH MRI at 3T using a

rational approximation of the Ernst equation. Magn. Reson. Med. 59, 667–672.

doi: 10.1002/mrm.21542 . 

elms, G., Dathe, H., Kallenberg, K., Dechent, P., 2008. High-resolution maps of

magnetization transfer with inherent correction for RF inhomogeneity and T1

relaxation obtained from 3D FLASH MRI. Magn. Reson. Med. 60, 1396–1407.

doi: 10.1002/mrm.21732 . 

orsfield, M.A., Sala, S., Neema, M., Absinta, M., Bakshi, A., Sormani, M.P., et al.,

2010. Rapid semi-automatic segmentation of the spinal cord from magnetic

resonance images: application in multiple sclerosis. Neuroimage 50, 446–455.

doi: 10.1016/j.neuroimage.2009.12.121 . 

e Leener, B., Fonov, V.S., Collins, D.L., Callot, V., Stikov, N., Cohen-

Adad, J., 2018. PAM50: unbiased multimodal template of the brainstem and

spinal cord aligned with the ICBM152 space. Neuroimage 165, 170–179.

doi: 10.1016/j.neuroimage.2017.10.041 . 

e Leener, B., Lévy, S., Dupont, S.M., Fonov, V.S., Stikov, N., Louis Collins, D., et al., 2017.

SCT: Spinal Cord Toolbox, an open-source software for\nprocessing spinal cord MRI

data. Neuroimage 145, 24–43. doi: 10.1016/j.neuroimage.2016.10.009 . 

eutritz, T., Seif, M., Helms, G., Samson, R.S., Curt, A., Freund, P., et al., 2020. Multipa-

rameter mapping of relaxation (R1, R2 ∗ ), proton density and magnetization transfer

saturation at 3 T: a multicenter dual-vendor reproducibility and repeatability study.

Hum. Brain Mapp. 41 (15), 4232–4247. doi: 10.1002/hbm.25122 . 

évy, S., Guertin, M.C., Khatibi, A., Mezer, A., Martinu, K., Chen, J.I., et al., 2018. Test-

retest reliability of myelin imaging in the human spinal cord: measurement errors ver-

sus region- and aging-induced variations. PLoS One 13, e0189944. doi: 10.1371/jour-

nal.pone.0189944 . 

ukas, C., Bellenberg, B., Prados, F., Valsasina, P., Parmar, K., Brouwer, I., et al., 2021.

Quantification of cervical cord cross-sectional area: which acquisition, vertebra level,

and analysis software? A multicenter repeatability study on a traveling healthy vol-

unteer. Front. Neurol. 12, 1153. doi: 10.3389/fneur.2021.693333 . 

undell, H., Barthelemy, D., Skimminge, A., Dyrby, T.B., Biering-Sørensen, F.,

Nielsen, J.B., 2011. Independent spinal cord atrophy measures correlate to motor and
10 
sensory deficits in individuals with spinal cord injury. Spinal Cord Off. J. Int. Med.

Soc. Paraplegia 49, 70–75. doi: 10.1038/sc.2010.87 . 

utti, A., Hutton, C., Finsterbusch, J., Helms, G., Weiskopf, N., 2010. Optimization and

validation of methods for mapping of the radiofrequency transmit field at 3T. Magn.

Reson. Med. 64, 229–238. doi: 10.1002/mrm.22421 . 

artin, A.R., Aleksanderek, I., Cohen-Adad, J., Tarmohamed, Z., Tetreault, L., Smith, N.,

et al., 2016. Translating state-of-the-art spinal cord MRI techniques to clinical use: A

systematic review of clinical studies utilizing DTI, MT, MWF, MRS, and fMRI. Neu-

roImage Clin. 10, 192–238. doi: 10.1016/j.nicl.2015.11.019 . 

app, D., Callaghan, M.F., Meyer, H., Buckley, C., Weiskopf, N., 2016. Correction of inter-

scan motion artifacts in quantitative R1 mapping by accounting for receive coil sen-

sitivity effects. Magn. Reson. Med. 76, 1478–1485. doi: 10.1002/mrm.26058 . 

rados, F., Ashburner, J., Blaiotta, C., Brosch, T., Carballido-Gamio, J., Cardoso, M., et al.,

2017. Spinal cord grey matter segmentation challenge. Neuroimage 152, 312–329.

doi: 10.1016/j.neuroimage.2017.03.010 . 

reibisch, C., Deichmann, R., 2009. Influence of RF spoiling on the stability and accuracy

of T1 mapping based on spoiled FLASH with varying flip angles. Magn. Reson. Med.

61, 125–135. doi: 10.1002/mrm.21776 . 

ooney, W.D., Johnson, G., Li, X., Cohen, E.R., Kim, S.G.G., Ugurbil, K., et al., 2007.

Magnetic field and tissue dependencies of human brain longitudinal 1H2O relaxation

in vivo . Magn. Reson. Med. 57, 308–318. doi: 10.1002/mrm.21122 . 

amson, R.S., Ciccarelli, O., Kachramanoglou, C., Brightman, L., Lutti, A., Thomas, D.L.,

et al., 2013. Tissue- and column-specific measurements from multi-parameter map-

ping of the human cervical spinal cord at 3 T. NMR Biomed. 26, 1823–1830.

doi: 10.1002/nbm.3022 . 

eif, M., David, G., Huber, E., Vallotton, K., Curt, A., Freund, P., 2019. Cervical cord

neurodegeneration in traumatic and non-traumatic spinal cord injury. J. Neurotrauma

doi: 10.1089/neu.2019.6694 , neu.2019.6694 . 

abelow, K., Balteau, E., Ashburner, J., Callaghan, M.F., Draganski, B., Helms, G., et al.,

2019. hMRI – a toolbox for quantitative MRI in neuroscience and clinical research.

Neuroimage 194, 191–210. doi: 10.1016/j.neuroimage.2019.01.029 . 

allotton, K., David, G., Hupp, M., Pfender, N., Cohen-Adad, J., Fehlings, M.G.,

et al., 2021. Tracking white and gray matter degeneration along the spinal cord

axis in degenerative cervical myelopathy. J. Neurotrauma 31 (21), 2978–2987.

doi: 10.1089/neu.2021.0148 . 

oelker, M.N., Kraff, O., Goerke, S., Laun, F.B., Hanspach, J., Pine, K.J., et al., 2021. The

traveling heads 2.0: Multicenter reproducibility of quantitative imaging methods at 7

Tesla. Neuroimage 232, 117910. doi: 10.1016/j.neuroimage.2021.117910 . 

eeda, M.M., Middelkoop, S.M., Steenwijk, M.D., Daams, M., Amiri, H., Brouwer, I.,

et al., 2019. Validation of mean upper cervical cord area (MUCCA) measure-

ment techniques in multiple sclerosis (MS): High reproducibility and robustness

to lesions, but large software and scanner effects. NeuroImage Clin. 24, 101962.

doi: 10.1016/j.nicl.2019.101962 . 

eiskopf, N., Callaghan, M.F., Josephs, O., Lutti, A., Mohammadi, S., 2014. Es-

timating the apparent transverse relaxation time (R2 ∗ ) from images with dif-

ferent contrasts (ESTATICS) reduces motion artifacts. Front. Neurosci. 8, 1–10.

doi: 10.3389/fnins.2014.00278 . 

eiskopf, N., Edwards, L.J., Helms, G., Mohammadi, S., Kirilina, E., 2021. Quantitative

magnetic resonance imaging of brain anatomy and in vivo histology. Nat. Rev. Phys.

3, 570–588. doi: 10.1038/s42254-021-00326-1 . 

eiskopf, N., Suckling, J., Williams, G., Correia, M.M., Inkster, B., Tait, R., et al., 2013.

Quantitative multi-parameter mapping of R1, PD ∗ , MT, and R2 ∗ at 3T: a multi-center

validation. Front. Neurosci. 7, 95. doi: 10.3389/fnins.2013.00095 . 

arnykh, V.L., 2007. Actual flip-angle imaging in the pulsed steady state: a method for

rapid three-dimensional mapping of the transmitted radiofrequency field. Magn. Re-

son. Med. 57, 192–200 PMID: 17191242 . 

arnykh, V.L., 2010. Optimal radiofrequency and gradient spoiling for improved accuracy

of T1 and B1 measurements using fast steady-state techniques. Magn. Reson. Med. 63,

1610–1626. doi: 10.1002/mrm.22394 . 

http://refhub.elsevier.com/S1053-8119(22)00872-2/sbref0005
http://refhub.elsevier.com/S1053-8119(22)00872-2/sbref0006
https://doi.org/10.1002/mrm.29249
http://refhub.elsevier.com/S1053-8119(22)00872-2/sbref0009
http://refhub.elsevier.com/S1053-8119(22)00872-2/sbref0010
https://doi.org/10.1038/nm1436
https://doi.org/10.1016/S1474-4422(13)70146-7
https://doi.org/10.1089/neu.2017.4980
https://doi.org/10.1016/j.neuroimage.2018.09.081
https://doi.org/10.1002/mrm.21542
https://doi.org/10.1002/mrm.21732
https://doi.org/10.1016/j.neuroimage.2009.12.121
https://doi.org/10.1016/j.neuroimage.2017.10.041
https://doi.org/10.1016/j.neuroimage.2016.10.009
https://doi.org/10.1002/hbm.25122
https://doi.org/10.1371/journal.pone.0189944
https://doi.org/10.3389/fneur.2021.693333
https://doi.org/10.1038/sc.2010.87
https://doi.org/10.1002/mrm.22421
https://doi.org/10.1016/j.nicl.2015.11.019
https://doi.org/10.1002/mrm.26058
https://doi.org/10.1016/j.neuroimage.2017.03.010
https://doi.org/10.1002/mrm.21776
https://doi.org/10.1002/mrm.21122
https://doi.org/10.1002/nbm.3022
https://doi.org/10.1089/neu.2019.6694
https://doi.org/10.1016/j.neuroimage.2019.01.029
https://doi.org/10.1089/neu.2021.0148
https://doi.org/10.1016/j.neuroimage.2021.117910
https://doi.org/10.1016/j.nicl.2019.101962
https://doi.org/10.3389/fnins.2014.00278
https://doi.org/10.1038/s42254-021-00326-1
https://doi.org/10.3389/fnins.2013.00095
http://refhub.elsevier.com/S1053-8119(22)00872-2/sbref0040
https://doi.org/10.1002/mrm.22394

	Reliability of multi-parameter mapping (MPM) in the cervical cord: A multi-center multi-vendor quantitative MRI study
	1 Introduction
	2 Material and methods
	2.1 Ethics statement
	2.2 Participants and MRI sites
	2.3 MRI acquisition
	2.4 Data quality control
	2.5 Creating MPM maps and cross-sectional cord area
	2.6 Analysis of inter- and intra-site reproducibility
	2.6.1 Inter-site and vendor-bias


	3 Results
	3.1 Mean values of the MPM maps
	3.2 Intra- and inter-site reproducibility
	3.3 Relative bias measures

	4 Discussion
	4.1 MPM values in the cervical cord
	4.2 Intra- and inter-site reproducibility and relative bias of MPM maps
	4.3 Morphometric measures of the cervical cord
	4.4 Considerations and limitations

	5 Conclusion
	Data and code availability statement
	Study funding
	Declaration of Competing Interest
	Credit authorship contribution statement
	Acknowledgement
	Supplementary materials
	References


