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Summary14

We present the initial data release of the Courtois project on neural modeling (CNeuroMod),15

with a specific focus on the quantitative MRI (qMRI) component. The primary objective of16

this study was to evaluate the longitudinal stability of qMRI measurements in both the brain17

and cervical spinal cord.18

To achieve this, we conducted regular scanning sessions over a three-year period involving19

six participants Figure 1. Each participant underwent up to ten sessions, providing us with a20

robust dataset. Our brain qMRI imaging protocols consisted of T1, magnetization transfer21

(MTR, MTsat), and diffusion techniques. In addition to these, the spinal cord imaging protocol22

included T1w, T2w, and T2*w cross-sectional area (CSA) measurements.23

The results of our study demonstrate the stability of the qMRI protocols used for both the24

brain and spinal cord. These findings offer valuable insights for the design of future longitudinal25

clinical studies in this domain. Furthermore, we have developed reproducible and reusable26

analysis pipelines for structural qMRI of the brain and spinal cord. These pipelines incorporate27

cutting-edge tools such as FSL, ANTs, qMRLab, and SCT, ensuring robust and accurate28

analysis.29

To enhance the accessibility and dissemination of our work, we have presented our findings as30

an interactive article using Jupyter Book and Plotly. This format allows for seamless exploration31

and sharing of the curated findings within an integrated research object. We believe that32

this approach will facilitate collaboration and encourage further research in the field of qMRI33

analysis.34

Overall, the initial data release of the Courtois project on neural modeling (CNeuroMod),35

specifically focusing on the quantitative MRI (qMRI) component, provides a significant36

contribution to the understanding of the longitudinal stability of qMRI measurements in the37

brain and spinal cord. The study offers valuable insights for future longitudinal clinical studies38
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and establishes reproducible analysis pipelines for structural qMRI. The interactive article39

format ensures easy accessibility and encourages collaboration among researchers.40

Figures41

Figure 1: Overview of the structural dataset for the Courtois project on neural modelling (CNeuroMod).
6 participants were scanned up to ten times over three years; note that this is an initial data release
for 2022, and more scans are regularly being acquired. The structural protocol consists of T1w, T2w
and T2*w scans to quantify brain and SC (including grey matter, GM) morphometry, and MP2RAGE,
magnetization transfer (MTR and MTsat), and diffusion-weighted sequences to compute metrics sensitive
to demyelination in the white matter (WM).
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Abstract77

Quantitative MRI (qMRI) promises better specificity, accuracy, and stability relative to its78

clinically-used qualitative MRI counterpart. Longitudinal stability is particularly important in79

qMRI. The goal is to reliably quantify tissue properties that may be assessed in longitudinal80

clinical studies throughout disease progression or during treatment. In this work, we present81

the initial data release of the quantitative MRI portion of the Courtois project on neural82

modelling (CNeuroMod), where the brain and cervical spinal cord of six participants were83

scanned at regular intervals over the course of several years. This first release includes three84

years of data collection and up to ten sessions per participant using quantitative MRI imaging85

protocols (T1, magnetization transfer (MTR, MTsat), and diffusion). Coefficient of variations86

(COV) over this timeframe ranged between 0.6% to 2.3% (intrasubject) and 0.4% to 3.5%87

(intersubject) for T1/MTR/MTsat in whole-brain white matter (WM), and between 0.6% to88

1.3% (intrasubject) and 3.0% to 10.3% (intersubject) for diffusion FA/MD/RD in the three89

corpus callosum regions. In the spine, COVs ranged between 2.3% and 4.5% (intrasubject)90

and 5.1% to 9.7% (intersubject) for measured spine WM cross-sectional area (CSA) across91

the C2 and C3 vertebral levels, and between 3.9% to 9.5% (intrasubject) and 4.0% to 8.4%92

(intersubject) in WM across the C2 and C5 vertebral levels for all qMRI metrics (T1, MTR,93

MTsat, FA, MD, RD). Results from this work show the level of stability that can be expected94

from qMRI protocols in the brain and spinal cord, and could help in the design of future95

longitudinal clinical studies.96

1 | INTRODUCTION97

Quantitative MRI and the reproducibility crisis98

Conventional MRI images used clinically stem from using the MRI machine as a non-invasive99

medical device and not as a scientific instrument (Cercignani et al., 2018; Tofts, 1998).100

Medical images produced from clinical MRI protocols must be interpreted by expert readers101

to extract useful diagnostic information, as the images alone lack biological specificity and102

reproducibility, due to underlying changes in biology and the electromagnetic fields the imaging103

hardware generates. Quantitative MRI (qMRI) techniques (Nicole Seiberlich et al., 2020)104

aim to produce measurements of biological or physical properties through a series of carefully105

planned conventional MRI images. Quantitative maps are calculated or fit from these measured106

datasets, which have voxelwise values that typically have physical units associated with them,107

for example, spin-lattice relaxation time (T1 [s]), spin-spin relaxation time (T2 [s]), myelin108

water fraction (MWF [%]), magnetization transfer ratio (MTR [%]), cerebral blood flow (CBF109

[ml/g/min]) and diffusion (restricted diffusion coefficients [mm2/s], eg. mean diffusivity (MD)110

and radial diffusivity (RD)). Some qMRI techniques are highly specific to certain biological111
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changes (eg, myelin loss (Mancini et al., 2020; Schmierer et al., 2007), cerebrovascular diseases112

and oxygen consumption disorders (Davis et al., 1998; Y. Ma et al., 2016; Mazerolle et al.,113

2018; Wang et al., 2017), iron deficiency (Lidén et al., 2021; Ropele et al., 2011), etc.).114

Because these measures either implicitly or explicitly account for effects that typically are115

unaccounted for in clinical MRI images, in principle they should have improved stability – this is116

one of the hallmark-promising features of qMRI. However, in practice, the field has fallen short117

of living up to this high bar. Even fundamental quantitative MRI techniques have been shown118

to vary widely amongst methods and sites; for example, despite the fact that T1 mapping is119

the first quantitative MRI technique to have been developed 45 years ago (Pykett & Mansfield,120

1978), modern T1 mapping techniques have not consistently shown good accuracy in measuring121

T1 values in the brain across different sites or techniques (Stikov et al., 2015). A lot of work122

has been done recently to help quantify the accuracy and improve within-vendor stability123

of quantitative MR measurements, such as the development of quantitative MRI calibration124

phantoms (Golay & Oliver-Taylor, 2022; Keenan et al., 2018; Stupic et al., 2021) and increasing125

integration of quantitative MRI pulse sequences as stock sequences on commercial scanners126

(D. Ma et al., 2013; Marques et al., 2010; N. Seiberlich et al., 2012) or as vendor-neutral127

implementations (Herz et al., 2021; Karakuzu, Biswas, et al., 2022).128

Stability in qMRI: why is it needed?129

The stability of a qMRI measurement is an important characteristic to consider when designing130

longitudinal studies, particularly when clinical features are expected to evolve over time (eg,131

worsening disease, or improvement through therapeutic intervention (Oh et al., 2021)). It132

is also important to know the anticipated variability of these metrics to find the minimum133

detectable effect size in a power analysis while designing your study. Same-day test-retest134

studies have shown that fundamental qMRI metrics (eg, T1, T2) exhibit low intra-scanner135

variability in vivo (on the order of 1-2%) (Gracien et al., 2020; Lee et al., 2019). However,136

test-retest studies are limited in their usefulness as a stability measure because they only consist137

of two measurements (leading to improper standard deviation calculations) and are done138

during the same day (same scanner operator, same scanner conditions), which are not realistic139

conditions experienced during longitudinal studies. Longitudinal stability is thus important to140

quantify, but can be challenging due to the potential confounds from actual changes of the141

subject’s tissue properties over time, even from healthy volunteers. Quantitative MRI metrics142

in the brain have been shown to correlate with ageing through adulthood (Erramuzpe et al.,143

2021; Seiler et al., 2020), although changes appear to happen slowly (over decades) and thus144

short-term longitudinal studies (eg, 3-5 years) should in principle quantify longitudinal stability145

reliably.146

Stability in (q)MRI: what’s been done147

Many studies have investigated the stability of morphometrics and quantitative MRI measures.148

A recent landmark study investigated the longitudinal stability of clinical and functional MRI149

metrics of a single subject’s brain measured on multiple vendors at multiple sites over the course150

of 15 years (73 sessions across 36 scanners) (Duchesne et al., 2019), finding poor reproducibility151

across MRI manufacturers for key clinical metrics (ie., white/grey matter contrast-to-noise152

ratio (CNR), FLAIR white matter hyperintensities volume). For qMRI metrics, there are a few153

longitudinal studies that have probed different aspects of their longitudinal stability. A 7-year154

scan-rescan brain ageing study explored the evolution of quantitative T1 values in different155

tissues using the variable flip angle (VFA) technique (which depends on an additional B1 map)156

(Gracien et al., 2017) and found T1 values were sensitive to ageing for this timespan. The157

stability of quantitative brain metrics when encountering MRI software and hardware upgrades158

was recently explored in a four time-point, seven-year repeatability and reproducibility study159

(Salluzzi et al., 2022), which reported the upgrades did not affect the effect size and stability160

of the tested MRI biomarkers. Stability has also been explored in non-brain anatomy. For161

spinal cord, inter-vendor variability was recently probed by a multi-center (19 sites) study162
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using a generic quantitative MRI spinal cord imaging protocol (Cohen-Adad et al., 2021a) on163

a single participant over the span of one year (Cohen-Adad, 2020). A test-retest quantitative164

MRI spine study has also been performed in two cohorts (young adult and elderly) over a ten165

month period (Simon Lévy et al., 2018), with minimal detectable changes reported for T1,166

MTR, MTsat, and macromolecular tissue volume (MTV) quantitative MRI measures.167

Study Objective and the CNeuroMod Project168

The objective of this study was to measure and report the stability of quantitative microstructure169

MRI measurements across multiple time points in the brain and cervical spinal cord. To do170

this, two sets of qMRI protocols (brain and spinal cord) were integrated within the Courtois171

project on neural modelling (CNeuroMod)1 for collecting longitudinal data on healthy subjects172

to train and improve artificial intelligence models on brain behaviour and activity. The qMRI173

measurements of the brain and spinal cord fell within the “anatomical” imaging branch of174

the CNeuroMod project, and additional branches of data acquired include deep scanning with175

functional MRI, biosignals (eg, cardiac, respiration, eye tracking), and magnetoencephalography176

(MEG). In addition, we developed reproducible and reusable analysis pipelines for structural177

qMRI of the brain and spinal cord. These pipelines are built using state-of-the-art tools in terms178

of pipeline management (NextFlow (Di Tommaso et al., 2017)), structural data analyses (FSL179

(Smith et al., 2004), ANTs (Avants et al., 2009), qMRLab (Cabana et al., 2015; Karakuzu et180

al., 2020), SCT (De Leener et al., 2017), etc.) and Jupyter notebooks (Beg et al., 2021) with181

Plotly (Plotly Technologies Inc., 2015) for presenting curated and interactive results.182

2 | RESULTS183

Six participants were repeatedly scanned on a 3T MRI scanner (Prisma Fit, Siemens, Erlangen,184

Germany) approximately four times a year (up to ten times for this initial 2022 data release,185

with more scans regularly being acquired). Custom headcases (Caseforge, Berkeley, USA) were186

used for each participant to minimise movements during the imaging sessions. Two sets of187

imaging protocols were acquired (Figure 1), one for the brain (T1w, T2w, MP2RAGE, MTsat,188

B1+, and diffusion) and one for the spinal cord (T1w, T2w, MTsat, and diffusion).189

FIGURE 1 Overview of the structural dataset for the Courtois project on neural modelling190

(CNeuroMod). 6 participants were scanned up to ten times over three years; note that this is191

an initial data release for 2022, and more scans are regularly being acquired. The structural192

protocol consists of T1w, T2w and T2*w scans to quantify brain and SC (including grey193

matter, GM) morphometry, and MP2RAGE, magnetization transfer (MTR and MTsat), and194

diffusion-weighted sequences to compute metrics sensitive to demyelination in the white matter195

(WM).196

2.1 | Brain197

Average quantitative MRI (excluding diffusion) values for the segmented whole-brain white198

matter (WM) and grey matter (GM) for each subject and session are shown in Figure 2.199

Missing data points are either unacquired sessions or because they were excluded after doing200

quality control, more details are listed in the “Quality Control” section. Note that MTR is201

calculated from a subset of the MTsat measurements, and B1 is not shown because it is only202

used as a transmit radiofrequency (RF) field correction factor for the MTsat measurement,203

and does not have biological specificity.204

FIGURE 2 Brain qMRI metrics (excluding diffusion). Each point represents the mean metric205

within the WM or GM for one subject and one session. Missing data points are due to206

unacquired sessions, the pipelines failing to produce an output, or were excluded due to quality207

control (see Quality Control section for more details). The intra- and inter- subject COVs for208

1Please see https://www.cneuromod.ca.
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these metrics in WM and GM are shown inside each respective plot. Note: subject 4 stopped209

participating after their fifth session for reasons out of our control.210

From Figure 2, it is evident that mean T1 values measured with the MP2RAGE pulse211

sequence (calculated from 2 images) generally showed less intrasubject variation than T1 values212

measured with MTsat (calculated from five images: three for MTsat calculation and two for213

B1 calculation). Intrasubject COV means for WM T1 measured using MP2RAGE was 0.6214

%, which is four times lower than for T1 measured using MTsat. Intrasubject COVs for WM215

MTR (calculated from two images) were similar to those from MP2RAGE, and three times216

lower than MTsat (MTR is a subset of MTsat measurements, with two out of the five MTsat217

measurements being shared). Intrasubject COV standard deviations (STD) (not displayed in218

figure 2) were low for all metrics in WM (< 1%). Intersubject mean COV was highest for219

WM T1 calculated from MTsat at 3.5%, and lowest for MTR at 0.4 %. GM intrasubject and220

intersubject COVs followed similar trends to those for WM, with the same order of magnitude221

COV mean and STD values. The very low intrasubject COVs and larger intersubject COV222

for T1 (MP2RAGE) is also expressed as each subject having specific mean whole-brain WM223

and GM T1 values distinct from each other, and that these values were stable longitudinally224

(Figure 2); this can also be seen to a lesser extent for T1 (MTsat) and MTsat, but not for225

MTR which had intrasubject COVs on the order or higher than the intersubject COVs.226

FIGURE 3 The mean diffusion metrics (FA, MD, and RD) for each acquired session are shown227

for three atlas-based regions of the corpus callosum (genu in blue, body in yellow, splenium in228

green) of each subject.229

Figure 3 displays the three calculated diffusion metrics (fractional anisotropy: FA, mean230

diffusivity: MD, and radial diffusivity: RD) within the three corpus callosum regions (genu,231

body, splenium). All three metrics exhibited high intersubject mean COVs (> 3%) and low232

intrasubject COV means (< 1.3%). The lowest intrasubject COV means are reported for FA233

in the body and splenium (0.6%), and the lowest intersubject mean COV was reported in234

the body and splenium for MD (3.0% and 3.1%, respectively). Intrasubject COV standard235

deviations (STD) (not displayed in figure) were low for all metrics and regions (< 0.6%), and236

FA in the splenium had the lowest value (0.1%). The substantially higher intersubject mean237

COVs than intrasubject mean COVs also indicates, like for the T1 (MP2RAGE) earlier, that238

each subject and region had specific diffusion metric values which were distinct from each239

other and were relatively stable as can be seen in Figure 3.240

2.2 | Spinal cord241

Figure 4 displays the results for the spinal cord cross-sectional area calculated for WM (using242

T1w and T2w images) and GM (using T2w images). WM cross-sectional area (CSA) across243

the C2 and C3 vertebral levels calculated with T2w images resulted in intrasubject COVs244

of 2.3%, half of that found using T1w images (4.5%). For intersubject COVs, the trend is245

inverted; T2w had nearly double the intersubject COVs value (9.1 %) than T1w (5.2 %). The246

intrasubject standard deviations were on the order of the means (3.3% for WM using T1w,247

1.7% for WM using T2w, and 10.4% for GM using T2w). We notice a particularly high COV248

for CSA (WM, T1w) for subject 2, which is due to high subject motion, resulting in unreliable249

spinal cord segmentation. In order to avoid rater bias in the intra- and inter-subject statistics,250

the analysis pipeline was fully automated, and no mask was manually edited.251

FIGURE 4 Spinal cord cross-sectional area (CSA) for each acquired subject and session in WM252

(using either the T1w or T2w images) and in GM (using the T2*w images).253

Figure 5 shows the scatter plots of all qMRI metric means calculated in the WM across the254

C2 and C5 vertebral levels of the spinal cord. As also observed in the brain, MTR resulted in255

lower intrasubject COV means (5.1%) than MTsat (7.9%, which is a superset of the MTR256

measurements plus one additional no-MT SPGR measurement and a B1 map). T1 had the257

2Standard deviation values of the intrasubject COVs are reported in the interactive figures.
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better mean intersubject COV (7.9%) relative to its two concomitant metrics (MTR - 4.6%,258

MTsat - 4.0 %), demonstrating unique mean quantitative T1 values in WM for the set of259

subjects for this timeframe. For diffusion, FA resulted in the lowest intrasubject COV means260

(3.9%), and MD and RD were substantially higher (5-9%) in contrast to the observations in261

the brain (0.6-1.3%).262

FIGURE 5 Spinal cord qMRI metrics (T1, MTR, MTsat, FA, MD, RD). Each point represents263

the mean metric within the WM across C2 and C5 levels, for one subject and one session.264

3 | DISCUSSION265

Longitudinal stability of quantitative MRI measures is an important feature for clinical and266

research studies that intend to use the MRI scanner as a scientific instrument. Here, we report267

on the stability of a fundamental MR parameter (T1) and of microstructural biomarkers (MTR,268

MTsat, diffusion) in the central nervous system (brain and spinal cord) over the course of three269

years at a single imaging site. The concept of the “stability” of quantitative MR measures270

must be considered carefully; long-term biological changes in brain tissue also occur naturally271

in healthy people due to macro- and microstructural effects associated with normal ageing272

(MacDonald & Pike, 2021). Because this study was limited to three years and only investigated273

adults in mid-adulthood (ages 31 to 47 at initial scan date), the naturally-occurring effects274

of ageing in the brain (eg, myelin generation/degradation, ventricular enlargement, etc) are275

expected to occur slowly during this timespan (Ge et al., 2002; Hagiwara et al., 2021; Steen276

et al., 1995). The results of this initial data release, which can be made available upon277

request, may be used as a benchmark for the development of other analytical methods, as has278

been done using other large MRI data studies (Cohen-Adad et al., 2021b; Seif et al., 2022).279

This work is also a small piece of a larger ongoing project, CNeuroMod, and this long-term280

database of quantitative MRI measurements may be valuable information to incorporate in281

deep learning training models of other longitudinal measurements (eg, fMRI, MEG) to account282

for confounding changes in the brains of these subjects.283

Stability of qMRI measures284

The reported intrasubject COV means indicate good stability of all quantitative metrics285

measured in the brain (< 2.3 % in WM, < 3.1 % in GM) throughout the ten structural286

sessions acquired over three years. Several metrics (T1 (MP2RAGE) and MTsat in Figure287

2 and FA/MD/RD in Figure 3), also had higher intersubject mean COVs than intrasubject288

COV means, which suggests that the quantitative metrics were specific to the individuals289

and are stable enough to monitor longitudinal differences. The qMRI metrics that exhibited290

the lowest intrasubject COVs (MTR and T1 (MP2RAGE)) were also the metrics that used291

the lowest number of raw MRI images to calculate the metrics (MTR and MP2RAGE only292

need two, versus whereasMTsat and T1 (MTsat) need three), suggesting that quantitative293

MRI metric stability may degrade if they need substantially more measurements than simpler294

alternatives (MTR and T1 (MP2RAGE), calculated from two images). Another potential295

reason for the improved stability is that MP2RAGE is inherently optimised to reduce sensitivity296

of B1 effects (Marques et al., 2010), and future work should explore if quantitative techniques297

with good robustness against field inhomogeneities provide better long term stability than298

techniques necessitating additional measurements to correct for these effects. The longitudinal299

stability of a different implementation of T1 mapping (variable flip angle: VFA, which uses two300

measurements plus a B1 map) was reported in a healthy cohort at two timepoints acquired301

seven years apart (Gracien et al., 2017). Good stability was reported in WM T1 values, as well302

as a decrease in T1 values in cortical GM, the magnitude of which was proportional to the303

subject’s age. The age range of the study was 51-77 at the initial time point, thus a higher304

overall cohort age than the CNeuroMod cohort. Another recent longitudinal study (York et al.,305

2022) investigated the longitudinal trends of quantitative MRI myelin measures (MTR, MTsat,306

and diffusion) in a cohort of both healthy and MS patients, and found that MTsat was more307
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sensitive to subtle changes in normal appearing white matter (NAWM) than MTR. However,308

only the MS cohort was investigated longitudinally over one year; the healthy cohort was a309

scan-rescan over two weeks. The longitudinal stability measures we reported in a healthy cohort310

(and in particular our open-source datasets) could be used to further support studies such311

as this one. In recent months, another longitudinal study (Salluzzi et al., 2022) investigated312

the short-term repeatability and long-term reproducibility in a healthy cohort over a 5 year313

interval with a different set of quantitative MRI metrics (T2/T2*, quantitative susceptibility,314

cerebral blood flow, and diffusivity). Their work, though investigating mostly different metrics,315

is complementary to our study in that its main objective was to assess the potential impacts316

of both software and hardware MRI upgrades on the repeatability and reproducibility of this317

set of qMRI metrics. They reported intrasubject COVs on the order of 1% or less for diffusion318

metrics (FA/MD/RD) in the three corpus callosum regions, in agreement with the observations319

reported in our study.320

Spinal cord CSA had an intrasubject COV mean of 4.5 % and 2.3 % for CSA calculated321

from T1w and T2w scans, respectively. The almost twice smaller intrasubject COV for CSA322

computed on the T2w scan is likely due to the higher robustness to subject motion and/or323

spinal cord pulsatile motion for the T2w fast spin echo sequence vs. the T1w MPRAGE. This324

is consistent with a recent study (Bautin & Cohen-Adad, 2021), where intrasubject CSA325

COVs where 0.8% for T1w images and 0.57% for T2w images. Note that the Bautin &326

Cohen-Adad (2021) study was based on in-silico generation of scan-rescan using random affine327

transformations, hence the variability was highly under-estimated compared to the present328

study. In the present study, the reported COVs are likely closer to a realistic longitudinal329

scenario and suggest good long term stability for this quantitative metric in the spinal cord,330

and that T2w is the better choice for CSA quantification stability. In another related multi-site331

and multi-manufacturer study (Cohen-Adad et al., 2021b), were one subject was scanned in332

19 different imaging centers over a period of 77 days„ they reported intra-site COVs for MTR333

and MTsat were below 3.6% and 11% respectively, on the order of our reported longitudinally334

measured values (5.1% and 7.9%). Intrasite FA COVs were reported on the order of or below335

5.9%, higher than our mean longitudinal intrasubject COV value of 3.9%. These overall336

agreements between a multi-center snapshot in time and a single-centre longitudinal study337

provide encouraging evidence for the longitudinal stability when imaging the spinal cord.338

Limitations339

Some limitations related to this study are important to highlight. Foremost, all measurements340

in this work were done on a single MRI scanner, and thus a single MRI vendor. Recent work341

(Cohen-Adad et al., 2021a, 2021b) done in the spinal cord suggests that while quantitative342

MR values differ across vendors, the COVs compare well. Multi-vendor harmonisation can only343

go so far; key differences in proprietary vendor pulse sequence implementations will always344

introduce differences out of the control of the user-researchers. However there is a lot of recent345

work on open-source pulse sequence frameworks (Cordes et al., 2020; Karakuzu, Biswas, et346

al., 2022; Layton et al., 2017) aiming to minimise these differences and give more control to347

the user researchers that may provide a solution to this limitation. Alternatively, inter-vendor348

biases can be accounted for in the statistics analysis step (Hagiwara et al., 2019), or by using349

a standard system phantom (Keenan et al., 2021). Our work reported on the longitudinal350

stability of mostly coarse regions-of-interest in the brain and spinal cord (whole-brain WM and351

GM mean values, in-plane WM and GM spinal cord means), except for the brain diffusion352

metrics which were averaged for the three corpus callosum regions (as was similarly done in353

(Salluzzi et al., 2022)). More granular masking methods exist for both the brain and spinal354

cord (eg. white & grey matter (Desikan et al., 2006; S. Lévy et al., 2015; Oishi et al., 2009)),355

tractometry (Catani & Thiebaut de Schotten, 2008)), and may be explored in the future.356

Another important point is that the processing pipelines were all only automatic, and no manual357

interventions were done during the segmentation steps of the pipeline. Manual corrections or358

more robust tools would likely improve the reliability of the reported metrics in both brain and359
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spinal cord. Although outside of the scope of this current study, the stability of quantitative360

morphometry in the brain (eg. cortical thickness) could also be explored and compared against361

the quantitative MRI metrics using this open dataset.362

4 | METHODS363

Data acquisition364

Six healthy participants (three females) were recruited in 2018 (aged 31 to 47 at initial scan365

date) and consented to be scanned regularly as part of the on-going CNeuroMod project366

(Boyle et al., 2020). The anatomical imaging protocol is run on each participant at a rate of367

approximately four times / year, for three years for this initial 2022 data release; more scans368

are regularly being acquired as the CNeuroMod project is ongoing. The participation of the369

subject labelled number 4 was unable to continue participating after their fifth session, and370

other participants occasionally were unable to attend their scheduled scans thus the total371

number of scans per participant varied. Each subject had the following number of scans at372

the time of data processing: subject 1 – 8 scans, subject 2 – 10 scans, subject 3 – 10 scans,373

subject 4 – 5 scans, subject 5 – 8 scans, subject 6 – 9 scans. All imaging sessions were374

performed at the same site on a 3.0 T whole-body MRI scanner (Prisma Fit, Siemens, Erlangen,375

Germany) with a 64-channel head/neck receive coil and 2-channel body transmit coil. Custom376

headcases (Caseforge, Berkeley, USA) were used for each participant to minimise movements377

during the imaging sessions; inter-scan motion is particularly important to be minimised for378

quantitative MRI as the actual fields in the imaging volume change with different anatomical379

positioning and cannot be easily corrected for using image registration techniques (Balbastre et380

al., 2022; Papp et al., 2016). Up to ten imaging sessions were acquired in total, and the same381

imaging protocol was used for each subject and session. Two sets of imaging protocols were382

implemented, one for the brain and one for the spinal cord, the details of which are summarised383

next, but are also documented on the CNeuroMod project documentation 3, including the384

Siemens MRI exam card PDFs exported from the scanner 4.385

Brain imaging protocol386

The brain imaging protocol (Figure 1, top) consisted of the following set of MRI measurements:387

T1-weighted, T2-weighted, diffusion, MP2RAGE, B1 mapping, and magnetization transfer388

(MT) saturation. The T1-weighted image consisted of a 3D MPRAGE acquisition using a389

repetition time (TR) = 2.4 s, echo time (TE) = 2.2 ms, excitation flip angle (FA) = 8 deg, 0.8390

mm isotropic resolution, and parallel imaging acceleration factor (R) = 2. The T2-weighted391

pulse sequence was a 3D fast spin-echo (FSE) acquisition with TR = 3.2 s, TE = 563 ms,392

0.8 mm isotropic resolution, and R = 2. The diffusion-weighted protocol used a 2D axial EPI393

sequence (TR = 2.3 s, TE = 82 ms, FA = 78 deg, 2 mm3 isotropic resolution, simultaneous394

multi-slice (SMS) factor of 3, two-shells, minimum b-value = 1500 s/mm2, maximum b-value395

= 3000 s/mm2), and was acquired twice using either P-A or A-P phase-encoding directions,396

to correct for susceptibility-induced distortion. The MP2RAGE 3D protocol produced two397

images with different inversion times (TI) = 700 ms and 1500 ms, TR = 4s, TE = 1.51 ms398

FA = 7 deg and 5 deg for each TI respectively, 1.2 mm isotropic resolution, and R = 2. B1399

maps were acquired using the default Siemens B1 mapping sequence based on a gradient400

echo sequence with ultrafast turbo-FLASH readout (6mm isotropic resolution) (Chung et al.,401

2010). Lastly, the MT saturation protocol consists of a set of three 3D spoiled gradient echo402

images: an MT-weighted (MTw) image (TR = 28 ms, TE = 3.3 ms, FA = 6 deg, 1.5 mm403

isotropic resolution, R = 2, and a Gaussian-shaped MT preparation pulse with an off-resonance404

frequency = 1.2 kHz), a proton-density-weighted (PDw) image (same protocol as the MTw,405

with the omission of the MT preparation pulse), and a T1-weighted (T1w) image (same406

3Brain anatomical sequences
4Anatomical protocol PDF
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protocol as the PDw, except TR = 18 ms and FA = 20 deg).407

Spinal cord imaging protocol408

The spinal cord imaging protocol (Figure 1, bottom) consisted of the following set of MRI mea-409

surements: T1-weighted, T2-weighted, diffusion, and magnetization transfer (MT) saturation.410

The T1-weighted image consisted of a 3D MPRAGE acquisition with TR = 2 s, TE = 3.72411

ms, FA = 9 deg, 1 mm isotropic resolution, and R = 2. The T2-weighted pulse sequence was412

a 3D fast spin-echo (FSE) acquisition with TR = 1.5 s, TE = 120 ms, FA = 120 deg, 0.8 mm413

isotropic resolution, and R = 3. The diffusion-weighted protocol used a 2D axial EPI sequence414

that was cardiac-gated with a pulse oximeter and TR ~ 620 ms, TE = 60 ms, 0.9 mm in-plane415

resolution, 5 mm slice resolution, phase encoding in the A-P direction, and a maximum b-value416

of 800 s/mm2). Lastly, the MT saturation protocol consisted of an MTw acquisition (TR =417

35 ms, TE = 3.13 ms, FA = 9 deg, 0.9 mm2 in-plane resolution, 0.5 mm slice resolution, R =418

2, and a Gaussian-shaped MT preparation pulse with an off-resonance frequency = 1.2 kHz),419

a proton-density-weighted (PDw) image (same protocol as the MTw, with the omission of the420

MT preparation pulse), and a T1-weighted (T1w) image (same protocol as the PDw, except421

TR = 15 ms and FA = 15 deg).422

Data preparation423

All datasets acquired within the CNeuroMod project were prepared with the intention to be424

shared. Data were anonymized and defaced by masking out face, teeth, and ears. Datasets were425

prepared and organised in the BIDS (Brain Imaging Data Structure) format (Gorgolewski et al.,426

2016). Quantitative image acquisitions were prepared according to the BEP001 specification427

(Karakuzu, Appelhoff, et al., 2022), and spinal cord data used the “bp-cspine” tag as proposed428

in BEP025 to distinguish against the brain datasets for the same subject. Datasets were429

managed using Datalad (Halchenko et al., 2021) and git-annex in a databank; access to430

this databank is made available through the CNeuroMod website 5. Session numbers in the431

database that are missing for some subjects are omitted datasets from scanning sessions that432

were aborted due to various scanning issues. sMRIprep (Esteban et al., 2022) was executed on433

the T1w brain scans from the first two sessions of each subject, which were later published on434

GitHub using git-annex as part of the CNeuroMod project. These outputs were used solely for435

the brain diffusion pipeline.436

Analysis pipeline437

Two separate post-processing and analysis pipelines were developed for the brain and spinal438

cord data. Figure 6 shows an overview of both pipelines with the outcome metrics.439

The brain pipelines were managed using Nextflow (Di Tommaso et al., 2017), a container440

management tool for data processing pipelines. Two Docker container images were prebuilt441

and used for this pipeline: dockerhub.io/qmrlab/antsfl:latest (digest: 597de3e6e1aa)442

and dockerhub.io/qmrlab/minimal:v2.5.0b (digest: 40270330e7b5). Image registration was443

performed using the Advanced Normalization Tools (ANTS; version 2.1.0) (Avants et al.,444

2009). Brain extraction was done using the brain extraction tool (BET) tool in the FMRIB445

Software Library (FSL; version 5.0) (Smith, 2002; Smith et al., 2004), and whole-brain446

WM and GM segmentation were done using the FMRIB’s Automated Segmentation Tool447

(FAST) in FSL (Zhang et al., 2001). With the exception of diffusion, for all quantitative MRI448

methods the core data fitting algorithms used in this pipeline are from the open-source qMRLab449

software (version tag 2.5.0b) (Cabana et al., 2015; Karakuzu et al., 2020). For diffusion,450

the TractoFlow pipeline (version 2.4.1) was used (Theaud et al., 2020), which uses DIPY451

(Garyfallidis et al., 2014) and MRtrix3 (Tournier et al., 2019) for the core diffusion processing452

functionalities, and FSL and ANTs for the image processing tools. The diffusion pipeline453

5Neuromod data access
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consists of a denoising step (MRtrix3), TOPUP (using the two phase encoding directions454

diffusion images) and eddy current corrections (FSL), DTIs (DIPY), brain tissue segmentation455

(ANTs), and lastly tractography maps (Cousineau et al., 2017); the full processing diagram456

is shown in Figure 6. DTI metrics were calculated using the 1500 s/mm2 b-value shell. In457

addition to the diffusion images as inputs, TractoFlow also used the average of the T1w458

structural images of the first two sessions (for each subject) that was registered to the MNI152459

atlas, which is the output of another standard pipeline, sMRIprep (Esteban et al., 2022), that460

consists 6 of intensity non-uniformity corrections, alignment and fusion of the images, skull461

stripping, and non-linear registration to the template. The three regions-of-interests (ROIs) of462

the corpus callosum (genu/body/splenium) were extracted using the John Hopkins University463

ICBM-DTI-81 WM labels provided by FSL. The labels were first transformed from MNI152464

space to the average T1w space (with transformations files available from the sMRIprep outputs465
7), and then from the average T1w space to the diffusion space using the affine matrix files466

provided as outputs of TractoFlow.467

For the spinal cord data, the pipeline was developed in a shell script 8 using all tools available468

through the Spinal Cord Toolbox (SCT) v5.6 (De Leener et al., 2017). The script was469

run through all the available subjects and sessions using the pipeline management tool470

sct_run_batch. The SC was segmented on T2w images using sct_deepseg_sc (Gros et al.,471

2019), then vertebral levels were identified (Ullmann et al., 2014). The SC was then registered472

to the adult PAM50 template (De Leener et al., 2018). T1w images were analysed similarly:473

the SC was segmented and then registered to the PAM50 template using the transformation474

T2w-PAM50 calculated earlier. The ME-GRE images were analysed using sct_deepseg_gm475

(Perone et al., 2018) to segment the grey matter. MT images were processed as follows. The476

SC was segmented on the GRE-MT1 scan, followed by registration to the PAM50 template477

via the T2w-PAM50 transformation. GRE-MT0 and GRE-T1w scans were then registered to478

the GRE-MT1 scans. Magnetization transfer ratio (MTR) and MTsat were computed. DWI479

images were motion-corrected using a mask centred around the SC for more robustness, then480

registered to the PAM50 template using the initial transformation. DTI metrics were computed481

using sct_compute_dti (powered by DIPY (Garyfallidis et al., 2014)).482

The computed metrics are as follows: SC CSA averaged between C2-C3 levels from the T1w483

and T2w scans (using sct_process_segmentation), GM CSA averaged between C3-C4 from the484

ME-GRE scan, MTR, MTsat, T1 and DTI metrics extracted in the WM between levels C2-C5.485

FIGURE 6 Overview of the three analysis pipelines used in this project: qMRLab (top row),486

Tractoflow (middle row), Spinal Cord Toolbox (bottom row). The human datasets were487

processed using NextFlow-based pipelines (qMRLab for qMRI processing, and Tractoflow for488

diffusion processing), whereas spine datasets used a bash script-based pipeline using the Spinal489

Cord Toolbox software.490

Quality control491

For brain qMRI data processing (excluding diffusion), quality assurance was done manually492

with the assistance of the Nextflow log, which provides a report on success/failure of each493

processing step for all subjects and sessions. The resulting maps and masks were also visually494

verified manually, which resulted in some subsequent corrections to how the tissue masks were495

calculated 9 and the removal of parts of the MTsat acquisition volume due to slab profile496

effects 10. Five data points were omitted due to missing B1 maps in the CNeuroMod database497

at the time of processing for these subject’s sessions: sub-03_ses-003, sub-06_ses-001,498

sub-06_ses-002, sub-06_ses-003, sub-06_ses-005.499

6The pipeline diagram for the external tool sMRIprep is available in their documentation
7Neuromod sMRIprep
8Neuromod process spinal cord data
9Release r20220916

10Release r20220921
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For brain diffusion data processing, a report was generated from the TractoFlow tool dm-500

riqc_flow (v0.2.0 - (Theaud & Descoteaux, 2022)). Each step of the pipeline has been501

manually validated without any reported issues. Two sessions were excluded due to corrupted502

initial acquisitions (sub-03_ses-002, sub-03_ses-003). For the spinal cord data process-503

ing pipeline, a QC report showing various steps of the analysis (segmentation, vertebral504

labelling, registration) was generated and made publicly available on the GitHub project505

repository, release version r20220804). Following expert readings, some data points were506

excluded due to factors such as excessive motion (sub-05_ses-007 [T2w]), poor shimming507

(sub-03_ses-010 [T1w] and sub-05_ses-007 [T1w]), and incorrect volume placement or508

incorrect b-values (sub-02_ses-001 [DWI], sub-03_ses-003 [DWI], sub-06_ses-008): details509

are listed in GitHub issues. In addition, the pipeline failed to produce an output for two data510

points (sub-04_ses-001, sub-06_ses-005).511
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