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554  are shown using ridgeline plots of kernel density estimations. a-c) Inter-vendor images (G1 vs S1
555 and G1 vs S2) appear more similar in VENUS (lower row) than in native (upper row). d-f)
556  Distribution shapes and locations agree with visual inspection from (a), indicating closer
557  agreement between VENUS distributions. g-i) Superior between-scanner agreement of VENUS
558  persists in GM as well. Compared to WM, GM distributions are in the expected range (higher T1,
559  lower MTR and MTsat values).

560

561  Figure 6 - Shift function analysis of T1, MTR and MTsat results from a single participant in
562  white-matter (WM). a) Shift function analysis is a graphical tool for analyzing differences
563  between two (dependent in this case) measurements at any location of the distributions. It shows
564 9 markers dividing the distribution into 10 equal chunks; hence the markers represent deciles. The
565  shape of the curve (shift function) obtained by plotting decile differences against the first decile
566  characterizes how distributions differ from each other. b-d) Here, shift function plots compare the

567  agreement between different scanners for VENUS (bottom row) and vendor-native (top row)
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568 implementations in quantifying T1, MTR and MTsat. Across all the comparisons, the apparent
569 trend is that the VENUS inter-vendor variability is lower than for the vendor-native
570  implementations.
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572  Figure 7 — Hierarchical shift function analysis of T1, MTR and MTsat results from three
573  participants in the white-matter (WM). a) Hierarchical shift function repeats Figure 6 for all
574  participants (shades of pink). Group deciles (red and blue markers for VENUS and vendor-native,
575  respectively) show the average trend of inter-scanner differences across participants. b-d) G1-vs-
576  S1 and G1-vs-S2 (inter-vendor) agree in VENUS better than they do in vendor-native for all
577  quantitative maps of T1, MTR and MTsat.
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583 All the vendor-neutral pulse sequences are publicly available as git submodules at

584  https://github.com/gmrlab/pulse_sequences and can be run on RTHawk systems v3.0.0 and later.
585 The RF and gradient waveforms (spv files) can be inspected and simulated using SpinBench

586  (https://www.heartvista.ai/spinbench). As per the general design principles of fully reproducible

587  gMRFlow pipelines, we adhered to a one-process one-container mapping for the processing of this
588  dataset. Docker images, BIDS and ISMRM-RD compliant dataset from the current study are freely
589 available at https://doi.org/10.17605/0sf.io/5n3cu. Finally, the whole analysis and interactive

590 version of all the figures in this article will be available and executable online at
591  https://github.com/gmrlab/venus.

592 References

503 1. Lauterbur PC. Image formation by induced local interactions: examples employing nuclear
594  magnetic resonance. nature. 1973;242(5394):190-191. doi:10.1038/242190a0

595 2. Gillies RJ, Kinahan PE, Hricak H. Radiomics: Images Are More than Pictures, They Are Data.
596  Radiology. Feb 2016;278(2):563-77. doi:10.1148/radiol.2015151169

597 3. Novikov DS, Kiselev VG, Jespersen SN. On modeling. Magn Reson Med. Jun
598  2018;79(6):3172-3193. d0i:10.1002/mrm.27101

599 4. Hahn EL. An Accurate Nuclear Magnetic Resonance Method for Measuring Spin-Lattice
600 Relaxation Times. Phys Rev. 1949;76(1):145-146. doi:10.1103/PhysRev.76.145

601 5. Gupta RK. A new look at the method of variable nutation angle for the measurement of

602  spin-lattice relaxation times using fourier transform NMR. Journal of Magnetic Resonance.
603 1977;25(1):231-235. doi:10.1016/0022-2364(77)90138-X

604 6. D.C. Look, Locker DR. Time saving in measurement of NMR and EPR relaxation times.
605  Review of Scientific Instruments. 1970;41(2):250-251. doi:10.1063/1.1684482
606 7. Marques JP, Kober T, Krueger G, van der Zwaag W, Van de Moortele PF, Gruetter R.

607  MP2RAGE, a self bias-field corrected sequence for improved segmentation and T1-mapping at
608 high field. Neuroimage. Jan 15 2010;49(2):1271-81. d0i:10.1016/j.neuroimage.2009.10.002

609 8. Stikov N, Boudreau M, Levesque IR, Tardif CL, Barral JK, Pike GB. On the accuracy of T1
610 mapping: searching for common ground. Magn Reson Med. Feb 2015;73(2):514-22.
611 doi:10.1002/mrm.25135

612 9. Grafe D, Frahm J, Merkenschlager A, Voit D, Hirsch FW. Quantitative T1 mapping of the
613 normal brain from early infancy to adulthood. Pediatr Radiol. Mar 2021;51(3):450-456.
614  doi:10.1007/s00247-020-04842-7

29


https://github.com/qmrlab/pulse_sequences
https://www.heartvista.ai/spinbench
https://doi.org/10.17605/osf.io/5n3cu
https://github.com/qmrlab/venus
https://doi.org/10.1101/2021.12.27.474259
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.27.474259; this version posted April 18, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

615 10. Okubo G, Okada T, Yamamoto A, et al. MP2RAGE for deep gray matter measurement of
616 the brain: A comparative study with MPRAGE. J Magn Reson Imaging. Jan 2016;43(1):55-62.
617  doi:10.1002/jmri.24960

618  11. Voelker MN, Kraff O, Goerke S, et al. The traveling heads 2.0: Multicenter reproducibility
619 of quantitative imaging methods at 7 Tesla. Neuroimage. May 15 2021;232:117910.
620 doi:10.1016/j.neuroimage.2021.117910

621 12. Bane O, Hectors SJ, Wagner M, et al. Accuracy, repeatability, and interplatform
622  reproducibility of T 1 quantification methods used for DCE-MRI: Results from a multicenter
623 phantom study. Magnetic Resonance in Medicine. 2018;79(5):2564-2575.
624  doi:10.1002/mrm.26903

625 13. Keenan KE, Gimbutas Z, Dienstfrey A, et al. Multi-site, multi-platform comparison of MRI
626 T1 measurement using the system phantom. PLOS ONE. 2021;16(6):e0252966.
627  doi:10.1371/journal.pone.0252966

628 14. Yarnykh VL. Optimal radiofrequency and gradient spoiling for improved accuracy of T1
629 and B1 measurements using fast steady-state techniques. Magnetic Resonance in Medicine.
630 2010;63(6):1610-1626. doi:10.1002/mrm.22394

631  15. A.G. Teixeira RP, Malik SJ, Hajnal JV. Fast quantitative MRI using controlled saturation
632 magnetization  transfer. Magnetic  Resonance in  Medicine. 2019;81(2):907-920.
633  do0i:10.1002/mrm.27442

634 16. Bojorquez JZ, Bricq S, Acquitter C, Brunotte F, Walker PM, Lalande A. What are normal
635 relaxation times of tissues at 3 T? Magn Reson Imaging. Jan 2017;35:69-80.
636  doi:10.1016/j.mri.2016.08.021

637 17. Cohen-Adad J, Alonso-Ortiz E, Abramovic M, et al. Open-access quantitative MRI data of
638  the spinal cord and reproducibility across participants, sites and manufacturers. Sci Data. Aug 16
639  2021;8(1):219. doi:10.1038/s41597-021-00941-8

640 18. Liberman G, Louzoun Y, Ben Bashat D. T(1) mapping using variable flip angle SPGR data
641  with flip angle correction. J Magn Reson Imaging. Jul 2014;40(1):171-80. doi:10.1002/jmri.24373
642 19. Leutritz T, Seif M, Helms G, et al. Multiparameter mapping of relaxation (R1, R2*), proton
643  density and magnetization transfer saturation at 3 T: A multicenter dual-vendor reproducibility
644 and repeatability study. Hum Brain Mapp. Oct 15 2020;41(15):4232-4247.
645  do0i:10.1002/hbm.25122

646  20. Boudreau M, Stikov N, Pike GB. B1 -sensitivity analysis of quantitative magnetization
647  transfer imaging. Magn Reson Med. Jan 2018;79(1):276-285. doi:10.1002/mrm.26673

648 21. Gracien R-M, Maiworm M, Briiche N, et al. How stable is quantitative MRI? — Assessment
649  of intra- and inter-scanner-model reproducibility using identical acquisition sequences and data
650 analysis programs. Neurolmage. 2020;207:116364. doi:10.1016/j.neuroimage.2019.116364

651 22. Helms G, Dathe H, Dechent P. Quantitative FLASH MRI at 3T using a rational
652 approximation of the Ernst equation. Magn Reson Med. Mar 2008;59(3):667-72.
653  doi:10.1002/mrm.21542

654  23. Rowley CD, Campbell JSW, Wu Z, et al. A model-based framework for correcting B 1 +
655 inhomogeneity effects in magnetization transfer saturation and inhomogeneous magnetization
656  transfer saturation maps. Magn Reson Med. Oct 2021;86(4):2192-2207. doi:10.1002/mrm.28831
657 24, Stikov N, Trzasko JD, Bernstein MA. Reproducibility and the future of MRI research. Magn
658 Reson Med. Dec 2019;82(6):1981-1983. doi:10.1002/mrm.27939

30


https://doi.org/10.1101/2021.12.27.474259
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.27.474259; this version posted April 18, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

659  25. Jochimsen TH, Von Mengershausen M. ODIN—object-oriented development interface for
660 NMR. Journal of Magnetic Resonance. 2004;170(1):67-78. doi:10.1016/j.jmr.2004.05.021

661  26. Stocker T, Vahedipour K, Pflugfelder D, Shah NJ. High-performance computing MRI
662  simulations. Magnetic resonance in medicine. 2010;64(1):186-193. d0i:10.1002/mrm.22406

663  27. Magland JF, Li C, Langham MC, Wehrli FW. Pulse sequence programming in a dynamic
664  visual environment: SequenceTree. Magnetic resonance in medicine. 2016;75(1):257-265.
665  do0i:10.1002/mrm.25640

666  28. Ravi KS, Geethanath S, Vaughan JT. PyPulseq: A python package for mri pulse sequence
667  design. Journal of Open Source Software. 2019;4(42):1725.

668  29. Layton KJ, Kroboth S, Jia F, et al. Pulseq: a rapid and hardware-independent pulse
669 sequence prototyping framework. Magnetic resonance in medicine. 2017;77(4):1544-1552.
670  doi:10.1002/mrm.26235

671 30. Nielsen JF, Noll DC. TOPPE: A framework for rapid prototyping of MR pulse sequences.
672  Magnetic resonance in medicine. 2018;79(6):3128-3134. doi: 10.1002/mrm.26990

673  31. Cordes C, Konstandin S, Porter D, Glinther M. Portable and platform-independent MR
674 pulse sequence programs. Magnetic resonance in medicine. 2020;83(4):1277-1290.
675 doi:10.1002/mrm.28020

676  32. Zwart NR, Pipe JG. Graphical programming interface: A development environment for
677  MRI methods. Magnetic resonance in medicine. 2015;74(5):1449-1460. doi:10.1002/mrm.25528
678  33. Ravi KS, Potdar S, Poojar P, et al. Pulseq-Graphical Programming Interface: Open source

679 visual environment for prototyping pulse sequences and integrated magnetic resonance imaging
680 algorithm development. Magnetic resonance imaging. 2018;52:9-15. doi:10.21105/joss.01725
681 34. Herz K, Mueller S, Perlman O, et al. Pulseqg-CEST: Towards multi-site multi-vendor
682  compatibility and reproducibility of CEST experiments using an open-source sequence standard.
683  Magnetic resonance in medicine. 2021;86(4):1845-1858. doi:10.1002/mrm.28825

684  35. Tong G, Gaspar AS, Qian E, et al. A framework for validating open-source pulse sequences.
685  Magnetic resonance imaging. 2021;87:7-18. doi:10.1016/j.mri.2021.11.014

686  36. Barral JK, Gudmundson E, Stikov N, Etezadi-Amoli M, Stoica P, Nishimura DG. A robust
687 methodology for in vivo T1 mapping. Magn Reson Med. Oct 2010;64(4):1057-67.
688  do0i:10.1002/mrm.22497

689 37. Santos JM, Wright GA, Pauly JM. Flexible real-time magnetic resonance imaging
690 framework. In: Conf Proc IEEE Eng Med Biol Soc. 2004:1048-1051.

691  38. Lee Y, Callaghan MF, Acosta-Cabronero J, Lutti A, Nagy Z. Establishing intra- and inter-
692  vendor reproducibility of T1 relaxation time measurements with 3T MRI. Magn Reson Med. Jan
693 2019;81(1):454-465. doi:10.1002/mrm.27421

694  39. Leutritz T, Seif M, Helms G, et al. Multiparameter mapping of relaxation (R1, R2*), proton
695 density and magnetization transfer saturation at 3 T: A multicenter dual-vendor reproducibility
696  and repeatability study. Human brain mapping. 2020;41(15):4232-4247. doi:10.1002/hbm.25122
697  40. Helms G, Dathe H, Kallenberg K, Dechent P. High-resolution maps of magnetization
698 transfer with inherent correction for RF inhomogeneity and T1 relaxation obtained from 3D
699  FLASH MRI. Magn Reson Med. Dec 2008;60(6):1396-407. doi:10.1002/mrm.21732

700  41. Haase A, Frahm J, Matthaei D, Hanicke W, Merboldt KD. FLASH imaging: rapid NMR
701 imaging using low flip-angle pulses. 1986. J Magn Reson. Dec 2011;213(2):533-41.
702  do0i:10.1016/j.jmr.2011.09.021

31


https://doi.org/10.1101/2021.12.27.474259
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.27.474259; this version posted April 18, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

703  42. Inati SJ, Naegele JD, Zwart NR, et al. ISMRM Raw data format: A proposed standard for
704  MRI raw  datasets. Magnetic  resonance in  medicine. 2017;77(1):411-421.
705  do0i:10.1002/mrm.26089

706 43, Gorgolewski KJ, Auer T, Calhoun VD, et al. The brain imaging data structure, a format for
707  organizing and describing outputs of neuroimaging experiments. Scientific data. 2016;3(1):1-9.
708  doi:10.1038/sdata.2016.44

709 44, Karakuzu A, Appelhoff S, Auer T, et al. gqMRI-BIDS: an extension to the brain imaging data
710  structure for quantitative magnetic resonance imaging data. medRxiv.
711 2021:2021.10.22.21265382. d0i:10.1101/2021.10.22.21265382

712 45, Cohen-Adad J, Alonso-Ortiz E, Abramovic M, et al. Generic acquisition protocol for
713  quantitative MRI of the spinal cord. Nature protocols. 2021;16(10):4611-4632.
714  doi:10.1038/s41596-021-00588-0

715  46. Karakuzu A, Boudreau M, Duval T, et al. gMRLab: Quantitative MRI analysis, under one
716  umbrella. Journal of Open Source Software. 2020;5(53):2343. doi:10.21105/joss.02343

717  47. Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC. A reproducible evaluation of
718  ANTs similarity metric performance in brain image registration. Neuroimage. 2011;54(3):2033-
719  2044. doi:10.1016/j.neuroimage.2010.09.025

720  48. Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith SM. FSL. Neuroimage.
721  2012;62(2):782-790. doi:10.1016/j.neuroimage.2011.09.015

722  49. Keenan KE, Gimbutas Z, Dienstfrey A, Stupic KF. Assessing effects of scanner upgrades for
723  clinical studies. Journal of Magnetic Resonance Imaging. 2019;50(6):1948-1954.
724  doi:10.1002/jmri.26785

725  50. Rousselet GA, Pernet CR, Wilcox RR. Beyond differences in means: robust graphical
726 methods to compare two groups in neuroscience. European Journal of Neuroscience.
127 2017;46(2):1738-1748. doi:10.1111/ejn.13610

728  51. Harrell FE, Davis CE. A new distribution-free quantile estimator. Biometrika.
729  1982;69(3):635-640. doi:10.2307/2335999

730 52. Karakuzu A, Boudreau M, Cohen-Adad J, Stikov N. Thinking outside the blackbox: A fully
731  transparent T1 mapping pipeline. In: Proc. Intl. Soc. Mag. Reson. Med. 28 (2020). 2020:4791.
732  53. Karakuzu A, Boudreau M, Duval T, et al. The gqMRLab workflow: From acquisition to
733  publication. In: Proc. Intl. Soc. Mag. Reson. Med. 27 (2019). 2019:4832.

734 54, Hansen MS, Sgrensen TS. Gadgetron: an open source framework for medical image
735  reconstruction. Magnetic resonance in medicine. 2013;69(6):1768-1776.
736  doi:10.1002/mrm.24389

737  55. Asslander J, Cloos MA, Knoll F, Sodickson DK, Hennig J, Lattanzi R. Low rank alternating
738  direction method of multipliers reconstruction for MR fingerprinting. Magnetic resonance in
739  medicine. 2018;79(1):83-96. d0i:10.1002/mrm.26639

740  56. Knopp T, Grosser M. MRIReco. jl: An MRI reconstruction framework written in Julia.
741  Magnetic Resonance in Medicine. 2021;86(3):1633-1646. doi:10.1002/mrm.28792

742  57. Maier O, Baete SH, Fyrdahl A, et al. CG-SENSE revisited: Results from the first ISMRM
743  reproducibility challenge. Magnetic resonance in medicine. 2021;85(4):1821-1839.
744  do0i:10.1002/mrm.28569

32


https://doi.org/10.1101/2021.12.27.474259
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.27.474259; this version posted April 18, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

745  58. Preibisch C, Deichmann R. Influence of RF spoiling on the stability and accuracy of T1
746  mapping based on spoiled FLASH with varying flip angles. Magnetic Resonance in Medicine.
747  2009;61(1):125-135. doi:10.1002/mrm.21776

748 59, Heule R, Ganter C, Bieri O. Variable flip angle T1 mapping in the human brain with reduced
749 12 sensitivity using fast radiofrequency-spoiled gradient echo imaging. Magnetic Resonance in
750  Medicine. 2016;75(4):1413-1422. doi:10.1002/mrm.25668

751  60. Ashton E. Quantitative MR in multi-center clinical trials. Journal of Magnetic Resonance
752  Imaging. 2010;31(2):279-288. d0i:10.1002/jmri.22022

753  61. Mancini M, Karakuzu A, Cohen-Adad J, Cercignani M, Nichols TE, Stikov N. An interactive
754  meta-analysis of MRI biomarkers of myelin. eLife. 2020;9d0i:10.7554/elife.61523

755  62. Lazari A, Lipp I. Can MRI measure myelin? Systematic review, qualitative assessment, and
756  meta-analysis of studies validating microstructural imaging with myelin histology. Neuroimage.
757  2021:117744. doi:10.1016/j.neuroimage.2021.117744

758  63. Boshkovski T, Kocarev L, Cohen-Adad J, et al. The R1l-weighted connectome:
759  complementing brain networks with a myelin-sensitive measure. Network Neuroscience.
760  2021;5(2):358-372. doi:10.1162/netn_a_00179

761  64. Badji A, de la Colina AN, Boshkovski T, et al. A Cross-Sectional Study on the Impact of
762  Arterial Stiffness on the Corpus Callosum, a Key White Matter Tract Implicated in Alzheimer’s
763  Disease. Journal of Alzheimer's Disease. 2020;77:591-605. doi:10.3233/JAD-200668

764  65. Badji A, Noriega de la Colina A, Karakuzu A, et al. Arterial stiffness cut-off value and white
765  matter integrity in the elderly. Neurolmage: Clinical. 2020/01/01/ 2020;26:102007.
766  doi:10.1016/j.nicl.2019.102007

767  66. Weiskopf N, Edwards LJ, Helms G, Mohammadi S, Kirilina E. Quantitative magnetic
768  resonance imaging of brain anatomy and in vivo histology. Nature Reviews Physics. 2021/08/01
769  2021;3(8):570-588. d0i:10.1038/s42254-021-00326-1

770  67. Salah K, Rehman MHU, Nizamuddin N, Al-Fugaha A. Blockchain for Al: Review and Open
771  Research Challenges. IEEE Access. 2019;7:10127-10149. doi:10.1109/ACCESS.2018.2890507

772  68. Moritz M, Redlich T, Glinyar S, Winter L, Wulfsberg JP. On the economic value of open
773  source hardware—case study of an open source magnetic resonance imaging scanner. Journal of
774  Open Hardware. 2019;3(1):2. doi:10.5334/joh.14

775  69. DuPre E, Holdgraf C, Karakuzu A, et al. Beyond advertising: New infrastructures for
776  publishing integrated research objects. PLOS Computational Biology. 2022;18(1):e1009651.
777  doi:10.1371/journal.pcbi. 1009651

778 70. Yarnykh VL. Actual flip-angle imaging in the pulsed steady state: A method for rapid three-
779  dimensional mapping of the transmitted radiofrequency field. Magnetic Resonance in Medicine.
780 2007;57(1):192-200. doi:10.1002/mrm.21120

781  71. Gopalan K, Tamir JI, Arias AC, Lustig M. Quantitative anatomy mimicking slice phantoms.
782  Magnetic Resonance in Medicine. 2021;86(2):1159-1166. doi:10.1002/mrm.28740

783

784

33


https://doi.org/10.1101/2021.12.27.474259
http://creativecommons.org/licenses/by-nc/4.0/

