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Abstract

Key points

Neuroimaging has an essential role in studies of brain health and of
cerebrovascular and neurodegenerative diseases, requiring the availability
of versatile magnetic resonance imaging (MRI) acquisition and processing
protocols. We designed and developed a multipurpose high-resolution MRI
protocol for large-scale and long-term population neuroimaging studies
thatincludes structural, diffusion-weighted and functional MRI modalities.
This modular protocol takes almost 1 h of scan time and is, apart from a
concluding abdominal scan, entirely dedicated to the brain. The protocol
links the acquisition of an extensive set of MRI contrasts directly to the
corresponding fully automated data processing pipelines and to the required
quality assurance of the MRI data and of the image-derived phenotypes.
Sinceits successfulimplementation in the population-based Rhineland
Study (ongoing, currently more than 11,000 participants, target participant
number of 20,000), the proposed MRI protocol has proved suitable for
epidemiological and clinical cross-sectional and longitudinal studies,
including multisite studies. The approach requires expertise in magnetic
resonance image acquisition, in computer science for the data management
and the execution of processing pipelines, and in brain anatomy for the quality
assessment of the MRI data. The protocol takes -1 h of MRl acquisition and
~20 h of data processing to complete for a single dataset, but parallelization
over multiple datasets using high-performance computing resources reduces
the processing time. By making the protocol, MRl sequences and pipelines
available, we aim to contribute to better comparability, interoperability and
reusability of large-scale neuroimaging data.
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e This protocol links the
acquisition of MRI datasets
to their corresponding fully
automated data processing
pipelines and to the required
quality control checks for
both the MRI data and the
image-derived phenotypes.
The approach is suitable for
epidemiological and clinical
cross-sectional and longitudinal
studies, including multisite
studies.

e The modular protocol
comprises time-efficient high-
resolution MRI acquisition and
processing and facilitates the
comparability, interoperability
and reusability of large-scale
neuroimaging data.
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Introduction

Technical advances in magnetic resonance imaging (MRI) and the increased accessibility of
clinical magnetic resonance (MR) technology, has positioned neuroimaging as anindispensable
diagnostic toolin studies of cerebrovascular and neurodegenerative diseases, as well as those
of brain health. Inlarge-scale population-based cohort studies, neuroimaging has an essential
role; however, it often requires extensive lead times for the design, development and setup of an
elaborate MRI study. By making the MRl acquisition and processing protocol of the population-
based Rhineland Study available, we aim to support future epidemiological and clinical cross-
sectional and longitudinal MRI studies and improve the comparability, interoperability and
reusability of the collected imaging data.

Development of the protocol

The proposed MRI acquisition and processing protocol was designed and developed to meet
the requirements for large-scale and long-term population neuroimaging in the Rhineland
Study, a prospective community-based cohort study thatincludes participants aged 30 years
and above and is scheduled to run for decades. The MRI acquisition protocol is largely based on
in-house developed MRI sequences. With a total scan time below 1 h per participant, it allows
the acquisition of multiple neuro MR contrasts at 3 Tesla (3T) with high image quality and
resolution, while keeping potential participant discomfort and motion artifacts at manageable
levels. A challenge in large-scale long-term research is the trade-off between keeping the
longitudinally collected data comparable and keeping them relevant and up to date. We thus
selected the scan parameters as forward looking as feasible, i.e., with ashort scan time and with
whole-brain coverage as well as high isotropic image resolution. To keep the MRI scan protocol
as constant as possible, but at the same time adaptive, we separated it into a core imaging
protocol with MR contrasts of high relevance that will be acquired for all study participants

and afree protocol to accommodate alternative promising and innovative MRI techniquesina
smaller subpopulation. The proposed MRI analysis protocol meets the requirements to process
large-scaleimaging data through fast and fully automated, adaptable and expandable quality
assessment (QA) and data analysis pipelines that incorporate established state-of-the-artimage
analysis tools as well as innovative machine learning methods, ensuring high data quality and
reproducibility.

The proposed MRI scan and analysis protocol contains four major components (Fig. 1)
presenting the protocol workflow: acquisition, preprocessing, QA and postprocessing of the
MRI data. Although separate components of this procedure have previously been published' ™",
the proposed MRI protocol describes all four components of the workflow, in particular the
application of the respective methodology, as acomplete process.

MRI acquisition

The protocol acquires high-resolution imaging data on a 3T MRIscanner (MAGNETOM Prisma,
Siemens Healthineers) equipped with a high-performance whole-body gradient system of

80 mT/mamplitude and 200 T/m/s slew rate and a 64-channel head-neck receive array. Except
for a concluding abdominal scan, the protocol focuses on whole-brain acquisitions. The core
protocol includes T,-weighted'® (0.8 mmisotropic image resolution), T,-weighted (0.8 mm
isotropic) and T, fluid-attenuated inversion recovery (FLAIR, 1.0 mm isotropic) structural MRI,
and diffusion-weighted™ (1.5 mm isotropic), multi-echo T,*/susceptibility-weighted*" (0.8 mm
isotropic), 10 min resting-state functional (2.4 mm isotropic at 0.57 s temporal resolution)
and abdominal Dixon fat/water (2.0 mm x 2.0 mm x 5.0 mm) MRl as depicted in Fig.1. The
acquisition time of the core protocol is 45 min. The most relevant MRI sequence parameters
arelistedin Table 1. The core protocol is based on customized MR sequences, either developed
from scratch or based on vendor implementations, which use volumetric acquisitions that
allow for two-dimensional (2D) parallel imaging acceleration with reduced aliasing"'® and, if
possible, elliptical sampling”. The MRI signal is thus acquired more signal-to-noise ratio- (SNR)
and time-efficiently than usual (Box 1). Only diffusion MRI (dAMRI) as well as the abdominal
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Fig.1| Workflow of the MRI acquisition and processing protocol. Protocol voxel sizes. Only the voxels of the abdominal MRI have unequal side lengths,
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Results and
research database

described inref. 7. Acquisition, preprocessing, QA and postprocessing of the MRI as specified. ROI, region of interest; DTI, diffusion tensor imaging; DKI, diffusion

datacollected in the population-based Rhineland Study. Spatialimage resolution  kurtosis imaging. Figure created with BioRender.com.

is given in units of mm for each MR contrast. Single numbers refer to isotropic (iso)

scan use unmodified vendor implementations. The resulting gain in scan speed and signal-
to-noise ratio allows the acquisition of structural whole-brain contrasts at a comparably high
isotropic resolution of 0.8 mm without sacrificing image quality. So far, the free protocol of
upto7 min has been used in the Rhineland Study to perform high-resolution hippocampal
subfields imaging, quantitative T,, mapping® and perfusionimaging™*, andis further planned
toinclude chemical exchange saturation transfer? MRl and multiparametric mapping®, where
all acquisitions except the first are based on custom sequences. For the free protocol of the
proposed MRI protocol, we selected high-resolution hippocampal subfields imaging based
onthe 2D turbo-spin-echo (TSE) vendor sequence. The free protocol can alternatively be

used to run updated MRI sequences in parallel to established sequences to optimize the scan
protocol and at the same time to enable the harmonization of MRI data after changes have
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Table 1| The MRl scan protocol of the Rhineland Study acquires many promising MRI contrasts in a short scan time

Contrast Sequence hame Resolution (mm®) Placcel TA(min) Mainfeatures

Scout Scout 1.6x1.6x1.6 0:14 Automatic alignment

B, mapping DREAM_B1 40%x4.0%x4.0 CAIPI2x2,, 0:05 Single-shot 3DREAM

B, mapping BO 24x24%x2.4 0:32 TE of 1.29, 3.09 ms

rs-fMRI RestingState 24x24%x2.4 CAIPI1x6,, 10:21 TE/TR of 30/570 ms, 3D-EPI with water excitation
and semi-elliptical sampling, 1,070 volumes, initial
one-time inversion recovery, 1 FID navigator/volume

T,-weighted T 0.8x0.8x0.8 CAIPI1x2, 6:35 4xTE: 1.6-6.5 ms, elliptical sampling, r.m.s.
across TEs, MPRs (sagittal, coronal, axial),
1FID navigator/TR

T,-weighted T2_caipi 0.8x0.8x0.8 CAIPI1x2, 4:47 Elliptical sampling, MPRs (sagittal, coronal, axial)
1FID navigator/TR

FLAIR FLAIR 1.0x1.0x1.0 2x1 4:37 Elliptical sampling, MPRs (sagittal, coronal, axial)

Diffusion-weighted (CS-DSI)  DiffusionDSI_r DiffusionDSI  1.5x1.5x1.5 1x3 12:04 112 g-space samples, b, = 6,800 s/mm?

T,*/susceptibility-weighted ~ QSMEPI_AP QSMEPI_PA 0.8x0.8x0.8 CAIPI3x2,,  6:20 6x TE: 7.4-31.9 ms, 4 averages per TE (24 images),
45 s per 3 rephased TE images, 1FID navigator/10 TRs

T,-weighted hippocampal T2_Hippocampal Subfields  0.4x0.4x1.6 6:29 Slices perpendicular to the long axis of the

subfields hippocampus (AutoAlign)

Body scout BodyScout 5.0x5.0x5.0 0:15 Moving-table acquisition

Body fat Fatimaging 2.0x2.0x5.0 0:12 Breath-hold acquisition with automatic commands

52:31

All sequences provide whole brain coverage with isotropic resolution (except for the abdominal and hippocampal subfields imaging). Pl accel: parallel imaging acceleration; TA: acquisition
time. CAIPI: CAIPIRINHA undersampling pattern with a CAIPI shift along the second phase encoding direction. Data adapted from ref. 67.

beenimplemented. To maximize data consistency, none of the brain scans requires manual
interaction for field-of-view (FOV) positioning. Instead, automatic alignment based on three-
dimensional (3D) scout images and carefully predefined FOVs is used. Only the final abdominal
fat/water MRI requires manual FOV positioning as described below. In the Rhineland Study,
amarker-less motion tracking system* % (Traclnnovations) and sequence-specific, very fast
MR-based free induction decay (FID) navigator® are further used to assess participant head
motion. The latter may be used for future on-line motion tracking and prospective motion
correction without an external tracking device. Furthermore, respiration and pulse traces

are obtained throughout the entire protocol using an MR-compatible respiration belt and
plethysmograph. These additional instruments to collect motion, respiration or pulse data
can be employed while running the MRI scan protocol if the respective measurements are of
interest for a specific research study.

MRI processing

Following MR image collection and transfer to the extensible neuroimaging archive toolkit*
(XNAT) database management system, the acquired scans are input to dedicated processing

pipelines designed for a single or acombination of different MR contrasts. The image

processing pipelines of the Rhineland Study are based on the Nipype*° framework, a Python-
based open-source workflow engine, to integrate both in-house developed and existing

state-of-the-art neuroimaging software tools. As the analysis pipelines comprise many

interdependent steps that are performed by using various neuroimaging software tools and
packages, the Nipype framework facilitates efficient interaction with different components
or steps of the analysis pipelines. It also allows easy-to-use interfaces for seamless interaction
with the neuroimaging software tools as well as flexibility to allow customization for specific
requirements of some pipelines. Another advantage of the Nipype workflow is that the
subsequent stepsin a processing pipeline can be resumed from the point where it stopped if
large number of participants are processed in abatch mode. The image processing pipelines
exploit high-performance computing (HPC) and graphics processing unit (GPU) acceleration
whenever possible to reduce the computational cost. HPC resources are extremely important
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BOX1

Additional details about the custom sequence variants used for the
standard MR contrasts of the core MRI protocol

e The custom T,-weighted multi-echo MPRAGE sequence combines b-value of 6,800 s/mm? at 1.5 mm isotropic spatial resolution in
CAIPIRINHA sampling (reducing parallel imaging noise penalty) 12 min acquisition time'*. CS-DSI provides high radial resolution
and elliptical sampling (reducing the number of k-space echo while maintaining high angular resolution and it is well-suited for
readouts), which makes 0.8 mm isotropic resolution in 6:35 min analysis strategies that require high b-value acquisitions, therefore
acquisition time feasible'. The T,-weighted SPACE sequence uses being a forward-looking dMRI acquisition strategy with a great
a similar strategy potential for future developments

e The specific multi-echo MPRAGE sequence variant'® was chosen e The custom multi-echo T,*-weighted sequence combines
to allow for a T,-weighted image with reduced geometric moderately high (sixfold) CAIPIRINHA parallel imaging with an EPI
distortions matched to the T,-weighted image’® using a high-SNR factor of 7, which results in three echo time whole-brain images at
r.m.s. echo combination 0.8 mm isotropic resolution in only 45 s. However, this is repeated

e The custom CAIPIRINHA 3D-EPI rs-fMRI sequence allowed us to once with off-set TEs to result in six regularly spaced echo times
achieve a high temporal resolution without overly strong parallel between 7.4 and 31.9 ms. Corresponding data are acquired and
imaging as compared with a conventional simultaneous multislice averaged four times, resulting in 6:22 min acquisition time. This
EPI'® as time-efficient fat-suppression and semi-elliptical sampling unconventional approach allows for valuable image-based
can be used” corrections before averaging (e.g., retrospective motion and

e Performing simultaneous multislice diffusion-weighted MRI with a phase drift correction) and thus results in high-quality magnitude
spin-echo echoplanar imaging sequence applying threefold slice and phase images at 0.8 mm isotropic, even in participants with

acceleration’®®*%® in combination with a CS-DS| protocol allows difficulties in lying still"®.

for an accelerated collection of 112 DSI scans with a maximum

for efficient computing, which mainly depends on the underlying size and the amount of
dataacquiredinaresearch project. In the field of epidemiology and neuroimaging studies,
where large datasets from cohorts of participants are processed and analyzed, access to

and harnessing HPC resources is of paramount importance. Therefore, with access to either
institute-based computer clusters or external HPC facilities, researchers can substantially
reduce the time required for data processing and effectively optimize complex computations
involved in neuroimaging data analyses. In the Rhineland Study, we benefit largely fromin-
house compute nodes, each equipped with 48 dual cores and 4 GPU cards, making a total of

384 central processing unit (CPU) cores and 16 GPU units. These resources effectively serve to
fulfil the demands of processing our weekly batches of imaging data, typically comprising up to
100 participants, with all the image analysis pipelines. Furthermore, for processing the entire
cohort of participants simultaneously, we use the capabilities of our institute’s HPC cluster
comprising ~100 computer nodes each equipped with 72 CPU cores on average. A high number
of cores will be beneficial in substantially speeding up the processing and facilitating the
processing of large datasets in parallel. Likewise, the additional (yet for most pipelines optional)
availability of GPUs will further enhance the processing speed of some pipelines, which benefit
considerably from massive parallelization. Among all our processing pipelines, the dMRI and
rs-fMRI processing pipelines are the most compute and memory intensive where multiple CPU
cores, GPUs, and more than 64 GB of memory per node are required. We report processing times
and memory requirements of all processing pipelines of the proposed MRI protocolin Table 2.
As the analysis pipelines comprised different steps and different neuroimaging tools and thus
require agreat number of configurations in most cases, to ensure reproducibility and easy
portability, we use Docker containers to encapsulate these pipelines together with the required
tools and configurations. Dockerizing the pipelines avoids extensive re-configurations and
compatibility issues and makes the complete pipeline portable to different other computing
environments. As an alternative container framework to Docker, we also use Singularity, which
has the ability to directly convert Docker images to Singularity images. Singularity is considered
safer to run Docker images for scientific applications in an HPC environment that enables us
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Table 2 | Overview of the input and output data to the processing pipelines of the MRI analysis protocol as well as the
respective IDPs

Analysis pipeline MRl input Pipeline output Imaging-derived phenotypes Memory Processing time
requirements

FreeSurfer T,-weighted Segmented volumes Estimated cortical and subcortical 8-10 GB CPU:7-10h
Standard FreeSurfer output ~ volumes
at 1 mm isotropic Thickness prediction of cortical
Custom quality control structures
images

FastSurfer T,-weighted Segmented volumes Estimated cortical and subcortical 6.5 GB CPU:3h
Standard FreeSurfer output ~ volumes GPU:1.3h
at native input image Thickness prediction of cortical

resolution (0.8 mm isotropic) structures
Custom quality control

images
WMH T,-weighted, T,-weighted, Segmented volumes WMH load in vascular territories 2-4GB CPU: ~90 min
and FLAIR images, and the Quality control images (e.g., posterior cerebral artery, middle GPU: ~30 min

standard output from the
FreeSurfer processing pipeline

cerebral artery, anterior cerebral artery,

Statistics on segmented
< pons as part of the brainstem and

volumes cerebellum)
Olfactory bulb T,-weighted Segmented volumes Estimated volumes of the right and left  6-8 GB CPU: ~25 min
Quality control images olfactory bulb GPU: ~2 min
Statistics on segmented
volumes
Hypothalamus T,-weighted and T,-weighted Segmented volumes Estimated volumes of 24 structures, 4GB CPU:3h
subfields pair, or Quality control images including 11 substructures of the GPU: <1h
standalone T,-weighted Statistics on segmented hypothalamus and 13 adjacent
veles structures
Hippocampal T,-weighted and T, Segmented volumes Estimated volumes of 28 structures, 6 GB CPU:1.1h
subfields hippocampal subfields, or Quality control images including 19 substructures of the
standalone T, hippocampal Statistics on segmented hippocampus and 9 substructures
subfields velumEs of the amygdala
dMRI DiffusionDSlI, DiffusionDSI_r Motion and distortion Metrics describing the diffusion 18 GB CPU:1-1.5h
corrected dMRI data process and the underlying tissue for distortion
Quiality control parameters microstructure, e.g., fractional correction,
from the motion correction  anisotropy, mean, axial, and radial 40 min/9 h/18 h for
CS-reconstructed DS| data diffusivity obtained from the diffusion CS recon on 32/2/1
e . . tensor model®® parallel threads)
Diffusion and microstructural ) . )
parameter maps obtained Mear_l, axial, and radial ku‘rt05|s GPU.: 3-5hfor '
from multiple dMRI models obtained from the kurtosis model® motion correction,
Neurite density index, orientation 30-90 min per MDT
dispersion index, isotropic, intra- and model fitting

extracellular volume fraction obtained
from the neurite orientation and density
imaging (NODDI) model™®

rs-fMRI RestingState, BO Magnitude, Cleaned fMRI image Functional connectivity matrix”' >64 GB CPU:~3-35h
BO Phase, T-weighted Custom quality control System segregation index’
images
Estimated rigid motion
parameters
T,*/susceptibility- QSMEPI_AP, QSMEPI_PA, Six averaged magnitude and  SWI: e.g., multiple sclerosis or cerebral 20 GB CPU:4.6h
weighted MRI 12 magnitude and 12 phase phase images for different small vessel disease lesions (1thread), 11h
images each TEs following preprocessing  R,* and susceptibility: e.g., deep gray (4 parallel threads)
1SWI matter iron content and white matter
1R,* map (1/s) +1 myelination

amplitude map (a.u.) (from
monoexponential R,* fit on
denoised magnitude data)

Susceptibility map (ppm)

Body fatimaging  Fat and water Dixon MRI Segmented volumes Estimated abdominal adipose tissue 6-8 GB CPU: ~6 min
Quality controlimages volumes composed of visceral and

Statistics on segmented subcutaneous adipose tissue

volumes

Estimates of the memory capacities required and the computation time using GPU and/or only CPU processing are listed per pipeline.
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to harness the computational resources and accelerate large data processing. This combined
Docker-Singularity approach offers us not only reproducibility but also easy portability to
execute the analysis pipelines across other computing environments.

Functional MRI (fMRI), dMRI and multi-echo T,*/susceptibility-weighted MRI require
dedicated MR image-based preprocessing. The fMRI preprocessing pipeline corresponds to
the standard statistical parametric mapping® (SPM) process and includes a specifically trained
independent component analysis-based X-noisefier (FIX 1.06) classifier* provided by the
Oxford Centre for Functional Magnetic Resonance Imaging of the Brain (FMRIB) to harmonize
the current Rhineland Study resting-state fMRI (rs-fMRI) data with data from an initial sequence
version that was more prone to a particular parallelimaging artifact. The dMRI pipeline
includes retrospective motion and geometric distortion correction®** adapted for diffusion
spectrum imaging (DSI)* and subsequent compressed-sensing DSI reconstruction (CS-DSI)*
of nonacquired diffusion spectrum samples'**’. The multi-echo T,*/susceptibility-weighted
pipeline applies retrospective motion and geometric distortion correction and additionally
corrects for phase changes across eight individual measurements (45s each). The preprocessing
according to Stirnberg et al.” accounts for the fact that each measurement consists of three
rephased echo time (TE) images and that the TEs of even-numbered measurements are
interleaved with the TEs of odd-numbered measurements, resulting in six different TEs with
four averages per TE (24 images in total). Final complex-valued averaging automatically
compensates for partial-Fourier-related blurring and results in six echo time magnitude and
phase images. In the Rhineland Study, subsequent computation of a susceptibility-weighted
image (SWI), a quantitative susceptibility map (QSM) and a map of the effective transverse
relaxation rate (R,*) is performed using a third-party processing pipeline®!,

The complete MRI processing protocol includes multiple postprocessing pipelines to
obtain MRimage-derived phenotypes (IDPs). Among others, the IDPs include (Fig. 1) brain tissue
volume, thickness and surface measures obtained across the whole brain or within regions
ofinterest (e.g., cortical and subcortical structures, hippocampal subfields, hypothalamus,
the olfactory bulb or brain lesions such as white matter hyperintensities (WMH) based on
multimodal structural MRI**'%***3 global and regional measures of the diffusive molecular
transport and the underlying brain tissue microstructure based on diffusion-weighted MRI'***,
brain functional connectivity using rs-fMRI? and volumes of subcutaneous and visceral adipose
tissue based on a single-breath hold abdominal MRI?. On the basis of the T,-weighted MR images,
all brain structure volume, thickness and surface measures are obtained using the standard
FreeSurfer processing pipeline**** as well as the FastSurfer>® processing pipeline, which is
anovel and fast alternative to FreeSurfer that allows high-resolution MR image processing
including additional subfields segmentation of brain regions such as the hypothalamus*? and
the cerebellum*. Innovative machine learning applications, particularly using deep learning,
have beenimplemented within the structural MRI and body fat imaging processing pipelines
of the protocol’*'%*>*¢_Our in-house tools have been designed and developed for the robust
deployment in the large-scale population-based Rhineland Study, based on the study’s research
interests and the unavailability of reliable open-source tools for the automated segmentation
and assessment of different brain tissue types such as abdominal adipose tissue, olfactory bulbs
and hypothalamic substructures. They have, in part, already been successfully applied to other
imaging datasets as well**. FreeSurfer was selected for whole brain and region of interest
segmentation because it is a stable, reliable and well-supported neuroimaging framework
that allows us to assess cortical as well as subcortical structures. Furthermore, FreeSurfer is
used by other larger imaging populations cohorts (e.g., the Human Connectome Project®’, UK
Biobank®, Alzheimer’s Disease Neuroimaging Initiative®?), allowing us to replicate findings from
these cohorts. However, itisimportant to note that also alternative image analysis pipelines
canberunonthe MRIdata collected with the proposed protocol. For example, the SPM
imaging framework was chosen in addition to FreeSurfer to process a subset of the Rhineland
Study structural MRI data for solving one of the research questions of the respective study®.
Moreover, we chose SPM for fMRI preprocessing as it offers a high degree of flexibility in terms
of customization and parameter tuning and provides extensive documentation and support
for troubleshooting due to its popularity in the neuroimaging community. Nevertheless,
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in our investigations using fMRIPrep** as an alternative tool for fMRI preprocessing, we were
unable to find any notable difference between the tools regarding image quality, robustness
and downstream analysis, confirming the suitability of our MRI acquisitions for different
processing strategies. The latter also holds for the dMRI acquisitions for which a wide spectrum
of state-of-the-art diffusion processing and analysis techniques can be applied". Among others,
we selected the microstructure diffusion toolbox** for dMRI processing in the Rhineland

Study because it incorporates a large set of models for dAMRI microstructure analysis in one

tool with the option for identical optimization routines to provide comparable model fitting.
Furthermore, it enables GPU accelerated dMRI processing, which isindispensable in such a

large-scale study.

MRI QA

To ensure high quality of the MRl acquisitions and extracted phenotypes, three stages of

QA areimplemented in the Rhineland Study within the proposed MRI protocol, as shown
inFig.1. Asafirst stage, to ensure quality consistency and to detect potential malfunctions
early on,adedicated QA protocolis scanned every day on standardized phantoms. Box 2
provides additional details about this procedure. Secondly, ascreening for incidental findings

BOX2

Additional details about the phantom QA workflow

The QA phantom consists of a homogeneous gel mimicking brain
gray matter. As phantom housing a cylindrical glass bottle was
chosen to achieve a homogeneous main magnetic field (panel a

of the image below, left side). To reproduce the phantom position
inside the scanner over sites and sessions, a custom phantom mount
(a, right side) was built (3D printed) that exactly fit the 64-channel
head-neck coil (a, inset).

Phantom ingredients:
e 75.35% distilled H,O
e 23.0% polyvinylpyrrolidon K30
* 1.0% agarose NEEO
e 0.65% NaCl Phantom specific

MR parameters:

e T,=1,328 ms

e T,=70ms

e C=0.61S/m

¢ Apparent diffusion coefficient =1,000 x 10® mm?/s
The phantom QA scans are acquired each day after the last
participant, to be able to detect data inconsistencies and hardware
defects as soon as possible. This ensures high-throughput data
collection with minimal data loss. The QA protocol matches exactly
the in vivo MRI scan protocol of the Rhineland Study. In addition to
the proposed MRI scan protocol, a GRE scan (two measurements for
SNR analysis™) is acquired with head and body coil. The GRE imaging
data are saved uncombined (per receive channel) to get detailed
information about the individual receive channels.

The acquired data are sent to an XNAT server by the technicians.
The QA processing on the imaging data is performed using an in-house
developed, fully automated processing pipeline implemented
in Nipype®°. The incoming data are converted to the NIfTl image

format and the image header information is checked for protocol
consistency (i.e., TE, TR, FOV, etc.) and system consistency (i.e.,
resonance frequency, RX/TX/gradient adjustments). The pipeline
further incorporates an fBIRN’ pipeline to analyze the EPI data and
the diffusion tensor fitting program of the FSL’® toolbox to process
the diffusion-weighted MRI scans. The additional GRE scans are
used to generate receive sensitivity maps, channel contribution
maps and SNR maps. For each phantom-specific MR parameter
map of the QA pipeline, mean and s.d. are computed across voxels
within a region of interest (white) in the center of the phantom
bottle (gray) as depicted in b for the collected localizer image and
longitudinally assessed over time and sites. Reference mean and
s.d. values are determined based on the distribution of all previous
measurements of a QA metric. New measurements within the range
of two s.d. around the mean, between two and three s.d. around the
mean or outside these confidence intervals are marked as PASSED,
WARNING or with a red flag, respectively (c). The results are stored in
a JSON file and saved together with a final report and the summary
images in the corresponding scan session on the XNAT system. After
completion of this fully automated QA pipeline, the phantom scans
are visually inspected by an MR physicist or technician in cases in
which a warning or red flag was assigned to determine, after data
integrity is ensured, whether a problem with the MR system exists.
If so, further support from the vendor should be requested. As an
example, in September 2023 a single channel (41) of the receive
head coil broke (c, bottom row). This was noticed early on because
the mean MPRAGE signal time course is monitored over the region
of interest (c, top row). After replacement of the complete head
coil all parameters were within the specified limits again. Note that
the broken receive channel would not have been picked up by QA
metrics examining all receive channels simultaneously.
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(continued from previous page)
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and a visual image quality rating is performed on all structural MRI scans before any image
processing’. Inaddition, the completeness of the MRI acquisition protocol is evaluated though
inspection of the MRI metadata and comments placed by the operator performing the MRI
examination are checked. In this step, repeated measurements of the same MR contrast, e.g.,
duetoimagingartifacts or technical issues, are also removed from the scan session. Thirdly, we
run dedicated QA workflows that are specific to each MRI modality and postprocessing pipeline
but use similar strategies and metrics for QA and rating of the MRI data and IDPs. During this QA
stage, problematic data are identified automatically based on three different outlier selection
criteria: visual quality warning or incidental finding as determined during the second QA
stage, age-based outliers derived from the distribution of participant-specific QA metrics with
respect to the population average™ and a selection of random cases. All outliers are visually
inspected by trained raters to decide upon their inclusion or exclusion from the dataset, which
is subsequently made available for further research analysis. All metrics used to automatically
identify outliers for QA are output measures of the processing pipelines as reported in Table 2,
including, for example, FreeSurfer derived volumetric measures (Box 3, Fig. 2), dAMRI model
parameters such as fractional anisotropy and mean diffusivity, and pipeline-specific motion
estimates such as the root-mean-squared (r.m.s.) movement of all intracerebral voxels with
respect to areference image’*. As an example of such a pipeline-specific QA workflow, Box 3
and Fig 2. presents a detailed overview of the QA grading for the FreeSurfer processing
pipeline. The overall MRI QA workflow described here was designed and developed within the
framework of the Rhineland Study and can serve as arecommendation, but alternative QA tools
and workflows that meet the specific requirements of the respective research study of interest
canalso be applied to the data collected and processed with the proposed MRI protocol.
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BOX3

Additional details about the QA workflow for the FreeSurfer
processing pipeline

T,-weighted MR images acquired with the MRI scan protocol are subsequently processed using the standard FreeSurfer processing pipeline
(http://surfer.nmr.mgh.harvard.edu/) to obtain whole-brain segmentations. As part of the pipeline QA workflow, a subset of FreeSurfer outputs
are visually inspected and a segmentation quality grading is given. This subset is selected based on incidental findings, examination warnings
and a percentage of random cases. In addition, we use the within-cohort volumetric age dependency to identify participants outside of two
s.d. of the expected population volume.

a
1,500,000 — o ST .
= g, 082°2 . .
—~ ] . : H 8o 5 ~
) s, 8o
e i | : '
£ | HIT) |!.|g“ — —
]

£ ! 8.4,

‘  FTRY
= 1,000,000 tedion] i
g °s e : ' H1

L » ; r - -
'g ® [ R 982 e = . 'l,E.!- ..7
el - o - $ o%3 3
=
&
2

500,000 —

40 60 80
Age (years)

This approach is based on a simple linear model with respect to age. The FreeSurfer volume estimations used in this step are total brain
volume, total cerebral white matter volume, total gray matter volume, ventricle volume, total intracranial volume and the ratio of the volumes
for the left and right hemisphere. In the graph above, a presents the cohort volumetric age dependencies for total brain volume. An outlier was
identified and further visually inspected when any of the preselected FreeSurfer output estimates fell outside two times the linear model’s s.d.
(depicted by blue lines). The red dot on the graph represents the participant under investigation.

QA grading is performed by visually inspecting the raw T,-weighted MR images and its FreeSurfer segmentations on snapshots of two
anatomical views. The QA grading is given based on the segmentation accuracy of seven brain structures groups: cerebral cortex, cerebral
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(continued from previous page)

white matter, basal ganglia, ventricles, hippocampus and amygdala, thalamus and cerebellum. For each group, the QA flag can be either PASS
or FAIL. A PASS flag is given when there is a correct segmentation output or minor errors (b) and FAIL when severe segmentation errors occur
(c). Specifically, b shows a PASS example of slight oversegmentation of the right posterior frontal cortex. The cortex segmentation includes
the dura mater (as shown by the red circle). However, the segmentation error is present in fewer than five consecutive slices. Consequently,

it is considered a minor error, and the cortex segmentation is flagged as a pass. Whereas ¢ presents a FAIL example of oversegmentation of the
cerebral cortex in the area of a brain lesion (red circle). Afterward, an overall QA is assigned as PASS, FAIL or PARTIAL based on the individual

grading of the seven above mentioned QA flags if they are labeled all as PASS, FAIL or a combination of both, respectively.

Expertise needed toimplement the protocol

The proposed MRI acquisition and processing protocol was designed and developed by a
multidisciplinary team of experts with knowledge in the fields of MR physics, computer science
and epidemiology. For its successful implementation and execution in other research studies,
however, less expertise is needed. The most training and experience is required for the first
major part of the modular protocol, the MRl acquisitions. An experienced MRI operator must
performthe in vivo MRl examinations; however, no additional expertise is required compared
with the technical staff of any study running MRI examinations, regardless of the application
of this specific MRIscan protocol. Only a few manual adjustments are required from the MRI
operator during the examination, specifically only for the abdominal MRI, which are described
indetailin the corresponding step of the scanning procedure. The technical infrastructure to
manage and store large-scale MRI data and related metadata should be set up by IT personnel.
For setting up and running a basic XNAT platform, support of IT staff would only be required if
the neuroimaging researchers lack sufficient background knowledge and experience in Linux
operating systems. However, the maintenance and extension of the XNAT resource, depending
ontheresearch goals and the size of the research data, requires a dedicated IT specialist to
provide continuous support on storage requirements, data backup, security and data sharing.
The execution of the processing pipelines, the second major part of the MRI protocol, only
requires basic knowledge in computer science and the ability to use the command line. By
design, this part of the protocol avoids extensive reconfigurations or manual installation of
required software, thereby facilitating itsimplementation and reducing the expertise needed.

15% random
cases
After Visual quality
acquisition | rating, incidental Visual quality
findings warning
screening Visual quality
assessment of
FreeSurfer
Cohort-specific age-based outputs from
FreeSurfer volumetric outliers: cases flagged
processing ¢ Total brain volume due to visual
_Tw,Wefghted pipeline . Log(ventricle volume) ivr;?r?‘igg'::éon
image e White matter volume volumetric
e Grey matter volume outliers, and
During Participants with a e Estimated total from random
acquisition FreeSurfer output intracranial volume cases
e Hemisphere volume
ratio (left/right)

Acquisition
warning provided
by MRI operator

Segmentation
quality grading

Fig.2| QA workflow for the FreeSurfer processing pipeline. As part of the pipeline QA workflow, a subset of FreeSurfer outputs are visually inspected and a segmentation

quality grading is given.
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Depending on the size of the imaging study and the amount of MRI data collected, however,
expertise in HPC might be useful to speed up the data management and processing. No specific
background in MRI processing or machine learning is needed. Documentation and an example
dataset are provided to get familiar with the input and output of the different processing
pipelines. For the QA of the acquired MRI data and IDPs, expert evaluation is required. If desired,
aradiologist or trained neuroscientist with sufficient knowledge about brain anatomy should
screen the structural scans for incidental findings’. Raters with pipeline-specific knowledge
(e.g., about brain anatomy, the effect of motion and other acquisition-related artifacts on
MRIscans) must be trained for visual QA and the inherent manual quality rating. The different
aspects of arecommended QA workflow have been described in detail within this protocol.

Applications of the protocol
This modular MRI protocol was designed and developed for large-scale prospective population
imaging and optimized to provide versatile high-resolution and high-quality imaging data
inashortscan time. The scan protocol forms the first major component of the overall MRI
protocol and its specific MRI sequences were custom developed to improve the data quality
beyond what is commonly available so far. The image analysis protocol includes innovative
processing pipelines based on machine learning, particularly deep learning, for the assessment
and quantification of specific imaging phenotypes. To complete the overall MRI protocol,
integrated QA pipelines are implemented to ensure high quality of the imaging data and
extracted phenotypes. It is worth highlighting that all the MRI acquisition and analysis
methods of the MRI protocol are adaptable and generally applicable and not geared toward
aspecific disease. Thus, the proposed protocol may be of specific interest for awide range
of neuroimaging applications.

The overall MRI protocol has already been successfully applied for the past few years
for population neuroimaging in the Rhineland Study (ongoing, currently more than 11,000
participants, target participant number of 20,000), its target application. We therefore
recommend it for upcoming long-term and large-scale prospective population imaging studies
of both cross-sectional and longitudinal research design. Its application by other cohorts will
enhance comparability and exchange between research studies.

Neuroscientists setting up research or clinical studies are at liberty to trim the protocol
to their needs by only implementing single components of the modular MRI protocol. In fact,
subsets of the protocol’s MR contrasts and respective analysis methods have been and are
being used in several clinical research settings because of the improved performance over
more common imaging protocols. These studies investigate, e.g., cerebral small vessel disease,
SARS-CoV-2infection”, attention-deficit/hyperactivity disorder*®, brain volume changes
after infarcts®*® or cognitive impairmentin chronic heart insufficiency in patients. The scan
protocol has also already been implemented for neuroimaging in the general population, more
specifically for fMRI and multiparametric mapping in arecent long-term study*® and for fMRI in
alongitudinal intervention study®*“. Moreover, the proposed MRI scan and analysis protocol
hasbeen adapted for another scanner of the same vendor, the MAGNETOM Skyra, to be used in
clinical multisite studies, such as the currently recruiting HIFI-CAA cohort study investigating
brain alterations in cerebral amyloid angiopathy (CAA) through high-frequency MRI (HIFI).
Ongoingresearch or clinical studies that already collect MRI data with a highly comparable
imaging protocol can benefit from this modular MRI acquisition protocol, specifically
theimage analysis protocol and its fully automated processing pipelines**° as well as the
multistage QA procedures to facilitate QA and study harmonization.

Advantages, limitations and alternative methods
Using the proposed MRI protocol, amore versatile set of MR contrasts with higher resolution
thanisusual to dateis directly linked to fast and fully automated, adaptable and expandable QA
and data analysis pipelines.

This protocol provides a forward-looking, but also mature, MRl acquisition strategy for a
wide range of research studies. It uses findings of recent popular imaging studies such as the
original Human Connectome Project® on the advanced technology of high-performance MRI
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scanners to achieve impeccable image quality, while additionally focusing on time-efficient
accelerated MRI. Furthermore, the proposed scan protocol covers a more versatile set of
neuroimaging MR contrasts at higher image resolution than the one of the well-established UK
Biobank’' study, while still being comparable and thus facilitating research across large-scale
populationimaging studies.

Incorporating the concept of the free protocol, the proposed MRI protocol uniquely
enablesinnovations at the level of acquisition and methods development within the framework
of an ongoing large-scale population study.

The modular structure of the MRI protocol makes it suitable for a wide range of neuroimaging
applications. On request, MRIsequences can be readily shared with other research collaboration
partners. Likewise, all postprocessing pipelines are designed for easy distribution. If the protocol’s
hardware and software requirements are met, this allows for high research reproducibility,
thus enhancing comparability and exchange between research studies and facilitating study
harmonization.

The MRIsequences in this protocol are designed and optimized for the MAGNETOM Prisma
MRIscanner (Siemens Healthineers) running software version VE11C. At the time of study
launch, the scanner had a stronger than average gradient system of 80 mT/m at200 T/m/s
slew rate. The corresponding image analysis pipelines expect, as input, images acquired with
those sequences and hardware (e.g., 64 channel head-neck coil). When changes in hardware
or software are inevitable, they must be considered cautiously for consistent outcomes. For
instance, CAIPIRINHA parallel imaging undersampling factors of up to six require a suitable
receive coil such as the 32 channel head coil, but not the 24 channel head-neck coil distributed
by the same vendor.

Anadapted MRI protocol for harmonized data collection across sites with less performant
scanners of the same vendor has already been developed on a MAGNETOM Skyra (45mT/m
at200 T/m/s, 32 channel head coil) using identical custom sequences. For most of them, all
parameters could be copied and parallelimaging did not have to be changed for any of them.
Minor adaptions were only required for rs-fMRI to maintain TE and volume repetition time
(TR) and T,*/susceptibility-weighted imaging to keep TE and TR comparable (TE of 6.9-32.4 ms,
TR of 53.3 ms, echo-planarimaging (EPI) factor 5, TA of 9.2 min). A major change of image
resolution was only required for dMRI to maintain TE and TR and, largely, the diffusion encoding
scheme up to the largest b-values (2.0 mminstead of 1.5 mm isotropic resolution, 72 instead of
93 slices). Therefore, all processing pipelines of the proposed MRI protocol are compatible to
analyze MRI data collected at the Skyra, except for the dMRI pipeline. A combined analysis of
Prisma and Skyra dMRI data would be possible, but requires a modified analysis pipeline and
downsampling (1.5 mm to 2.0 mm) of the Prisma data. Note that although the amount of signal
decay due to intravoxel dephasing depends on the original image resolution, it is not altered by
the downsampling procedure, highlighting a limitation in comparing downsampled data with
originally low-resolution data. However, the effect of intravoxel dephasing could be matched
by storing the complex raw MRl acquisitions and downsampling the data via the fast Fourier
transform and a pruning of the outer k-space.

Compatibility with more recent software for the same scanners (VE11E) has already been
verified. Support for the most recent scanner generation of the same vendor (NumarisX) is
currently under investigation as a necessity for a wider application besides the Rhineland Study.
Forinstance, in an upcoming national multisite study, the Rhineland Study sequences and
(compatibility) protocols are going to be used with data harmonization and high scan efficiency
inmind. At the time of writing, among 15 of the participating scanners, 3 use Numaris X and 12
use VE11 baselines; however, the number of scanners running Numaris X is expected to increase.
Asubset of sequences has already been ported successfully. As soon as all sequences are ported
and thorough testing is complete, they are going to be released publicly along with the VE11
sequences as well. Alternatively, adapting the scan and analysis protocol for other scanners or
reproducing the entire scan protocol using vendor-provided default MRI sequences that still lack
some of the involved state-of-the-art technique is, at present, only possible to alimited degree.

The protocol and analysis pipelines were designed for use in large-scale population studies.
Special care should be taken when applying the MRI analysis protocol to process imaging
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data from participants presenting gross brain abnormalities or severe pathology, which may
cause inaccuracies or failure of MRI processing pipelines due to poor image qualities. Thus,
automated QA procedures and manual inspection of flagged problematic cases are of great
importance.

Regulatory approvals
Before the use of the proposed MRI protocol in animaging study involving human participants,
approval must be obtained from the appropriate local ethical review board. All MRI scans must
beacquired accordingto institutional and national regulations with written informed consent
from the participants of the study.

The proposed MRI sequences are investigational and not for diagnostic or commercial
use. Torequest the download of sequence binaries, the receiving institution has to register as
auser of the Siemens (Healthineers) Core Competence Partnership (C2P) exchange platform.
Agreeing to the terms and conditions of both Siemens and the sequence providers is required.
The former settle the legal preconditions to install and run investigational pulse sequences. The
latter additionally specify how the sequence providers shall be acknowledged by the receiving
institution according to good scientific practice.

Materials

Human participants

The proposed MRI protocol has been successfully applied in over 11,000 participants of the
Rhineland Study (www.rheinland-studie.de), an ongoing community-based prospective
cohort study with a target participant number 0of 20,000 that invites inhabitants aged 30 years
and above at baseline living in two geographically defined areas in the city of Bonn, Germany.
Persons livingin these areas are predominantly German with Caucasian ethnicity. The sole
exclusion criterion s insufficient German language skills to provide informed consent.

A CAUTION Approval toundertake the study was obtained from the ethics committee of

the Medical Faculty of the University of Bonn. The study is carried out in accordance with

the recommendations of the International Council for Harmonization Good Clinical Practice
standards(ICH-GCP). Written informed consent was obtained from all participantsin
accordance with the Declaration of Helsinki.

Equipment

* MRIscanner

« MRIreceive coil

* MR-compatible screen

- MRIdatastorage system, e.g., XNAT

- Computing hardware
A CRITICAL Werecommend using a powerful workstation for HPC to manage and
process the acquired MRI data. An efficient personal computer might be suitable if
only some modules of the processing protocol are required and no extensive parallel
computing of multiple participantsis of importance. As aminimum set of requirements
for processing the protocol datawith all the processing pipelines, aworkstation with
similar configurations to the following is recommended, which has Intel Xeon Gold 6130 @
3.00 GHz 2 x12 (hyperthreading enabled) processing cores, 96 GB of main memory and
2x Nvidia Quadro P5000 GPUs.

Equipment setup

MRI scanner, sequences and data storage

The Rhineland Study MRI acquisition protocol runs on two identical 3T Siemens MAGNETOM
Prisma MRI scanners (Siemens Heathineers) equipped witha80 mT/m at 200 T/m/s gradient
system and a 64-channel head-neck coil. All custom sequences were implemented and all
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parameters were optimized for the scanner software version VE11C. An overview of the most
relevant MRIsequence parametersis givenin Table 1. During the rs-fMRI sequence, a fixation
crossis displayed on a 30 inch MR-compatible OptoStim screen (Medres) located in the scanner
room. Afile containing the image of the fixation cross is distributed together with our publicly
available example dataset.

We use the XNAT platform for storing and organizing all the MRI data together with output
dataderived from the analysis pipelines. XNAT provides the required platform and offers
flexibility by supporting nonimaging data types such as other auxiliary data from the scanner
or the analysis pipelines. We benefit largely from the extensibility of XNAT through its plugins
architecture and automate the minimum preprocessing such as the DICOM series to NIfTI
file format conversions, the QA of acquisition parameters and the extraction of metadata for
documentation purposes right after the scan sessions are archived. Its continuous development
and support status since the launch of the Rhineland Study several years ago, and its robust set
of features and extensive capabilities aligning with the needs of our long-term study set a solid
foundation to adopt the XNAT platform for our neuroimaging data management requirements.
Similar alternative platforms might have also evolved and improved over time and could be
used if they meet the specific requirements of the research projects.

Software
To setup the MRIacquisition according to the proposed protocol, all MRl sequence protocol
parameters are available on GitHub (https://github.com/mrphysics-bonn/mri-protocols/tree/
main/rhineland-study) and all custom MRIsequence and image reconstruction binaries are
provided for various IDEA (Siemens Healthineers) software baselines via Siemens’ C2P exchange
platform.

The processing pipelines of the protocol required to process the collected MRI data are
provided on GitHub (https://github.com/orgs/RhinelandStudy/repositories) and should
be executed as described in the procedure via containers using Docker or Singularity that
encapsulate all necessary software required to run a particular pipeline.

Estimates of the memory capacities required for data processing are reported in Table 2.

The NIfTlimage file format is the required input format of the image analysis pipelines of
the proposed MRI protocol. The conversion of all DICOM acquisitions to the NIfTI file format
can be automated using the XNAT plugins architecture, or dedicated software such as, for
example, the dcmstack converter (https://github.com/moloney/dcmstack).

Example dataset

Asingle dataset was acquired for one healthy volunteer (male, 34 years old) using the proposed
MRIscan protocol and is publicly available for download from the Zenodo data sharing
platform®. Two zip files are provided storing the raw MRl acquisitions (Table 1 and Fig. 3) and
the output data of aset of processing pipelines (Table 2) from the MRI protocol. This example
dataset should support the user in becoming familiar with the input and output of the different
processing pipelines shared with the proposed MRI protocol.

Procedure

MRIdataacquisition

® TIMING ~70 min in total per examination from the arrival to the departure of the participant,
including ~10 min for participant transfer and positioning in the scanner and ~60 min of MRI scanning
A CAUTION Participants with contraindications or exclusion criteria are not eligible to undergo
the MRI examination®.

A CAUTION Writteninformed consent to participate in the research study needs to be obtained
from the participant before the MRl examination.

A CRITICAL Enough time for participant preparation and scanning needs to be reserved for the
examination at the MRIscanner.
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Free protocol

Diffusion MRI: b = 0, 1k, 3k, 6k s/mm?
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Fig.3|Overview of the output of the MRI acquisition protocol. Representative 1,070 images showing one-time inversion recovery) and a b = 0 scan without

NS

T,/susceptibility: TE = 7.4-31.9 ms

views of the unprocessed MRI data collected using the MRI acquisition protocol. diffusion weighting and diffusion-weighted images for 5=1,000, 3,000 and
Top: T;-and T,-weighted images, the FLAIR acquisition and the high-resolution 6,000 s/mm? Bottom: the raw T,*/SWIs at six distinct TEs and body fat
hippocampal subfields imaging data. Middle: the rs-fMRI data (first 9 out of imaging data.

1. Positionthe participantinthe MRIscanner. Thisis not different from any other MRI
examination for neuroimaging and should be performed by a qualified MRI operator
following the MRI center’s guidelines to ensure the participant is situated comfortably
inthe head coil for the scan time of ~1h.

A CAUTION A3TMRIscanner has astrong magnetic field. Ferromagnetic material in the
scanner room can cause injuries and is prohibited. Only MR-compatible equipment is
allowed in the scanner room.

2. Performheadscout. Arapid T;-weighted 3D spoiled gradient echo (GRE) sequence is
applied at 1.6 mmisotropic resolution (TA of 14 s, TR of 3.15ms, TE of 1.37 ms, flip angle 8°,
FOV of 260 x 260 mm, 128 sagittal slices). From this 3D image, the reference space for
automatic slice positioning of all subsequent head MRIs is calculated automatically.

4 TROUBLESHOOTING

3. Acquire B, field map. A single-shot 3D dual refocusing echo acquisition mode (DREAM)
sequence®® is applied at 4 mmisotropic nominal resolution (TA of 5.4 s, TE0f 1.12,2.03 ms,
preparation flip angle 59°, flip angle 6°, FOV of 216 x 216 mm, 48 sagittal slices). From the
two magnitude images, a flip angle map and anideal reference voltage map are calculated
automatically.
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4. Acquire B, field map. A3D dual-echo spoiled GRE sequence is applied at 2.4 mmisotropic
resolution (TAof 32s, TRof 6 s, TE 0f 1.29, 3.09 ms, flip angle 6°, FOV of 216 x 216 mm,

60 oblique axial slices). From the two phase images, a B, map is calculated automatically.

5. Acquirers-fMRI. A3D EPlsequence with variable echo train lengths and water excitation
isapplied to collect rs-fMRI data at high temporal resolution (TA of 10.5 min, TR of 570 ms,
TE of 30 ms, inversion time (TI) of 240 ms, flip angle 16°, FOV of 216 x 216 mm, 60 oblique
axial slices).

A CRITICAL STEP Duringthe rs-fMRIscan, the participant must look at a fixation cross.
4 TROUBLESHOOTING

6. Acquire T;-weighted MRI. T;-weighted images are acquired at 0.8 mm isotropic spatial
resolution using a multi-echo magnetization prepared rapid gradient-echo (ME-MPRAGE)
sequence with elliptical sampling (TA of 6.5 min, TR of 2,560 ms, TE 0f 1.68, 3.29, 4.90,

6.51 ms, readout pixel bandwidth 740 Hz, T of 1,100 ms, flip angle 7°, FOV of 256 x 256 mm,
224 sagittal slices). From the four echo time magnitude images, one r.m.s. magnitude image
is calculated automatically. Bandwidth-matching to the T,-weighted acquisition (next step)
ensures that bothimages perfectly register, e.g., for joined T,-T, segmentation or T,-informed
duraremoval from T,. From the r.m.s.image, multiplanar reconstructions (MPR) at 2.5mm
slice thickness along coronal, sagittal and axial slice direction are calculated automatically.

7. Acquire T,-weighted MRI. T,-weighted images are acquired at 0.8 mm isotropic spatial
resolution using a 3D TSE sequence for sampling perfection with application-optimized
contrasts by using flip angle evolution (SPACE) with elliptical sampling (TA of 4.6 min, TR of
2,800 ms, TE of 405 ms, readout pixel bandwidth 744 Hz, FOV of 256 x 256 mm, 224 sagittal
slices). From the magnitude image, MPR at 2.5 mm slice thickness along coronal, sagittal
and axial slice direction are calculated automatically.

8. Acquire FLAIRMRI. T,-weighted FLAIR images are acquired at 1.0 mm isotropic spatial
resolution using a 3D T, FLAIR sequence with elliptical sampling (TA of 4.5 min, TR of
5,000 ms, TE0f393 ms, Tl of 1,800 ms, FOV of 256 x 256 mm, 176 sagittal slices). From the
magnitude image, MPR at 2.5 mm slice thickness along coronal, sagittal and axial slice
direction are calculated automatically.

9. Acquire diffusion-weighted MRI. Simultaneous multislice dMRI is performed with a spin-
echo EPIsequence applying threefold slice-acceleration'**“, The CS-DSI protocol is used
to collect dMRIscans at 1.5 mm isotropic spatial resolution (TA of 12.1 min, TR of 5,500 ms,
TE 0f 105 ms, FOV of 210 x 210 mm, 96 slices, b,,, = 6,800 s/mm?, 4 =49.5ms, § =19.7 ms).

A CRITICALSTEP This acquisition consists of two scans: four non-diffusion-weighted
images with reversed (posteroanterior) phase encoding are required for distortion
correction duringimage postprocessing and must be acquired before the CS-DSI scan
with anteroposterior phase encoding, TA includes both scans.

10. AcquireT,*/susceptibility-weighted MRI. A highly segmented GRE 3D EPIsequence with six
echotimesis applied for motion-robust, rapid quantitative susceptibility and R,*mapping.
This sequence collects imaging data at 0.8 mm isotropic spatial resolution using skipped-
CAIPIsampling (TA of 6.3 min, TRof 51.1ms, TEof7.4,12.3,17.2,22.1,27.0, 31.7 ms, flip angle 20°,
EPIfactor 7, FOV of 216 x 216 mm, 176 sagittal slices). This acquisition consists of two identical
scans, except for the phase encoding direction: anteroposterior phase encoding is performed
first, posteroanterior phase encoding is performed second, TA includes both scans.

11. Acquire high-resolution T,-weighted hippocampal subfields MRI. T,-weighted images are
acquiredat 0.4 x 0.4 x1.6 mmresolution using a2D TSE sequence. The large voxel dimension
isoriented approximately along the long axis of the hippocampus (TA of 6.5 min, TR of
7,930 ms, TE of 44 ms, turbo factor 9, FOV of 224 x 189 mm, 45 oblique-coronal slices).

4 TROUBLESHOOTING

12. Preparefor body scout. Inform the participant of the now-following movement of the MRI
table. The participantis also prepared to listen to the breath-hold commands automatically
played through the MRIintercom synchronized to the beginning and end of the abdominal
MRI that will be performed after the body scout scan.

A CRITICALSTEP The participant must hold their hands close to their body. Crossing of the
arms (on the stomach) is not allowed.
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13. Performbody scout. A moving-table 2D GRE sequence is applied at 5 mm isotropic resolution

(TAof15s, TR of 2.56 ms, TE of 1.44 ms, table velocity 46 mm/s, FOV of 480 x 420 mm,
138 axial slices).
14. Prepareforbody fatimaging. On the basis of the body scoutimage, the center slice of the

subsequent abdominal MRl is positioned manually on the middle of the third lumbar vertebra.

15. Acquire abdominal MRI. Abdominal MRl is performed for 72 axial slices using a breath-hold
two-point Dixon 3D spoiled GRE sequence at 2 x 2 x 5mm resolution (TA of 12 s, in-plane
spatial resolution 2.0 mm?, slice thickness 5 mm, TR of 4.12 ms, TE 0f 1.23, 2.46 ms, FOV of
500 x 437 mm, flip angle 6°, readout pixel bandwidth 750 Hz). The arms of the participant
are placed at side. From the fat and water ‘in-phase’ and ‘opposed-phase’ images, a ‘water’
and a‘fat’image are automatically computed.

4 TROUBLESHOOTING

16. Leadthe participant out of the scanner room. After the MRI examination has finished, help
the participant out of the scanner and the scanner room.

17. Savetheacquired MRI data. Transfer all acquired imaging data from the scanner to the
XNAT storage system.

M PAUSE POINT Datacanbe processed later.

MRI data processing

® TIMING ~20-32h.

A CRITICAL Thesetimesrespectively refer to the processing with and without optional

GPU acceleration of one MRI dataset on a workstation with similar specifications to the one

recommended in this work. For structural MRI processing, the standard FreeSurfer pipeline is

considered. Using the FastSurfer tool instead, these computation times can be further reduced

by several hours. Processing times for all individual pipelines are given in Table 2.

A CRITICAL For most processing pipelines of the MRI protocol, GPU processing is optional.

Note, however, that for the dMRI pipeline a processing workstation equipped with at least 1 GPU

is mandatory. To process a large number of datasets and to speed up the processing time, the

use of an HPC cluster is highly reccommended, optimally also equipped with GPUs.

18. Convertall MRI data. All DICOM acquisitions must be converted into the NIfTIimage file
format as the required input format of the image analysis pipelines of the proposed MRI
protocol. To this end, for example, the dcmstack converter (https://github.com/moloney/
dcmstack) can be used. In the Rhineland Study, compressed NIfTI data are downloaded
from XNAT to the HPC resources using the Python library PyXNAT. Alternatively, the curl
utility could be used which easily interacts with the RESTful web services provided by XNAT.
B PAUSE POINT Data processing can be continued later.

19. Organize all MRI data. Per participant of the imaging study, create afolder with a participant-
specific name that stores the NIfTI files of all MR contrasts that should be processed. An
example of such afolder structure is provided with the example dataset of this protocol.
The proposed MRI protocol does not require data to be stored in the BIDS®® format. Table 2
provides an overview of which MRl acquisitions are required as input for which processing
pipeline. Note that path names for the locations to store the intermediate and final output
of the processing pipelines must be given as input when running any pipeline, thus the
respective folders must be created as well.

A CRITICALSTEP For aseamless execution of the processing pipelines, avoid subfolders or
multiple files of the same MR contrast within the participant data folder. In case of repeated
scans for the same MR contrast within one scan session, e.g., due to imaging artifacts or
technicalissues, the final one needs to be selected as the correct input to the processing
pipelines and all others removed from the folder.

B PAUSE POINT Data processing can be continued later.

20. Execute analysis pipelines. Executable code to run seven distinct processing pipelines is
provided with the proposed MRI protocol and publicly available at https://github.com/
orgs/RhinelandStudy/repositories:

« Pipeline for processing T;- and T,-weighted MRI scans using the FreeSurfer recon-all
workflow followed by hippocampal subfields segmentation
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- Pipeline for white matter hyperintensities segmentation using T;- and T,-weighted and
FLAIR MRl scans

« Pipeline for olfactory bulb segmentation from T,-weighted MRI scans

« Pipeline for rs-fMRI data processing

« Pipeline for DSI MRI data processing

« Pipeline for QSM data preprocessing

« Pipeline for adipose tissues segmentation from abdominal MRI (Dixon) scans
A CRITICAL STEP For each processing pipeline, the README file provides further
details on the related literature of the methodology used and the pipeline output
folder structure storing the processed imaging data and generated IDPs. The expected
input and generated output of each pipelineis presented in Table 2. Every pipeline is
executed in the same way. First, depending on the available system for data processing,
aDocker or Singularity image must be built or pulled from DockerHub via the Docker
or Singularity command provided in the README.m(d file of each pipeline. Secondly,
andinline with the first step, a Docker or Singularity command executes the respective
pipeline. The only input arguments required for this command are the path names for
thelocations to store the intermediate and final output of the processing pipelines
and the path name of the MRI data folder that stores all participant folders containing

the data to be processed. Running this command with -h will provide additional
information on the required and optional function arguments.

4 TROUBLESHOOTING

21. Store processing pipeline outputs. All postprocessed imaging data including the IDPs
stored in CSV,JSON or text files are uploaded back to XNAT for permanent archiving
using the Python library PyXNAT. Again, for example, the curl utility could be used

alternatively.

Troubleshooting

Advice and solutions for troubleshooting potential problems with the MRI protocol can be

found in Table 3.

Table 3 | Troubleshooting table

Step Problem Possible reason Solution
2 Imaging artifact is visible in the head scout Imaging artifacts in the head scout scan could  Participant should be excluded from the MRI
scan. Acquired MRI data cannot be analyzed  occur due to tattoos or permanent make-up examination
2-11,15 Participant reports discomfort due to nerve Some sequences lead to nerve stimulation These sequences may be skipped
stimulation in the study participant
5 Participant had eyes closed during rs-fMRI Participant fell asleep or forgot to keep the Make a note for rs-fMRI data analysis
eyes open
20 The execution of a pipeline via Docker does Docker is not running on the respective system If Docker cannot be used, permission to run Singularity
not work or the user does not have the permissions to also suffices. This container framework is considered
run Docker safer for HPC systems and converts a Docker image
into a Singularity image that can be executed
20 A processing pipeline does not execute and Multiple MRI input files of the same contrast Remove any duplicate MRI input files in the participant-
gives the error that a single file (scan name) are named with similar prefixes in the specific directory. See Table 2 for the required
is required, but a list was provided participant-specific directory pipeline-specific MRl input files
20 CPU code is used instead of the GPU version ~ GPU is not available or configured with an Please install a compatible Nvidia driver for the GPU
old Nvidia driver
20 Pipeline jobs are killed Insufficient memory Make sure sufficient memory is available during the

execution of a pipeline
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Timing

Steps1-17: MRl data acquisition ~70 min (Table 1)
Step 18-21: MRI data processing ~20-32 h (Table 2)

Anticipated results

This section presents the outcomes that were obtained by successfully applying the proposed

MRl acquisition and processing protocol.

MRI acquisition

Figure 3 shows the unprocessed MRI data collected for one healthy volunteer (male, 34 years old)
using the MRl acquisition protocol. The top row shows T;- and T,-weighted images (Steps 6 and 7),
the FLAIR acquisition (Step 8) and the high-resolution hippocampal subfields imaging data
(Step11). Thers-fMRI data (Step 5) and a b = 0 scan without diffusion weighting and diffusion-
weighted images for b=1,000, 3,000 and 6,000 s/mm? (Step 9) are presented in the middle

b Hypothalamus
€ Olfactory bulb

@  whole brain
segmentation

i N
Fractional
anisotropy

Neurite
density

Mean
kurtosis

Mean
diffusivity

O Motion tracking p

Body fat

Free protocol

Fig. 4| Overview of the output of the MRI analysis protocol. a-e, Volumetric
segmentation of the whole brain (a), of regions of interest such as the
hypothalamus* (b) and the olfactory bulb* (c) and of brain lesions such as WM
hyperintensities (d) and perivascular spaces (e). f-h, The SWI (f) as well as the
QSM (g) and T,* map (h) obtained from T,*/susceptibility-weighted MRI. i-m,
Model parameter maps estimated from diffusion-weighted MRI* specifically
fractional anisotropy (i), mean diffusivity (j), mean kurtosis (k), neurite density
(I) and orientation dispersion (m). n, Brain functional connectivity derived using
rs-fMRI (sensorimotor (left), visual (middle) and default mode (right) networks).

€ perivascular
spaces

00801

@ Hippocampal subfields

f Susceptibility -
weighted

Orientation

" X Functional connectivity
dispersion

Sensorimotor (left), visual (middle) and default mode (right) network

o, Arendered raw point cloud generated from depth images acquired using

the motion tracking system". p, Volumes of subcutaneous and visceral adipose
tissue estimated from the abdominal MRI®. q-s, Segmentation of hippocampal
subfields (q), cerebral blood flow estimated by means of perfusion imaging®’ (r)
and T,, mapping sensitive to macromolecules® (s). Adapted fromref. 42, CC-BY 4.0
(b); ref.4, CC-BY 4.0 (c); ref. 14, CC-BY 4.0 (i-k, m); reproduced fromref. 11,
CC-BY 4.0 (0); adapted with permission from ref. 3, Wiley (p); ref. 67, Elsevier (r);
ref. 20, International Society for Magnetic Resonance in Medicine (s).
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row of Fig. 3. The bottom row shows the images obtained through T,*/susceptibility-weighted
(step10) and body fat (Step 15) imaging. The MRI data used to create the figure are provided as
the example dataset of this protocol.

MRI processing

Figure 4 shows an overview of the output that can be obtained from the processing pipelines

of the MRl analysis protocol. Brain tissue volume, thickness and surface measures are derived
across the whole brain or within regions of interest using multimodal structural MRI: cortical
and subcortical structures (Fig. 4a), hypothalamus (Fig. 4b), the olfactory bulb (Fig. 4c) and
brainlesions such as WMH (Fig. 4d) and perivascular spaces (Fig. 4e). The SWI (Fig. 4f) as well as

the QSM (Fig. 4g) and T,* map (Fig. 4h) were obtained based on T,*/susceptibility-weighted MRI.

Model parameter maps representing measures of the diffusive molecular transport and the
underlying brain tissue microstructure are estimated from diffusion-weighted MRI (Fig. 4i-m).
Brain functional connectivity is derived using rs-fMRI (Fig. 4n). Arendered raw point cloud is
generated from depth images acquired using the motion tracking system (Fig. 40). Volumes

of subcutaneous and visceral adipose tissue are estimated based on a single-breath-hold
abdominal MRI (Fig. 4p). Additionally, the results for three MR contrasts that have also been
explored as free protocols in the Rhineland Study are presented: segmentation of hippocampal
subfields (Fig. 4q), cerebral blood flow estimated by means of perfusion imaging (Fig. 4r) and
T,, mapping sensitive to macromolecules (Fig. 4s).

Data availability

The example dataset of one healthy volunteer (male, 34 years old) thatincludes the MRI
acquisitions (Fig. 3) and processing output of most of the pipelines (Fig. 4) using the proposed
MRIscan and analysis protocol is publicly available for download from the Zenodo data
sharing platform® at https://doi.org/10.5281/zenodo.11186582. The Rhineland Study data are
not publicly available because of data protection regulations. This includes partly the source
datafor Fig. 4 and Boxes 2 and 3 in this protocol. However, access can be provided to scientists
inaccordance with the Rhineland Study’s Data Use and Access Policy. Questions regarding
dataaccess should be directed to the Rhineland Study Data Use and Access Committee
(RS-DUAC@dzne.de).

Code availability

AllRhineland Study MRI sequence protocol parameters are available on GitHub (https://github.
com/mrphysics-bonn/mri-protocols/tree/main/rhineland-study). All custom sequence and
image reconstruction binaries are provided for various IDEA (Siemens Healthineers) software
baselines via Siemens’ C2P exchange platform. The provided sequence bundlesinclude the
exact Rhineland Study MRI sequence protocol running on the MAGNETOM Prisma scanner
(native) and a ported version for less performant Siemens scanners, tested ona MAGNETOM
Skyra (compatible). The code for all analysis pipelines is available over the public GitHub code
repository and the complete pipelines with the necessary configurations inside the Docker
containers, which are also publicly accessible via DockerHub.

Thelink to the GitHub repository is https://github.com/orgs/RhinelandStudy/repositories
where all the pipelines are grouped inside the main repository and the link to the DockerHub
registry is docker://dznerheinlandstudie/rheinlandstudie:pipeline_tag where the pipeline

tags are named according to their respective GitHub repository name. The SWI, R,* mapping
and QSM pipelines are excluded since they use third-party software not released for sharing.
However, the custom preprocessing is included such that afterward any other SWI, R,* mapping
and QSM software can be applied.
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