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Abstract15

We present the Gonzo dataset: Brain MRI with processed and derivative data from one healthy male human16

volunteer (“Gonzo”) before and during the 72 hours after intrathecal injection of the contrast agent gadobutrol17

into the cerebrospinal fluid (CSF) of the spinal canal. The MRI data records include images highlighting18

the temporal and spatial evolution of the contrast agent in CSF, brain, and adjacent structures. In addition19

to raw MRI, we provide derivatives that enable numerical simulations of the transport process under study.20

Derivatives include T1 maps, tracer concentration maps, diffusion tensor maps, and unstructured triangulated21

volume meshes of the brain geometry. We also provide brain region markers obtained by image segmentation.22

A regional statistical analysis of the concentration data complements the image data. The presented data can23

be used to study the transport behavior and the underlying processes of a tracer in the brain. It is intended to24

contribute to and inspire new studies on the understanding of tracer transport, method development for image25

analysis, and simulation of brain fluid transport processes.26

Background & Summary27

Cerebrospinal fluid (CSF) surrounds the brain and spinal cord, in the subarachnoid space, and in the ventricular28

system. The motion of the CSF is dynamic and complex; fluid is secreted in the choroid plexus in the ventricles;29

the flow of the CSF is also pulsatile with several relevant frequencies driven by heart1, respiration2, vasomotion3,30

and sleep cycles4. Apart from acting as a shock absorber for the brain, CSF offers a potential route for drug de-31

livery to the brain, circumventing the blood-brain barrier that hinders most blood-borne substances from reaching32

the functional brain tissue. CSF is also proposed to be crucial for waste clearance5;6 from brain tissue, which33

lacks a lymphatic system. The glymphatic hypothesis proposes that a brain-wide system connecting the CSF and34

brain extracellular space through perivascular spaces5 clears waste, in particular during sleep6. The mechanisms35

behind such clearance are partially unknown7 and may be multi-faceted. A variety of theoretical and computa-36

tional models proposing driving mechanisms for waste include explanations based on peristalsis-driven netflow8–11,37

dispersion12;13, multi-compartment diffusion-reaction models14, or multiple network poroelasticity 15;16. However,38

the driving mechanisms are still being debated, with no mechanistic model able to explain the variety of clinically39

and experimentally observed transport phenomena7;17.40

Few methods today can probe fluid transport in humans. A method for assessing the transport of substances41

in the CSF and brain is dynamic contrast-enhanced magnetic resonance imaging (MRI): a contrast agent (CA) is42
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figures/figure1.pdf

Figure 1: Human brain MRI of CSF tracer evolution over 72h The dataset contains head images from
(contrast-enhanced) magnetic resonance imaging (MRI) with intrathecal injection of contrast agent (CA); the
data collection protocol is visualized in the figure. The CA (gadobutrol) spreads along the spinal canal into the
cerebrospinal fluid (CSF) spaces in and around the brain. MR images with different MR sequences (Table 5) are
acquired at four subsequent time points as well as before contrast administration (session duration ≈ 30min and
≈ 1 h pre-contrast). Blood samples are taken between MRI acquisitions and analyzed for CA plasma concentration.
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injected intrathecally (into the CSF-filled spaces in the spinal canal of the lower back), and the brain is imaged over43

several days using a combination of multiple MRI sequences18–29, see Fig. 1. The CA shortens the longitudinal44

and transversal relaxation times, T1 and T2, such that their reciprocal relaxation rates, R1 = 1/T1 and R2 = 1/T2,45

increase by an amount proportional to the concentration of the CA. The concentration of the CA can thus be46

visualized as contrast images, using appropriate MR sequences, as further described in section Methods.47

Intrathecal contrast-enhanced MRI (also called “glymphatic MRI” 22) is an off-label use of MR contrast agents30,48

relatively time-consuming (≈ 30min per session for multiple sequences recorded), invasive (CA administration),49

and typically restricted to patients with underlying CSF pathologies. Although considered safe when using low50

doses of gadolinium-based contrast medium25;31;32, human studies are scarce. MRI data from clinical research51

projects using glymphatic MRI are not accessible to the public due to privacy concerns and ethical considerations.52

However, access to image data is crucial for designing data analysis pipelines and three-dimensional, subject-specific53

computational simulations. These tools support understanding the underlying physics of the complex transport54

phenomena visualized. For the first time, we can provide such data as a publicly accessible dataset.55

A healthy volunteer participant in a recently started clinical study (see GRIP in Section Methods) on the role56

of glymphatic clearance in proteinopathies (such as Parkinson’s disease) provided informed consent to conducting a57

glymphatic MRI study and making the data publicly available. The dataset resulting from the collection procedure58

shown in Fig. 1 is intended as a data source in data-integrated simulation techniques to research and “reverse-59

engineer” transport mechanics; it also serves as a starting point to develop data processing frameworks working60

with glymphatic MRI, or similar data.61

An apparent drawback of the presented dataset is that it only contains data from a single individual. Previous62

studies using glymphatic MRI have shown large inter-individual differences in CSF transport patterns33. Hence,63

the dataset alone does not enable physiological or medical conclusions based on statistics. The dataset is, however,64

valuable in another way: while data from a single subject is insufficient to construct purely data-driven models,65

physics-based computational and mathematical modelers can still effectively use the dataset for validation purposes66

and testing of mechanistic hypothesis; physics-based models emulate the actual transport process in between sparse67

data. Moreover, a dataset with a single subject also allows for a controlled and repeatable environment for patient-68

specific method development based on clinical non-synthetic data.69

In summary, the purpose of the present dataset is to provide data and simulation scientists with a comprehensive,70

openly available contrast-enhanced MRI dataset, enabling testing and validation of computational models of solute71

transport in the brain. Since for the development of mathematical models, quantitative measurements are crucial—72

even if sparse—we provide blood sample measurements acquired between MRI sessions, cf. Fig. 1 supplementing73

the raw MRI data. Finally, various post-processing tools and post-processed data that allow the direct use of the74

data in mesh-based computational simulations are presented.75

Methods76

Inclusion and clinical procedure77

A healthy male volunteer in his 60s was recruited for study. He underwent a thorough neurological examination and78

cognitive tests, which were normal. An MRI examination revealed no more than non-specific white matter hyper-79

intensities and a tendency towards iron deposition in the basal ganglia. Dementia markers in the cerebrospinal fluid80

were within the normal range (amyloid beta, total tau, and pTau181). Using X-ray guidance, an interventional81

radiologist performed a lumbar puncture in the lateral position with a thin (G25) atraumatic needle. Proper needle82

placement was confirmed through the passive release of cerebrospinal fluid, after which an MRI contrast agent83

(0.25mmol of gadobutrol, 1mL) was administered intrathecally. MRI acquisitions were carried out 4.5 h, 1 d (25 h),84

2 d (49 h), 3 d (70 h) after contrast agent administration, in addition to pre-contrast MRI.85

The study obtained approval from the Regional Ethics Committee (REC #282297) and the Hospital Authority86

(Data Protection approval #21/19051). The healthy volunteer provided written and oral informed consent, both87

for participating in the study and for the open-access publication of the full series of MRI scans as part of this88

publication.89

Blood plasma concentration measurements90

Intravenous blood samples were obtained at nine different timepoints, and quantification of gadolinium (Gd) in91

the blood samples were performed by the climate and environmental research institute NILU (Kjeller, Norway),92
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using inductively coupled plasma mass spectrometry, as previously described in34. The concentration measurement93

data points are provided in milligram gadolinium per kilogram plasma. For convenience, we converted the values94

to molar concentrations of gadobutrol using a plasma density of 1025 kgm−3, 157.3 × 10−3 kgmol−1, and the fact95

that each gadobutrol molecule contains one gadolinium atom. The results are presented in Table 4. The raw and96

converted data is included in the dataset (see Data Records).97

MRI data acquisition98

The MRI scans acquired include T1-weighted images, a Look-Locker sequence, and a T2-weighted mixed inversion99

recovery, spin-echo sequence (Mixed) sequence35 in all sessions, and T2-weighted images, FLAIR, and diffusion100

tensor imaging (DTI) in the pre-contrast session. Scanning was performed on a 3T Philips Ingenia MRI scanner101

(Philips Medical Systems, Best, The Netherlands) with a 32-channel head coil. The MRI Sequence parameters are102

summarized in Table 5. Pre-contrast session sample images are shown in Fig. 2.103

MRI file format104

The image data in this dataset are provided in the NIfTI 1 format. The NIfTI files are obtained by converting105

the scanner-native Philips-enhanced DICOM format files using the software dcm2niix36(https://github.com/106

rordenlab/dcm2niix). Associated with each NIfTI file is a Brain Image Data Structure (BIDS) file containing107

metadata in JSON format. Images from the Mixed sequence were converted from Philips-enhanced DICOM to108

NIfTI using a custom script (see Section Data Records). The script was verified by ensuring it outputs the same109

floating point values and affine map as dcm2niix for a T1-weighted image.110

Estimating T1 times from Look-Locker sequences111

T1 maps for brain tissue are generated voxel-wise by fitting a curve to the longitudinal magnetization recovery signal
from a Look-Locker image sequence37 as shown in Fig. 3(a) for the pre-contrast session. The tissue’s net magnetic
moment is flipped anti-parallel to the MRI’s main magnetic field. Following the inversion of magnetic moments,
the longitudinal magnetization is expected to follow a curve

M(t) = M0 (1− 2 exp(−t/T1)) . (1)

However, due to imperfect inversion of the magnetic field, measurement errors, and disturbances induced by signal
generation, the T1 times are typically found by fitting a curve38

f(t) = A−B exp(−t/T ∗
1 ), with T1 = T ∗

1

(
B

A
− 1

)
(2)

to the measured signal intensities for the generic parameters A,B and where T ∗
1 denotes the apparent T1 time38.

Instead of directly fitting the above curve to the signal intensities, we reparametrize it to include apriori knowledge
about the expected shape and form of the curve,

f(t) = x1(1− (1 + x2
2)e

−x2
3t), with A = x1, B = x1(1 + x2

2), T ∗
1 = x−2

3 , T1 = x2
2x

−2
3 . (3)

This parametrization guarantees a sign flip for t ≥ 0 and a positive T1 time. The signal intensity time series112

{Ŝt1 , . . . , ŜtN } (here N = 14) in the Look-Locker sequence images included in this dataset represent the magnitude113

of the complex longitudinal magnetization value; they are thus positive, cf. Fig. 3(b). Therefore, we fit |f(t)| to114

the 14 data points per voxel, which we normalize by their local (voxel-wise) maximum value over time to ensure115

similar order of magnitude. We use scipy.optimize.curve_fit from the SciPy-library39 using the Levenberg-116

Marquardt algorithm. To avoid outliers, we additionally treated extreme values. Voxel values were voided (set to117

NaN) either before or during the relaxation analysis if either max{Ŝtj , . . . , ŜtN } = 0, the optimization algorithm118

does not converge within less than 1000 function evaluations, or if the optimization algorithm raises an exception.119

After T1 estimation, we voided voxels with estimated T1 times outside of the range [50, 5000] ms. Finally, any120

voided voxels within the head were interpolated from the surroundings. A sagittal view of the resulting T1 map is121

shown in Fig. 4.122
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Estimating T1 times from the Mixed sequence123

The Lock-Locker estimation yields poor results (see Section Technical Validation) if the data acquisition period is124

much shorter than the T1 relaxation time of the sample (see, for instance, the green curve (ventricular CSF) in125

Fig. 3(b), which at the end of the acquisition period is still far from equilibrium magnetization). Longer acquisition126

periods are technically possible but lead to longer MRI sessions (the Lock-Locker sequence with a data acquisition127

time of 2750ms takes ≈ 12min, cf. Table 5) possibly causing patient discomfort.128

The mixed inversion recovery and spin echo sequence (Mixed), introduced in35, is designed to enable the esti-
mation of long T1 times (e.g., CSF) more accurately and faster than with the Look-Locker sequence. Two images
are acquired: a spin echo signal with signal SSE and an image inversion recovery image with signal SIR. The signals
are estimated by

SSE(T1) = M0

(
1− e−

TR
T1

)
, SIR(T1) = M0 − (M0 + SSE)e

− TI
T1 , (4)

where M0 is the equilibrium magnetization of the tissue, TI is the inversion time, and TR is the repetition time40.
To estimate T1 maps from these two signals, one observes that the ratio

f(T1) =
SIR(T1)

SSE(T1)
=

1−
(
2− e−

TR
T1

)
e−

TI
T1

1− e−
TR
T1

. (5)

is a monotonically decreasing function and therefore invertible: by computing the ratio f(T1) from measured data,129

we can get T1 by solving the nonlinear Eq. (5).130

The T1 times estimated from the Mixed sequence data are accurate for high T1 values (CSF, low tracer con-131

centration) but become increasingly inaccurate for low T1 (gray matter or high tracer concentration); see Section132

Technical Validation. To only retain T1 estimates for fluid-filled spaces with low contrast, a mask was generated by133

applying Yen’s thresholding algorithm41 to the spin echo images. T1 values in voxels outside this mask were voided134

(set to NaN). Figure 4 shows the estimated T1 maps after masking for each session.135

Registration136

All images were registered and resampled to the image space of the pre-contrast T1-weighted image using the software137

greedy42 (https://github.com/pyushkevich/greedy) for rigid registration of images. Rigid registration of an138

input image to a target image results in a 4× 4 matrix representing an affine transformation in homogeneous form139

for reuse. We used the default parameters of the registration software except for the following MRI-sequence-140

specific modifications: The pre-contrast T2-weighted images were registered directly to the target space using a141

normalized mutual information (NMI) loss function. Each of the post-contrast T1-weighted images was registered142

directly to the pre-contrast T1-weighted image, using a normalized cross-correlation (NCC) loss function with a143

5 × 5 × 5 neighborhood. The Look-Locker T1 maps were resampled to the target space by first registering the144

corresponding inverted T1 map images to the target space using an NCC 5× 5× 5 loss function and then applying145

the output transformation to the T1 maps. The T1 maps estimated from the Mixed sequence were resampled146

to the target space by first registering the mixed spin-echo volume to the T2-weighted image using an NCC loss147

function with a 5× 5× 5 neighborhood and applying the output transformation to the T1 maps. Following tensor148

reconstruction, the mean diffusivity was registered to the pre-contrast T1-weighted image. Finally, the DTI data149

was resampled to the target space by first registering the estimated mean diffusivity image to the already registered150

T2-weighted image, with the NMI loss function. The estimated transform from the preceding step was then used to151

resample the mean-diffusivity, fractional anisotropy, eigenvalues, and eigenvectors into the image space of the pre-152

contrast T1-weighted image. Since greedy only works with 3D MRI data, the eigenvectors are split into components,153

resampled component-wise, merged to a 4D structure, and renormalized to unit vectors. The resampled eigenvectors154

and eigenvalues were then used to reconstruct the symmetric diffusion tensors in the target space, with all nine155

components stored row-wise.156

Hybrid T1 maps157

The T1 times estimated from the Mixed sequence are expected to be most accurate for high T1 values (e.g., CSF-
filled spaces such as the subarachnoid space and the ventricles), whereas the Look-Locker estimates are suitable
for small T1 (e.g., brain tissue and high tracer concentrations). To distinguish CSF from tissue, we created a CSF
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mask MCSF . The mask was created using Yen’s thresholding method41 (binary segmentation) on the pre-contrast
T2-weighted image (Fig. 2 middle pane) registered and resampled into the reference image space. After binary
segmentation, we discarded all but the largest connected region. While the Mixed sequence is designed for large
T1 times of pre-contrast CSF (> 4 s), the contrast agent reduces T1 significantly. Post-contrast T1 times can reach
values well below 1 s in CSF regions with high contrast agent concentrations. Based on the analysis described in
Section Technical Validation, we choose a threshold of T1 = 1500ms to create the hybrid T1 map

T1 =

{
Tm
1 MCSF = 1 and TLL

1 > 1500ms and Tm
1 > 1500ms

TLL
1 otherwise,

(6)

where TLL
1 and Tm

1 denote the registered T1 maps estimated from Look-Locker and the Mixed sequence, respectively.158

Figure 4 (third row) shows the hybrid T1 map for the pre-contrast session. The hybrid map is used to estimate159

tracer concentrations.160

Concentration estimation161

Tracer concentrations C are estimated voxel-wise from the hybrid T1 maps for each session, based on the relation

1

T1
=

1

T10
+ r1C (7)

where T10 is the native T1 time of a given voxel, and r1 = 3.2 s−1 Lmmol−1 is the T1 relaxivity, estimated in43.162

Since we are only interested in intracranial concentrations, we mask the voxels outside the cranium: starting with163

the binary segmentations of the CSF and the brain, denoted MCSF and MB , respectively, we create an initial164

background mask by inverting the union of CSF and brain segmentations. Next, the largest island is extracted165

from the background mask to remove potential gaps between the CSF and brain segmentations. Finally, we use a166

binary opening algorithm with a ball of radius 3 as the structuring element. The concentrations estimated from167

the hybrid Look-Locker/Mixed T1 maps are shown for each session in Fig. 4.168

Diffusion tensor images169

The dataset contains dynamic diffusion tensor images (15 directions, b = 0 and 1000 smm−2, AP) from 10 dif-170

ferent time points. The images were initially corrected for susceptibility distortions and eddy-currents using171

FSL’s44 topup45;46, and eddy47. After initial correction, the eigenvalues and eigenvectors of the diffusion ten-172

sors were estimated using dtifit. Figure 5 shows the mean-diffusivity, fractional anisotropy, and color-coded173

fractional anisotropy after registration (color-coded fractional anisotropy is an RGB image with RGB-channels174

FA× (|V1x| , |V1y| , |V1z|) for the normalized principal eigenvector V1). Finally, the diffusion image was checked for175

invalid diffusion tensors based on whether any eigenvalue is negative or whether the fractional anisotropy lies outside176

the valid range [0, 1]; invalid tensors were replaced by the nearest valid diffusion tensor. We refer to48 Chapter 5177

for further details on the post-processing steps.178

Normalization of T1-weighted images179

Normalized, post-contrast, T1-weighted images have previously been used to investigate tracer enrichment in brain180

tissue following intrathecal injection of contrast agent in a range of studies22;23;27;33;49. Following the strat-181

egy in50, the images were normalized by scaling the signals relative to the median signal in a reference region182

in the (left) orbital eye fat. To automatically generate the reference region, we identified three regions (1012:183

ctx-lh-lateralorbitofrontal; 1027: ctx-lh-rostralmiddlefrontal; 1033: ctx-lh-temporalpole) from the184

FreeSurfer segmentation aparc+aseg.mgz, one for each coordinate axis and manually align them with the refer-185

ence regions in the direction of their respective coordinate axes. From these regions, a point in the vicinity of186

the left orbital fat was found by intersecting the three planes, which lie perpendicular to the coordinate axes and187

pass through the corresponding FreeSurfer region. The intersecting point was used as the center of a multivariate188

Gaussian probability distribution with a diagonal covariance matrix chosen such that most of the orbital eye fat189

is assigned a high probability density, as shown in Fig. 7(a). The distribution was multiplied with the signal in-190

tensities of the T1-weighted image, leaving a focused view of the original image, as shown on the left of Fig. 7(b).191

Thereafter, a first estimate of the reference region was generated by using Yen’s thresholding algorithm41 imple-192

mented in skimage.morphology. As a post-processing step, we applied binary erosion to the binary segmentation193

6



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

and removed all but the largest island. This procedure was performed for the T1-weighted image from each session194

(after registration to the pre-contrast image), and the final reference region was taken as the intersection between195

the reference regions generated from each image.196

Cortical reconstruction and segmentation197

FreeSurfer’s51 cortical reconstruction pipeline recon-all (FreeSurfer version 7.4.1) was used to create surfaces for198

generating the finite element mesh and segmenting the different regions of the subject’s brain. The FreeSurfer-199

based pipeline was run for the pre-contrast session, taking the T1-weighted image as main input (as shown in the200

leftmost image in Fig. 6, together with the FLAIR image which helps with the pial surface reconstruction. Brain201

segmentation has two main purposes: First, it enables us to compute region-specific quantities, such as total tracer202

mass within a specific region, allowing for quantitative analysis of tracer movements. Second, segmentation forms203

the basis for boolean arrays, which allow us to process brain tissue differently from CSF-filled spaces. We also204

include the output of the FastSurfer pipeline, a fully compatible FreeSurfer alternative, using deep learning for205

segmentation and a spectral projection algorithm for surface reconstruction52.206

Mesh generation207

A 3D computational mesh (tetrahedral volume mesh) of the cerebrum, as shown in Fig. 8, was generated using a208

process based on the one described in48 Ch. 4. The process relies on surface meshes of the ventricles, subcortical209

gray matter, the pial surface, and surfaces for the interface between the gray and white matter. The pial and210

white matter surfaces (for each hemisphere) were created by the FreeSurfer recon-all pipeline. The ventricles211

(as shown in Fig. 8(c)) and subcortical gray matter surfaces were extracted as contour surfaces based on the212

FreeSurfer segmentation aseg.mgz. After meshing, the ventricles were removed, so only the brain tissue remains.213

The subcortical gray matter structures can be seen in the subdomain labels of Fig. 8(b). The pre-processing of214

surfaces and the mesh generation uses the Python libraries pyvista53 and SVMTK(https://github.com/SVMTK/215

SVMTK). Further details on the procedure may be found in the script src/brainmeshing/mesh_generation.py in216

the repository https://github.com/jorgenriseth/gMRI2FEM (also see Section Code Availability).217

Mapping FreeSurfer segmentation data onto the mesh218

The mesh can be subdivided into subdomains corresponding to the FreeSurfer segmentation data such as shown in219

Fig. 8(c–f) for the aseg+aparc-segmentation. Each cell is labeled according to the most common label in the voxels220

in a neighborhood around the cell midpoint, with an additional check to ensure that each label is contained within221

only one of the subdomains illustrated in Fig. 8(b) originating from the meshing procedure. We refer to48 chapter222

4 for further details.223

Mapping function data onto the mesh224

Mesh vertices are associated with two types of concentration data: one representing the concentration field within the225

CSF at the brain surface and one representing the tissue concentrations within the brain. Both can be represented226

as piecewise-linear, continuous finite element functions across the entire domain (setting inner nodes to zero for the227

surface data).228

The surface concentration data is intended to be used to derive boundary conditions for mesh-based transport
simulations. The degrees of freedom of the basis functions that are associated with the boundary vertices are
assigned the median concentration of the ten nearest voxels within the CSF, as defined by the previously described
CSF mask. All internal degrees of freedom are assigned 0. The surface concentration for all sessions is shown in
Fig. 9. The internal concentrations u are mapped from the MRI-image C by an approximate Galerkin projection
onto the space of continuous, piecewise linear functions Vh on the mesh Ωh. The Galerkin projection is done by
solving the variational problem∫

Ωh

uv dx =

∫
Ωh

Cv dx ∀v ∈ Vh (8)

where we interpret C as a piecewise constant function on a quadrilateral mesh containing the brain mesh Ωh. The229

assembly of the algebraic system corresponding to the variational equation (8) entails using a numerical quadrature230
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rule for each cell in the mesh. We approximate the right hand side of the variational form using Gaussian quadrature231

with quadrature degree 6.232

In addition to the concentrations, data from DTI are also included with the mesh. The data includes mean233

diffusivity, fractional anisotropy, and diffusion tensors. However, these quantities are represented as cell fields, and234

the values are assigned from the neighborhood of the cell midpoint. The mean diffusivity and fractional anisotropy235

are assigned the median value of the ten nearest neighbors, whereas the tensors are assigned from the single nearest236

voxel.237

Data Records238

All records are available in a Zenodo dataset found at https://zenodo.org/records/1426686754. The directory239

structure of the data record roughly indicate the level of processing that the containing files have undergone240

compared to the the raw data, and may be described as follows:241

• mri_dataset: Contains MRI-images with metadata converted from the DICOM format, as well as direct242

derivatives from the individual MRI’s. This implies that the image coordinates of images within this folder243

does not coincide. The directory also contains a time table for each of the sequences relative to the injection244

time, as well as the tracer concentration measurements from the blood samples.245

• mri_processed_data: Contains MRI-data and other derivatives of the MRI images which is incompatible246

with the BIDS-format, such as a the FreeSurfer/FastSurfer-output, or where a non-BIDS directory structure247

were deemed more suitable.248

• mri_processed_data/sub-01: Includes co-registered MR-images, T1-maps, concentration maps, segmenta-249

tions, computational meshes with associated data and transformation matrices between the different sequences.250

All of the MRI-images, surfaces and meshes have been co-registered to the reference coordinate space of the251

pre-contrast T1-weighted image.252

• mri_processed_data/sub-01/modeling: Contains 3D surfaces and computational meshes with accompany-253

ing mesh data, such as concentrations, subdomain tags and diffusion tensors, intended for informing and254

validating computational models of solute transport in brain tissue.255

The different file formats included in the data record, a description of the file format, and an example directory of256

where to find each of the file-types are listed in Table 1. The data record is split into five different zip-compressed257

archives, as further detailed below, and enables users to download only a subset of the data depending on their258

needs.259

mri-dataset.zip Contains the MRI images output by dcm2niix with meta-data.260

• mri_dataset/261

– timetable.tsv - Timetable of MRI sequences given in seconds relative to time of contrast injection.262

– blood_concentrations.csv - Gadolinium concentrations measurements from blood plasma samples.263

• mri_dataset/sub-01/ses-01/anat/ - Contains anatomical MRI available only for the pre-contrast session.264

– sub-01_ses-01_FLAIR{.nii.gz,.json} - FLAIR MRI with BIDS sidecar.265

– sub-01_ses-01_T2w{.nii.gz,.json} - T2-weighted MRI with BIDS sidecar.266

• mri_dataset/sub-01/ses-XX/anat/ - Contains anatomical MRI available only for all 5 sessions.267

– sub-01_ses-XX_T1w{.nii.gz,.json} - T1-weighted MRI with BIDS sidecar.268

– sub-01_ses-XX_acq-looklocker_IRT1{.nii.gz,.json} - Look-Locker sequence (4D MRI) with side-269

car.270
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– sub-01_ses-XX_acq-looklocker_IRT1_trigger_times.txt - Text file with the trigger times in mil-271

liseconds for the corresponding Look-Locker sequence.272

• mri_dataset/sub-01/ses-XX/mixed/ - Contains Mixed data available for all 5 sessions273

– sub-01_ses-XX_acq-mixed.json - BIDS sidecar accompanying all mixed MRI data.274

– sub-01_ses-XX_acq-mixed_IR-corrected-real.nii.gz - Mixed inversion recovery MRI.275

– sub-01_ses-XX_acq-mixed_SE-modulus.nii.gz - Mixed spin-echo MRI.276

– sub-01_ses-XX_acq-mixed_T1map_scanner.nii.gz - T1-map generated by scanner from mixed se-277

quence.278

– sub-01_ses-XX_acq-mixed_meta.json - Additional metadata needed for T1-map generation from Mixed.279

• mri_dataset/sub-01/ses-01/dwi/ - Contains diffusion-weighted MRI data available only for the pre-contrast280

session.281

– sub-01_ses-01_acq-multiband_sense_dir-AP_DTI{.nii.gz,.json,.bval,.bvec} - Diffusion weighted282

measurements with BIDS sidecar, and bval/bvec-files describing strength and direction of the gradient283

field.284

– sub-01_ses-01_acq-multiband_sense_dir-AP_DTI_ADC.nii.gz - Apparent diffusion coefficient out-285

put by dcm2niix.286

– sub-01_ses-01_acq-multiband_sense_dir-PA_b0{.nii.gz,.json} - Reference MRI with BIDS side-287

car, taken with opposing phase-encoding direction of the DTI-data for correcting susceptibility induced288

distortions.289

mri-dataset-precontrast-only.zip Contains the same data as mri_dataset.zip, but only for the pre-contrast290

session (ses-01).291

mri-processed.zip Contains MRI data derived from the raw data.292

• mri_dataset/derivatives/sub-01/ses-01/dwi/ - Contains DTI-data generated by fitting diffusion tensors293

using dtifit.294

– sub-01_ses-01_dDTI_FA.nii.gz - Fractional anisotropy of the diffusion tensors.295

– sub-01_ses-01_dDTI_L{1,2,3}.nii.gz - Eigenvalues of the diffusion tensors.296

– sub-01_ses-01_dDTI_MD.nii.gz - Mean diffusivity of the diffusion tensors.297

– sub-01_ses-01_dDTI_V{1,2,3}.nii.gz - Eigenvectors of the diffusion tensors.298

– sub-01_ses-01_dDTI_tensor.nii.gz - 6-component (symmetric) diffusion tensors, ordered (D_xx,299

D_xy, D_xz, D_yy, D_yz, D_zz).300

• mri_dataset/derivatives/sub-01/ses-XX/ - Contains DTI-data derived directly from the raw images.301

– sub-01_ses-XX_acq-looklocker_T1map.nii.gz - T1-map estimated from Look-Locker.302

– sub-01_ses-XX_acq-looklocker_T1map_nICE.nii.gz - T1-map estimated from Look-Locker using nordi-303

cICE.304

– sub-01_ses-XX_acq-mixed_T1map.nii.gz - T1-map estimated from the mixed-sequence.305

• mri_processed_data/sub-01/T1maps/ - Contains combined Look-Locker, Mixed T1-maps.306

– sub-01_ses-XX_T1map_hybrid.nii.gz - Hybrid T1-map combining T1maps from Look-Locker and307

Mixed.308

• mri_processed_data/sub-01/T1w_normalized/ - Contains normalized T1-weighted images.309

– sub-01_ses-XX_T1w_normalized.nii.gz - T1-weighted MRI after normalization relative to orbital fat310

signal.311
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• mri_processed_data/sub-01/concentrations/ - Contains concentation data.312

– sub-01_ses-XX_concentration.nii.gz - MRI representing intracranial tracer concentrations.313

• mri_processed_data/sub-01/dwi/ - Contains DTI-data processed following registration.314

– sub-01_ses-01_dDTI_cleaned.nii.gz - 6-component diffusion tensor after replacement of invalid ten-315

sors.316

• mri_processed_data/sub-01/registered/ - Contains MRI data registered to the image space of the refer-317

ence the pre-contrast T1-weighted image. All MRI images within mri_processed_data/sub-01 go via this318

directory.319

– sub-01_ses-XX_sequence_registered.nii.gz - Represent any MRI registered and resliced into the320

reference space.321

• mri_processed_data/sub-01/segmentations/ - Contains various segmentations of the brain and CSF spaces.322

– sub-01_seg-aparc+aseg_refined.nii.gz - FreeSurfer segmentation aparc+aseg resampled into refer-323

ence image space.324

– sub-01_seg-aseg_refined.nii.gz - FreeSurfer segmentation aseg resampled into reference image space.325

– sub-01_seg-csf-aparc+aseg.nii.gz - Segmentation of CSF-space based on nearest neighouring label326

in aparc+aseg.327

– sub-01_seg-csf-aseg.nii.gz - Segmentation of CSF-space based on nearest neighouring label in328

aparc+aseg.329

– sub-01_seg-csf-wmparc.nii.gz - Segmentation of CSF-space based on nearest neighouring label in330

wmparc.331

– sub-01_seg-csf_binary.nii.gz - CSF-mask in reference space.332

– sub-01_seg-intracranial_binary.nii.gz - Intracranial mask generated from combining CSF-mask333

and binary representation of aseg.334

– sub-01_seg-refroi-left-orbital_binary.nii.gz - Left orbital fat reference region mask.335

– sub-01_seg-wmparc_refined.nii.gz - FreeSurfer segmentation wmparc resampled into reference image336

space.337

• mri_processed_data/sub-01/transforms/ - Contains affine transformation matrices used to register and338

reslice MR images into reference space.339

– sub-01_ses-XX_sequence.mat - Affine transformation matrix for reslicing the given MRI sequence into340

the reference space.341

freesurfer.zip FreeSurfer-data.342

• mri_processed_data/freesurfer/sub-01/ - Contains output of the FreeSurfer recon-all-pipeline. See343

https://surfer.nmr.mgh.harvard.edu/fswiki/ReconAllOutputFiles for further details.344

surfaces.zip345

• mri_processed_data/sub-01/modeling/surfaces/ - Contains processed surfaces used as input for the SVMTK346

meshing algorithm.347

– lh_pial.stl - Left hemisphere pial surface.348

– rh_pial.stl - Right hemisphere pial surface.349

– subcortical_gm.stl - Subcortical gray matter surfaces.350

– ventricles.stl - Ventricular system surfaces.351

– white.stl - Merged white-matter surfaces of right and left hemispheres.352
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mesh-data.zip353

• mri_processed_data/sub-01/modeling/resolution32/ - 3D tetrahedral meshes with mapped MRI data.354

– data.hdf - FEniCS-compatible HDF5 file with mesh and function-representation of MRI data.355

– data.vtk - VTK Legacy Format file (binary) with 3D mesh and mapped MRI data.356

– data.vtu - VTK Unstructured Grid XML file (ASCII) with 3D mesh and mapped MRI data.357

• mri_processed_data/sub-01/modeling/resolution32/mesh_xdmfs/ - Contains XDMF files created during358

the 3D meshing process; for visualization of mesh and subdomain data.359

– boundaries{.xdmf,.h5} - XDMF3 file with accompanying HDF5 file containing facet-tags generated360

during meshing process.361

– mesh{.xdmf,.h5} - XDMF3 file with accompanying HDF5 file containing the 3D mesh.362

– subdomains{.xdmf,.h5} - XDMF3 file with accompanying HDF5 file showing cell tags generated during363

meshing process.364

We provide post-processing and reuse example code in addition to the main MRI dataset (see Code Availability).365

Technical Validation366

T1 estimates367

To verify the T1 times estimated from the Look-Locker sequence, we compare our T1 map with the T1 map generated368

by the software nordicICE (https://crai.no/product/nordicice). Both maps were registered to the pre-contrast369

T1-weighted image. The results are shown in Fig. 10(a). Figure 10(a, inset) shows the distribution of the relative370

percentage difference between the estimated T1 times from the two methods, for each session. As part of the371

Mixed sequence, the proprietary scanner software generates a T1 map with an upper threshold at 4095ms and thus372

misrepresents typical T1 times of CSF. However, it allows us to verify our T1 map against another implementation373

for values below this threshold. A voxel-wise comparison of the estimates is shown for the last session in Fig. 10(b),374

for which most of the T1 times of the CSF are below the threshold that is clearly visible as a horizontal line in the375

data. The mean values and standard deviations of the T1-estimates for gray matter, white matter, and CSF, and376

how they compare to previous studies, are listed in Table 3.377

To estimate the accuracy of Look-Locker (LL) and Mixed approaches to T1 time and concentration estimation,378

we perform an error propagation analysis for the Look-Locker and Mixed post-processing algorithms. From this379

analysis, we want to motivate the chosen threshold in Eq. (6).380

For the Mixed sequence, we model the inversion recovery signal SIR and the spin echo signal SSE as in Eq. (4).381

Simulated image intensities ŜIR = SIR + ϵIR and ŜSE = SSE + ϵSE are obtained with TR = 9600ms, TI = 2650ms,382

the error term ϵSE modeled by a Rayleigh distribution (centered Rice distribution) with standard deviation σSE =383

max(SSE)/SNR, and ϵIR modeled by a centered normal distribution with standard deviation σIR = max(SIR)/SNR.384

For the Look-Locker sequence, the signal over time is modeled by Eq. (3) setting x1 = 1, x2 = 2−1/2, x3 = x2/T1.385

To obtain simulated signal intensities, we sample the signal at 14 equidistant time points in T = [0ms, 2600ms] and386

add an error term modeled by a Rayleigh distribution with standard deviation maxt∈T (f(t))/SNR where we assume387

that the errors at different time points are uncorrelated. Monte Carlo type simulations are conducted as follows:388

(1) For 100 different concentrations (“True”), compute the corresponding T1 times, and simulate 50 signals (for389

Look-Locker 50 times 14 data points). (2) Estimate T1 time and concentration (“Estimated”) from the simulated390

data described in Section Methods. For the simulations, we mapped concentrations to T1 time and vice versa with391

Eq. (7) assuming T10 = 4500ms.392

Estimated versus true concentrations and T1 times for SNR = 25 are shown in Fig. 11. Statistics on the393

propagated errors are reported in Tables 6 to 9.394

Due to the relatively short acquisition time of 2600ms used for the the Look-Locker sequence, T1 estimates are395

increasingly affected by noise with increasing T1 time. For T1 < 1500ms and c > 0.1mmol estimates are most396

accurate. On the other hand, the Mixed sequence is increasingly affected by noise for decreasing T1 times and397

increasing concentrations. The concentration estimate appears most accurate for c < 0.1mmol such that the two398

sequences complement each other.399
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Concentrations400

Studies reporting quantitative concentration estimates following intrathecal injection of gadobutrol in humans are401

scarce, which precludes a comparison of our estimated concentration values to a body of literature values. Table 2402

and Fig. 12 shows the estimated total tracer amount in the brain and CSF in the head for each session. The tracer403

initially spreads through the CSF-filled spaces with 78.5% of the tracer located in the CSF after 4 h, but after 48 h404

and 70 h it is spread more evenly. The largest estimated amount of tracer in the head is 11.8 × 10−2 mmol after405

24 h, corresponding to 47.2% of the injected total, and the tracer is distributed with 5.19× 10−2 mmol in the brain406

and 6.57× 10−2 mmol in the CSF.407

There are several sources of errors with respect to quantitative concentration estimates. The uncertainty re-408

lated to longitudinal relaxivity, r1, introduces a source of error in the concentration estimates. Relaxivity depends409

on the solvent, so we have used a value measured for water at 37 ◦C of 3.2L s−1 mmol−1 43, with similar val-410

ues of 3.3L s−1 mmol−1 found in55. We could not find the corresponding value measured for CSF, consisting of411

99% water56, but we note that the longitudinal relaxivity for blood plasma, with 92% water,56 was measured at412

4.5L s−1 mmol−1 57.413

Moreover, we note that the concentration estimates contain negative concentrations. These can be mainly414

attributed to errors in the T1 maps, originating from image noise or partial volume effects, particularly at the415

interface between media with significantly different T1 times.416

Mapping the concentration data from the MRI data voxel representation to the computational mesh introduces417

additional errors. MRI data may be interpreted as a piecewise-constant function on a regular Cartesian grid, which418

cannot be represented exactly as a piecewise-linear function on a tetrahedral mesh. As an illustration, Figure 13419

shows the original concentration data at 24 h compared to the concentration after first mapping the data to the420

mesh and then mapping them back.421

Diffusion tensor imaging (DTI) data422

The mean diffusivity (MD) values for white matter and gray matter are found to be 0.77± 0.17mm2/s and 1.05±423

0.17mm2/s, respectively. Due to the low resolution of the DTI, the mean diffusivity of voxels labeled as gray matter424

is likely to be influenced by their surroundings due to partial volume effects. Table 3 lists previously reported values425

of the apparent diffusion coefficients (ADC) in human brain tissue. Note that the standard deviation reported for426

our estimates is not comparable to those reported in the cited literature since they are reporting deviation between427

mean values for different subjects, whereas we report within-subject variation.428

Usage Notes429

The complete data records, or the individual zipped archives (as described in Data Records), may be downloaded430

directly from the online Zenodo repository, found at https://zenodo.org/records/1426686754. Alternatively,431

the main code repository related to this manuscript (gonzo, see Code Availability) contains a Python script for432

downloading all, or individual, zipped archives from the data record, using the Zenodo REST API. The repository433

also contains instructions for producing the entire data record, or specific files, from the raw data. The processing434

pipeline was developed for computers with an x86_64 architecture running Linux. Example software for opening or435

viewing the different file types in the data record is listed in Table 1. In addition to the description in this article,436

many post-processing procedures (and in parts alternative procedures) are described in48.437

We provide additional code that demonstrates how to use parts of the data (post-processed data in the VTK438

file mri_processed_data/sub-01/modeling/resolution32/data.vtu, diffusion tensor images, and the registered439

anatomical T1 image data) in a finite-volume tracer transport simulation setup. In particular, this makes clear to440

users interested in simulation pipelines how to feed the created meshes and parameter fields into a simulation tool441

and plot the results against MRI reference images for visualization. The code dumux-braindiffusion-miniapp is442

publicly available (see Code availability).443

Finally, we note that the MRI dataset provided in this study contains data from a single subject. Consequently,444

any reuse or analysis of this data should proceed with caution, as the datasets limited scope make it unsuitable for445

studies requiring representative samples or statistical generalizations. Users are advised to consider these limitations446

in their applications and avoid overextending the data’s implications beyond the presented individual case. However,447

the data is well-suited for designing simulation pipelines and developing image analysis pipelines for similar types448

of data and serve as order of magnitude reference.449
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Data availability450

All records are available in the Zenodo repository https://zenodo.org/records/1426686754 with451

doi:10.5281/zenodo.14266867.452

Code availability453

The source code for running each step of the described data processing pipeline is split into three repositories. The454

separation of the source code intends to facilitate the use of the software in future studies involving only parts of455

the processing pipeline of this dataset.456

gonzo: The main repository related to this study. It includes instructions for installing necessary dependencies,457

running the data processing pipeline, and running scripts for creating plots in this document. The code is458

publicly available at https://github.com/jorgenriseth/gonzo and as an archived dataset58.459

gMRI2FEM: A Python library used for post-processing MRI data. The code is publicly available at https://github.460

com/jorgenriseth/gMRI2FEM and as an archived dataset59.461

dumux-braindiffusion-miniapp: A reuse example code that provides a simulator that uses the provided data set462

(C++ code, based on the DuMux/DUNE framework60–62 and GridFormat63). The code is publicly available463

at https://github.com/timokoch/dumux-braindiffusion-miniapp and as an archived dataset64 and may464

be helpful for users interested in using the provided data in a simulation reuse setup.465
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Table 1: Summary of different file formats included in the data record, with a description of their purpose and a
path describing either a directory or the full path of an example file of the corresponding file format.

Filetype Description

.tsv Textfile for table-formatted data related to MRI-images, such as a time of acquisition
for each sequence relative to time of contrast injection. May be opened with any text
editor, or in spreadsheet software.
Example path: mri_dataset/timetable.tsv

.csv Textfile for table-formatted data of interest, such as tracer concentration
measurements in blood plasma. May be opened with any text editor, or in
spreadsheet software.
Example path: mri_dataset/blood_concentrations.csv

.nii.gz Primary format for MRI data (raw, derivative, processed, T1-maps, concentration
maps, segmentations) in NIfTI-1. Opens in most software for viewing MRI, such as
FreeSurfer’s Freeview, but have to be unzipped before opening in some viewers.
Example directory: mri_dataset/sub-01/ses-XX/anat/

.json Accompanying metadata for MRI images (BIDS sidecar-file). Opens in any text
editor.
Example directory: mri_dataset/sub-01/ses-XX/anat/

.bval Plaintext file with gradient field strengths for diffusion-weighted imaging (DWI).
Opens in any text editor.
Example directory: mri_dataset/sub-01/ses-01/dwi/

.bvec Plaintext file with gradient vectors for diffusion-weighted imaging (DWI). Opens in
any text editor.
Example directory: mri_dataset/sub-01/ses-01/dwi/

.mgz The FreeSurfer .mgz format is a compressed version of the FreeSurfer .mgh format,
which is used to store MRI-data. Compression is conducted using Zlib. Opens in
FreeSurfer’s Freeview, and some other MRI viewers, but may have to be converted to
NIfTI for other software such as FSLEyes.
Example directory: mri_processed_data/fastsurfer/sub-01

.mat Affine transformation matrix in plaintext format, used to reslice images. Opens in
any text editor.
Example directory: mri_processed_data/sub-01/transforms/

.stl STL-format surfaces used as input for 3D mesh generation. Opens in, for example,
Paraview.
Example directory: mri_processed_data/sub-01/modeling/surfaces/

.hdf 3D tetrahedral mesh and mapped MRI data (HDF5, FEniCS-compatible). Contents
may be inspected with e.g. h5ls, but is structured for reading in python scripts with
FEniCS.
Example directory: mri_processed_data/sub-01/modeling/resolution32/

.vtu 3D tetrahedral mesh and mapped MRI data (VTK Unstructured grid). Opens in
Paraview or other VTK-compatible 3D visualization software.
Example directory: mri_processed_data/sub-01/modeling/resolution32/

.xdmf Mesh data file (XDMF3) containing facet-tags (boundaries) from the meshing
process. Opens in Paraview, or may be read with python scripts with FEniCS.
Example directory:
mri_processed_data/sub-01/modeling/resolution32/mesh_xdmfs/

.h5 Data file associated with XDMF mesh data (HDF5 format). Not intended for reading
directly; but is use by software which opens the accompanying xdmf-file.
Example directory:
mri_processed_data/sub-01/modeling/resolution32/mesh_xdmfs/
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Table 2: Total tracer amount measured within brain tissue and in the
CSF-filled spaces surrounding the brain, as indicated by Fig. 12.

Tracer amount (×10−2 mmol)
Time (hours) Brain+CSF Brain CSF
4 7.85 1.64 6.16
24 11.8 5.19 6.57
48 8.59 4.53 4.02
70 5.06 2.93 2.12

Table 3: T1 longitudinal relaxation times and apparent diffusion coefficient (ADC) values as reported by various
sources for cerebrospinal fluid, gray matter, and white matter, compared to the values obtained in this study.

cerebrospinal fluid gray matter white matter reference

T1 in ms (mean ± std.) 4465± 154 1622± 558 955± 180 This study
416± 263 1445± 119 791± 27 65

3817± 424 1135± 79 732± 56 66∗

4391± 545 1460± 33 943± 57 67

- 1615± 149 911± 15 68

- 1600± 110 840± 50 69

ADC in 1× 10−9 ms−2 (mean ± std.) - 1.05± 0.17 0.77± 0.17 This study
- 0.89± 0.04 0.75± 0.03 70

- 0.92± 0.02 0.87± 0.02 71

- 0.681± 0.07 0.613± 0.07 72

- 0.67–0.83 0.84± 0.11 73

- - 0.84± 0.11 74

∗ White matter and gray matter values are averaged over smaller reference regions used in the article.

Table 4: Molar concentration of gadobutrol in blood plasma, cP, in mmol L−1 using a direct sampling method.
Reported acquisition time t is in minutes/hours relative to the injection time t = 0min.

t 100/1.67 220/3.67 380/4.67 525/8.75 750/12.50 1230/20.50 1515/25.25 2430/40.50 2860/47.67

cP 2.74E-04 4.37E-04 1.55E-03 2.07E-03 2.14E-03 2.20E-03 1.28E-03 2.31E-03 5.67E-04
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Table 5: MRI sequence parameters used for the acquisition of T1-weighted images (T1w), T2-weighted images (T2w),
diffusion tensor images (DTI), FLAIR, Look-locker (LL), and Mixed spin-echo inversion recovery (Mixed) images.

Sequence T1w T2w DTI FLAIR LL Mixed

Orientation Sagittal Sagittal Transverse Sagittal Sagittal Sagittal
Field of view

(APxFHxRL) 256x256x184 256x256x184 240x240x125 250x250x182.5 256x256x184 224x224x180

Sampled voxel size
(mm) 1x1x1 0.7x0.7x0.7 2.5x2.5x2.5 1x1x1 1x1x1 1x1x1

Reconstr. voxel size
(mm) 0.5x0.5x0.5 0.33x0.33x0.35 2.5x2.5x2.5 0.49x0.49x0.5 1x1x1 0.5x0.5x0.5

Repetition time (ms) 5.2 3200 12200 4800 7.6 8350 / 11000
Inversion time 853 – – 1650 – 2650
Flip angle
(/refocus angle) 8 90/160 90 90/40 5 90/180

Echo time 2.3 565 60 340 3.5 700
Turbo factor 232 – – – 25 –
TSE-factor – 105 – 167 – 166
Shot interval 3000 – – – 6000 –
Number of samplings 1 1 1 2 1 1
Bandwidth (Hz/pixel) 394 254 31.5 719 217 286
Compr. Sense accel. 2 6.3 – 8 25 9
Scan duration (min:sec) 4:10 6:30 7:15 4:34 12:17 7:44

Table 6: Error propagation analysis for the Look-Locker sequence concentration map reconstruction. Various
statistics on the relative error e = ||cest−ctrue||

0.3 × 100 with a simulated signal to noise ratio (SNR) of 25 for different
concentration ranges.

c in mmol/l 0.00− 0.05 0.05− 0.10 0.10− 0.15 0.15− 0.20 0.20− 0.25 0.25− 0.30

mean(e) 4.78 3.31 1.31 0.91 1.06 1.32
stddev(e) 3.45 1.92 1.01 0.71 0.79 0.99

5th(e) 0.69 0.94 0.17 0.09 0.10 0.14
median(e) 4.14 2.86 1.06 0.76 0.90 1.11

95th(e) 10.94 6.59 3.17 2.25 2.49 3.17
min(e) 0.20 0.44 0.06 0.02 0.03 0.04
max(e) 14.05 7.82 4.10 3.09 3.34 4.20

Table 7: Error propagation analysis for the Mixed sequence concentration map reconstruction. Various statistics on
the relative error e = ||cest−ctrue||

0.3 ×100 with a simulated signal to noise ratio (SNR) of 25 for different concentration
ranges.

c in mmol/l 0.00− 0.05 0.05− 0.10 0.10− 0.15 0.15− 0.20 0.20− 0.25 0.25− 0.30

mean(e) 2.09 2.98 4.58 6.85 10.15 14.54
stddev(e) 1.45 1.94 2.83 4.20 5.95 8.24

5th(e) 0.24 0.37 0.64 0.86 1.59 2.23
median(e) 1.86 2.74 4.35 6.52 9.80 14.29

95th(e) 4.67 6.32 9.51 13.91 20.00 27.68
min(e) 0.06 0.11 0.18 0.25 0.52 0.69
max(e) 5.91 7.89 11.58 17.21 24.50 33.61
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Table 8: Error propagation analysis for the Look-Locker sequence T1 map reconstruction. Various statistics on the
relative error e = ||T1est−T1true||

4.0 × 100 with a simulated signal to noise ratio (SNR) of 25 for different T1 ranges.

T1 in s 0.5− 1.0 1.0− 1.5 1.5− 2.0 2.0− 2.5 2.5− 3.0 3.0− 3.5 3.5− 4.0 4.0− 4.5

mean(e) 0.26 0.34 1.00 4.09 11.07 17.18 14.26 21.87
stddev(e) 0.20 0.27 0.82 2.24 11.87 15.22 15.12 21.88

5th(e) 0.03 0.03 0.12 1.00 2.91 1.51 0.96 1.88
median(e) 0.22 0.28 0.74 3.74 7.76 12.06 9.67 14.24

95th(e) 0.63 0.87 2.54 7.57 32.03 45.98 43.99 67.46
min(e) 0.01 0.01 0.04 0.37 1.41 0.44 0.19 0.60
max(e) 0.84 1.16 3.24 8.62 54.63 63.24 71.81 98.31

Table 9: Error propagation analysis for the Mixed sequence T1 map reconstruction. Various statistics on the relative
error e = ||T1est−T1true||

4.0 × 100 with a simulated signal to noise ratio (SNR) of 25 for different T1 ranges.

T1 in s 0.5− 1.0 1.0− 1.5 1.5− 2.0 2.0− 2.5 2.5− 3.0 3.0− 3.5 3.5− 4.0 4.0− 4.5

mean(e) 3.37 3.06 3.20 3.75 4.62 5.55 7.19 8.18
stddev(e) 2.13 2.01 2.19 2.57 3.38 4.24 5.37 6.20

5th(e) 0.45 0.38 0.38 0.46 0.47 0.59 0.73 0.99
median(e) 3.14 2.80 2.87 3.34 4.00 4.57 6.17 6.71

95th(e) 7.07 6.60 7.14 8.22 10.79 13.37 16.87 19.94
min(e) 0.14 0.11 0.12 0.14 0.11 0.17 0.19 0.38
max(e) 8.51 8.44 9.06 10.87 14.16 17.45 22.75 25.94
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figures/figure2.pdf

Figure 2: Pre-constrast MRI data. Pre-contrast T1-weighted, T2-weighted, and FLAIR images are used for
segmentation and cortical reconstruction: the T1-weighted and FLAIR images by FreeSurfer’s recon-all; the T2-
weighted image to create a CSF mask. The individual depicted has provided written consent for inclusion of these
images in this manuscript.
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figures/figure3.pdf

Figure 3: Look-Locker T1 estimation. (a) Sequence of Look-Locker images, representing the magnitude of
the longitudinal magnetization at different times following an inverting pulse. (b) Look-Locker sequence’s signal
intensity in three example voxels from different regions, together with the fitted curves on the form 2. The signal
intensities do not have a physically meaningful unit, and the y-axis is therefore unlabeled. The individual depicted
has provided written consent for inclusion of these images in this manuscript.
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figures/figure4.pdf

Figure 4: T1 and concentration maps. First two rows shows T1 maps estimated from the Look-Locker and
Mixed sequence. Third row shows the combined (Look-Locker / Mixed) T1 maps, which is used to compute the
concentration map in the final row.
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figures/figure5.pdf

Figure 5: Diffusion tensor imaging. DTI data represented by mean diffusivity (left), fractional anisotropy
(right), and directionally coded fractional anisotropy (middle) with red in the (R)ight-(L)eft direction, green along
the (A)nterior-(P)osterior and blue along the (S)uperior-(I)nferior axis.
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figures/figure6.pdf

Figure 6: T1-weighted images. T1-weighted images before normalization, pre-contrast and post-contrast injection
at times 4 h, 24 h, 48 h and 70 h, ordered chronologically from left to right. The individual depicted has provided
written consent for inclusion of these images in this manuscript.
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figures/figure7.pdf

Figure 7: Normalization of T1-weighted images. An illustration of the automated mask generation routine
for the reference region: (a) The red lines represent planes along each coordinate axis. They intersect at a point
close to the left orbital fat. The contours surrounding the points represent a Gaussian distribution centered at the
intersecting point. (b) The left part shows the product between the Gaussian distribution from (a) and the T1-
weighted image, leaving an image consisting mainly of the orbital fat. A mask is generated from the corresponding
image for each session. The masks from each session are intersected to create the reference region, shown in yellow
on the right image. The individual depicted has provided written consent for inclusion of these images in this
manuscript.
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figures/figure8.pdf

Figure 8: Meshes and subdomain tags. (a) top and bottom view of the brain mesh with edges to highlight each
of the cells. (b) cell tags defining subdomains based on the enclosing surfaces during mesh generation. Cortical
gray matter is dark gray, sub-cortical gray is light gray, and white matter is white. (c) ventricle surface mesh.
(d-f) subdomain tags created by mapping the FreeSurfer MRI segmentation aparc+aseg in different views.

30



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

figures/figure9.pdf

Figure 9: CSF tracer concentration mapped onto brain surface. Concentration shown in the range
0.0mmol L−1 to 0.4mmol L−1 as given by a piece-wise linear function mapped onto the surface of the brain mesh.
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figures/figure10.pdf

Figure 10: Comparison to different T1 analysis software. (a) Scatterplot of our estimated T1 vs. nICE T1

for intracranial voxels. Estimated T1 time vs. the T1 time of the nICE-analysis from the pre-contrast Look-Locker
sequence. (a, inset): Empirical cumulative distribution (ECDF) of the absolute relative percentage difference
(RPD) between our T1-estimates and nICE-estimates for each of the sessions (log-scale). Absolute RPD is defined
as 100× |(T1 − T nICE

1 )/(0.5T1 +0.5T nICE
1 )| (b) Estimated T1 time vs. the scanner-generated T1 time from the first

post-contrast Mixed sequence. The scanner’s intensity cut-off causes the deviation for large T1 values and is the
reason for using our custom algorithm.
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figures/figure11.pdf

Figure 11: LL/Mixed T1 and concentration estimation: sensitivity to noise. (a) Estimated versus true T1

and concentration values when propagating noisy data through the estimation pipeline. Increasing concentration
values correspond to decreasing T1 times. The relationship is nonlinear, Eq. (7). The dashed line marks a chosen
threshold value of the concentration (and corresponding T1 time). Above the threshold, concentration estimates
with the Look-Locker sequence appear more accurate than estimates with the Mixed sequence (and vice versa below
the threshold). The figure is obtained with the script noise/plot_noise_combined.py (Code availability). (b)
Scatterplot of the median T1 estimates from Look-Locker compared to the median T1 estimates from Mixed within
different CSF regions. The size of the markers reflects the number of voxels in the given region. CSF regions are
defined by a nearest neighbour interpolation of the FreeSurfer segmentation aseg+aparc onto the CSF mask.
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figures/figure12.pdf

Figure 12: Estimated amount of tracer in the brain. Graph of the the estimated total tracer amount in the
CSF, the brain-tissue and the two combined, at each of the sessions. The different regions are illustrated in the right
figure, with the brain in gray and CSF in blue. The individual depicted has provided written consent for inclusion
of these images in this manuscript.
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figures/figure13.pdf

Figure 13: Upper left: Visualization of the error introduced by mapping the concentration data at 24 hours from
the Cartesian MRI data grid in clinical resolution to the 3D volume mesh and back to the MR image grid. The
leftmost panel shows the concentration data after mapping one roundtrip. The center panel shows the original MRI
data. The rightmost panel shows the difference between the two images. The left color scale ranges from the 1st to
the 95th percentile of the original concentration data (full range [−0.517, 0.741]). The right color scale extends to
±90th percentile of the magnitude of the errors (full range of errors [−1.10, 0.80]). Negative concentrations result
from noise in image data propagated through the concentration reconstruction algorithm described in Methods.
Lower left: Alternative visualization of the error introduced by the mapping from MRI image grid to the volume
mesh from the 24h session. The leftmost panel shows the MRI image grids’ mean concentration within each of the
regions defined by the segmentation shown in Fig. 8(d). The middle panel shown the mean concentration of each
of the corresponding regions on the mesh, as shown in Fig. 8(f). The third panel shows the difference between
the mean concentrations. Range of color scale is shared with upper left figure. Right: Scatterplot comparing
the regionwise mean concentrations in the MRI image with the corresponding regionwise mean concentrations in
the computational mesh, with regions defined by the segmentation shown in Fig. 8(d–f), colored by session. The
individual depicted has provided written consent for inclusion of these images in this manuscript.
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