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Abstract

Background and Purpose: The objective ofthis study was to demonstrate a global 

cerebrospinal fluid (CSF) method for a consistent and automated zero referencing of brain 

quantitative susceptibility mapping (QSM).

Methods: Whole brain CSF mask was automatically segmented by thresholding the gradient 

echo transverse relaxation R2*  map, and regularization was employed to enforce uniform 

susceptibility distribution within the CSF volume in the field-to-susceptibility inversion. This 

global CSF regularization method was compared with a prior ventricular CSF regularization. 

Both reconstruction methods were compared in a repeatability study of 12 healthy subjects using 

t-test on susceptibility measurements, and in patient studies of 17 multiple sclerosis (MS) and 10 

Parkinson’s disease (PD) patients using Wilcoxon rank-sum test on radiological scores.

Results: In scan-rescan experiments, global CSF regularization provided more consistent CSF 

volume as well as higher repeatability of QSM measurements than ventricular CSF regularization 

with a smaller bias: –2.7 parts per billion (ppb) versus –0.13 ppb (t-test p<0.05) and a narrower 

95% limits of agreement: [−7.25, 6.99] ppb versus [−16.60, 11.19 ppb] (f-test p<0.05). In PD 

and MS patients, global CSF regularization reduced smoothly varying shadow artifacts and 

significantly improved the QSM quality score (p<0.001).

Conclusions: The proposed whole brain CSF method for QSM zero referencing improves 

repeatability and image quality of brain QSM compared to the ventricular CSF method.
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INTRODUCTION

Quantitative susceptibility mapping (QSM) allows the mapping of magnetic susceptibility 

sources (e.g., calcium, iron, or contrast agents) in tissue from complex gradient echo MRI 

data.1 Zero referencing is an essential component of magnetic susceptibility quantification, 

because, in QSM, the susceptibility is estimated up to a constant. One possibility is to set 

the average susceptibility value over the whole brain or cortical gray matter to be zero.2 

However, it has been performed after QSM reconstruction and only in healthy subjects. In 

patients with neurological diseases, gray matter can be affected by the pathology and care 

is needed when used for zero referencing. Furthermore, cortical gray matter segmentation 

is a time-consuming process, and might be impractical. Whole brain referencing might 

also provide suboptimal results, as many pathologies can change average susceptibility of 

the brain through accumulation of iron, demyelination, gray matter atrophy, and so on. 

Alternatively, cerebrospinal fluid (CSF) with its chemical resemblance to pure water could 

be viewed as a natural zero reference.3–7 However, nonuniformity of QSM is observed 

within the ventricular CSF in healthy subjects and patients alike using conventional dipole 

inversion algorithms.8 This is artifactual and can be suppressed using an L2 regularization in 

QSM reconstruction as in the morphology enabled dipole inversion with automatic uniform 

CSF zero-reference (MEDI+0) algorithm.8

Recently, there has been an increasing interest in the application of QSM to the cross-

sectional and longitudinal tracking of progression of various diseases, which makes the 

zero referencing even more critical since variable global shifts between different scans can 

complicate the analysis of the results.9–19 However, separate data acquisitions inevitably 

introduce unwanted variations in subject’s head orientation within the scanner, location 

of the imaging volume, imaging resolution, among others. These factors influence the 

heterogeneity of the magnetic field and the corresponding R2* map.20,21 As the R2* map is 

used for the ventricle CSF segmentation in MEDI+0, these variations can cause fluctuations 

in ventricle segmentations, resulting in inconsistent QSM referencing that may introduce 

unwanted variability in intrasubject or intersubject susceptibility measurements. Therefore, 

it is highly desired to improve CSF segmentation for reliable QSM zero referencing.

In this work, we present a global CSF method for a consistent and automated zero 

referencing of QSM through inclusion of all CSF spaces across the brain. Furthermore, 

we demonstrate that the proposed technique brings about additional image quality 

improvements.

METHODS

Ventricular and global CSF regularization

The previously proposed MEDI+0 approach extends the original MEDI formulation by 

introducing CSF zero referencing during QSM reconstruction. It is formulated as the 

following minimization problem:8,22
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χ = argminχ
1
2 w e−if − e−i(d ∗ χ)

2
2 + λ1 MG∇χ 1 + λ2

MCSF
V χ − χCSF 2

2 (1)

χ ∗ = χ − χCSF

Here, χ* is the sought-after susceptibility map, d is the dipole kernel, w is the acquisition 

noise weighting, f is the input local field, MG represents the morphological prior in the form 

of a binary edge mask derived from the magnitude image, MCSF
V  is a mask of the ventricular 

CSF, χCSF  is the operator computing the average over the mask MCSF
V , and λ1 and λ2 are 

regularization parameters. The third term in Equation (1) enforces uniform susceptibility 

distribution within the CSF region.

In its original implementation, MEDI+0 considered only ventricular CSF region for 

regularization purposes. Accordingly, the algorithm included thresholding of the gradient 

echo transverse relaxation R2*  map and connectivity-based filtering, which, due to noise, 

partial voxel effects, and dependence of R2* on orientation of patient’s head relative 

to B0 direction, can result in an inconsistent segmentation MCSF
V  between acquisitions 

performed in the same subject (Figure 1). Because the zero reference is based on the 

average susceptibility within MCSF
V , this inconsistency may introduce an undesirable global 

shift of brain susceptibility values in both inter and intrasubject comparison. To address 

these shortcomings, we propose to utilize a global CSF regularization based on a simple 

thresholding of the R2* map.

Human subject studies

The imaging studies were approved by the local Institutional Review Board and informed 

consents were obtained from all subjects. Twelve healthy subjects (five males, seven 

females, mean age 26.8 years ± 4.1) were imaged in two consecutive MRI sessions using 

the same acquisition protocol on a 3T scanner (Siemens Prisma, VE11B). Between the 

two scanning sessions, the subjects were asked to sit up and lie down again to mimic 

head repositioning in an actual MRI examination. The acquisition protocol included a 

1 mm isotropic T1-weighted (T1W) Magnetization Prepared Rapid Acquisition Gradient 

Echo sequence for structural imaging with acquisition parameters TI=900 ms, TR=2300 

ms, FA=8°; and a multi-echo gradient echo sequence (mGRE) for QSM with TE1/ΔTE 

= 6.3/4.06 ms TR=48 ms, FA=15°, voxel size = 0.8 mm×0.8 mm×3 mm, matrix size = 

260×320×56. R2
* maps were calculated from the mGRE magnitude image using the ARLO 

method.23 A brain mask was obtained from the echo-combined mGRE magnitude image 

using FSL BET algorithm.24 As in the original MEDI+0 implementation, global CSF mask 

MCSF
G  was obtained by selecting all voxels within the brain mask whose R2* was at or 

below 5 Hz.8 The ventricular CSF mask MCSF
V  was then computed: first, brain centroid 

was specified based on the brain mask, a central brain region with the radius of 3 cm 
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was defined, and three largest components of MCSF
G  overlapping with this region were 

selected to form MCSF
V . Sixteen subcortical regions of interest (ROIs)––frontal white matter 

(WM), parietal WM, temporal WM, occipital WM, thalamus, caudate nucleus, putamen, 

and pallidum in both hemispheres––were automatically segmented on the T1W image 

using FreeSurfer and coregistered onto the mGRE image using FSL FLIRT algorithm.25,26 

Brain susceptibility maps were reconstructed for each scan and each CSF reference mask. 

Regularization parameters were fixed for both methods with the following values: λ1 = 

1000 and λ2 = 60. Repeatability of the susceptibility values estimated using the two CSF 

reference masks were compared using Bland–Altman analysis and f-test. Additionally, 

global CSF mean and standard deviations, as well as scan-rescan differences in volumes 

of segmented regularization ROIs, were recorded for both reconstruction methods.

To assess the effects of MEDI+0 regularization type in clinical data acquired with 

different imaging protocols, QSMs from anonymized brain MGRE data acquired in 17 

multiple sclerosis (MS) patients and 10 Parkinson’s disease (PD) patients acquired at 

3T (GE Healthcare, Milwaukee, WI) were retrospectively reconstructed using both the 

ventricular and global CSF regularization. The QSM acquisition parameters were: for MS, 

TE1/ΔTE/nTE = 4.5/4.8 ms/11, TR=57.3 ms, FA=15°, voxel size = 0.8 mm×0.8 mm×3 

mm; for PD, TE1/ΔTE/nTE = 4.2/4.9 ms/10, TR=53.9 ms, FA=15°, acquired voxel size = 

0.5 mm×0.5 mm×0.5 mm. Regularization parameters were fixed for both methods with the 

following values: λ1 = 1000 and λ2 = 60 for MS data and λ1 = 2500 and λ2 = 60 for PD 

data. A neuroradiologist (I. K., 20 years of experience) reviewed both QSM reconstructions 

from each subject and scored the relative QSM image quality using a 3-point scale (1=better, 

0=same, and −1=worse) for each of the following criteria: presence of artifacts, such 

as shadowing and streaking in QSM maps, gray/WM differentiation, lesion conspicuity, 

appearance of venous structures, and CSF in the ventricles. A Wilcoxon rank-sum test was 

employed to test the difference between the two imaging methods. In all statistical tests, the 

level of significance was chosen to be 0.05.

RESULTS

Scan-rescan quantitative susceptibility mapping

In healthy volunteers, the volume of the MCSF segmented for ventricular CSF regularization 

was 6.8±7.8 cm3
, while that for global CSF segmentation was 20.4±13.2 cm3 (p<0.05). For 

ventricular CSF regularized QSMs, Bland–Altman plots showed a bias of −2.7 ppb with 

95% limits of agreement of [−16.60, 11.19] ppb between the repeated scans. The application 

of global CSF regularization reduced the bias to −0.13 ppb (t-test p<0.05) and narrowed 

the 95% limits of agreement to [−7.25, 6.99] ppb (f-test p<0.05) (Figure 2). For ventricular 

CSF regularization, the average relative interscan difference between CSF regularization 

volumes was 14% compared to 3% for the global CSF regularization (p = 0.06), with 

the absolute volume difference 0.64±0.68 cm3 and 0.6±0.47 cm3 (p=0.94), respectively. 

Figure 3 demonstrates an example with significant change in the segmented ventricular CSF 

volume between the test and retest scans, which is not present in the proposed global CSF 

segmentation approach.
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Single timepoint QSM imaging

The volume of the ventricular CSF mask MCSF
V  in the MS patient cohort was 18±18 cm3, 

while that of the global CSF Mask MCSF
G  was 41±28 cm3 (p<0.05). In the healthy cohort, 

the ventricular CSF regularization resulted in an average standard deviation of 35 ppb within 

MCSF
G  and an average mean susceptibility of −8 ppb, while the application of the global CSF 

regularization reduced the average standard deviation of susceptibility within MCSF
G  to 12 

ppb (p<0.05) and its average mean susceptibility to 0 ppb (p<0.05). Similarly, in the MS 

patient cohort, the ventricular CSF regularization resulted in an average standard deviation 

of 35 ppb within MCSF
G  and an average mean CSF susceptibility of −18 ppb; the application 

of global CSF reduced the average standard deviation to 13 ppb (p<0.05) and average to 0 

ppb (p<0.05).

Radiological assessment revealed QSM image quality improvement in 16 out of 17 MS 

patients when using global CSF regularization (Wilcoxon test p<0.001), with one case being 

a tie. No difference was observed in terms of the overall gray/WM differentiation, lesion 

conspicuity, and appearance of venous structures and ventricular CSF. In the MS patients, 

the proposed regularization led to observable reduction of shadow artifact in the frontal 

lobe, primarily within prefrontal and motor cortices. Similarly, for the PD patients, shadow 

artifact reduction for global CSF regularization was observed in 9 out of 10 patients, with 

one case being a tie (Wilcoxon test p=0.004). No difference was observed in terms of the 

overall gray/WM differentiation, lesion conspicuity, and appearance of venous structures and 

ventricular CSF. QSM image quality improvement was reported for sulci, top of frontal and 

parietal lobes, and around the sagittal sinus.

Figure 4 shows an R2* map, segmented CSF masks, and QSM reconstructions for two 

regularization methods in two axial locations in one MS patient. The proposed global CSF 

regularization procedure, in addition to the ventricular CSF, incorporates the CSF within 

the sulci. Consequently, homogeneity of CSF throughout the brain was greatly improved, 

while susceptibility of other structures (deep gray matter structures and blood vessels) 

was not affected. Figure 5 shows a comparison of the two QSM reconstructions in a PD 

patient. Spatially smooth shadow artifacts were noticeably suppressed when using global 

CSF regularization.

DISCUSSION

In this work, we propose an extension of the previously published MEDI+0 technique which 

uses L2 regularization of ventricular CSF for calculation of a zero-referenced QSM. Our 

data demonstrate that through consistent CSF masking, global CSF regularization leads 

to improved QSM scan-rescan repeatibility in healthy subjects compared to ventricular 

CSF regularization. Furthermore, the proposed global CSF regularization was found to 

significantly improve overall image quality and reduce nonlocal shadow artifacts at the 

brain periphery. Thus, we conclude that global CSF regularization enhances consistent zero 

referencing, making QSM more suitable for longitudinal studies.

Dimov et al. Page 5

J Neuroimaging. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the original work introducing ventricle CSF zero-referenced QSM, the authors based the 

CSF mask segmentation on “binning” of the R2* map that can be estimated from the same 

GRE data and thus naturally coregistered to QSM. CSF being almost a pure water has 

very low relaxation rate.8 In the current study, most of the cerebral CSF volume was found 

by selecting all those voxels whose R2* fell within [0...5] s−1. Nevertheless, the original 

MEDI+0 implementation only included ventricular CSF to regularize the QSM inversion 

process. This ventricle CSF approach has been shown to have good performance. However, 

its repeatability has not been analyzed.8 Our results here confirm that ventricle segmentation 

from R2* map is prone to variations in data acquisition, which include dependence of 

R2* on orientation of an object relative to B0 and noise in the data affect accuracy of 

the morphological filtering.20 Thus, selection of the predetermined number of connected 

components is demonstrated to produce variable results within the same subject in a scan-

rescan experiment even if the same imaging parameters are used.8 Consequently, the value 

of the CSF regularization term in Equation (1) might differ noticeably between acquisitions, 

changing convergence of the whole minimization problem, as well as changing the average 

of the solution over the CSF regularization volume. Utilizing global CSF regularization, we 

demonstrate higher reproducibility of the regularization volume and significantly improved 

repeatability of the susceptibility measurements in scan-rescan experiment performed in 

healthy subjects. With this, we conclude that the ventricle segmentation is unnecessary for 

zero referencing and can be dropped from QSM reconstruction.

The use of the entire CSF space throughout the brain, as demonstrated here, also 

significantly increases the number of voxels within the regularization volume. This increased 

spatial coverage in the global CSF regularization is distributed over the entire brain, as 

CSF does. This large spatial extend over the entire brain provides a means to reduce the 

shadowing artifacts that arise from the incomplete elimination of the strong background 

field in the vicinity of air–bone–tissue interface and spread in large scale over the whole 

brain. By enforcing uniformity (of zero) over the global CSF volume, the global CSF 

regulation advantageously suppresses this shadowing artifact, leading to improved QSM 

image quality as demonstrated through the analysis of the radiological impression and 

comparison of standard deviation of CSF susceptibility in both global and ventricular CSF 

QSM reconstructions.

The regularization approach presented in our work has one potential methodological 

limitation. Certain pathological conditions, such as intraventricular hemorrhage or CNS 

infections (e.g., meningitis and encephalitis), could alter chemical composition of the 

CSF, rendering its magnetic susceptibility inhomogeneous or different from that of pure 

water.27,28 It could be speculated that affected regions of CSF will also experience increase 

of R2* and, as such, may be excluded from the regularization volume; however, this aspect 

has not been studied. Since performance of the CSF regularization in the presence of CSF-

altering pathologies has not been analyzed, caution must be taken for cohorts of subjects 

where these conditions are present.

In this study, the repeatability analysis was limited to healthy volunteers. A comprehensive 

reproducibility over different scanners should also be performed.29 The present range 
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of [0...5] s−1 is empirically determined and cannot guarantee complete coverage of the 

cerebral CSF. For field strengths other than 3T, additional adjustments of this range will 

be required, as R2* scales approximately linearly with field strength. Furthermore, MCSF 

might be not the only regularizable volume according to the physiological distribution of 

isotropic susceptibility sources in human brain. Other tissues (e.g., normal cortical gray 

matter) should be considered for further expansion of the minimization problem described 

by Equation (1).2
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FIGURE 1. 
Volumetric rendering of the “global” cerebrospinal fluid (CSF) volume (red) and its 

overlap with “ventricular CSF” (green) reconstructed from a scan-rescan data of the same 

healthy volunteer. Note that elimination of the unconnected components in ventricular CSF 

method resulted in complete erroneous elimination of the anterior horns of lateral ventricles 

(marked with “*”) in both segmentations, and introduced inconsistent ventricular masking. 

Furthermore, large volumes of CSF spanning the brain volume are completely discarded 

during the morphological filtering. While ventricular CSF segmentation demonstrates 

noticeable variations between scans, the global CSF mask is stable. See Methods for further 

details
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FIGURE 2. 
Comparison of the repeatability of regional quantitative susceptibility measurements 

obtained with ventricular and global cerebrospinal fluid regularization in 16 subcortical 

regions of interest from 12 healthy subjects. Global cerebrospinal fluid regularization results 

in negligible bias and narrower 95% limits of agreement of approximately ±7 parts per 

billion. Abbreviation: SD, standard deviation
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FIGURE 3. 
Comparison of consistency of automated segmentation of cerebrospinal fluid masks in 

ventricular and global regularization methods (same subject as in Figure 1). Elimination 

of morphological filtering allows more accurate and repeatable segmentation of the 

regularization volume
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FIGURE 4. 
(A) A representative case of a multiple sclerosis patient’s segmentation of cerebrospinal 

fluid for regularization of quantitative susceptibility mapping. Note that the ventricular 

segmentation method eliminated large volumes of cerebrospinal fluid (CSF) in sulcal 

space (red arrows) which leads to complete lack of the regularization volumes near the 

border of the brain. (B) Reconstructed susceptibility maps in this patient. Note the efficient 

suppression of shadow artifacts at the edge of the brain (red arrows) after the global CSF 

regularization
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FIGURE 5. 
A representative case of a Parkinson’s disease patient quantitative susceptibility map 

(QSM) reconstructed using ventricular and global cerebrospinal fluid (CSF) regularizations. 

While the QSM values of the deep gray matter structures (yellow arrows) did not change 

significantly for both reconstructions, global CSF regularization efficiently suppressed 

spatially smooth shadow artifacts originating at the brain surface (red arrows)
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