Cortical Mapping of Magnetic Susceptibility and R2* reveals Insights into Tissue Composition
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TARGET AUDIENCE: Researchers with interest in quantitative susceptibility mapping, relaxometry, and tissue composition of the cerebral cortex.

INTRODUCTION: Non-invasive assessment of the tissue composition of the cerebral cortex is important for comparing results across functional magnetic resonance
imaging (FMRI) studies. Thus, cortical mapping of the MRI signal has previously been proposed to study anatomical features in the cerebral cortex in vivo."? Gradient-
echo (GRE) imaging allows assessing the human brain anatomy in high-spatial resolution** and determining two quantitative physical properties, the effective trans-
verse relaxation rate (R,") and the magnetic susceptibility (y) of the bulk tissue.> Interestingly, while both magnetic susceptibility and R, increase linearly with the
concentration of paramagnetic iron,”® the relation is opposed when myelination increases: magnetic susceptibility decreases (becomes more diamagnetic) and R," in-
creases with higher myelination.’ Therefore, concomitant analysis of both magnetic susceptibility and R,” promises to reveal new insights into the tissue composition in
vivo.""!! In this contribution, we investigate the spatial distribution of both magnetic susceptibility and R," across the cerebral cortex in vivo and assess wheth-
er they coincide with the cytoarchitecture.

MATERIAL AND METHODS: Data Acquisition: Seven healthy right-handed subjects (3 male and 4 female; 25.3+3.1year) were measured on a 7 T MRI system with a
fully flow compensated 3D single-echo gradient-echo sequence (TE/TR/FA = 10.5ms/17ms/8°; BW=140Hz/px, voxel size = (0.4x0.4x0.4) mm’. To enable computation
of susceptibility maps using the COSMOS approach'? the scans were carried out successfully with the head in three different orientations with respect to the magnetic
field. In addition, multi-echo 3D GRE imaging (TE;.4 = 5Sms/12.8ms/20.6ms/28.4ms, TR/FA = 34ms/8°, BW=160Hz/px, voxel size = (0.8x0.8x0.8) mm3) was carried
out with normal head orientation to compute quantitative R, maps. Finally, 3D, whole-head, T;-weighted MRI data were collected at 3T with an MP-RAGE sequence
(TE/TR/TI/FA=3.46ms/1300ms/ 650ms/10°, isotropic voxel size = 1 mm®). The local ethics committee approved the experiments and informed written consent was
obtained from each recruited subject. Data Processing: The complex-valued GRE data acquired in tilted head positions were non-linearly registered to the data acquired
in normal head position. Phase aliasing was resolved by 3D phase unwrapping'® and background phase contributions were eliminated with the SHARP technique.’ From
the three background field corrected phase data sets susceptibility maps were computed using the COSMOS algorithm™>'? and referenced with respect to frontal deep
white matter (WM).* Maps of the effective transverse relaxation rate were computed from the multi-echo GRE data using logarithmic calculus. Data Analysis: To
analyze the distribution of magnetic susceptibility and R, across cortical gray matter (GM) a surface-based analysis approach was applied. To this end, subject-specific
cortical surfaces (white matter surface, pial surface) were generated by Freesurfer's automatic processing of T-weighted data.'* Magnitude information of both the
single-echo GRE data in normal head position and the multi-echo GRE data were registered linearly to the T;-weighted dataset. The resulting registration matrices were
applied for resampling the volumetric data sets of magnetic susceptibility and R,", respectively, along the midline between the pial and white matter surface (70% of
depth) across the entire cortical hemisphere. Unreliable values within the cortices were identified, comprising (I) the outer surface regions of the cortex due to the intrin-
sic limitation of the SHARP phase pre-processing step, (II) voxels with a susceptibility difference exceeding 45 ppb relative to frontal deep WM to avoid contributions
of pial vessels in the cortical subregions, and (IIT) voxels with R, values exceeding 70 s to avoid regions affected by air-tissue or bone-tissue interfaces. The individual
surface representations of magnetic susceptibility, R,", and unreliable values were registered to Freesurfer's ‘fsaverage’ template by spherical registration."® Finally, the
resampled surface values were averaged over all subjects (with consideration of the unreliable regions), smoothed across the surface using a Imm FWHM Gaussian
kernel, and overlaid onto the inflated cortical white matter surface. right

RESULTS: The distribution of magnetic susceptibility (3) and R, across the cortical GM is illustrated in Figure
1. The magnetic susceptibility resembles the subdivision defined by the probabilistic Brodmann atlas with
homogeneous regions of increased susceptibility in certain areas such as BA3 (primary somatosensory cortex),
BA4 (primary motor cortex), BA19 (associative visual cortex), and BA42 (auditory association cortex). These
regions exhibited increased R,* values that also coincided with the boundaries determined by the probabilistic
Brodmann atlas. Other regions exhibited quite heterogeneous distributions of susceptibility and/or R,", for
example, BA6 (premotor cortex), BA24 (ventral anterior cingulate cortex), and BA40 (supramarginal gyrus).
Cortical mapping of magnetic susceptibility and R," also revealed noticeable increases in the primary sen-
sorimotor and auditory cortices (see arrows in Figs. 1A and 1C). Increased R," values were also discernible in
the occipital cortex (black arrows in Fig. 1G). Regions with decreased R," values were noticeable in the frontal
and prefrontal cortices (white arrow in Fig. 1G). Additionally, a ‘strip’ pattern of increased susceptibility and
R," was observed along the central sulcus (black arrows in Figs. 1A and 1C).

DISCUSSION: Substantial variations of magnetic susceptibility and R, have been observed across the cortical
surface. Magnetic susceptibility and R," of certain regions coincided with the boundaries of the probabilistic
Brodmann atlas, whereas other regions exhibited a heterogeneous distribution of magnetic susceptibility and
R," within the specific Brodmann area. This finding is not surprising because there is not necessarily a direct
correspondence between myeloarchitecture and cytoarchitecture.'® The high values of y and R, showing a
characteristic ‘strip’ in the motor-sensory area (BA3, BA4) are indicative for a relative high iron concentration.
Interestingly, such a ‘strip” pattern of increased myelination along the central sulcus has also recently been
detected by mapping the ratio of T, and T, weighted images” suggesting that both iron and myelin are highly
co-localized in BA3 and BA4, which has also been demonstrated recently in the visual cortex.'” In future, the
question of co-localization of iron and myelin across the cerebral cortex may be investigated non-invasively by
additionally taking into account other quantitative MRI parameters sensitive to myelin, such as magnetization
transfer contrast'® or the longitudinal relaxation rate (R ).
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CONCLUSION: Cortical mapping of R," and magnetic susceptibility represents a non-invasive means to assess
tissue composition across the cerebral cortex and may be instrumental for understanding the relationship
between tissue composition and functional roles of cortical GM.
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Figure 1: Lateral view (A-D) and medial view (E-H)
of the inflated white matter surface with overlays of
magnetic susceptibility (A,B,E,F) and R>* values
(C,D,G,H). The cortical surfaces of the right and left
hemispheres are presented in the left and right column,
respectively. The black boundaries in the right column
indicate the boundaries of the probabilistic Brodmann
areas. The numbers denote the corresponding
Brodmann area. Regions without reliable susceptibility
and R>* values are colored cyan, i.e., indicated by
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