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Purpose: Quantitative Susceptibility Mapping (QSM) and transverse relaxation rate (R2*) mapping studies of subcortical grey matter (GM) have 
generally analyzed large regions-of-interest (ROIs) that do not supply precise location of iron accumulation.  Large regions have been used partly due 
to the difficulty of accurate segmentation of deep GM and partly due to the emerging nature of this field.  Here we develop a subcortical GM nuclei 
segmentation and atlas alignment method using combined QSM and T1-weighted (T1w) images and investigate its precision and reliability for voxel-
based subcortical GM analysis using R2* and QSM. We then apply our method to relapsing-remitting multiple sclerosis (MS) to determine voxel-
based variation of QSM and R2* within subcortical GM.  
 

Methods: Segmentation: Automatic multi-atlas segmentation (1) of deep GM nuclei (caudate, putamen, thalamus and global pallidus) was achieved 
using combined QSM and T1-weighted contrast and four manually traced atlases. Accuracy of segmentation was tested against manual tracings and 
FSL-FIRST (2), a standard automatic method.  Scan-rescan reliability was also measured and compared to typical large ROI analysis in deep GM.  
Patient study: Voxel-based variation in R2* and QSM within subcortical GM was examined using 37 healthy controls and 37 relapsing-remitting 
(RR) MS subjects (mean Expanded Disability Status Scale (EDSS) 2.3, mean disease duration 5.3 yrs).  Segmented data from each subject was 
morphed onto the deep GM atlas. Voxel-based statistical analysis was performed using SurfStat (3). R2* and QSM data were obtained from the same 
3D multi-echo gradient echo scan (TE1/TR 2.9/44ms, 10 echoes, echo spacing 4.1ms; 80 slices, 2 mm thick, in-plane 1×1 mm2, 256×160×80 matrix).  
T1-w images used standard MPRAGE acquired and reconstructed with 
1mm isotropic resolution. All experiments were performed at 4.7 T.  
 

Results: Segmentation accuracy: Example images and 3D segmentation 
from 1 subject are shown in Fig. 1. The combined QSM/T1w atlas of 
deep GM had substantially higher agreement with manual segmentation 
than FSL-FIRST especially for the globus pallidus, which is poorly seen 
at high field due to isocontrast with surrounding white matter.  Degree of 
agreement with manual segmentation (Jaccard scores) was 0.71 or higher 
for each structure using the new method. 
Scan-rescan reliability: The voxel-by-voxel absolute difference 
averages across each structure were typically 5% for R2* and 1% for QSM. Using whole structure ROI’s, the scan-rescan reliability reduced to 2% 
for R2* and 0.4% for QSM.  
Patient study: Group R2* and QSM maps yielded significant differences between MS subjects and controls in portions of all four nuclei studied (Fig 
2).  Considering only voxels with significant differences, the R2* p-value significance reduced 100-fold for all nuclei over whole structure measures 
(Table 1), but QSM had little gain due to inherent smoothing in QSM reconstruction. 
 

Discussion: Our work builds on a recent MS study at 7.0 T by Rudko et al. (4) that performed whole brain QSM and R2* voxel-based subcortical 
analysis using standard methods of whole brain T1-weighted registration.  By reducing our atlas to deep GM nuclei only and using the enhanced 
contrast of QSM, we have demonstrated accurate segmentation that enables detailed localized study. Voxel-based evaluation of group R2* and QSM 
maps enabled higher significance of differences over whole structure ROI measures, yielding significant abnormalities across subcortical GM in 
RRMS. Clustered localized differences between RRMS subjects and controls were found within the globus pallidus, thalamus, caudate and putamen 
using both R2* and QSM.  R2* benefitted the most from a localized analysis. Further studies on localized R2* and QSM in MS are warranted to 
examine longitudinal changes and treatment effects. 

Table 1: Whole structure and significant voxel group-averaged 
mean R2* and QSM values 
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Group Thalamus Caudate Putamen Globus 
Pallidus 

 Mean R2
*± SD  [s-1] 

Patients 28.6 ±2.8 29.3± 3.6 35.6± 4.6 50.3± 4.9 
Controls 27.3 ±2.0 28.3 ±2.0 34.0 ±3.1 47.5 ±4.6 
p-value 0.02* 0.07 0.03* 0.007* 
      Mean R2

* in significant regions  [s-1] 
% voxels 30% 42% 35% 46% 
Patients 31.0± 3.4 31.6± 3.7 34.8± 4.4 50.3± 4.8 
Controls 28.3±2.5 29.0±2.4 32.2±2.5 46.1±4.4 
p-value 0.0003** 0.00003** 0.0003** 0.00004** 

 Mean QSM  (std) [ppb] 
Patients 65±12  104± 13 107± 18 172± 20 
Controls 58± 12 91± 18 92± 20 151± 32 
p-value 0.01* 0.0005** 0.0008** 0.0008** 
    Mean QSM in significant regions [ppb] 
% voxels 57% 93% 97% 99% 
Patients 73± 13 106± 14 108± 18 172± 20 
Controls 63± 13 91± 18 93± 20 150± 32 
p-value 0.002** 0.0003** 0.0007** 0.0008** 

Fig 1: Raw images (T1-w MPRAGE, R2*, QSM) and an angled view of the 
3D segmentation which used T1-w MPRAGE and QSM. 

Fig 2: T-statistics and significant clusters for R2* and QSM between groups are shown 
for 2 axial slices with color scale bars (T <6, p<0.05). Bottom row: 3D view of all 
significant p-clusters.  R2* left, right QSM. 
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