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Abstract: Putamen atrophy and its long-term progress during disease course were recently 

shown in patients with multiple sclerosis (MS). Here we investigated retrospectively the 

time point of atrophy onset in patients with relapsing-remitting MS (RRMS). 68 patients 

with RRMS and 26 healthy controls (HC) were admitted to 3T MRI in a cross-sectional 

study. We quantitatively analyzed the putamen volume of individual patients in relation to 

disease duration by correcting for age and intracranial volume (ICV). Patient’s relative 

putamen volume (RPV), expressed in percent of ICV, was significantly reduced compared 

to HC. Based on the correlation between RPV and age, we computed the age-corrected 

RPV deviation (ΔRPV) from HC. Patients showed significantly negative ΔRPV. 

Interestingly, the age-corrected ΔRPV depended logarithmically on disease duration: 

Directly after first symptom manifestation, patients already showed a reduced RPV 

followed by a further degressive volumetric decline. This means that atrophy progression 

was stronger in the first than in later years of disease. Putamen atrophy starts directly after 

initial symptom manifestation or even years before, and progresses in a degressive manner. 

Due to its important role in neurological functions, early detection of putamen atrophy 

seems necessary. High-resolution structural MRI allows monitoring of disease course. 
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1. Introduction 

For a long time, multiple sclerosis (MS) has been regarded as an inflammatory and demyelinating 

disease predominantly affecting the white matter (WM) of the human central nervous system [1–8]. At 

the beginning of the 21th century, grey matter (GM) pathology and axonal and neuronal degeneration 

emerged as important features of this “typical” WM disease [2,5]. By the application of new 

histopathological, immunohistochemical, and neuroimaging methods, the full extent of GM damage 

became increasingly clear [4]. Although the thalamus was examined most extensively in patients with 

MS [9], some studies also demonstrated the involvement of other subcortical structures such as  

the putamen [5]. By the application of different automated segmentation and volume estimation 

techniques, e.g., voxel-based morphometry [10,11], FreeSurfer [12], and FSL tools [13], putamen 

atrophy was demonstrated in untreated patients with clinically isolated syndrome (CIS) [14,15] and in 

patients with different types of MS [7,14,16,17–21]. Volume loss of the putamen was shown to be 

relevant for conversion to clinically definite MS and for disease progression [14,22]. Furthermore, 

recent studies could reveal progredient putamen atrophy in patients with CIS and different forms of 

MS [7,14,18,21]. Against this background, we aimed to investigate the time point of putamen atrophy 

onset in patients with relapsing-remitting MS (RRMS). 

2. Results 

2.1. No Difference of Age and Gender Distribution between Patients and Healthy Controls (HC) 

We found no systematic difference of age between patients and healthy controls (RRMS: mean age = 

36.50 years (y), SD = 9.77 y; HC: mean age = 37.0 y, SD = 13.77 y; p = 0.86). Furthermore, gender 

distribution was statistically comparable between patients and healthy controls (Pearson’s Chi-squared 

test: corrected p = 0.69). 

2.2. Significant Reduced Absolute Putamen Volume (APV) in Patients Compared to HC 

Patients’ and HCs’ ICVs were equivalently distributed (RRMS: mean ICV = 1.50 L, SD = 0.14 L; 

HC: mean ICV = 1.51 L, SD = 0.15 L; p = 0.84) (Figure 1). Patients with RRMS had on average a 

20% lower APV compared to the group of HC (RRMS: mean APV = 9418 mm3, SD = 1794 mm3; HC: 

mean APV = 11,733 mm3, SD = 1849 mm3; p < 0.001) (Figure 1). The APV of male patients was 

larger than the APV of female patients (women: mean APV = 9062 mm3, SD = 1760 mm3; men: mean 

APV = 10,114 mm3, SD = 1685 mm3; p = 0.02). By employing a General Linear Model (GLM) 

(dependent variable APV, categorical predictor gender, continuous factor age), we found significant 

effects of age and gender on the APV (age: pAge = 0.002; FAge = 10.72; gender: pgender = 0.007;  

Fgender = 7.62). 
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APV and ICV correlated significantly in all participants (RRMS: p < 0.001; HC: p < 0.001)  

(Figure 1). To avoid the confounding effects of ICV on APV, we computed the relative (percentage) 

putamen volume (RPV) (RPV = APV/ICV × 100%, Equation (7)). 

 

Figure 1. Significant correlation between APT and ICV. The absolute putamen volume 

(APV) in mm3 was strongly correlated with the intracranial volume (ICV) in liter in 

healthy controls (HC) and patients with relapsing-remitting multiple sclerosis (RRMS). 

2.3. Significant Reduced Relative Putamen Volume (RPV) in Patients Compared to HC 

RPV and the participants’ age correlated significantly in both the HC group (RPVHC(Age) = 0.916 − 

0.0038 × Age; p < 0.001) and the RRMS group (RPVMS(Age) = 0.783 − 0.0043 × Age; p < 0.001) 

(Figure 2). Patients with RRMS had on average a 19% lower RPV compared to the group of HC 

(RRMS: mean RPV = 0.63%, SD = 0.10%; HC: mean RPV = 0.78%, SD = 0.8%; p < 0.001)  

(Figure 2). We found no influence of gender on the RPV of patients (women: mean RPV = 0.62%,  

SD = 0.11%; men: mean RPV = 0.64%, SD = 0.09%; p = 0.52). 
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Figure 2. Significant correlation between relative putamen volume and participant’s age. 

Nearly every patient with relapsing-remitting multiple sclerosis (RRMS) (67/68) showed a 

lower RPV for a given age (=negative ΔRPV, see arrow), as expected from the relationship 

between RPV and age of healthy controls. The blue line represents the function 

RPVHC(Age) = 0.916 − 0.0038 × Age (Equation (1)). 

2.4. Negative ΔRPV and ΔRPV% in Nearly All Patients 

We used the RPV of HC (RPVHC) as the age-dependent predictor for the expected RPV of each 

patient with MS. The age-dependent predictor was calculated by linear regression (Figure 2, blue line) as RPVୌେ(Ageሻ = 0.916 − 0.0038 × Age (1)

The difference between a patient’s individual RPV (RPVMS) and the estimated RPVHC was 

calculated as (Figure 2): ∆RPV = RPVୗ − RPVୌେ (2)

By employing a GLM (dependent variable ∆RPV, categorical predictor gender, continous factor 

age), we did not find significant effects of age and gender on ∆RPV (age: pAge = 0.64; FAge = 0.22; 

gender: pGender = 0.34; FGender = 0.94) (Figure 3). Therefore, we did not include patients’ gender and 

age as additional factors in the statistical analyses. 
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Figure 3. Independence of ∆RPV on participants’ age. ∆RPV did not depend on 

participants’ age (p = 0.64). 

For each patient, we computed the percentage volumetric deviation of the patients’ putamen in 

relation to HC as: ∆RPV% = ∆RPV mean RPVୌେ⁄ × 100% (3)

Nearly every patient (67/68) showed a lower RPV (=negative ΔRPV%) as expected from HC 

(RRMS: mean ΔRPV% = −19.4%, SD = 12.3%, lower quartile = −25.4%, median = −17.8%, upper 

quartile = −11.6%; HC: mean ΔRPV% = 0.0%, lower quartile = −4.8%, median = 1.1%, upper quartile 

= 6.3%; t-test on ΔRPV%: degrees of freedom = 92, NRRMS = 68, NHC = 26, t = −7.45, p < 0.001). 

ΔRPV% values of the HC group were symmetrically distributed around 0.0% because the regression 

function was estimated from this group. 

2.5. Correlation between ΔRPV% and Volume of WM Lesions 

ΔRPV% correlated significantly with the volume of WM lesions in T1w images (R = 0.66;  

p < 0.001) and FLAIR images (R = 0.67; p < 0.001). 

2.6. Linear or Non-Linear Dependence of ΔRPV% on Disease Duration 

According to Equation (9) we computed the parameters as a = −13.449, b = 5.116. ∆RPV% = 5.116	 − 13.449 × logଵ("disease	duration"ሻ (4)
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According to Equation (8) we computed the parameters as a = −0.083, b = −11.434 ∆RPV% =	−0.083 × "disease	duration" − 11.434 (5)

The linear regression revealed that putamen atrophy is already present at manifestation of patients’ 

first symptoms and progresses continuously. At the manifestation of their first symptoms, patients had 

already a ΔRPV% of about 11% and lost every ten years further 10% (Figure 4). By using this linear 

model, the time point of putamen atrophy onset was estimated to minus 138 months. Systematic 

analysis of the residual variance (normal probability plot, sum of least squares) provided evidence that 

the non-linear model describes the data better than the linear estimation (Figure 5). 

 

Figure 4. Linear estimation of age-corrected loss of putamen volume in relation to healthy 

controls versus the patients’ disease duration. At the manifestation of their first symptoms, 

patients had already a ΔRPV% of about 11% and lost every ten years further 10%. 
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Figure 5. Logarithmic estimation of age-corrected loss of putamen volume in relation to 

healthy controls versus the patients’ disease duration. The arrow indicates a patient with a 

disease duration of 50 months who had a 26% lower putamen volume than expected from a 

healthy control with the same age as the patient. 

3. Discussion 

3.1. Early and Degressive Putamen Atrophy in Patients with Relapsing-Remitting Multiple  

Sclerosis (RRMS) 

The most important finding of our study was an early and degressively increasing putamen atrophy 

in patients with RRMS. Both the linear and the logarithmic model revealed that patients lose directly 

after first symptom manifestation or most likely even years before, putamen volume. The linear 

regression would estimate the time point of putamen atrophy onset to minus 138 months (Figure 4). 

This is in our view probably an overestimation. Moreover, the asymptotic behavior of the linear 

function is not compatible with a finite putamen volume. In contrast to the linear regression, the 

logarithmic model showed that the putamen atrophy started directly after manifestation of patients’ 

first symptoms and progresses in a degressive manner. This means that the atrophy progression is 

stronger in the first rather than the later years of the disease. In other words, a patient with a disease 

duration of ten years showed already a 17% reduced putamen volume compared to HC (Figure 5).  

The estimated MS-related further volume loss was only 3% in the second decade of the disease.  

By computing the relative percentage putamen volume (RPV), we avoided confounding effects of ICV 
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and gender on putamen volumes. We demonstrated that aging did also not confound the volume loss 

seen in patients with RRMS, because we used the age-corrected ΔRPV as measure for putamen atrophy. 

3.2. Interpretation of Results in Perspective of Previous Studies 

Being aware of the important functions of the putamen, the consequences of this atrophy become 

clear. The putamen as part of the dorsal striatum and the basal ganglia plays a unique role in movement 

regulation, motor function, coordination, and cognition [15,18,23]. Previous studies demonstrated that 

iron deposition in the putamen correlates with EDSS and cognitive performance [23–25], and predicts 

disability progression [7,26]. By using FIRST as a segmentation tool, recent studies have already 

revealed progredient putamen atrophy in patients with RRMS and SPMS [14,18], without finding 

gender differences [21]. The putamen volume was, however, always computed over the whole group 

of patients [7,14,18,21] and not quantitatively in individual patients. Especially if the group consists  

of relapsing and progressive MS forms [7,18], this calculation could potentially imply—provided  

that neurodegenerative processes progress differently in patients with various types of MS—some 

limitations. Additionally, in the studies of Jacobsen, Dolezal, and Bergsland et al. no healthy subjects 

were included as controls [7,14,21]. However, progredient putamen volume loss cannot be declared as 

pathological in patients with MS without taking the normal age depended decline of the putamen of 

HC into account. In contrast to these studies, we computed the putamen volume for each individual 

patient in relation to disease duration. By using a logarithmic function to model the patients’ ΔRPV% 

in relation to disease duration, we could estimate the time point of atrophy onset and the time course of 

atrophy progression during the disease. 

3.3. Limitations and Future Research 

We employed a fully automated MR image analysis technique (a pipeline incorporating tools of  

the FreeSurfer software suite) for the volumetric analysis of cerebral structures (APV and ICV).  

An inherent problem with such an approach is that segmentation errors can result in falsified 

volumetric measures. However, the reliability and validity of FreeSurfer and its consistency with 

manual stereology, which is considered to represent the “gold standard” for volumetric MRI 

assessments [27–30], was recently demonstrated for the thalamic volume [31]. Therefore, we 

compared the FreeSurfer results with an independent toolset (FSL-FIRST), which provided highly 

comparable results (R = 0.92). The present study was performed on a cross-sectional basis. 

Longitudinal studies are necessary to demonstrate individual progredient putamen atrophy and to 

investigate whether early volumetric alterations can serve as predictors of future disease course and as 

surrogate markers for treatment effects. Another limitation of our study is that we disregarded  

inter-individual differences concerning disease-modifying therapy at the moment of MRI examination. 

For further studies, it would be interesting to analyze the neurological and neuropsychological 

consequences of putamen volume loss. In addition, the difference of onset and development of 

putamen atrophy of our examined patients in dependence of the presence of oligoclonal 

immunoglobulin G bands in the cerebrospinal fluid should be another objective. Recently,  

Ferreira et al. could demonstrate that patients with MS lacking oligoclonal immunoglobulin G bands in 

the cerebrospinal fluid have less global and regional brain atrophy, also in the basal ganglia [32]. We 
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are currently investigating whether certain subcortical structures are excluded from neurodegenerative 

processes and whether atrophy onset and development differ among subcortical structures in MS. 

Because the thalamus has widespread reciprocal connections with subcortical structures as the 

putamen, it would be interesting to analyze the relationship of volumetric and microstructural 

alterations of the thalamus and the putamen in patients with MS. 

4. Experimental Section 

4.1. Subjects and Their Main Clinical and Imaging Features 

We recruited 68 consecutive patients (45 women, 23 men) in our clinic with relapsing-remitting  

MS (RRMS) diagnosed according to the revised McDonald criteria [33]. Additionally, 26 age-matched 

subjects (19 women, 7 men) without any history of neurological and psychiatric diseases were 

included as healthy controls (HC). The latter were recruited by announcements in local newspapers. 

Table 1 provides descriptive demographic details of all examined 94 participants. The following 

exclusion criteria were applied for all patients: any pre-existing medical condition known to be 

associated with brain pathology, pregnancy, previous or current addiction to substances, relapses or 

systemic therapy with steroids (intravenous, intrathecal, or oral) within the month before the MRI, 

history of additional neurological or psychiatric disorders. At the moment of MRI examination, all 

patients were neurologically examined. Written informed consent to participate in this study was 

obtained from all subjects. The participants were informed that the MRI examination could reveal 

potential medically significant findings and were also given the option to request notification in the 

event of such findings. The study was approved by the ethics committee of the University of Münster 

and the Physicians’ Chamber of Westphalia-Lippe (Ärztekammer Westfalen-Lippe, 2010-378-b-S,  

21 October 2010). 

Table 1. Descriptive statistics about all examined participants. We found no systematic age 

difference between patients and healthy controls (p = 0.86). 

Patients Mean Median Min. Max. 
Lower 

Quartile 
Upper 

Quartile 
Standard 
Deviation 

Age/years 36.5 36.0 19.0 56.0 29.0 44.0 9.8 
White matter volume/L 0.46 0.45 0.31 0.63 0.41 0.49 0.06 
Grey matter volume/L 0.68 0.68 0.54 0.81 0.62 0.71 0.06 
Intracranial volume/L 1.5 1.5 1.2 1.8 1.4 1.6 0.1 

Disease duration/months 96.1 70.5 4.0 313.0 35.5 135.5 76.5 
Expanded Disability  

Status Scale 
2.1 2.0 0.0 6.0 1.5 2.5 1.3 

White matter lesion volume in  
Fluid-attenuated inversion 

recovery images/mL 
9.6 4.9 0.0 100.6 1.4 11.7 15.1 

White matter lesion volume in  
T1-weighted images/mL 

4.0 2.7 0.4 30.8 1.6 4.3 5.0 
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Table 1. Cont. 

Patients Mean Median Min. Max. 
Lower 

Quartile 
Upper 

Quartile 
Standard 
Deviation 

Healthy Controls 

Age/years 37.0 30.5 23.0 69.0 26.0 47.0 13.8 
White matter volume/L 0.52 0.52 0.41 0.70 0.47 0.57 0.07 
Grey matter volume/L 0.73 0.73 0.54 0.86 0.68 0.80 0.09 
Intracranial volume/L 1.5 1.5 1.2 1.9 1.4 1.6 0.2 

4.2. Magnetic Resonance Imaging 

All participants were scanned using the same 3T Siemens TIM Trio MRI scanner and a 12-channel 

(matrix) head coil (Siemens AG, Erlangen, Germany). Employing the same MRI parameters and 

protocols, we obtained native isotropic 3D MPRAGE T1-weighted (T1w) images (field of view (FOV) 

256 × 256 mm2, slice thickness 1.0 mm, matrix 256 × 256, no gap, repetition time (TR) 2000 ms, echo 

time (TE) 2.52 ms, generalized autocalibrating partially parallel acquisition (GRAPPA) factor) for all 

subjects. The following MRI sequences were only applied to the patients with RRMS: an axial turbo 

spin-echo (TSE) Fluid-attenuated inversion recovery (FLAIR) (44 slices, FOV 250 × 250 mm2, slice 

thickness 3.0 mm, matrix 256 × 256, TR 9200 ms, TE 88 ms, no gap, slice order interlaced, TI 

(inversion time) 2300 ms, flip angle 150°), a sagittal TSE FLAIR (32 slices, FOV 240 × 240 mm2, 

slice thickness 3.0 mm, matrix 256 × 256, no gap, slice order interlaced), and a 3D MPRAGE T1w 

after intravenous gadolinium-DTPA (diethylene triamine penta-acetic acid) injection (0.1 mmol/kg). 

Foam paddings minimized head motion. 

4.3. Automated Volumetric Analysis of Cerebral Structures 

All 3D MPRAGE images were corrected for contrast and intensity inhomogeneities to reduce 

segmentation errors using an in-house software (Eval 3.0). Total WM and GM volume, putamen and 

intracranial volume (ICV), and volume of hypointense WM lesions in T1w images were obtained from 

FreeSurfer (Version 5.1; [12]). For details of this method see [34–37]. Additionally, we calculated  

the putamen volume from FSL-FIRST (Integrated Registration and Segmentation Tool, Oxford 

University, Oxford, UK), which is incorporated into the FSL software (Version 5.0; [13]). For details 

of this method see [38]. By the application of these two alternative techniques, we achieved quite 

similar results by Pearson product-moment correlation (R = 0.92). Due to the congruent results 

between FSL-FIRST and FreeSurfer, we decided to present only the obtained by FreeSurfer. Volume 

of hyperintense WM lesions in FLAIR images was obtained from LST (Lesion Segmentation Tool) 

(Version 1.2.3; [39]) [40]. We calculated the absolute putamen volume (APV) (unit: mm³) for all 

participants as APV = right	putamen volume + left putamen volume [mmଷ] (6)

From the APV and the absolute ICV (unit: mm³) we calculated the relative (percentage) putamen 

volume as RPV = APV ICV⁄ × 100% (7)
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Disease duration was defined as time between the manifestation of patient’s first symptoms and the 

date of MRI examination. 

4.4. Statistical Analysis 

Data were analyzed using STATISTICA™ version 10 (StatSoft (Europe) GmbH, Hamburg, HH, 

Germany). By performing the Pearson’s Chi-squared test, we analyzed the gender distribution between 

patients and healthy controls. Differences of age, ICV, APV, RPV, and ΔRPV% (the percentage 

deviation of the patients’ putamen volume in relation to HC) between patients and HC were tested by 

two-sided t-tests. Differences were considered as statistically significant if p ≤ 0.05. By linear 

univariate regression analyses we calculated correlation coefficients of APV and ICV, of RPV and 

participant’s age, of ΔRPV and participant’s age, and additionally of ΔRPV% and volume of WM 

lesions in T1w and FLAIR images. To examine the relation between ΔRPV% and the patient’s disease 

duration, we used the linear function ΔRPV%	 = a + b × "disease duration" (8)

and the logarithmic function (a and b estimated by lest squares fitting) ΔRPV%	 = 	a × logଵ("disease duration")+ b (9)

5. Conclusions 

Putamen atrophy occurs directly after manifestation of first symptoms or most likely even years 

before—at a pre-diagnosis time point—and progresses in a degressive manner in patients with RRMS, 

far beyond normal aging. Considering the important role of the putamen in movement regulation, 

motor function, coordination, and cognition, early detection of putamen volume loss in patients with 

MS seems necessary. High-resolution structural MRI offers the possibility to determine precisely 

pathological volumetric alterations of grey matter structures in patients with MS and therefore seems 

to be a useful tool to monitor disease course and therapy response. 

Acknowledgments 

This work has not been published previously in print or electronic format, is not under consideration 

by another publication or electronic medium, and will not be published elsewhere. Julia Krämer had 

full access to all study data and takes responsibility for data integrity and accuracy of data analysis. 

This work has been supported by the Transregional Collaborative Research Center SFB-TR 128 

Project B5/B6/Z2 and by grants from the “Kompetenznetz Multiple Sklerose (Competence Network 

for Multiple Sclerosis), which is funded by the German Federal Ministry of Education and Research 

(BMBF KKNMS, FKZ01GI0907). We received no funds for covering the costs to publish in  

open access. 

Author Contributions 

Julia Krämer: Concept and idea of the study, recruitment, clinical examination, and treatment of 

patients with multiple sclerosis, clinical data acquisition, structural MRI data analysis, confirmatory 



Int. J. Mol. Sci. 2015, 16 23206 

 

 

statistical analysis, interpretation of the data, drafting of the manuscript. Sven G. Meuth: Concept and 

idea of the project, over-all supervision, organization, and funding of the project, revising of the 

manuscript for intellectual content. Jan-Gerd Tenberge and Patrick Schiffler: Development of MRI 

data analysis software and patient database. Heinz Wiendl: Over-all supervision, organization, and 

funding of the study, organization and support for advanced MRI, revising the manuscript for 

intellectual content. Michael Deppe: Concept and idea of the study, recruitment of healthy control 

subjects, development of MRI data analysis software, structural MRI data analysis, confirmatory 

statistical analysis, interpretation of the data, revising of the manuscript for intellectual content. 

Conflicts of Interest 

The authors declare no conflict of interest. 

Abbreviations 

APV = absolute putamen volume; CIS = clinically isolated syndrome; EDSS = Expanded  

Disability Status Scale; FIRST = FMRIB Integrated Registration and Segmentation Tool; FLAIR = 

Fluid-attenuated inversion revovery; FOV = field of view; GLM = General Linear Model; GM = grey 

matter; HC = healthy controls; ICV = intracranial volume; LST = Lesion Segmentation Tool; MRI = 

magnetic resonance imaging; MS = multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; 

RPV = relative putamen volume; ΔRPV = difference between the age-dependent RPV of a patient and 

the expected RPV based on age-dependent values of healthy controls; ΔRPV% = percentage deviation 

of patients’ putamen volume in relation to healthy controls; SD = standard deviation; SPMS = 

secondary progressive MS; TI = inversion time; TR = repetition time; TSE = turbo spin-echo; T1w = 

T1-weighted; WM = white matter; y = years. 

References 

1. Cifelli, A.; Arridge, M.; Jezzard, P.; Esiri, M.M.; Palace, J.; Matthews, P.M. Thalamic 

neurodegeneration in multiple sclerosis. Ann. Neurol. 2002, 52, 650–653. 

2. Geurts, J.J.; Calabrese, M.; Fisher, E.; Rudick, R.A. Measurement and clinical effect of grey 

matter pathology in multiple sclerosis. Lancet Neurol. 2012, 11, 1082–1092. 

3. Hannoun, S.; Durand-Dubief, F.; Confavreux, C.; Ibarrola, D.; Streichenberger, N.; Cotton, F. 

Diffusion tensor-MRI evidence for extra-axonal neuronal degeneration in caudate and thalamic 

nuclei of patients with multiple sclerosis. AJNR Am. J. Neuroradiol. 2012, 33, 1363–1368. 

4. Horakova, D.; Kalincik, T.; Dusankova, J.B.; Dolezal, O. Clinical correlates of grey matter 

pathology in multiple sclerosis. BMC Neurol. 2012, 12, 10. 

5. Hulst, H.E.; Geurts, J.J. Gray matter imaging in multiple sclerosis: what have we learned?  

BMC Neurol. 2011, 11, 153. 

6. Popescu, B.F.; Lucchinetti, C.F. Meningeal and cortical grey matter pathology in multiple 

sclerosis. BMC Neurol. 2012, 12, 11. 



Int. J. Mol. Sci. 2015, 16 23207 

 

 

7. Jacobsen, C.; Hagemeier, J.; Myhr, K.M.; Nyland, H.; Lode, K.; Bergsland, N. Brain atrophy and 

disability progression in multiple sclerosis patients: A 10-year follow-up study. J. Neurol. 

Neurosurg. Psychiatr. 2014, 85, 1109–1115. 

8. Roosendaal, S.D.; Bendfeldt, K.; Vrenken, H.; Polman, C.H.; Borgwardt, S.; Radue, E.W.  

Grey matter volume in a large cohort of MS patients: relation to MRI parameters and disability. 

Mult. Scler. 2011, 17, 1098–1106. 

9. Minagar, A.; Barnett, M.H.; Benedict, R.H.; Pelletier, D.; Pirko, I.; Sahraian, M.A. The thalamus 

and multiple sclerosis: Modern views on pathologic, imaging, and clinical aspects. Neurology 

2013, 80, 210–219. 

10. Ashburner, J.; Friston, K.J. Voxel-based morphometry—The methods. Neuroimage 2000, 11, 

805–821. 

11. Wright, I.C.; McGuire, P.K.; Poline, J.B.; Travere, J.M.; Murray, R.M.; Frith, C.D.; Frackowiak, R.S.; 

Friston, K.J. A voxel-based method for the statistical analysis of gray and white matter density 

applied to schizophrenia. Neuroimage 1995, 2, 244–252. 

12. FreeSurfer Software Suite. Available online: http://surfer.nmr.mgh.harvard.edu/ (accessed on  

21 September 2015). 

13. FSL FIRST. Available online: http://www.fmrib.ox.ac.uk/fsl/first (accessed on 21 September 2015). 

14. Bergsland, N.; Horakova, D.; Dwyer, M.G.; Dolezal, O.; Seidl, Z.K.; Vaneckova, M. Subcortical 

and cortical gray matter atrophy in a large sample of patients with clinically isolated syndrome 

and early relapsing-remitting multiple sclerosis. AJNR Am. J. Neuroradiol. 2012, 33, 1573–1578. 

15. Henry, R.G.; Shieh, M.; Okuda, D.T.; Evangelista, A.; Gorno-Tempini, M.L.; Pelletier, D. 

Regional grey matter atrophy in clinically isolated syndromes at presentation. J. Neurol. 

Neurosurg. Psychiatr. 2008, 79, 1236–1244. 

16. Hagemeier, J.; Yeh, E.A.; Brown, M.H.; Bergsland, N.; Dwyer, M.G.; Carl, E. Iron content of the 

pulvinar nucleus of the thalamus is increased in adolescent multiple sclerosis. Mult. Scler. 2013, 

19, 567–576. 

17. Sepulcre, J.; Sastre-Garriga, J.; Cercignani, M.; Ingle, G.T.; Miller, D.H.; Thompson, A.J. 

Regional gray matter atrophy in early primary progressive multiple sclerosis: A voxel-based 

morphometry study. Arch. Neurol. 2006, 63, 1175–1180. 

18. Batista, S.; Zivadinov, R.; Hoogs, M.; Bergsland, N.; Heininen-Brown, M.; Dwyer, M.G. Basal 

ganglia, thalamus and neocortical atrophy predicting slowed cognitive processing in multiple 

sclerosis. J. Neurol. 2012, 259, 139–146. 

19. Ramasamy, D.P.; Benedict, R.H.; Cox, J.L.; Fritz, D.; Abdelrahman, N.; Hussein, S. Extent of 

cerebellum, subcortical and cortical atrophy in patients with MS: a case-control study. J. Neurol. Sci. 

2009, 282, 47–54. 

20. Ciccarelli, O.; Werring, D.J.; Wheeler-Kingshott, C.A.; Barker, G.J.; Parker, G.J.; Thompson, A.J. 

Investigation of MS normal-appearing brain using diffusion tensor MRI with clinical correlations. 

Neurology 2001, 56, 926–933. 

21. Dolezal, O.; Gabelic, T.; Horakova, D.; Bergsland, N.; Dwyer, M.G.; Seidl, Z. Development of 

gray matter atrophy in relapsing-remitting multiple sclerosis is not gender dependent: Results of a 

5-year follow-up study. Clin. Neurol. Neurosurg. 2013, 115, 42–48. 



Int. J. Mol. Sci. 2015, 16 23208 

 

 

22. Calabrese, M.; Rinaldi, F.; Mattisi, I.; Bernardi, V.; Favaretto, A.; Perini, P. The predictive value 

of gray matter atrophy in clinically isolated syndromes. Neurology 2011, 77, 257–263. 

23. Modica, C.M.; Zivadinov, R.; Dwyer, M.G.; Bergsland, N.; Weeks, A.R.; Benedict, R.H. Iron and 

volume in the deep gray matter: association with cognitive impairment in multiple sclerosis.  

AJNR Am. J. Neuroradiol. 2015, 36, 57–62. 

24. Zhang, Y.; Metz, L.M.; Yong, V.W.; Mitchell, J.R. 3T deep gray matter T2 hypointensity 

correlates with disability over time in stable relapsing-remitting multiple sclerosis: A 3-year pilot 

study. J. Neurol. Sci. 2010, 297, 76–81. 

25. Ge, Y.; Jensen, J.H.; Lu, H.; Helpern, J.A.; Miles, L.; Inglese, M. Quantitative assessment of iron 

accumulation in the deep gray matter of multiple sclerosis by magnetic field correlation imaging. 

AJNR Am. J. Neuroradiol. 2007, 28, 1639–1644. 

26. Neema, M.; Arora, A.; Healy, B.C.; Guss, Z.D.; Brass, S.D.; Duan, Y. Deep gray matter 

involvement on brain MRI scans is associated with clinical progression in multiple sclerosis.  

J. Neuroimaging 2009, 19, 3–8. 

27. Bonilha, L.; Kobayashi, E.; Cendes, F.; Min, L.L. Protocol for volumetric segmentation of medial 

temporal structures using high-resolution 3-D magnetic resonance imaging. Hum. Brain Mapp. 

2004, 22, 145–154. 

28. Collins, D.L.; Pruessner, J.C. Towards accurate, automatic segmentation of the hippocampus and 

amygdala from MRI by augmenting ANIMAL with a template library and label fusion. 

Neuroimage 2010, 52, 1355–1366. 

29. Crum, W.R.; Scahill, R.I.; Fox, N.C. Automated hippocampal segmentation by regional fluid 

registration of serial MRI: validation and application in Alzheimer's disease. Neuroimage 2001, 

13, 847–855. 

30. Pruessner, J.C.; Li, L.M.; Serles, W.; Pruessner, M.; Collins, D.L.; Kabani, N. Volumetry of 

hippocampus and amygdala with high-resolution MRI and three-dimensional analysis software: 

minimizing the discrepancies between laboratories. Cereb. Cortex. 2000, 10, 433–442. 

31. Keller, S.S.; Gerdes, J.S.; Mohammadi, S.; Kellinghaus, C.; Kugel, H.; Deppe, K. Volume 

estimation of the thalamus using freesurfer and stereology: consistency between methods. 

Neuroinformatics 2012, 10, 341–350. 

32. Ferreira, D.; Voevodskaya, O.; Imrell, K.; Stawiarz, L.; Spulber, G.; Wahlund, L.O.; Hillert, J.; 

Westman, E.; Karrenbauer, V.D. Multiple sclerosis patients lacking oligoclonal bands in the 

cerebrospinal fluid have less global and regional brain atrophy. J. Neuroimmunol. 2014, 274,  

149–154. 

33. Polman, C.H.; Reingold, S.C.; Banwell, B.; Clanet, M.; Cohen, J.A.; Filippi, M. Diagnostic 

criteria for multiple sclerosis: 2010 revisions to the McDonald criteria. Ann. Neurol. 2011, 69, 

292–302. 

34. Dale, A.M.; Fischl, B.; Sereno, M.I. Cortical surface-based analysis. I. Segmentation and surface 

reconstruction. Neuroimage 1999, 9, 179–194. 

35. Fischl, B. FreeSurfer. Neuroimage 2012, 62, 774–781. 

36. Fischl, B.; Dale, A.M. Measuring the thickness of the human cerebral cortex from magnetic 

resonance images. Proc. Natl. Acad. Sci. USA 2000, 97, 11050–11055. 



Int. J. Mol. Sci. 2015, 16 23209 

 

 

37. Fischl, B.; Sereno, M.I.; Dale, A.M. Cortical surface-based analysis. II: Inflation, flattening, and a 

surface-based coordinate system. Neuroimage 1999, 9, 195–207. 

38. Patenaude, B.; Smith, S.M.; Kennedy, D.; Jenkinson, M. A Bayesian Model of Shape and 

Appearance for Subcortical Brain. NeuroImage 2011, 56, 907–922. 

39. LST: Lesion Segmentation Tool. Available online: http://www.applied-statistics.de/lst.html 

(accessed on 21 September 2015). 

40. Schmidt, P.; Gaser, C.; Arsic, M.; Buck, D.; Förschler, A.; Berthele, A.; Hoshi, M.; Ilg, R.; 

Schmid, V.J.; Zimmer, C.; Hemmer, B.; Mühlau, M. An automated tool for detection of  

FLAIR-hyperintense white-matter lesions in Multiple Sclerosis. NeuroImage 2012, 59,  

3774–3783. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


