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Abstract

In this retrospective study we tested the hypothesis that the net effect of impaired electrical 

conduction and therefore increased heat dissipation in multiple sclerosis (MS) results in elevated 

lateral ventricular (LV) cerebrospinal fluid (CSF) diffusivity as a measure of brain temperature 

estimated in vivo using diffusion tensor imaging (DTI). We used validated DTI-based 

segmentation methods to obtain normalized LV-CSF volume and its corresponding CSF 

diffusivity in 108 MS patients and 103 healthy controls in the age range of 21-63 years. The LV 

CSF diffusivity was ~2% higher in MS compared to controls that corresponds to a temperature 

rise of ~1 °C that could not be explained by changes in the CSF viscosity due to altered CSF 

protein content in MS. The LV diffusivity decreased with age in healthy controls (r=−0.29; 

p=0.003), but not in MS (r=0.15; p=0.11), possibly related to MS pathology. Age-adjusted LV 

diffusivity increased with lesion load (r=0.518; p=1x10−8). Our data suggest that the total brain 

lesion load is the primary contributor to the increase in LV CSF diffusivity in MS. These findings 

suggest that LV diffusivity is a potential in vivo biomarker of the mismatch between heat 

generation and dissipation in MS. We also discuss limitations and possible confounders.
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1. Introduction

Histopathological and neurophysiological studies in multiple sclerosis (MS) indicate that 

demyelination, axonal degeneration and impaired signal encoding or dysregulated ion 

channel expression are major hallmarks of central nervous system dysfunction in MS [1, 2]. 

Demyelination and axonal loss manifest radiologically as lesions and diffuse atrophy [1]. 

Connectivity required for intra- or interhemispheric communication is impaired as a result of 

reduced electrical conduction [2], or increased impedance to neuronal signal transmission 

along central pathways affected in MS [5]. MS brain energy resources are wasted in part due 

to these inefficient electrical and chemical circuits and combined with reduced perfusion 

could result in ineffective dissipation of heat compared to healthy brain [2]. While elevated 

body temperature effects [3] and thermal regulation mechanisms are well-described in MS, 

little is known about brain temperature in MS [4].

Increase in brain temperature is detrimental to tissue function and repair mechanisms [5]. 

Specifically, blood-cerebrospinal fluid (CSF)-barrier and blood-brain barrier (BBB) 

permeability increases with temperature [6]. In addition, acute glial activation and 

vasogeneic edema have been reported in animal models of brain hyperthermia [6]. Slight 

brain temperature increase has been reported in stroke [7], Parkinson’s disease [8], 

Moyamoya [9], head trauma [10], hydrocephalus [11], and more recently in MS using 

magnetic resonance spectroscopy [12]. Recent research in quantitative magnetic resonance 

imaging (qMRI) has led to the proposal [13] and validation [14] of the use of lateral 

ventricular (LV) CSF diffusivity as an in vivo marker of human brain temperature [14]. 

Kozak and colleagues [13] showed that the lateral ventricular CSF temperature may be 

related to the diffusion coefficient (D) by the equation: T (°C) = 2256.74/ln (4.39221/D) - 

273.15, where T is the temperature in degrees Celsius. Sakai and colleagues [14] used 

diffusivity of LV CSF to show that brain temperature decreases in normal aging with 

comparable rate between healthy men and women [14]. A reduction in brain temperature 

with age may be related to reduced metabolic demand due to neuronal and axonal atrophy 

with natural aging [15]. In patient populations, Yamada and colleagues [9] used this measure 

to infer that brain temperature is elevated in Moyamoya patients [9]. More recently, Sai and 

colleagues [16] used this measure on thirteen healthy controls and thirteen MS patients and 

reported that brain temperature is reduced in MS patients, apparently contradicting a short 

report of elevated temperature in MS using magnetic resonance spectroscopy [12].

Steady state brain temperature is highly regulated through homeostasis balance between 

energy demand, production and heat dissipation via thermal conduction and the convective 

cooling effects of blood flow [17, 18]. One might hypothesize that impaired electrical signal 

conduction MS due to demyelination and axonal loss might increase heat generation.

We hypothesized that widespread MS pathology in cerebral tissues can lead to elevated deep 

brain temperature as evidenced by measurements of LV CSF diffusivity, and that elevated 

diffusivity might reflect poor heat dissipation. Additionally, we expected that natural aging 

reduction in brain temperature [14] might be modulated in MS due to the increased thermal 

load.

Hasan et al. Page 2

Magn Reson Imaging. Author manuscript; available in PMC 2016 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



We utilized validated techniques to segment the LV using diffusion tensor imaging (DTI) 

tissue contrast and studied the effects of age, disease duration, lesion load and disability on 

LV volumetry and demonstrate that LV CSF diffusivity is a useful marker of MS pathology. 

We also discuss limitations and possible confounders.

2. Materials and Methods

2.1. Study Population

The MRI protocol was approved by our Institutional Review Board (IRB). Written informed 

consent was obtained from each subject. Data from 103 healthy adult controls and 108 

medicated patients and MRI data were obtained during their remission. The patient cohort 

included eighty-seven (20 men and 67 women) with relapsing-remitting MS (RRMS) with 

42.6 ± 9.9 years of age (mean ± standard deviation; see Table 1), nine patients with 

clinically isolated syndrome (CIS), and 12 with secondary progressive MS (SPMS) [19]. At 

the time of their imaging session, 47% of patients were using glatiramer acetate, 22% an 

interferon preparation (73.7% a subcutaneous product), and 25% were not on any disease 

modifying therapy. The healthy adult cohort (48 men and 55 women) 37.0 ± 10.5 years (see 

Table 1) were recruited from the local community and university staff. All control subjects 

were screened for history of trauma, surgery, chronic illness, alcohol and/or drug abuse, 

neurological illness, and current pregnancy. None of the controls in this study reported any 

neurological conditions and their fluid-attenuated inversion recovery (FLAIR) conventional 

MRI were judged to be normal.

2.2. MRI Data Acquisition

All MRI studies were performed on the same 3.0 T Philips Intera scanner with a dual quasar 

gradient system with maximum gradient amplitude of 80 mT/m and an eight channel 

SENSE-compatible head coil (Philips Medical Systems, Best, Netherlands). All sequences 

were acquired without respiratory or cardiac gating.

2.3. Conventional MRI

The MRI protocol included whole brain axial 3D T1-weighted volume (reconstructed voxel 

size = 0.94 mm × 0.94 mm × 0.94 mm), echo time (TE) = 3.7 ms, and repetition time (TR) = 

8.1 ms and total scan time was 6 minutes. The T1-weighted image volume was used for LV 

segmentation validation. In addition, dual fast spin-echo (FSE) images were acquired with 

echo and repetition times of TE1/TE2/TR = 8.2/90/6800 ms and a FLAIR sequence with 

(TE/TI/TR = 80/2500/8000 ms). These images were used for lesion quantification [19, 20]. 

The slice thickness for both FSE and FLAIR data was 3.0 mm with 44 contiguous axial 

slices covering the same inferior-to-superior prescription of the 3D T1-weighted sequence 

and a square field-of-view (FOV) of 240 mm.

2.4. Diffusion Tensor Imaging Data Acquisition

DTI data were acquired using a single-shot spin-echo diffusion sensitized echo-planar 

imaging sequence with balanced Icosa21 diffusion encoding scheme with twenty-one 

uniformly- distributed orientations over the unit hemisphere [21] with b-factor = 1000 
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sec.mm−2, TR/TE = 7100/65 ms. The slice thickness, FOV and spatial coverage matched the 

FSE and FLAIR.

2.5 Conventional MRI and DTI Data Processing

All human brain MRI data sets were masked to remove non-brain tissues and estimate the 

intracranial volume (ICV) for each subject as described elsewhere [19, 20].

2.6. Lesion Load Segmentation using Conventional MRI

Whole brain lesion load (LL) was quantified in the patient groups using the co-registered 

multispectral dual FSE and the FLAIR volumes as described elsewhere [19, 20]. The lesion 

volumes were saved as binary masks to enable fusion with other multimodal volumes 

acquired from the same subject.

2.7. DTI Data Processing

Diffusion-weighted images (DWI) were coregistered to the baseline “b0” images (without 

diffusion weighting) to correct for the eddy-current-induced image distortions using the 

software on the Philips PRIDE workstation (Philips Medical Systems, Best, Netherlands). 

The distortion- corrected DWI volumes were then decoded [21] and DTI maps were 

generated using an in-house toolbox implemented in Matlab under SPM [22]. The results of 

the DTI pipeline included fractional anisotropy (FA), mean diffusivity (MD), radial and 

axial diffusivity maps.

2.8. Lateral Ventricle Volume Segmentation

The high contrast between brain parenchyma and CSF on the DTI-derived FA and MD maps 

were used to segment brain tissue using unified and multi-modal segmentation [23] 

implemented in SPM (http://www.fil.ion.ucl.ac.uk/spm/) as detailed elsewhere [24]. The 

automatic identification of LV utilized a binary mask of the LV in standard space built from 

a large cohort of normal subjects [25]. The segmentation of the LV in the native space was 

achieved by applying the inverse spatial normalization parameters for each subject [24].

2.9. Quantification of LV using DTI Measures, Validation and Data Quality Assurance

The DTI-based segmentation procedure provided the LV mask in each subject’s native 

space that was used to estimate the volume by counting the number of voxels and 

multiplying by the voxel volume. To assess spatial overlap between the DTI-based and the 

T1w LV segmentations the b0 map was realigned to the T1w volume using normalized 

mutual information and carried the transformation unto the LV mask using nearest neighbor 

interpolation. The Dice similarity index, defined as the percentage of spatial overlap volume 

between the DTI-based and T1w-based masks to the mean value of the two volumes was 

then estimated [24, 25]. In addition, the LV and the corresponding DTI-derived measures 

such as the diffusivities and fractional anisotropy were estimated for each subject. To assure 

the accuracy of the estimated DTI measures of the LV and reduce contamination of LV with 

bordering brain tissue, the LV volume mask was eroded maintaining mean diffusivity values 

in the range 0.0025 to 0.0035 mm*mm/sec [24]. The LV voxels on all subjects were pooled 

to examine closely the histogram distribution of the LV and its corresponding DTI measures 
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to help reject potential outliers [14, 17] due to non-random motion (i.e. turbulent flow, 

pulsation).

To assure scanner stability during the ~ 4 years of the study, data were acquired monthly 

using identical DTI protocol on a spherical water phantom. The water DTI phantom data 

were analyzed from a central region-of-interest to assure temporal stability using quality 

assurance measures described previously [26].

2.10. Statistical Analysis

Correlations between age, LV volume-to-ICV percentage, LL, disease duration, DTI-derived 

measures of the LV were computed using the Pearson correlation coefficient. Age-covaried 

correlations between expanded disability status score (EDSS) score and all other MRI-based 

measures were computed using the Spearman coefficient. For EDSS covariance with LL and 

age, generalized linear models was used. Slopes and rates of change of MRI measures with 

age were compared using the r to z-Fisher transform [27]. Comparisons between group 

means and medians were performed using ANOVA (t-test) and the Mann-Whitney U-test. 

Statistical significance accounted for multiple comparisons (i.e. p < 0.05 / number of 

comparisons = 3 for three MS subgroups vs. healthy controls). All group comparison 

differences, significance, rate of change and correlations with age, EDSS, LL were 

computed volume-wise in native data space and were presented in standard space for visual 

inspection and fusion with the lesion probability maps. All statistical analyses used 

MATLAB R12.1 Statistical Toolbox v 3.0 (The Mathworks Inc, Natick, MA).

3. Results

3.1. Population Demographics and Clinical Information

The healthy men and women were age-matched (p=0.18). Women and men in the RRMS 

patient group were age-matched (p=0.55). In this report both left and right LV sides are 

included; side and gender effects and interaction with pathology and age are not analyzed. 

The LV volumetry and corresponding mean diffusivity on the 9 CIS, 87 RRMS, 12 SPMS 

patients and 103 healthy controls are presented in Table 1. The patient subgroups were 

significantly different in age, disease duration (DD), EDSS, and LL. The univariate 

correlation coefficient and statistical significance of these variables is provided in Table 2. 

EDSS correlated with the whole brain LL (r=0.472; p<0.000001) and DD (r=0.456; 

p<0.000001). These cross-sectional correlations are generally consistent with well-

documented longitudinal and cross-sectional age-related trends in large MS populations 

[28].

3.2. Water Phantom Stability Analysis

Analysis of the water phantom data [18] acquired almost monthly over 4 years indicate 

stability over time (i.e. average FA ± S.D. = 0.015 ± 0.002; FA temporal correlation 

significance p=0.30; average MD ± S.D. = (1.88 ± 0.16) ×10−3 mm2 sec−1; MD temporal 

correlation significance p=0.20, and a relative mean diffusivity coefficient-of-variation (0.45 

± 0.06) %).
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3.3. Validation of DTI-based LV Segmentation using T1-weighted Data

The average spatial overlap or Dice between the T1w and DTI-LV segmentations on healthy 

controls was (79.3 ± 3.9%, range 75.6 - 86.4%, and median = 80.3%. The values on patients 

were Dice index average = 81.4 ± 3.9%, range 70-88 % and median = 82.3%. Figure 1A 
illustrates the fusion of the DTI-based and T1w masks on one MS patient. The spatially 

normalized FA and MD maps on the MS cohort are shown in Figure 1B, 1C shows the 

effect of LV mask erosion on lateral ventricular mean diffusivity and FA histogram 

distributions, respectively obtained on all MS patients. Figure 1B image insert illustrates the 

spatial variability in LV diffusivity. Note that the diffusivity is highest in the anterior horn of 

the LV.

3.4. Group Comparisons of Lateral Ventricular Volume and Diffusivity

The patient subgroups were different on LV volumetry and corresponding diffusivity. The 

LV volume-to-ICV percentage (LVp) was ~ 80% greater (p=2×10−11) in the entire patient 

cohort (LVp=1.4 ± 0.80; N=108) than healthy controls (LVp=0.78 ± 0.36; N=103). Using 

erosion level 4 (see Figure 1.B), the LV CSF mean diffusivity was ~ 2% greater 

(p=0.00001) in the MS patient cohort (2.86 ± 0.11) × 10−3 mm2 sec−1) compared with 

healthy controls (2.79 ± 0.10) x10−3 mm2 sec−1).

3.5. Lateral Ventricular Volume and Diffusivity: Age, Lesion Load and EDSS

Figure 2 shows the scatter plot of age vs. (A) LVp and (B) corresponding mean diffusivity.

Figure 3 shows (A) the age-adjusted correlations between LL, and (B) EDSS with lateral 

ventricular mean diffusivity. Note the increase in the LV volume with age in healthy 

controls and that the rate of increase is greater in MS patients (p=0.008). The LV CSF 

diffusivity decreased with age in healthy controls (r=−0.29; p=0.003), but not in MS 

(r=0.15; p=0.11). The LV CSF diffusivity adjusted for age increased with total lesion 

volume (r=0.518; p=1x10−8). The LV CSF diffusivity increased with disease duration 

(r=0.24; p=0.01), and EDSS (r=0.4; p=0.00002; Table 2), but when adjusted for age and 

total LL, the correlation was lost (r=0.05; p=0.61) suggesting that total brain LL is the 

primary contributor to the increase in LV CSF diffusivity in MS (Table 2).

4. Discussion

A comprehensive report on the LV CSF volumetry and corresponding mean diffusivity in a 

relatively large cohort of MS patients and healthy controls is presented with validated LV 

segmentation methods [24, 25] and water phantom DTI measurements to assure scanner 

stability [24, 26]. The data were also analyzed as a function of age, DD, and LL to provide 

potential predictors of physical disability in MS patients as measured by EDSS. The LV 

CSF diffusivity method used in this work has been validated [13, 29, 30] and used 

previously by others [9, 14, 16] to infer core brain temperature. Water molecular diffusion, 

relaxation time, and proton frequency shift dependence on temperature is well-documented 

[31-36]. The method used in this work is limited to CSF and contamination with 

neighboring parenchyma and pulsatile flow have been reduced through a combination of 

mask erosion and thesholding as has been described previously [13, 14, 24, 31].
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4.1. Age effects and Comparison of Findings with Previous Literature

The age dependence of our LV volumetry results is consistent with previous reports on the 

increase in LV volume in healthy aging [37]. Our results on the LV volumetry in MS and its 

sensitivity to central atrophy are also consistent with previous reports [38]. The decrease in 

LV CSF diffusivity with age in healthy controls is consistent with a recent report in healthy 

controls using manually-delineated LV [14]. Sakai and colleagues attributed their findings to 

a decrease in brain temperature subsequent to reduced energy demand as a result of tissue 

loss with healthy aging [14].

4.2. Biophysical Contributors to Measured Water Diffusivity

As described in APPENDIX A, water molecular diffusivity is affected by both temperature 

(13, 30-32) and protein content [39. An increase in CSF protein content results in higher 

viscosity at constant temperature [39]. A reduction in LV CSF diffusivity is expected due to 

increased viscosity based on a potential increase in CSF protein content with advancing age 

[40, 41], or pathology [39, 42, 43]. We were unable to find reports on direct LV CSF 

viscosity measurements in controls or MS patients. One report indicated that plasma 

viscosity in MS was not significantly different from healthy age-matched controls [44]. 

Since much of the CSF protein originates from filtering blood plasma protein through the 

CSF-blood barrier, one would expect the CSF viscosity to be smaller than that of blood 

plasma viscosity [44]. In addition, even if there was a slight increase in the CSF protein 

content as might be expected in MS due to increased blood-CSF permeability [6], this would 

result in decreased diffusivity due to increased molecular interactions or internal fluid 

friction [32, 39] rather than the increase in diffusivity as observed in this study.

4.3. Interpretation of Findings

The relationship between change in the CSF molecular diffusivity and slight temperature 

changes [13, 14, 30-32] expects an increase of ~2% for a 1 degree Celsius change in 

temperature (see APPENDIX A). Our results show ~2% increase in CSF diffusivity 

measured in RRMS patients relative to healthy controls. The LV CSF temperature is 

expected to be higher than any other brain region [11], and our data (Fig. 1B) indicate a 

clear spatial gradient in LV CSF diffusivity consistent with an expected temperature 

distribution based on the bioheat equation [17, 45]. Given the strong dependence of water 

diffusivity on temperature [13, 14, 30-32], this would account for a change in CSF 

temperature by ~1 °C in RRMS when compared to healthy controls. This estimate is 

consistent with a recent short report in MS using magnetic resonance spectroscopy [12]. It is 

noteworthy that a recent DTI-based study by Sai and colleagues [15] on 13 medicated MS 

patients with disease duration of 5-22 years and EDSS of 0-7 reported a decrease in central 

brain temperature which was attributed to decreased brain metabolism in MS patients [46, 

47]. The study by Sai and colleagues conducted at 3T -- using comparable diffusion b-

factor, spatial and temporal scan acquisition parameters-- [15] did not include an analysis of 

lesion load and did not report correlations with disease duration and disability, and hence 

their results may be confounded by the small numbers and age effects. One might 

hypothesize that impaired electrical signal conduction MS due to demyelination and axonal 
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loss [2] might increase heat generation. Additionally, the well-documented reduction in total 

[48] and regional [49, 50] cerebral blood flow in MS patients compared with healthy 

controls might lessen the cooling effects of blood circulation [17, 18, 45]. An increase in 

core brain temperature may also cause further damage as the result of changes in barrier 

permeability with temperature and subsequent increase in tissue extracellular edema [5, 6].

4.4. Implications of Findings to Multiple Sclerosis

Empirically, and aside from the limitations of the biophysical interpretation, our data show 

that LV CSF diffusivity increases with DD, LL and EDSS and offers a potential and 

noninvasive biomarker that could be useful in clinical trials. The LV CSF volumetry and 

corresponding diffusivity are measures that can be obtained using simple DWI methods 

without estimating the full tensor with short acquisition times. Our results may offer a 

refinement to explanations of reports of extreme sensitivity of MS patients to increased 

ambient temperature and of therapies that may increase the efficiency of thermal heat 

dissipation [3, 4].

4.5. Limitations

Limitations of our work include the lack of blood-plasma and CSF laboratory data on both 

controls and patients. Due to ethical concerns one could not justify acquiring LV CSF 

protein content and direct brain temperature measures on humans, but this could be pursued 

in animal models. To reduce the number of comparisons, we did not study gender and LV-

CSF side effects and their interactions with age and pathology. We also have not studied the 

effect of therapy [51] and lesion spatial distribution on the LV diffusivity [52].

Due to acquisition time considerations, we did not acquire pulse-gated DTI data on the same 

subjects to study the effect of CSF pulsatility on the estimated mean diffusivity. We also 

have not acquired additional in vivo MRI measurements [36] such as magnetic resonance 

spectroscopy [7] to compare methods to estimate brain temperature [53]. Despite the 

application of carefully implemented erosion procedure to minimize the inclusion of non-

CSF brain tissues, we have not examined the potential effects of erosion and motion on our 

measurements [54]. We also have not examined subtle confounding effects of turbulent CSF 

flow and CSF production rate [55]. These issues were beyond the scope of this retrospective 

study and may be pursued in the future using data acquired serially on patients and controls. 

In this work we adopted a DTI encoding scheme that provided multiple intrascan estimates 

of diffusivity [21], this assured reproducibility and SNR-independence of the LV-CSF 

diffusivity measure. Our data show that the anterior LV CSF diffusivity is highest in the 

brain consistent with expected in vivo measurements [11] with no contamination from 

choroid plexus which is commonly present posterior. Despite the provision of spatial 

distribution of LV-CSF diffusivity in standard space, we have not analyzed the effects of 

spatial variability on the reported LV diffusivity in each subject native space. This requires 

an extension of the atlas-based methods to the lateral ventricular specific fields, and 

eventually to all ventricular CSF compartments. Additionally, the reported increase in iron 

content in deep brain gray matter with age, location [56, 57, 58] or MS pathology [59, 60] 

could not have been the direct cause of CSF diffusivity increase as our measurements were 
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taken at the core brain. A detailed account of the interplay between elevated iron content in 

MS deep gray matter and brain temperature is beyond the scope of this work and may 

require additional measurements (i.e. MRS) to map temperature in structures adjacent to the 

lateral ventricles [12].

This report presented a retrospective analysis of DTI data collected using a protocol 

optimized primarily for whole brain parenchyma quantification at b=1000 s mm−2 and using 

3mm sections with DTI scan time kept under 7 minutes to accommodate a wide range of 

ages and patient populations that were scanned at our imaging center. For combined CSF 

and brain tissue quantification, a DTI protocol with multiple b-factors (i.e. 300, 600 s mm−2) 

and thinner slices (i.e. 1-2 mm) would have provided additional data to optimize the 

protocol for CSF DTI quantification and test potential partial volume and signal-to-noise 

estimation biases [17].

4.6. Conclusions

In summary, despite these limitations, our results demonstrate that DTI acquisition and 

analysis methods adopted in this work are reliable for CSF volume and DTI metric 

quantification on large cohorts of healthy controls and MS patients. These results support 

exploration of CSF LV volumetry and diffusivity as neuroimaging markers for clinical trials.
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APPENDIX A

Dependence of CSF Diffusivity on Temperature and Protein Content

The water molecular diffusion coefficient (DC) in the CSF may be related to the H2O 

“solvent” self-diffusion coefficient in de-ionized water at comparable temperature (32). The 

Einstein-Stokes equation (14) also predicts a reduction in diffusivity as viscosity (η) 

increases due to increase in protein content (PC) or “solute”. Thus, DC ~ T/η and this may 

be approximated in the vicinity of 37 °C using the water diffusivity vs. temperature 

calibration data (30, 32) and CSF viscosity vs. protein content (39)

[A1]

Note that an increase in CSF total protein content at constant temperature is expected to 

decrease diffusivity, but this is a weak effect for the expected protein content in CSF in 

healthy controls (40, 41) and MS patients (0.1-1.0 g/L). From the above equation, the 

increase in diffusivity due to 1 °C rise in temperature is ~ 2%.
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Abbreviations

CSF cerebrospinal fluid

DD disease duration

EDSS expanded disability score

LV lateral ventricles

CIS clinically isolated syndrome

RRMS relapsing-remitting multiple sclerosis

SPMS secondary progressive multiple sclerosis

HC healthy controls
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Figure 1. 
Illustration of LV segmentation validation and LV mean diffusivity spatial variability. (A) A 

fusion map of the DTI-based and T1w masks on one MS patient with lesions shown in red, 

DTI-based mask shown in green and T1w-based LV mask shown in blue; the overlapping 

regions will show as cyan. This patient had a dice similarity index of 88.1%. Illustration of 

the effect of LV mask erosion on lateral ventricular (B) mean diffusivity and (C) FA 

histogram distributions obtained on all MS patients (red is high level of erosion and black is 

low level of erosion). The spatial normalization of MD in the LV is shown as an image 

insert in (B). Note the spatial variability in LV diffusivity (i.e. anterior LV has higher 

diffusivity).
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Figure 2. 
Representative scatter plots and regression analysis illustrating the age-dependence of (A) 

lateral ventricular volume-to-ICV percentage and (B) age dependence of LV mean 

diffusivity in 103 healthy controls and 108 MS patients (see Table 1). Note the increase in 

LV volume with age in controls (p=0.03) and patients (p=0.0001), and the decrease in LV 

diffusivity with age in controls (p=0.003).
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Figure 3. 
Representative scatter plots and regression analysis of (A) total brain lesion load (mL) and 

mean diffusivity adjusted for age, and (B) EDSS and mean diffusivity in the MS cohort 

adjusted for age and total lesion load. Note the strong dependence of LV diffusivity on 

lesion load (p=2.9x10−9) and its interplay with disability (p=2.3 ×10−5; see Table 2 for age-

adjusted values).
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Table 1

Main demographic, clinical and MRI derived characteristics of patients and healthy controls.

Healthy Controls CIS RRMS SPMS

N(Females) 103 (55) 9 (7) 87 (67) 12 (6)

Age (years)
Mean ± S.D.
Median [Range]

37.0 ± 10.5
35.9 [20.7-61.8]

39.2 ± 14.7
40.2 [20.8-50.6]

42.6 ± 9.9
44.6 [22.0-63.1]

54.2 ± 9.0
56.1 [35.4-62.9]

Disease Duration
(years)

not applicable 2.8 ± 3.2
1.3 [0.2-8.8]

11.0 ± 9.2
10.0 [0.1-36.8]

18.4 ± 9.3
18.9 [1.8-30.9]

EDSS not applicable 0.4 ± 0.8
0 [0-2]

1.7 ± 1.6
1.5 [0-6.5]

4.4 ± 1.5
4.5 [2-6.5]

Lesion Load(mL) No lesions 2.21 ± 2.74
1.34 [0.15-8.16]

12.35 ± 11.71
7.41 [0.18-4.8]

25.0 ± 14.4
26.8 [7.0-59.3]

LV Volume (mL)
LV-to-ICV volume
Percentage

12.07 ± 5.70
0.78 ± 0.36

15.45 ± 9.95
1.02 ± 0.59
P (HC, CIS) = 0.08

18.75 ± 9.52
1.29 ± 0.65
P (RRMS, HC) ~
3×10−10

35.52 ± 14.30
2.47 ± 1.04
P (SPMS, HC) ~5×10−21

LV
Mean Diffusivity
(×10−3 mm2 sec−1)

2.79 ± 0.10 2.78 ± 0.10
P (HC , CIS) =
0.6

2.85 ± 0.10
P (RRMS > HC)
= 0.0001

2.97 ± 0.08
P (SPMS > HC) ~
4×10−8

The MRI derived measures include the lateral ventricle volume cerebrospinal fluid volume (mL), and LV-to-intracranial volume percentage 
(LVv/ICV (x100%), and corresponding average LV diffusivity.

Abbreviations: CIS = clinically isolated syndrome; RRMS = Relapsing-remitting multiple sclerosis; SPMS = Secondary progressive multiple 
sclerosis; HC = healthy controls.
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Table 2

Univariate linear correlation coefficient (r) and significance (p) covariance matrix of age, DD, EDSS 

(Spearman), Lesion load, LV volume-to-ICV percentage and corresponding mean diffusivity. Age, total lesion 

load and atrophy correlations of EDSS with LVp and diffusivity are also provided.

108 patients
Correlation
Coefficient r(p)

DD EDSS Lesion Load LVp MD(LV)

Age 0.512
(1.5×10−8)

0.337
(3.6×10−4)

0.215
(0.025)

0.361
(1.3×10−4)

0.153
(0.11)

DD 0.456
(7×10−7)

0.358
(1.4×10−4)

0.349
(2.1×10−4)

0.237
(0.013)

Lesion Load 0.522
(7×10−9)

0.533
(2.9×10−9)

EDSS
EDSS adjusted
for age
for Age and LL
for age, LL& LVp

0.472(3×10−7)
0.43 (4×10−6)

0.47(2×10−7)
0.4 (2×10−5)
0.2 (0.04)

0.40 (2×10−5)
0.36 (0.0001)
0.15 (0.14)
0.05 (0.61)

Abbreviations: DD = disease duration; EDSS = extended disability score; LL = lesion load; LVp = lateral ventricular volume to intracranial 
volume percentage; MD = mean diffusivity
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