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Abstract

The human brain lateral ventricular (LV) cerebrospinal fluid (CSF) volume has been used as a
neuroimaging marker of brain changes in health and disease. The LV CSF diffusivity may offer a
useful quality assurance measure and become a potential noninvasive marker of deep brain
temperature. In this work we sought to validate a method for human brain lateral ventricular (LV)
cerebrospinal fluid (CSF) using diffusion tensor imaging (DTI) contrast to provide LV volume and
corresponding DTI metrics. We compared LV volume obtained using DTI with that obtained
using validated segmentations of the LV on T1-weighted data. DT1 and T1-weighted data were
acquired at 3 T on 49 healthy males and 56 age-matched females aged 18-59 years. We showed
histogram distributions of LV DTI metrics to establish quality assurance measures. We also
analyzed the age and gender effects of LV volume and diffusivity. LV volumes estimated using
both T1-weighted and DTI correlated strongly in males and females (ICC=0.99; median Dice
index ~80%). The LV-to-intracranial volume percentage increased significantly with age only in
males, using the DTI-based approach (r=0.39; p=0.005). LV CSF Mean diffusivity was greater in
males than females ((~1.2%; p=0.03). Mean diffusivity of lateral ventricular CSF decreased
significantly with age in healthy adults (r=—0.30; p=0.02). Our results highlight the importance of
age and gender-based analyses and the potential of LV diffusivity measures as a quantitative
marker.
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1. Introduction

Due to its close interplay with the vasculature, cerebrospinal fluid (CSF) plays a role in
regulating the intracranial pressure and biochemical activity [1]. The whole brain, sulcal,
and ventricular CSF volumes have been used to follow normal brain development and
natural aging across the lifespan [2, 3]. In particular, the lateral ventricles (LV), owing to the
relative ease of their identification and segmentation using manual and automatic methods
utilizing magnetic resonance imaging (MRI) contrast, have been shown to increase in
volume with age in healthy adults [3, 4, 5]. Ventricular volume enlargement has been used
as a surrogate marker in a host of pathologies [6, 7, 8]. CSF chemical and metabolic contents
serve as robust biomarkers of neural degeneration [9, 10]. In addition, LV-CSF diffusivity
combined with diffusion vs. temperature measurements has been used recently to estimate
core brain temperature [11, 12].

Cross-sectional and longitudinal studies reported an average rate of increase in the LV
volume of 0.5 mL/year in young and middle-aged adults (18-60 years), while rate faster
than ~ 1 mL/year may be expected in advanced aging [5]. The increase in LV volume with
age was shown to be significantly slower in healthy females than in males [4, 13, 14] and
hence the effect of age and gender on the CSF volumetry has to be examined in interpreting
the CSF volume.

Several computational methods have been described to segment, and validate brain
parenchyma and CSF volumetry [7, 8]. A recent work by Kempton et al. [8] presented a
framework for testing LV segmentation from high resolution T1-weighted data using
manual and three automated methods that included FreeSurfer (http://
surfer.nmr.mgh.harvard.edu/fswiki), FSL-FIRST (http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FIRST) and SPM-ALVIN (https://sites.google.com/site/mrilateralventricle/). These authors
concluded that the LV segmentation using T1-weighted data and FreeSurfer is most reliable
for the application to healthy controls and patients with Alzheimer’s disease [8].

A comprehensive analysis of normative LV volumetry, anisotropy and diffusivity using
diffusion tensor imaging (DTI) measurements on healthy young and middle-aged males and
females has not been described previously.

Due to continuous production of CSF by the choroid plexus, regional variability in
concentration and temperature, the CSF diffusivity may not be spatially uniform over the
entire LV. The LV CSF diffusivities may be overestimated due to flow and pulsatile motion
or underestimated due to partial averaging with brain parenchyma especially at the edges of
LV [12]. The availability of spatially-normalized maps and histogram distributions of the
corresponding DTI metrics on healthy subjects would provide useful quantitative measures
for clinical applications.
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In this Report, we aimed to extend a previously described DTI-based segmentation [15] and
DTI- and atlas-based parcellation [16] method to the CSF spaces, particularly in the LV.
Following the recommendations by Kempton et al. [8], we validated the new DTI-based
CSF segmentation by comparing the LV volumes obtained using the DTI data with those
obtained with FreeSurfer pipeline applied to the T1-weighted data acquired from same
subjects. We studied the spatial distribution of the lateral ventricular DT metrics to provide
baseline reference values for future applications. We also investigated the age dependence of
LV volume and its CSF diffusivity in a cohort of age-matched healthy men and women to
examine the sensitivity of the approach in capturing age and gender-based differences in LV
macrostructural and microstructural attributes.

2. Subjects and Methods

2.1 Participant Demographics

This protocol was approved by our Institutional Review Board. Written informed consent
was obtained from each participant prior to scanning. Based on the review of medical
history and MRI by a board certified radiologist all participants were considered normal and
healthy. The participants included 105 healthy adults with 49 males (age range = 18.7-57.6
years; mean age + SD = 33.1 + 10.5 years) and 56 females (age range = 19-56.9; mean age
+ SD =36.3 £ 10.5 years).

2.2 MRI Data Acquisition

We acquired whole-brain data on a Philips 3.0 T Intera scanner with a dual quasar gradient
system with maximum gradient amplitude of 80 mT/m, maximum slew rate of 200 mT/m
per millisecond, and an eight-channel SENSE compatible head coil (Philips Medical
Systems, Best, Netherlands). All sequences were acquired without respiratory or cardiac
gating.

2.2.1 Anatomical High Resolution Tlw—The T1-weighted data were acquired using
the 3D spoiled gradient-echo sequence (3D-SPGR) with a field-of-view (FOV) of 240 x 240
mm? and isotropic voxel size of 0.9375 mm, echo time (TE) = 3.7 ms, and repetition time
(TR) = 8.1 ms. The total scan time was 6 minutes.

2.2.2 DTI Data Acquisition—The diffusion-weighted data were acquired using a single-
shot spin echo diffusion sensitized echo-planar imaging (EPI) sequence with the balanced
Icosa21 encoding scheme which uses twenty-one diffusion gradient orientations (17), a
diffusion sensitization of b = 1000 s.mm™2, TR = 6.1 s, TE = 84 ms. EPI image distortion
artifacts were reduced by using a SENSE acceleration factor or k-space under sampling of R
of two. The slice thickness was 3 mm with 44 axial slices covering the whole-brain
(foramen magnum to vertex), FOV = 240 x 240 mm?2, and an image matrix of 256 x 256
after k-space reconstruction (i.e. in-plane voxel size matched T1-weighted data). The
number of non-diffusion weighted or b~0 magnitude image averages was 8; in addition,
each encoding was repeated twice and magnitude-averaged to enhance the signal-to-noise
ratio(17).
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2.3. MRI Data Processing

The MRI data processing pipeline used in this work is described in more detail elsewhere
[16, 18], and here we provide a brief description of the major processing steps.

2.3.1 Segmentation and Parcellation of T1-weighted Data—The T1-weighted brain
data were automatically segmented into cortical, subcortical, and CSF compartments using
FreeSurfer software library [19]. We used FreeSurfer (version 5.1;http://
surfer.nmr.mgh.harvard.edu/) in our work to validate the DTI-based ventricular volumes as
it has been previously validated [9, 20] and applied on the healthy cohort used in this study
as detailed elsewhere [18].

2.3.2 DTI-Processing—The non-diffusion (b0) volumes were averaged by the scanner
and the output volume was masked using the brain extraction tool (BET, http://
www.fmrib.ox.ac.uk/fsl/bet2/index.html) which is incorporated in MRIcro (http://
www.cabiatl.com/mricro/mricro/mricro.html) and the mask was used to remove non-brain
tissue from the DWI volumes. The DWI volumes were coregistered to the b0 image volume
using the affine transformation. DWI volumes were then decoded and diagonalized to obtain
the scalar and vector maps [21]. The scalar maps included the tensor eigenvalues which
were used to compute mean diffusivities (MD). The intracranial volume (ICV) was obtained
by summing the total GM (cerebral and cerebellar), WM and cerebrospinal CSF (ventricular
and sulcal) volumes [15].

2.3.3 Lateral Ventricular Segmentation using DTI Tissue Contrast—The DTI
scalar maps were used to facilitate regional tissue segmentation [15] and parcellation using
SPM2 unified and multi-modal segmentation [22] implemented in SPM (http://
www.fil.ion.ucl.ac.uk/spm/) as detailed elsewhere [16]. In brief, the segmentation of CSF
utilized the high contrast between brain parenchyma and CSF in the FA vs. mean diffusivity
space (Figure 1A). The automatic identification of LV in native space utilized a binary mask
of the LV in MNI space built from a large cohort of normal subjects [9; https:/
sites.google.com/site/mrilateralventricle/]. The segmentation of the LV in the native space
was achieved after applying the inverse spatial normalization parameters for each subject to
the LV mask [9].

To assure reliability of the data, we applied the same transformations to the subcortical and
cortical gray matter [23] and white matter [24] provided by the international consortium for
brain mapping (ICBM; http://www.loni.ucla.edu/Atlases/) as described previously [16]. We
also obtained global or whole brain CSF [2, 15] and masked out segmented ventricular CSF
to obtain sulcal CSF [13]. Figure 1B shows a two-dimensional scatter plot of MD vs. FA
[15, 25] for a host of structures that included neocortex, hippocampus, caudate, putamen,
genu and splenium of corpus callosum (CC), posterior thalamic radiations (PTR), superior
longitudinal fasciculus (SLF), in relation to the lateral ventricles.

2.3.4 Quantification of LV using DTl metrics and Data Quality Assurance—The
DTI-based segmentation procedure provided a mask of the LV in each subject’s native space
that was used to estimate the volume by counting the number of voxels and multiplying by
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the voxel volume. To compare and assess spatial overlap between the DTI-based and the
T1w LV segmentations we realigned the b0 map unto the T1w volume using normalized
mutual information and carried the transformation unto the LV mask using nearest neighbor
interpolation. We then estimated the Dice overlap index which is defined as the percentage
of spatial overlap volume between the DTI-based and T1w-based masks to the mean value
of the two volumes [8, 19].

In addition, we estimated the LV corresponding DTI-derived metrics such as the
diffusivities and fractional anisotropy on each subject. To assure the accuracy of the
estimated DTI metrics of the LV and reduce contamination of LV with bordering brain
tissue we eroded [26, 27] the LV mask at different erosion levels (i.e. level 0 = no erosion,
level 1 = eroded ~1/3 of original volume, level 2 eroded ~ 1/2 of original mask volume,
etc.). We also pooled the LV voxels on all 105 healthy subjects to examine closely the
histogram distribution of the LV corresponding DTI metrics to help reject potential outliers
[12] due to non-random motion (i.e. flow, pulsation).

To assure scanner stability during the ~ 4 years of data acquisition, we also acquired data
using identical DTI protocol on spherical water phantom data. The water DTI phantom data
were analyzed from a central region-of-interest to assure temporal stability using quality
assurance measures described previously [28].

2.4. Statistical Analysis

3. Results

Group comparisons (e.g. males vs. females) were conducted using unpaired t-tests.
Comparisons between LV volume obtained with FreeSurfer-T1w and SPM-DTI were
inspected using Bland-Altman bias analysis, linear regression scatter plots, paired t-tests, the
intraclass correlation coefficient [29] and the Dice spatial overlap percentage as described
above. Correlations of LV-to-ICV percentage with age were computed using the Pearson
correlation coefficient and comparisons between slopes used the z-Fisher transform [30]. All
computations and statistical analyses were conducted using MATLAB (The Mathworks Inc,
Natick, MA, USA).

The healthy men and women in our cohort did not differ in age (p = 0.12; Table 1). Healthy
males had larger ICV than females (p=1x10712). Sulcal CSF volume was greater in men
than in women (p=0.007), but the percentage of sulcal CSF-to-ICV was similar (p=0.26).
Figure 1B shows the ability of DTI contrast to cluster tissue types based on mean diffusivity
and FA [15, 25]. Brain parenchyma is clearly separable from the ventricular CSF (FA < 0.20
& MD > 0.0022 mm? sec™1) in this two-dimensional quantitative space. Analysis of the
water phantom data [28] 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=0.3;
average MD + S.D. = (1.88 + 0.16) x10~3 mm?2 sec™1; MD temporal correlation significance
p=0.2, and a relative mean diffusivity coefficient of variation ~ (0.45 £ 0.06) %.
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3.1 Comparison of DTl-based LV Segmentation with Validated FreeSurfer

Figure 2 Illustrates the coregistration T1w and DTI data to estimate the spatial overlap of
DTl-based and T1w LV segmentations on one subject at one axial section. The average
spatial overlap on the entire 105 subjects as measured by the Dice index is ~ (79.3 £ 3.9) %
with range = [75.6 — 86.4] %, and median = 80.3 %. The Dice index was comparable
between men and women (p=0.44). As illustrated in Figure 2 this value is slightly affected
by the fidelity of the DTI-based mask interpolation which is expected to affect the surface
boundaries of the LV.

3.2 LV Diffusivity Spatial Distribution

Figure 3 illustrates the spatial distribution of the lateral ventricular DTI metrics and shows
(A) a fusion map of FA with MD from one healthy subject and (B) all 49 males and (C) all
56 females spatially normalized. Figure 3D, and 3E, show the histogram distributions of FA,
and MD, respectively, on all 105 healthy subjects as the original LV mask is eroded from
level 0 (volume = 11.42 mL) to level 8 (volume = 0.48 mL; see Figure 3E). Note that the
mean diffusivity of CSF bordering brain parenchyma is lower than the values corresponding
to central CSF.

3.3 LV Volume and Corresponding Diffusivity Gender and Age Effects

A previous multi-center study reported insignificant gender-based differences in brain
parenchyma volumes in healthy controls and noted that CSF volume may have different
growth rates in men and women [31]. The LVV-to-ICV normalized volume percentage
(LVVp=LVV/ICV *100%) exhibited different age and gender effects in other reports [4, 13,
14]. Therefore, we analyzed and compared data between women and men. Table 1 provides
a summary of ICV, LVV, LVVp, and corresponding DTI metrics (i.e. fractional anisotropy
and mean diffusivity) in healthy men, women and the entire cohort.

The LVV obtained from the DTI and FreeSurfer methods correlated strongly for both men
and women with an intraclass correlation coefficient of 0.99 (Figure 4A). The group
averaged values of LVVp showed no difference between men and women using either
FreeSurfer or DTI methods (p>0.76). The LVVp dependence on age was statistically
significant only in males (p=0.01) using both T1w-FreeSurfer (Fig. 4B) and the DTI-based
methods (Fig. 4C). The mean diffusivity values of lateral ventricular CSF (Fig. 4D) were
slightly greater in males than in females (~1.2%; p=0.03). Mean diffusivity decreased with
age at a comparable rate in both males and females (r=—0.3; p=0.02).

4. Discussion

In this work we validated a DTI-based segmentation method for lateral ventricular CSF
segmentation in a large cohort of healthy controls. Our median estimate of the spatial
overlap or concordance between the DTI-based method and a gold standard based on T1w
was Dice ~ 80% on a large cohort of healthy controls which is comparable to previously
reported methods of ~ [70-85] % for LV segmentation using manual delineations vs.
automated methods [8, 19]. A major advantage of using DT is the ability to work in each
subject’s brain native space (see Fig. 1B) in which DTI data are used to estimate attributes
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of both gray matter [16] and white matter for tractography applications [24]. Alternatives to
the DTI-based approach for ventricular segmentation would have required the co-
registeration of the T1-weighted data to the DTI space [32] or the co-registeration of the DTI
data to T1-weighted space [18] as attempted here to test the spatial overlap between the DTI
and T1w methods.

The DTI-based segmentation of CSF in combination with spatial normalization methods
provided the LV volume and corresponding DTI metrics on a large cohort of healthy males
and females. We compared the DTI-based LVV results with those obtained with FreeSurfer
using T1w and found strong correlation confirming previous reports that compared manual
with automated methods for LV segmentation [8, 9, 19, 20]. The DTI-based segmentation
approach was used previously to obtain global whole brain WM, GM and CSF attributes
across the human lifespan [2]. In this report, the DTI-based segmentation was further
combined with spatial normalization methods in SPM to obtain regional tissue attributes as
has been applied to gray matter [16]. The current work applied DTI-based CSF
segmentation with to segment the LV and compared the results with those obtained with a
widely-used and validated approach that uses high resolution T1-weighted data [19, 20, 31].
Our results on the LV CSF diffusivity and FA compare well with previous reports despite
slight variations in acquisition parameters [25, 27]. For example, Sidaros et al. [27] reported
FA(LV) ~ 0.13 £ 0.05 on healthy adults while our average values were 0.091 + 0.012 (see
Table 1).

4.1 Comparison of Age-related LV Volumetry with Literature

An important finding in our work is that the LVVp increased with age only in males while
there was significant decrease in LV mean diffusivity in both males and females. Our work
confirms previous reports on LV enlargement with healthy aging using postmortem [33, 34]
and MRI data [3, 5, 35, 36]. Our results confirm a few reports on significant gender-based
differences in the LV volumetry [4, 13, 14, 37, 38].

4.2 Neurobiological Implications of LV Volumetry

While the reasons for gender-based differences in the LV enlargement with age in young
and middle-aged healthy adults are currently not well-understood, one may speculate on the
potential role of hormones in regulating CSF compartmental volumes in women [39]. The
study by Grant et al. [39] showed that CSF volume increased in women with a normal
menstrual cycle and not taking oral contraceptives. Other factors such as plasma sodium
concentration or osmolality that affect water retention in the brain may also regulate CSF
volume [7].

4.2 Biophysical Implications of LV Diffusivity

Contributors to measured CSF diffusivity excluding non-random motion effects may include
a host of biophysical factors that alter CSF viscosity such as temperature [11, 12, 40] and
protein content [41]. Moreover, MRI signal changes in CSF have been related to dissolved
oxygen content in CSF [42] and have been shown to also alter with CO2 content [43].
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A recent study by Sakai et al. [44] used calibrated water self-diffusion coefficient vs.
temperature measurements [11, 12, 45] and a method for outlier rejection [12] to infer brain
temperature in healthy adults. Sakai et al. [44] reported a steady decrease in LV temperature
with age in healthy adults after ruling out other potential confounders such as protein
content. Our results of a steady decrease of LV diffusivity with age are consistent with the
findings by Sakai et al. [44], but note that they did not report gender-based differences in
both LV volumetry and diffusivity as we have demonstrated. A slight decrease in water
molecular diffusivity in females compared to males may be related to the expected cooling
effects of greater cerebral blood flow in females [46, 47]. A steady decrease of core brain
temperature with age may be related to reduced demand for energy [48] along with reduced
dissipative heat generation [49] subsequent to neuronal and axonal dysfunction with natural

aging [3].

4.3 Implications of our LV Results to Future Study Experimental Design

Our results on the significant differences between males and females in age-related LV
enlargement despite comparable group averages caution that simple group averages is not
reliable to account for age-related variance in the data. The adoption of covariance-based
methods to correct for age differences is not warranted either as the growth slopes of LVVp
with age are different between males and females, hence gender-based analyses are more
appropriate [50]. Our results on differences between males and females on ventricular
diffusivity may have implications to studies of the interplay between regional brain
temperature and cerebral blood flow [49] and models of partial volume averaging of CSF on
cortical or deep tissue diffusivity [32, 51, 52].

4.4 Limitations

This study has several limitations as we aimed primarily at presenting and validating a DTI-
based method for estimating LV volumetry and corresponding diffusivity. We did not
collect information from young and older females on their menstruation cycle, oral
contraceptives, and menopause. In addition, 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. 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. 400, 800 s mm™2) and thinner slices (i.e. 1.5 mm) would have
provided additional data to optimize the protocol for CSF volume and DTI quantification
and test potential partial volume [26, 32, 51] and SNR estimation biases [25, 28]. Despite
these limitations, our results warrant that DTI acquisition and analysis methods adopted in
this work are reliable and stand on an equal footing with T1w data for reliable LV volume
estimation and quantification.

4.5 Conclusion

In summary, we have presented and validated a DTI-based approach to segment CSF
compartments and have shown its utility to quantify lateral ventricular volumetry and
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diffusivity. We have applied the method to demonstrate gender and age effects that may be
explored as potential neuroimaging markers.
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Figure 1.
(A) A flow chart of the main steps used in segmentaing the LV in native space using the DTI contrast, spatial normalization and

LV template (B) A two-dimensional scatter plot of the MD vs. FA of several representative white matter, gray matter structures
and lateral ventricular CSF. Note that MD(LV) ~ 2.5 * MD(parenchyma) enabling reliable CSF segmentation.
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Figure 2.
Illustration of the coregistration and fusion of DTI and T1w volumes to estimate the spatial overlap on one subject at one axial

section (A) T1lw (B) The LV mask using T1w (green) (C) LV mask using DTI (red) (D) A fusion of the two masks (red and
green gives yellow for the overlap; Dice index ~ 85% in this case) (E) A fusion of the mean diffusivity map and T1w to
illustrate the effect of partial averaging of LV CSF with parenchyma which is reduced in (F) increasing the mean diffusivity
threshold.
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Figure 3.

Demonstration of quality assurance and analysis of spatial distribution of the lateral ventricular DTI metrics (A) a fusion map of
fractional anisotropy from one healthy mean diffusivity and subject and (B) all 49 males, and (C) all 56 females spatially
normalized using SPM in MNI space (see Methods). The color bar corresponds to mean diffusivity values (x108mm 2 sec™?).
Histogram distributions of lateral ventricular (D) fractional anisotropy, (E) mean diffusivity of all 105 healthy subjects as the
original LV mask is eroded from level 0 (avg. volume = 11.42 mL) to level 8 (avg. volume =0.48 mL). Note that the mean
diffusivity of CSF bordering brain parenchyma is lower than the values corresponding to central CSF and LV mask erosion in
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each subject native space provided accurate estimation of DTI metrics.
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Figure 4.
(A) Scatter plot and linear regression of the lateral ventricular volume obtained using the DTI segmentation and FreeSurfer (see

Table 1). (B) A scatter plot and regression analysis of the sensitivity of the normalized LV-to-intracranial volume percentage
obtained using FreeSurfer to age in both men and women, note the significant increase in LV volume in men. (C) A scatter plot
and regression analysis of the sensitivity of the normalized LV-to-intracranial volume percentage obtain using the DTI-based
method to age in both men and women (compare the trends in men and women to those obtained using FreeSurfer Fig. 2C) (D)
Scattter and regression analysis of lateral ventricular mean diffusivity in men and women.

Magn Reson Imaging. Author manuscript; available in PMC 2015 June 01.



Hasan et al. Page 17

Table 1

Demographics, MRI characteristics of healthy males and females.
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Entire Healthy Group (N=105) Males (M=49) Females (F=56) | p(Mvs. F)
Age in years:
Mean £ S. D. 34.8+10.6 33.1+105 36.3+10.5 0.12
[Range] [18.7 - 57.6] [18.7 - 57.6] [19-56.9]
Median 337 30.7 35.8
Intracranial Volume (mL) 12
Mean + S. D. 1529.4 + 136.2 1620.6 + 109.7 1449.6 + 103.4 1x10
Sulcal CSF Volume(mL) | 119.8 £ 42.7 | 131.7+459 | 109.4 + 37 | 0.007
SCSFp (SCSFV/ICV*100%) | 7.81+257 | 8.11+2.68 | 7.54 £2.47 | 0.26
LVV (mL)
SPM-DTI 1142 +4.44 12.21+4.72 10.73+4.11 0.09
FreeSurfer 11.40 + 4.66 12.05+4.80 10.84 + 4.50 0.19
LVVp
SPM-DTI 0.749 £ 0.292 0.759 £ 0.306 0.741 +0.282 0.76
FreeSurfer 0.748 +0.307 0.749 £ 0.312 0.748 + 0.306 0.99
MD(LV) | 2.844 +0.00071 | 2.862 + 0.00062 | 2.828 £ 0.00075 | 0.02
FA(LV) | 0.091 £ 0.012 | 0.089 +0.011 | 0.092 +0.012 | 0.22

Abbreviations
ICV = Intracranial volume (mL)

LVV= lateral ventricular volume (mL)

LVVp = Lateral ventricular volume to total intracranial volume percentage = LVV/ICV (x100%)

S.D. = standard deviation; M = males, F = females
FA = Fractional anisotropy
MD = Mean diffusivity (mm2 sec_l).

sCSF = sulcal or non-ventricular CSF
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