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Role of Subvoxel Free Fluid on Diffusion Parameters
in Brain Tissue with Cerebral Autosomal Dominant
Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy and Its Correlation with
Physical Disability: Histogram Analysis of Standard
and Fluid-Attenuated MR Diffusion

Martin Dichgans, Benno Piitz, Daniel Boos, and Dorothee P. Auer

BACKGROUND AND PURPOSE: Subcortical signal intensity abnormalities and lacunar infarcts
are the radiologic hallmark of cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy. MR diffusion studies reveal abnormalities in lesions and also within normal
appearing white matter. To further characterize the underlying pathologic abnormality, we evaluated the
role of subvoxel free fluid in brain with cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy on diffusion parameters and physical disability and analyzed the
interrelation between diffusion variables and nonlacunar T2 lesion load.

METHODS: Mean diffusivity maps from fluid-attenuated and standard diffusion images of
13 patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy and seven age-matched control participants were compared by means of
histogram analysis for three tissue compartments (whole brain parenchyma, normal appearing
brain tissue, and nonlacunar lesions) by using a semiautomated region growing algorithm to
define whole brain parenchyma and lesions on fluid-attenuated images.

RESULTS: In both patients and control participants, the average mean diffusivity of whole
brain parenchyma was lower on fluid-attenuated than on standard images (P < .001). Average
mean diffusivity and peak location for all compartments were significantly elevated in patients
(P < .001) and higher for lesions than for normal appearing brain tissue on both types of
images (P < .001). The difference between standard and fluid-attenuated average mean
diffusivity of normal appearing brain tissue, reflecting the subvoxel free fluid content, was
elevated in patients (P < .05) and correlated closely with the Rankin score (Spearman’s rank
correlation coefficient = 0.889, P < .001). Average mean diffusivity of whole brain parenchyma
and normal appearing brain tissue correlated strongly with the nonlacunar T2 lesion load
(Pearson’s correlation coefficient = 0.743-0.928, P < .005).

CONCLUSION: This study shows that standard diffusion measurements are contaminated by
free fluid partial volume effects for patients with cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy and for control participants. It also provides evidence
of a clinical significance of increased subvoxel free fluid in normal appearing brain with cerebral
autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy, which may be
more important than either global atrophy, increased diffusivity or, T2 lesion load.

Cerebral autosomal dominant arteriopathy with subcor- is an inherited angiopathy due to mutations in the
tical infarcts and leukoencephalopathy (CADASIL) NOTCH3 gene (1). Ischemic episodes and cognitive
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deficits are the predominant clinical presentations,
but additional manifestations exist, including mi-
graine with aura and mood disorders (2, 3).

MR imaging reveals two major types of subcortical
signal intensity abnormalities (4—06): sharply demar-
cated regions that are isointense to CSF on T1- and
T2-weighted images and less well demarcated T2-
hyperintensities of variable extent. The latter are
thought to reflect incomplete ischemic injury,
whereas the former are compatible with lacunar in-
farcts. In addition, recent studies using more ad-
vanced neuroimaging techniques have provided evi-
dence of subtle alterations in brain tissue that appears
normal on T2-weighted images (7-9).

Previous MR imaging and autopsy studies have
emphasized changes in the number of cellular ele-
ments, such as myelin, axons, and astrocytes, whereas
little attention has been drawn to the role of free
fluid. This entity of the brain may, however, provide
important information. For instance, an increase of
CSF is seen with the expansion of sulci and perivas-
cular spaces associated with brain atrophy. Intracere-
bral free fluid further occurs in the context of focal
tissue damage. These changes may be subtle and take
place at the level of an image pixel. Hence, they are
difficult to assess by means of conventional neuroim-
aging. In fact, unrecognized partial volume effects
from free fluid are predicted to interfere with stan-
dard MR measurements, such as MR diffusion (10).

One approach to evaluate the contribution of free
fluid on the scale of an image pixel (CSF partial
volume effect) is to apply a fluid attenuation prepa-
ration before image acquisition. This step selectively
suppresses the signal intensity from free fluid by ex-
ploiting the distinct relaxation behavior of free water
(11). Combining this principle with MR diffusion
measurements further allows a targeted assessment of
ultrastructural tissue damage unaffected by partial
volume effects from free CSF.

In the current study, we analyzed histograms from
mean diffusivity maps of the whole brain parenchyma,
normal appearing brain tissue, and nonlacunar T2
lesions by using fluid-attenuated and standard diffu-
sion sequences. Histograms were generated after seg-
mentation of macroscopic CSF. Our aims were to
evaluate the contribution of free fluid at the level of
an image pixel on measured diffusivity values and
their relationship with physical disability and to inves-
tigate the interrelations between diffusion variables
and nonlacunar T2 lesion load.

Methods

Patients

Thirteen patients with CADASIL and subcortical lesions
shown by MR imaging were enrolled in the study (seven men
and six women; mean age, 51.5 * 8.5 years; age range, 35-64
years). All patients had positive results of skin biopsy showing
characteristic ultrastructural basal membrane deposits (12).
Mutational screening of exons 3 and 4 of the NOTCH3 gene
revealed a deleterious mutation in nine patients. Clinical as-
sessment was conducted on the day of the MR imaging study.
Disability was graded by using the modified Rankin scale (13).
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Cognitive performance was assessed by using the Mini-Mental
State Examination (14).

Seven age-matched healthy volunteers (three men and four
women; mean age, 50.9 = 12.9 years; age range, 28—63 years)
served as control participants. All participants provided written
informed consent in accordance with institutional guidelines.

MR Diffusion Measurements

MR imaging was performed on a 1.5-T clinical system (Signa
Echospeed; General Electric Medical Systems, Milwaukee,
WI) with a maximum available gradient strength of 22 mT/m.
For diffusion imaging, a modified spin-echo echo-planar
sequence (single shot; 2200/120 [TR/TE]; flip angle, 90 de-
grees; bandwidth, 83 kHz; field of view, 24 X 24 cmz) was used.
A tetrahedral technique, as described by Conturo et al (15),
was used. This technique allows the calculation of the average
trace of the diffusion tensor and, by simultaneous switching all
gradients, yields stronger diffusion weightings. Diffusion gradi-
ents in four different combinations of x, y, and z with b values
of 330, 798, and 1320 s/mm? were applied, resulting in 12
images per section. Twenty orthogonal transverse sections were
obtained with a nominal resolution of 1.875% X 4 mm?® and a
1-mm gap, thus allowing subtotal coverage of the brain from
the level of the fourth ventricle upward (mean covered intra-
cranial volume, 1229 = 112 mL). To reduce partial volume
effects from free fluid, a “dummy” acquisition was obtained
before the actual image acquisition; it was used to differentially
“prepare” the longitudinal magnetization of free water and
parenchymal water exploiting differences in T1 relaxation
times (16). Standard diffusion measurements using the identi-
cal protocol except for the dummy pulse were obtained in
addition to the fluid-attenuated modification by using the same
imaging geometry.

Data Processing

Image processing was performed offline by using IDL pro-
grams (Research Systems Inc., Boulder, CO). Three maps were
calculated for both fluid-attenuated and standard acquisition
modes: 1) mean diffusivity maps as the averaged diffusion trace
3, 2) approximately isotropic diffusion-weighted maps, and 3)
T2-weighted (b,) maps.

A semiautomated threshold-based region growing algorithm
was used for segmentation of hyperintense lesions on fluid-
attenuated b, images. Thresholds were individually determined
based on the signal intensity of a manually traced region of
interest in the normal appearing white matter and visually
adapted within a range between meany,wy + 2.5 and + 4 X
SD by interobserver consent (D.B., D.P.A.). After manually
selecting seed points for all T2 hyperintense lesions, all “con-
nected” pixels with signal intensities above this threshold were
segmented, resulting in a map of all lesions distinct from la-
cunes. To extract brain structures from extracerebral signal
intensity, we applied a region growing algorithm on the mean
diffusivity maps and manually traced and suppressed the re-
maining extracerebral structures.

For histogram analysis, three tissue classes were defined (Fig
1): 1) whole brain parenchyma as defined by all pixels with
signal intensity above the noise threshold on fluid-attenuated
b, images, 2) T2 hyperintense lesions as defined by segmenta-
tion from fluid-attenuated b, images, and 3) normal appearing
brain tissue as pixels belonging to whole brain parenchyma but
not lesions. The resulting masks were used to calculate three
histograms of mean diffusivity maps. Because of the identical
geometry, the segmentation masks derived from the fluid-
attenuated diffusion measurements were additionally applied
to the images of the standard sequence after correcting for
in-plane motion between acquisitions (Fig 1). The volumes of
whole brain parenchyma and nonlacunar T2 lesions were cal-
culated from the corresponding masks (Fig 1B and D) and
normalized to the intracranial volume (ie, the volume of the
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filled whole brain parenchyma masks). Nonlacunar T2 lesion
load was defined as the normalized lesion volume/intracranial
volume and the brain parenchyma ratio as whole brain paren-
chyma volume/intracranial volume.

To correct for the between-patient differences in brain vol-
ume, each histogram was normalized by dividing it by the total
number of pixels included. This way, the area under the histo-
gram is made equal to unity for all participants, and thus
comparisons of the features that characterize the shape of the
histogram can be made between participants. For each histo-
gram, we analyzed the position of the histogram peak with
respect to the mean diffusivity axis and the average mean
diffusivity value for standard and fluid-suppressed images (av-
erage mean diffusivity,,,, and average mean diffusivity,,,,).

Statistics

Statistical evaluation was conducted by using SPSS software,
version 7.5 (SPSS for Windows). Reported values are means =
SD. Within-group comparisons between fluid-suppressed and
standard images were assessed by using a Student’s t test for
paired data. To test for a significant disease effect, a multivar-
iate analysis of variance was used. Correlations were calculated
by using the Spearman’s rank correlation coefficient, Pearson’s
correlation coefficient (r), and the age-corrected partial corre-
lation coefficient, as appropriate. To correct for multiple com-
parisons and to minimize the risk of type I errors, Bonferroni
correction was applied to the t tests and correlation analysis for
a nominal P < .05.

Results

All patients with CADASIL had developed symp-
toms that consisted of migraine with aura (n = 3),
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Fic 1. Example of the segmentation
procedure for macroscopic CSF and le-
sions distinct from lacunes.

A, Axial view image of the by map from
fluid-attenuated data.

B, Mean diffusivity map from fluid-
attenuated data obtained before segmen-
tation.

C, Mean diffusivity map from standard
data obtained before segmentation.

D, Mean diffusivity map from standard
data obtained after segmentation for
macroscopic CSF and lesions. The seg-
mentation masks for macroscopic CSF
and for lesions were obtained from the
fluid-attenuated b, maps (shown in A).

transient ischemic attacks or completed strokes (n =
12), or dementia (n = 2). The mean Rankin score was
1.4 += 1.5, and the mean Mini-Mental score was
26.9 = 3.6. All patients with CADASIL had white
matter hyperintensities shown on the T2-weighted
images. The mean lesion volume on the fluid-atten-
uated images was 107.0 = 68.7 mL (range, 9.8—214.9
mL). None of the control participants had MR imag-
ing signal intensity abnormalities above threshold.
The mean intracranial volume covered and the brain
parenchyma ratio were 1226 * 117 mL and 0.92 =
0.04, respectively, in patients and 1235 £ 110 mL and
0.96 = 0.01, respectively, in control participants.

Comparison of Fluid-Attenuated and Standard
Acquisition Modes

To evaluate the contribution of CSF partial volume
effects to the diffusivity measured from standard
data, we compared mean diffusivity histograms from
fluid-attenuated and standard acquisition modes after
separation of macroscopic CSF. Figure 2 illustrates a
shift toward the left (ie, lower mean diffusivity on
fluid-attenuated images, which was significant for av-
erage mean diffusivity for all compartments in pa-
tients and for whole brain parenchyma in control
participants) (Table 1). The peak location was shifted
to lower mean diffusivity values in whole brain paren-
chyma and normal appearing brain tissue in patients
but not in control participants (Table 1).
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Fic 2. Mean diffusivity histograms obtained from fluid-attenu-
ated (upper panel) and standard (lower panel) data sets. Mean
diffusivity histograms of whole brain (blue line), normal appearing
brain tissue (green line), and lesions (red line) of patients with
CADASIL and of control participants (black line). Standard his-
tograms are broader with a pronounced asymmetry toward
higher values of mean diffusivity.

Comparison between Patients with CADASIL
and Control Participants

To assess disease-related differences, mean diffu-
sivity histogram-derived metrics and measures for
macroscopic free fluid (brain parenchyma ratio) and
subvoxel free fluid effects (A average mean diffusiv-
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ity: mean diffusivity,,,,, — average mean diffusivity-
sup) Were subjected to a multivariate analysis of vari-
ance design using age as a covariate. A significant
disease effect (Wilks-Lambda, df = 8, F = 8.302, P =
.002) and age covariate effect (Wilks-Lambda, df = 8§,
F = 3.095, P = .049) were observed. Univariate F
tests attributed the group effect to significant differ-
ences between peak positions and average mean dif-
fusivity for whole brain parenchyma and normal
appearing brain tissue for both image types (F =
24.3-36.4, P < .001) and brain parenchyma ratio (F =
5.284, P = .034) and A average mean diffusivity for
normal appearing brain tissue (F = 5.340, P = .034),
whereas A average mean diffusivity for whole brain
parenchyma failed to reach significance (F = 2.802,
P = .102). Age significantly affected A average mean
diffusivity (whole brain parenchyma and normal ap-
pearing brain tissue, F = 15.314 and 14.175, P = .001
and 0.002, respectively) and average mean diffusivi-
tYsana fOT Whole brain parenchyma (F = 4.925, P =
.040).

Clinical Correlates

To evaluate the clinical significance of mean diffu-
sivity histogram metrics and free fluid measures, we
correlated the Rankin disability score with average
mean diffusivity (standard and fluid suppressed and
A) for whole brain parenchyma and normal appearing
brain tissue and brain parenchyma ratio (Table 2).
Average mean diffusivityy,,, for normal appearing
brain tissue was positively correlated (P = .004) (Ta-
ble 2) with disability, whereas average mean diffusivi-
tYsana fOor whole brain parenchyma and brain paren-
chyma ratio were marginally associated (Spearman’s
rank correlation coefficient = 0.66 and —0.542, P =
.014 and 0.056, respectively, not significant after Bon-
ferroni correction). A Average mean diffusivity was
strongly correlated with the Rankin disability score
for whole brain parenchyma and normal appearing
brain tissue (both, P < .001) (Fig 3, Table 2). When
correcting for age, A average mean diffusivity re-

TABLE 1: Mean diffusivity histogram-derived measures obtained from fluid-attenuated and standard data sets of patients with cerebral autoso-
mal dominant arteriopathy with subcortical infarcts and leukoencephalopathy and healthy control participants

Fluid-Attenuated

Mean (SD) Standard Mean (SD)
CADASIL WBP Average D (10~ mm?s) 0.807 (0.054) 0.935 (0.074)*
Peak location (10° mm?/s) 0.728 (0.024) 0.764 (0.043)**
NAB Average D (10> mm?s) 0.762 (0.025) 0.901 (0.056)*
Peak location (107 mm?s) 0.727 (0.024) 0.764 (0.042)**
Lesions Average D (107% mm?/s) 1.210 (0.060) 1.252 (0.073)*
Peak location (10~ mm?s) 1.125 (0.117) 1.140 (0.165)™
Control WBP Average D (107% mm?/s) 0.689 (0.015) 0.798 (0.027)*
Peak location (10~ mm?s) 0.669 (0.017) 0.667 (0.035)™

Note.—CADASIL indicates cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; WBP, whole brain

parenchyma; NAB, normal appearing brain tissue; D, mean diffusivity. Note that control NAB is congruent with control WBP.

*P < 001,
P < 0l

ns, Not significant, within group paired t test comparing standard and fluid-attenuated images.
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TABLE 2: Correlations between mean diffusivity histogram-derived

measures and Rankin disability score and T2 lesion load in patients
with cerebral autosomal dominant arteriopathy with subcortical in-

farcts and leukoencephalopathy

T2 Lesion
Rankin Score Load
Average D Fluid-suppressed SRCC = 0.308,ns r = 0.928*
of WBP
Standard SRCC = 0.6607F r = 0.859*
Average D Fluid-suppressed SRCC = 0.307,ns r =0.786*
of NAB
Standard SRCC = 0.741* r =0.743*
AavD WBP SRCC = 0.915* nd
AavD NAB SRCC = 0.889* nd

Note.—D indicates mean diffusivity; WBP, whole brain parenchy-
ma; SRCC, Spearman’s rank correlation coefficient; ns, not significant;
r, Pearson’s correlation coefficient; NAB, normal appearing brain; A av
D = average mean diffusivity from standard images; nd, not done.

* Significant at the Bonferroni-corrected level.

T Significant at the uncorrected level.

mained significantly correlated (whole brain paren-
chyma, partial correlation coefficient = 0.894; normal
appearing brain tissue, partial correlation coeffi-
cient = 0.834; P < .001), but average mean diffusivi-
tYoang fOr normal appearing brain tissue failed to
reach the adjusted significance level (partial correla-
tion coefficient = 0.636, P = .026). Because brain
atrophy can be expected to enhance CSF partial vol-
ume effects and hence elevate A average mean diffu-
sivity, a direct relationship with brain parenchyma
ratio was tested for but not observed (r = —0.280, not
significant). Because of the limited spectrum of cog-
nitive test results (11 patients had Mini-Mental State
Examination scores =25 and did not fulfill the clinical
criteria for dementia), we refrained from analyzing
correlations between diffusion variables and cognitive
test results.
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Fic 3. Scatterplot of the difference between average mean
diffusivity from standard and fluid-suppressed histograms (A
average mean diffusivity) for whole brain parenchyma versus
physical disability (Rankin score).
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Fic 4. Scatterplot of average mean diffusivity from fluid-atten-
uated images of whole brain parenchyma versus the normalized
volume of nonlacunar T2 lesions in patients with CADASIL.

Correlations between Average Mean Diffusivity
and T2 Lesion Volume

To further explore interrelations between in-
creased diffusivity in brain with CADASIL and the
prominent pathologic process (ie, the development of
T2 lesions), we correlated average mean diffusivity
for whole brain parenchyma and normal appearing
brain tissue with the normalized nonlacunar T2 lesion
load and found consistently strong and positive asso-
ciations with the closest correlation for average mean
diffusivity,,,, of whole brain parenchyma (r = 0.928,
P < .001) (Table 2, Fig 4).

Discussion

Our finding of increased diffusivity values on stan-
dard compared with fluid-attenuated images reflects
the presence of partial volume effects from subvoxel
free fluid on standard images. The high mean diffu-
sivity value of free water (approximately 3.0 X 1077
mm-~/s) explains that even small partial volume effects
of free fluid translate into an increase of the observed
average mean diffusivity.

Peak locations for normal appearing brain tissue
with CADASIL were significantly higher on standard
compared with fluid-attenuated images, whereas they
did not differ significantly for the normal brains (Ta-
ble 1). Also, the difference between average mean
diffusivity from standard and fluid-attenuated se-
quences was larger in normal appearing brain tissue
with CADASIL than in normal brains. These findings
indicate an increased subvoxel free fluid content in
normal appearing brain tissue with CADASIL. This
agrees well with a recent MR spectroscopy study that
provided indirect evidence of increased water content
within brain tissue with CADASIL (9). Two potential
sources of partial volume effects from free fluid exist:
free fluid at the brain surface (eg, CSF within sulci)
(Fig 1) and free fluid contained within brain tissue.
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We observed a decrease in brain parenchyma ratio,
which is well in line with autopsy studies that have
shown brain atrophy (17). Conceivably, atrophy re-
sults in a relative enlargement of the brain surface
and therefore may enhance partial volume effects.
However, no direct association was found between
brain parenchyma ratio and the difference between
average mean diffusivity from standard and fluid-
attenuated sequences, ruling out a major contribution
from this source. This leaves free fluid contained
within tissue as an important cause of the observed
partial volume effects. Postmortem studies found
prominent widening of the perivascular spaces and
microscopic cavities (18, 19) that were widely distrib-
uted throughout the brain and could well explain our
findings.

Although preliminary, considering the small sam-
ple size, our results suggest a clinical significance of
increased subvoxel free fluid. First, average mean
diffusivity from standard images was found to corre-
late with physical disability whereas no such correla-
tion was found for the fluid-attenuated acquisition
mode on which the signal intensity from free fluid is
suppressed. Second, the difference in average mean
diffusivity obtained from the two protocols strongly
correlated with physical disability. Third, after cor-
recting for age effects, only A average mean diffusivity
remained significant. Thus, it seems that an increase
in subvoxel free fluid is clinically important. Our data
further suggest that combining information from
standard and fluid-suppressed images may be valu-
able when studying correlations with clinical data.

Elevated subvoxel free fluid reflects volume loss of
brain tissue at the microscopic level. Some analogy to
the macroscopic loss of brain tissue exists. Brain at-
rophy has been shown to be an independent predictor
of clinical variables in sporadic small vessel disease
(20, 21). Moreover, macroscopic MR imaging mea-
sures like the brain parenchyma ratio are increasingly
used as a surrogate marker of disease progression in
patients with white matter disease (22, 23). The mac-
roscopic CSF spaces are, however, subject to consid-
erable non-discase-related variation, and it is there-
fore not surprising that in our study, subvoxel free
fluid effects correlated much better with disability
than with brain parenchyma ratio.

The increased diffusivity observed on fluid-attenu-
ated images suggests ultrastructural tissue damage
beyond partial volume effects from free fluid, thereby
extending findings from a previous MR diffusion
study that used standard sequences only. The com-
bined data from the standard and fluid-attenuated
measurements suggest that there are two different
sources of increased diffusivity in brain tissue with
CADASIL: partial volume effects from spaces filled
with free fluid and more subtle tissue alterations, such
as mild demyelination that affect the fraction of pro-
tein-bound water (24).

The observed variations of mean diffusivity within
lesions suggest variable degrees of ultrastructural tis-
sue damage within nonlacunar lesions. This finding
extends the results of previous studies that found
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variable diffusivity (7), T1-signal intensity signal in-
tensity (4, 5), magnetization transfer ratios (8), and
metabolic changes (9) within T2-visible lesions. It also
agrees with autopsy data evidencing various degrees
of demyelination, axonal loss, and gliosis in brain with
CADASIL.

We also obtained mean diffusivity histograms of
normal appearing brain tissue only, by removing from
the mean diffusivity maps all pixels known to belong
to T2-visible lesions. We found, that average mean
diffusivity and peak locations in normal appearing
brain tissue with CADASIL were higher than in
whole brain parenchyma from control participants.
Furthermore, average mean diffusivity and peak lo-
cations of lesions were higher than in normal appear-
ing brain tissue. This confirms that the normal ap-
pearing brain tissue is also affected and that
CADASIL pathologic abnormality is diffuse, albeit
more severe within than outside T2-visible lesions (8).
The observed close correlation between average
mean diffusivity of normal appearing brain tissue and
the volume of lesions suggests that the changes within
normal appearing brain tissue may be directly related
to the pathology of lesions. Obviously, Wallerian de-
generation could account for such association. A role
of Wallerian degeneration in CADASIL has been
suggested by two recent MR imaging studies that
found ultrastructural changes in the spinal cord and
thalamus (25, 26). However, microscopic changes in
the normal appearing brain tissue might as well occur
as an independent but largely synchronous manifes-
tation of the underlying vasculopathy.

In conclusion, this study shows that standard diffu-
sion measurements are contaminated by free fluid
partial volume effects in patients with CADASIL and
in control participants. Using fluid-attenuated imag-
ing, ultrastructural tissue damage independent of
CSF partial volume effects is suggested in a large
proportion of brain tissue with CADASIL. The study
also provides evidence of a clinical significance of
increased subvoxel free fluid in normal appearing
CADASIL brain, which may be more important than
global atrophy, increased diffusivity, or T2 lesion
load. Additional studies in a larger number of pa-
tients are warranted to assess the role of subvoxel free
fluid in small vessel disease and other white matter
diseases.
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