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0.04; mean age 42+11 years, n=169) reported by Yaldizli et
al. (19). Therefore, we think that CCA should be monitored
more carefully in HDLS patients.

The LADIS study indicated that CCA is associated with
cognitive decline that coexists independently with white
matter hyperintensity and stroke (23, 24). In particular, over-
all CCA is correlated with the slowing of processing or
mental speed (23, 24). In patients with HDLS, frontal lobe
signs and symptoms are frequently observed in the early
stage of the disease. This is consistent with the observation
of Sundal et al. that WMLs are predominantly frontal (3), as
supported by the findings of this study. Additionally, it is
possible that the early involvement of the CC contributes to
the psychomotor dysfunction observed in HDLS patients.

CCA is observed in elderly persons, as well as in pa-
tients with cerebrovascular and neurodegenerative dis-
eases (25-31). Several underlying mechanisms for CCA have
been postulated (25-30). In Alzheimer’s disease patients,
CCA primarily reflects the loss of the corresponding cortical
neurons (Wallerian degeneration hypothesis) (26, 28, 29)
and/or age-related myelin breakdown (retrogenesis hypothe-
sis) (28, 29, 32). Conversely, in patients with cerebrovascu-
lar diseases, CCA is closely related to cerebral
WMLs (26, 27, 31), assuming that ischemic damage causes
focal edema and inflammation with subsequent axonal dis-
ruption (26). The mechanism underlying the development of
CCA in patients with HDLS is likely to be different from
that observed in those with Alzheimer’s disease or cere-
brovascular disease because CCA develops in the earlier
stage of the disease and progresses more rapidly in HDLS.

HDLS is neuropathologically characterized by the exten-
sive loss of myelin sheaths, axonal destruction and the pres-
ence of numerous axonal spheroids, pigmented macrophages
and astrogliosis (2, 9-14). These changes were clearly ob-
served in the centrum semiovale of the cerebral white matter
in one of our patients (patient 2) (8). That patient died of
sepsis caused by severe intestinal infection at age 41 in the
early stage of the disease (mRS3). Macroscopically, the CC
was diffusely thin (data not shown). Histologically, the lo-
calized portion of the splenium of the CC that exhibited T2
and FLAIR high signals on MRI demonstrated a severe loss
of myelin and axons with axonal spheroids, as seen in the
centrum semiovale. This is a primary pathological process of
axonal disruption in HDLS. On the other hand, the basic
structure was relatively preserved in the other parts of the
CC, where the number of axons was decreased; however,
the findings of tissue destruction, including localized myelin
loss, disarrangement of axons and the presence of spheroids
and activated macrophages, were quite mild. This likely re-
flects a secondary change due to axonal damage in the
proximal parts of the commissural fibers. CC involvement in
HDLS patients is therefore considered to be caused by these
combined pathological processes. Additionally, ischemic
changes, including small infarcts and microvascular fi-
brohyalinosis, were almost absent in the entire CC; there-
fore, the pathologic mechanism appears to be basically dif-
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ferent between HDLS and cerebrovascular disease.

The present. study is associated with several limitations.
First, the number of HDLS patients was very small. The in-
cidence of HDLS in the Japanese population remains un-
known because genetic testing for CSFIR has only recently
been introduced into clinical practice, and genetically-proven
cases are very small in number at present. Second, the pa-
tients in the VaD group in this study were rather heterogene-
ous because this was a retrospective study. The mRS of the
VaD group (2.75+0.89) was not significantly different from
that of the HDLS group (3.30+1.10); however, the cognitive
function levels varied from subnormal to severe dementia in
the VaD group. As judged according to the mRS, cognitive,
mental and motor dysfunction was variable in both the
HDLS and VaD groups; therefore, it was not possible to
make MRI comparisons between these two groups after ad-
justing for the clinical status. Third, there was overlap in the
values of the CCI between the HDLS and VaD patients;
therefore, we were unable to present any diagnostic cutoff
values for distinguishing HDLS from VaD.

In conclusion, despite the several limitations described
above, our quantitative neuroimaging study clearly showed
the presence of CCA on the initial MRI scans (6-36 months
after disease onset) in HDLS patients. Our findings suggest
that the presence of CCA on MRI frequently accompanied
by high intensity in the genu and/or splenium on T2 and
FLAIR images is a useful finding indicative of HDLS.
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Abstract

Introduction q-Space imaging is a novel magnetic reso-
nance (MR) technique that enables the assessment of ultra-
structural changes of white matter. We hypothesized that this
technique would facilitate the assessment of the progressive
nature of neuronal damage seen in cerebral autosomal dom-
inant arteriopathy with subcortical infarcts and leukoence-
phalopathy (CADASIL).

Methods This study was approved by the institutional review
board. Seven consecutive adult patients (five men and two
women) with the CADASIL gene mutation were studied. Two
patients were preclinical cases without overt episodes of
stroke. The control group consisted of five normal volunteers.
All MR examinations were performed using a 1.5-T whole-
body imager. g-Space imaging was performed using a single-
shot, echo-planar imaging technique and A/6=142/17 ms.
Gradient magnitudes were increased in nine steps to reach a
maximal b value of 10,000 s/mm?. Total acquisition time of ¢-
space imaging was 25 min. The ADC maps calculated from
the 5=1,000 images were used for comparisons.
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Results Both g-space imaging and ADC maps depicted pro-
gressive neuronal damage. Early neuronal damage was espe-
cially well depicted using g-space imaging, with preferential
involvement of the frontal lobes and central gray matters. Later
progression was better depicted by 5=1,000 ADC maps at the
temporal lobes. Visual assessment of images revealed a trend
for occipital lobe sparing, especially on g-space imaging.
Conclusion q-Space imaging demonstrated early neuronal
damage in a characteristic distribution. Since this method
appears to be sensitive to early neuronal damage, it could
conceivably aid in monitoring patients in the preclinical
stage and may help in assessing the effects of future medical
interventions.

Keywords CADASIL - White matter - Diffusion-weighted
imaging - g-Space imaging - Mean displacement (MD)

Abbreviations

cC Corpus callosum
CGM  Central gray matters
MD  Mean displacement
SPG  Short pulse gradient

Introduction

Cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) is a hereditary
condition causing recurrent subcortical strokes. It is caused by
mutations in the notch3 gene. Recurrent vascular events,
headache, mood disorders, and progressive cognitive decline
are the main clinical manifestations. Histopathological studies
have indicated that the characteristic features are arteriopathy
of small- and middle-sized arteries without atherosclerosis or
amyloid deposition. This arteriopathy results in an “earthen
pipe state,” by which cerebral autoregulation is lost [1]. This
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leads to ischemia, demyelination, and reactive gliosis, with
relative sparing of the subcortical U-fibers [1].

Neuroimaging shows both focal lacunar infarcts and dif-
fuse white matter ischemic changes. Magnetic resonance
(MR) imaging is especially useful and plays an important
initial role in the diagnosis, since studies have demonstrated
characteristic features, such as involvement of the anterior
temporal pole and external capsule [2].

Another potential role of imaging is to monitor disease
progression. However, the progression of white matter dam-
age on fluid attenuated inversion recovery (FLAIR) images
typically levels off at the fifth decade, when hyperintense
lesions become widespread throughout the cerebral white
matter [3]. Furthermore, there is no established neuroimag-
ing technique that enables monitoring of patients in the
preclinical stage. Thus, an imaging method that would en-
able better characterization of the brain at the earliest stage
would be of clinical benefit.

Assessment of the disease status of CADASIL patients
has been attempted by the use of diffusion-weighted imag-
ing (DWI) and diffusion tensor imaging (DTI) techniques
[4]. These depict tissue damage through ADC measure-
ments even in areas that appear normal on conventional
MR [5]. Furthermore, the DTI histogram metrics have been
shown to be more sensitive than conventional imaging stud-
ies in predicting disease progression [4].

Recent studies have further extended the conventional DTI
technique to use much higher b values (e.g., 10,000 s/mm?)
[6-9]. The method is known as g-space imaging; it was
originally designed to measure the compartment size of po-
rous material filled with water [6]. Owing to various technical
challenges, it was initially limited to study animals [10-13],
but was later extended to clinical imaging [14-17]. This
technique with high b values enables measurement of the
mean displacement (MD) of the most slowly diffusing water
molecules. By applying this technique to the central nervous

”] Frontal A Parietal

EOccipital [ JTemporal  [ECC

system, one can now perform ultrastructural assessment
of the compartment size of white matter [10, 11, 14, 18]. For
instance, excellent agreements have been found between
axonal size as obtained on g-space imaging and histol-
ogy of optic nerves and the spinal cord [19, 20].

The aim of this study was to test the feasibility of this
novel technique to assess the neuronal damage in CADASIL
patients. More specifically, whether one could better ob-
serve the progressive nature of neuronal damage in CADA-
SIL patients was examined.

Methods
Patient population

This study was approved by the institutional review board.
Seven consecutive adult patients (five men and two women)
ranging in age from 44 to 76 (mean, 55) years were studied. All
of these patients were genetically proven to have CADASIL
through direct sequencing (i.e., NOTCH3 mutations including
C106R, R141C, or R332C). All of them had cerebral white
matter lesions on FLAIR to various extents. The study period
was from August 2010 to April 2011. The control group con-
sisted of five subjects (mmean age, 41 years; four men and one
woman) who volunteered. None of them had a history of
neurological disease or head trauma. All were in excellent
health, and they did not exhibit any white matter lesions on MR.

Data acquisition

All MR examinations were performed using a 1.5-T whole-
body imager (Philips Medical Systems, Best, the Nether-
lands). In all MRI scans, the field of view was 23 cm. DWI
for g-space imaging was acquired using a single-shot, echo-
planar imaging technique [repetition time (TR)/echo time

Fig. 1 Template for ROI analysis. Manual segmentation of the white matter of four lobes, corpus callosum, and CGM was performed as indicated

in this figure
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(TE)=6,000/173 ms], A/6=142/17 ms (effective diffusion
time (ZT4;x)=136 ms) and a matrix of 128x128, without car-
diac gating. Gradient magnitudes were increased in nine steps
to reach a maximal b value of 10,000 s/mm? and a maximal g
value of 855 cm™'. The b values used were 0, 10, 60, 100, 300,
600, 1,000, 3,000, 6,000, and 10,000 s/mm*. Motion-
sensitizing gradients were applied in 15 directions. A total
of twelve 3-mm-thick sections were obtained without
intersection gaps to cover the central parts of the brain,
including the basal ganglia and the upper limit of the
cotpus callosum. These diffusion-weighted images were mo-
tion/distortion corrected to match the =0 images on the
console of the MR unit. The g-space data set included 136

MD

images per slice (nine diffusion images in 15 diffusion gradi-
ent directions) with total acquisition time of 25 min.

Data postprocessing

Data were sent to an offline computer for further analysis on
a homemade sofiware. The g-space analysis was performed
on a pixel-by-pixel basis, as previously described [14]. High
b value components above 10,000 s/mm? were zero-filled
upon the analysis. First, the mean displacement distribution
profile was calculated for each gradient direction by Fourier
transformation of the signal decay. The full width at half
maximum of the displacement distribution profile was then
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calculated, and these values were used to represent the MD
[14]. After this calculation, a tensor analysis was performed
on MD for each voxel. The radial and parallel components
of this tensor (MDyagia and MDyaranes) Were also calculated.
The ADC and the radial/parallel components of ADC
(ADC gim and ADCpapmpe) Were calculated from b=0 and
5=1,000 s/mm>.

ROI analysis

Region of interest (ROI) analysis was performed using
manually segmented white matter of four lobes (e.g., frontal,
parietal, occipital, and temporal lobes), corpus callosum,
and central gray matter (Fig. 1). The ROI was defined on
each subject by a single operator (KY) trained in neuroanat-
omy and neuroradiology. The patient's status was blinded
when drawing these ROIs on the b=0 images. Signal-to-
noise ratio was calculated by combining these ROIs with the

Fig. 3 Representative images from a normal volunteer. This is a 28-
year-old man who volunteered to undergo the g-space imaging exper-
iment, Note that, on the MD maps, there is clear definition between the

@ Springer

denominator from the background ROI taken at the sur-
rounding air of the head.

Statistics

Comparisons were performed using Student's ¢ test (Matlab;
The Mathworks, Natick, MA, USA) with Bonferroni cor-
rections. The correlation was evaluated as significant for the
P values of <0.005 for the comparison between the patients
and healthy subjects and P values of <0.007 for the com-
parison between the preclinical (PC) subjects.

Visual assessment

Visual assessments of the images were carried out to further
characterize the acquired maps of both normal volunteers
and patients. This was done by the primary investigator
(KY) of this study.

mm/sec

cerebral cortex and underlying white matter. This is in contrast with the
ADC maps that do not show a clear difference between the two
structures
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Results
ROI analysis

g-Space imaging was successfully carried out in all patients
and volunteers, and the MD and ADC maps were generated
from these data sets. The average signal-to-noise ratios
(SNRs) for $=1,000 and 5=10,000 were 16.3 and 9.1,
respectively. The ROI analyses of these maps revealed sub-
stantial differences between the normal volunteers (V) and
CADASIL patients (P) (Fig. 2). Statistically significant dif-
ferences were noted at wider areas of the brain using g-space
imaging than the ADC maps.

Some differences were also noted between the normal
volunteers (V) and preclinical (PC) patients on MD 4 and
MDyzranier. These differences were noted in the frontal white
matter and central gray matters (CGM). Differences be-
tween the preclinical (PC) and symptomatic CADASIL

patients (P) were noted in the temporal white matters on
the ADC map (i.e., ADCpamie)) but not on MD maps.

Visual assessment

The MD maps of normal volunteers were characterized by
white matter with uniformly low MD below 20 pm, repre-
sented by the blue color (Fig. 3). The cerebral cortex, on the
other hand, had higher MD (shown by green color) with
relatively well-defined contrast between the cortex and un-
derlying white matter. This gray/white contrast was not clear
on the ADC maps. The mean diffusivity of CGM was
similar to the surrounding white matter.

Visual assessment of the MD maps on preclinical CADA-
SIL (Fig. 4) and CADASIL patients (Fig. 5) revealed that
there was a substantial increase in MD of the white matter in
widespread areas. The white matter damage was readily
recognizable on MD maps even in the preclinical stage.

Fig. 4 Representative case of preclinical CADASIL. This is a 54-year-
old man with CADASIL. The white matter damage is already apparent
on the MD and ADC maps. Sparing of the U-fibers is also evident in
some parts of the brain. Note that the posterior parts of the brain,

including the occipital lobes, are relatively spared when compared with
the other parts of brain. This frend of occipital lobe sparing is more
clearly noted on the MD maps than the FLAIR
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Fig. 5 Representative case of CADASIL. This is a 76-year-old man
with full-blown CADASIL. The MD maps of g-space imaging reveal
remarkable differences in the appearance of the white matter when

There was also a trend for slight occipital lobe sparing,
which was most apparent on MD maps even compared with
the FLAIR.

Discussion

The results of the present study demonstrated that, using the
g-space approach, the white matter damage in CADASIL
patients could be readily visualized. Especially important
could be the fact that it enables the observation of the
earliest stage of neuronal damage. This implies the potential
role of g-space imaging in assessing disease progression in
preclinical patients. Preferential involvement of the fronto-
parietal regions in the preclinical stage has been pointed out
previously using MR imaging techniques, including MR
spectroscopy and volumetric measurements [21]. This is in
keeping with our ROI measurements.

In addition to these white matter regions, CGM was also
severely affected already in the preclinical stage. It is well

@ Springer
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compared with the normal volunteer and the preclinical case (Figs. 3
and 4). Sparing of the U-fibers is also evident in some parts of the
brain, especially on ADC maps

known from histological studies that the vessels most affect-
ed in CADASIL are the leptomeningeal and lenticulostriate
arteries [22, 23]. Thus, the preferential involvement of the
CGM in the present study was anticipated. It may be also
noteworthy that despite such substantial changes at the
CGM on g-space imaging, hyperintensity on FLAIR was
not overt in some of the cases. For instance, as illustrated in
Fig. 5, this particular CADASIL patient did not have signif-
icant hyperintensity at the thalami on FLAIR (Fig. 5). This
superior sensitivity of g-space imaging to the CGM dam-
ages may be the potential advantage of this technique.

Since the g-space imaging technique appeared to be most
sensitive to the early changes in the frontal lobes and CGM,
these regions can be considered the potential target zones for
monitoring the effect of future medical interventions. In
order to test the potential role of g-space imaging as a
monitoring tool, we are currently performing a longitudinal
follow-up on our CADASIL population.

Degree of disease progression was examined by compar-
ing the preclinical (PC) to symptomatic patients (P), as
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shown in Fig. 2. Most characteristic was the progressive
temporal lobe damage depicted by ADCparane; maps (Fig. 2).
g-Space imaging was not able to detect this change. This is
probably due to the already damaged white matter in wide-
spread areas on MD maps, as shown in Fig. 5. This is in
contrast with the ADC map, which still exhibits preserved
regions (e.g., subcortical U-fibers). This, in turn, indicates
that g-space imaging has much higher sensitivity to neuro-
nal damage.

The visual assessment of the created maps indicated that
there was relative sparing of the posterior parts of the brain,
especially the occipital lobes (Fig. 4). Such occipital sparing
has been pointed out in a couple of previous studies. A multi-
institute study using conventional images has shown this trend
[3]. A second, more recent study carried out computerized
cortical thickness measurement on preclinical patients and
found the trend for relative occipital sparing [21]. The results
of these studies were drawn from group analysis, whereas the
present observation of occipital lobe sparing was possible on
an individual case basis, as illustrated in Fig. 4.

Some technical background of this g-space approach
deserves comments. The effective diffusion time (i.e., A—§/3)
for g-space imaging is set to a much longer value than the
regular clinical DWI/DTI. This leads to longer TE and thus a
reduced SNR. In addition, use of extremely high b values leads
to imaging data that are even more susceptible to noise. Thus,
one has to use higher averaging during image acquisition. This
leads to longer acquisition time, and in the present study, it took
25 min to obtain 12 slices. One can shorten the acquisition by
reducing various factors, including averaging, b value incre-
ments, and gradient directions. One of the most common ways
that has been used to resolve the problem is to reduce the
gradient directions. For instance, a clinical study was carried
out using only three orthogonal directions, which reduced the
data acquisition time to 6.5 min [24]. There is, however, some
criticism in reducing the MPG directions to the level where one
can no longer reconstruct the tensor model.

Another limitation of “clinical” g-space imaging is that one
cannot completely replicate the sequence design used in ex-
perimental conditions [6]. In the g-space formalism, the data
are valid only when the following two conditions are fulfilled.
The first condition is the short pulse gradient (SPG) approx-
imation (i.e., <A and § to be infinitesimally short), and the
second is the long diffusion time (i.e., A>4?/2D, where a is
the size of the compartment, and D is the diffusion coefficient)
[11]. These are not possible using a clinical scanner. There-
fore, some of the clinical studies use much shorter diffusion
time [24]. The advantage of this is the increase in SNR.
However, it is well known that such suboptimal sequence
design will lead to underestimation of compartment size [18,
19]. Our quantitative estimation of normal white matter (rep-
resented by MD,,4;.1) Was approximately 8.6 pm, which may
thus be an underestimated value.

One of the limitations of this study includes the small
number of patients. Especially, the number of preclinical
patients was small (n=2), which would potentially make it
difficult to assess the progressive nature of the disease.
Despite such limitation, we were able to observe the statis-
tically significant differences at some parts of brain, as
indicated in Fig. 2. Another limitation of this study is the
lack of direct histopathological correlation. The precise
cause of the increased compartment size as measured by
this technique remains unknown. There are a couple of
conceivable causes, which include enlarged extracellular
space due to loss of myelin/neurons and widening of peri-
vascular space, which is known to be a unique microscopic
feature of CADASIL [25]. The precise mechanism may be
elucidated by future histological correlations.

In conclusion, the feasibility of demonstrating the pro-
gressive nature of white matter damage using the g-space
technique in patients with CADASIL was shown. Since this
method appears to be sensitive to the early damage, we
believe it would aid in monitoring patients in the preclinical
stage. Further longitudinal studies will be necessary to eval-
uate the true efficacy of this technique.
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