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Prepulse inhibition (PPI) deficits have been reported in individuals with schizophrenia and
other psychiatric disorders with dysfunction of the cortico-striato-pallido-thalamic circuit.
The purpose of this study was to investigate the structural neural correlates of PPI by using
magnetic resonance imaging (MRI) metrics. The subjects were 53 healthy women (mean age;
40.7411.3 years). We examined the possible relationships between PPI and diffusion tensor
imaging (DTI) metrics to estimate white matter integrity and gray matter volume analyzed
using the DARTEL (diffeomorphic anatomical registration through exponentiated lie) algebra
method. There were significant correlations between DTI metrics and PPI in the parahippo-
campal region, the anterior limb of the internal capsule, the ventral tegmental area, the
thalamus and anterior thalamic radiations, the left prefrontal region, the callosal commis-
sural fiber, and various white matter regions. There were also positive correlations between
PPI and gray matter volume in the bilateral parietal gyri and the left inferior prefrontal gyrus
at a trend level. The present study revealed evidence of a relationship between PPI and the
integrity of white matter. This result was compatible with the previous suggestion that PPI
would be modulated by the cortico-striato-thalamic-pallido-pontine circuit.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

The startle reflex can be attenuated when the startling
stimulus is preceded by a weak non-startling prepulse, in a
process called prepulse inhibition (PPI). The degree to which
such a prepulse inhibits the startle reflex in PPI is used as a
measure of sensorimotor gating. Disruptions in information
processing and attention have long been thought of as one of
the hallmarks of schizophrenia (McGhie and Chapman, 1961),
and PPI has been suggested as a neurophysiologic measure of
information processing abnormalities in schizophrenia
(Cadenhead and Braff, 1999).’

There is evidence from animal studies that PPI is modu-
lated by forebrain circuits involving the prefrontal cortex,
thalamus, hippocampus, amygdala, nucleus accumbens,
striatum, and globus pallidus (Koch and Schnitzler, 1997;
Swerdlow and Geyer, 1998; Swerdlow et al., 2001). Deficient
PPI is observed in several neurcpsychiatric disorders char-
acterised by abnormalities in the cortico-striato-thalamic-
pontine circuitry (Braff et al., 2001; Swerdlow et al., 2008).
Previous neuroimaging studies using structural brain images
revealed the neural correlates of PPI in the prefrontal and
orbitofrontal cortex, hippocampus extending to the parahip-
pocampal gyrus, the basal ganglia including parts of puta-
men, the globus pallidus, and the nucleus accumbens,
posterior cingulate, superior temporal gyrus, and thalamus
(Kumari et al., 2005, 2008a). Several functional magnetic
resonance imaging (fMRI) studies showed that PPI is asso-
ciated with increased bilateral activation in the striatum
extending to the hippocampus, insula, thalamus, and inferior
frontal, middle temporal, and inferior parietal lobes (Hazlett
et al,, 2001, 2008; Kumari et al, 2003, 2008a). A regression
analysis demonstrated a linear relationship between PPI and
blood oxygenation level-dependent (BOLD) activity in the
thalamus, nucleus accumbens, and inferior parietal region
(Kumari et al., 2003). Positron emission tomography (PET)
study also detected an association between PPl and the
prefrontal and inferior parietal cortices’ glucose metabolism

(Hazlett et al,, 1998). Although it is known that PPI disruption
resulted from the interruption of the cortico-striato-thalamic-
pontine neural circuit, to our knowledge there has been no
study verifying the integrity of white matter using diffusion
tensor imaging (DTI).

The present study was conducted to investigate the
structural basis of PPl deficits using DTI and volumetry
analysis. We hypothesized that PPI would be correlated with
components in the hippocampus/temporal lobe, basal gang-
lia, cingulate gyrus, and frontal and parietal regions.

2. Results

Initially, we examined the correlation between the gray
matter volume and % PPl using DARTEL (diffeomorphic
anatomical registration using exponentiated lie). There was
no significant correlation between them; however, there were
nominal trends between % PPI with 90 dB prepulse and gray
matter volume in the bilateral parietal gyri and left inferior
prefrontal regions (p<0.005 uncorrected) (Fig 1(A)), and
between % PPI with 86 dB prepulse and gray matter volume
in the left parietal and medial frontal regions (p<0.005
uncorrected) (Fig. 1(B)).

We then examined correlation between % PPI and DTL
Significant positive correlations were observed between frac-
tional anisotropy (FA) value and % PPI with 90 dB prepulse in
the right ventral tegmental area, left anterior limbs of the
internal capsule, bilateral thalami, and the left inferior pre-
frontal region, bilateral medial frontal regions, and bilateral
parietal regions (p<0.001 uncorrected) (Fig. 2(A) to (F)), how-
ever, we could detect correlation between % PPI with 86 dB
prepulse and FA values only in the inferior prefrontal region
(Fig. 2(G)) (p<0.001 uncorrected). In addition, analysis using
the skeletonized FA data showed that there were significant
positive correlations between FA value and % PPI with 90 dB
prepulse in the parahippocampal region, orbitofrontal region,
bilateral temporal-inferior parietal regions, internal capsule,

Fig. 1 - Brain areas in which % PPI and gray matter volume showed correlation. There was no significant correlation between % PPI
and gray matter volume. However, a nominal trend was found in the bilateral parietal regions and left inferior prefrontal regions (A)
(p <0.005 uncorrected). Likewise, there was a nominal correlation between % PPI with 86 dB prepulse and gray matter volume in the
left parietal and medial frontal regions (B) (p<0.005 uncorrected). Age and whole brain volume were controlled. L, left; R, right.
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Fig. 2 - Brain areas in which % PPI and FA values correlated. There were positive correlations between % PPI with 90 dB of
prepulse and FA values in the right ventral tegmental area (A), left anterior limbs of internal capsule (B), bilateral thalami, and
left inferior prefrontal region (C), bilateral medial frontal regions ((B), (D)), and bilateral parietal regions ((E) and (F)) (p <0.001
uncorrected). Correlation between % PPI with 86 dB of prepulse and FA values was seen only in the inferior prefrontal region

(G) (r<0.001 uncorrected). Age was controlled. L, left; R, right.

thalamus, anterior thalamic radiations, posterior cingulate,
and callosal commissural fibers (p<0.05, family-wise error
(FWE) rate is controlled) (Fig. 3(A) to (D)). On the other hand,
there were no significant correlation between % PPI with 86 dB
prepulse and FA value, and only nominal trends were revealed
in similar regions (Fig. 3(E) to (H)) (p<0.1; FWE rate is
controlled).

There were significantly positive correlations between %
PPI and the mean diffusivity (MD) values in many regions
throughout the brain (90 dB; Fig. 4(A), 86 dB; Fig. 4(B)). To be
more conservative, we corrected for multiple testing by false
discovery rate (FDR) and set the critical p-value as<0.01(90
dB), and by FWE and set the critical p-value as<0.05 (86 dB).
After this procedure, the correlations of PPI with MD values in
the left inferior prefrontal region remained significant
(Fig. 4(A) and (B), the right column).

3. Discussion

To our knowledge, this is the first study that used DTI to
examine the possible relationships between PPl and brain
structure in healthy subjects. Significant correlations were
noted between PPI and DTI metrics in the ventral tegmental
area, parahippocampus, callosal commissural fiber, thalamus,
anterior thalamic radiation, internal capsule, posterior cingu-
late, and temporal and parietal regions. There were nominal
trends between PPI and gray matter volume in the left inferior
prefrontal region and bilateral parietal regions. Our results are
consistent with previous neurcimaging studies using struc-
tural MRI and fMRI and pharmacological studies (Hazlett et al.,
2001; Kumari et al., 2005; Swerdlow et al., 2001).

Consistent with the consensus regarding PPI in the rat, a
number of psychiatric and neurological disorders characterized
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Fig. 3 - Brain areas in which % PPI and FA values correlated using TBSS. There were positive correlations between % PPI with
90 dB of prepulse and FA values in the parahippocampal region (A), orbitofrontal region (A), temporal-parietal regions ((B) and
(C)), internal capsules (B), thalamus and anterior thalamic radiations ((B) and (C)), posterior cingulate ((C) and (D)), and anterior
dominant callosal commissural fibers ((B) and (D)) revealed by tract-based spatial statistics (TBSS) (p <0.05; family-wise error
rate is controlled). On the other hand, there were no significant correlations between % PPI with 86 dB of prepulse and FA
values, however, a nominal trend was detected in similar regions ((E) to (H)) (p <0.1; family-wise error rate is controlled). Age
was controlled. The skeleton, shown in green, is thresholded at 0.2 and overlaid onto the MNI152 space. L, left; R, right. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4 - Brain areas in which % PPI and MD values correlated. There were negative correlations between % PPI with 90 (A) and
86 dB (B) of prepulse and MD values in several areas throughout the brain (p <0.001 uncorrected). The right column showed
that the correlations remained when we re-analyzed the correlation between PPI and MD values in the left inferior prefrontal
region (90 dB; p<0.01 [false discovery rate], 86 dB; p<0.05 [family-wise error rate]). L, left; R, right.

by abnormalities at some level in the cortico-striato-thalamic- 2004; Swerdlow et al.,, 2008) showed the PPI deficient. Previous
pontine circuitry (Braff et al., 2001; Swerdlow et al., 2008) and in neuroimaging studies revealed the correlation between PPI and
the cortico-striato-pallido-thalamic brain substrate (Perry et al., regional brain using structural brain images (Kumari et al., 2005,
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2008b), and fMRI (Hazlett et al., 2001, 2008; Kumari et al,, 2003,
2007, 2008a). Here we found significant correlations between PPI
and DTI metrics in the parahippocampus, the internal capsule,
the circumference of anterior thalamic radiation and the parietal
region. In light of these observations, PPI may be regulated
through an amygdala - basal ganglia — prefrontal and parietal
circuit. There is evidence from animal studies that PPI is
mediated by brain stem circuits involving the inferior colliculus,
superior colliculus, pedunculopontine tegmental nucleus, later-
odorsal tegmental nucleus, substantia nigra pars reticulata, and
caudal pontine reticular nucleus (Fendt et al,, 2001). In the
present study, we detected a correlation between FA in the
ventral tegmental area and % PP, a finding that is compatible
with this previous evidence.

As described above, previous studies showed that PPI is
influenced by many regions throughout the brain, and PPI is
thought to be affected by the transmission of information. We
therefore hypothesized that to evaluate the relation between
PPI and the brain, the use of DTI -~ which shows the condition
of the neural fibers — would be effective. Our DTI results
suggested that a large area of the brain is involved in deficits
in PPI, compared to the foregoing studies focusing on the gray
matter. This may be due to the ability of DTI to delineate neural
pathways. Furthermore, we detected more correlations
between % PPI and brain metrics when prepulse was 90 dB
than when it was 86 dB. Previous studies showed that % PPI at
the prepulse intensity of 90 dB was higher compared with that
at 86 dB, and that the difference in % PPI between patients with
schizophrenia and healthy controls became most significant
when prepulse was 90 dB (Kunugi et al., 2007; Takahashi et al.,
2008; Moriwaki et al., 2009). These points may suggest that %
PPI with 90 dB of prepulse is the best condition to reflect his/
her own information processing and attention.

Regarding the volumetric analysis, we could not detect
any significant relationship between the PPI and gray matter
volume, although the data showed a nominal trend of a
relationship in the inferior frontal gyrus and bilateral parietal
regions. As to the association between the inferior prefrontal
region and PP, we detected this relationship by all metrics
used in this study. This connection was previously detected
in an MRI volumetric study (Kumari et al., 2005). However, 10
men and 14 women took part in that study. Previous studies
showed a gender difference in PPI (Kumari. et al., 2004), but
we evaluated only female subjects. We failed to detect any
significant correlation between PPI and gray matter volume.
The inconsistent results between previous studies and ours
may be attributable, at least in part, to the fact that we
examined only females who showed a narrow range of PPL In
conjunction with this, our study included only healthy
women whose % PPl was changeable along with the men-
strual cycle status (Swerdlow et al.,, 1997). Further studies
work with information on menstrual cycle and studies on
male subjects are necessary to address this issue.

In conclusion, the present study examined structural
neural correlates of PPI and revealed evidence of a relation-
ship between PPI and the integrity of white matter in healthy
women. These observations confirm the involvement of
these regions in human PPI as suggested by previous relevant
data. Further research should extend the present methods in
studies of clinical populations. :

4. Experimental procedures
4.1.  Sample

The subjects were 63 healthy females who were recruited
from the community through local magazine advertisements
and our website announcement. The participants were inter-
viewed for enrollment using the Japanese version of the Mini-
International Neuropsychiatric Interview (MINI) (Otsubo
et al,, 2005; Sheehan et al., 1998) by research psychiatrists,
and only those who demonstrated no history of psychiatric
illness or contact with psychiatric services were enrolled in
the study. Participants were excluded if they had a prior
medical history of central nervous system disease or severe
head injury. In addition, 10 non-responders to the startle
stimulus (see the “Prepulse inhibition measure” below) were
also excluded from the analysis. As a consequence, 53
healthy females (mean age; 40.7+11.3 years, education;
14.842.7 years) took part in the study.

Written informed consent was obtained for participation
in the study from all subjects, and the study was approved by
the Ethics Committee of the National Center of Neurology
and Psychiatry, Tokyo, Japan.

4.2.  Prepulse inhibition measure

Our equipment, setup, and standard PPI testing procedures
have been described in detail (Kunugi et al., 2007). The startle
reflex to acoustic stimuli was measured using the Startle
Reflex Test Unit for Humans (O'Hara Medical, Tokyo). Sub-
jects refrained from smoking for at least 20 min prior to the
test. Broadband white noise (50 to 24,000 Hz) at 70 dB was
presented as the background noise and was continuous
throughout the session. Acoustic startle stimuli of the broad-
band white noise were presented through headphones.

During the initial 3 min of each session, the background
noise alone was given for acclimation. In total, 35 startle-
response trials were recorded in a session. These trials
consisted of three blocks. In the first block, the subject’s
startle response to a pulse (sound pressure: 115 dB; duration:
40 ms) alone was recorded five times. In the second block, the
subject’s startle response to the same pulse with or without a
prepulse (sound pressure: 86 or 90 dB; duration: 20 ms; lead
interval [onset to onset]: 60 or 120 ms) was measured five
times for each condition. The differential conditions of trials
were presented in a pseudo-random order; however, the
order was the same for all of the subjects. In the third and
final block, the startle response to the pulse alone was again
measured five times. The intertrial intervals (15 s on average,
range 10 to 20 s) were randomly changed. The entire session
lasted approximately 15min. The mean % PPI of startle
magnitude was calculated using the following formula,
because in a previous study this condition showed the best
sensitivity to differentiate between schizophrenic patients
and healthy subjects (Kunugi et al., 2007):

% PPI=100 x (magnitude on pulse-alone trials—magnitude
on prepulse trials {sound pressure: 86 dB and 90 dB; lead
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interval: 120 ms, right eye})/magnitude on pulse-alone
trials in the 2nd block.

The mean % PPI of the 53 subjects were 45.9+54.7 under
the terms of 86 dB, and 58.8+39.8 of 90 dB. We defined a priori
the “non-responders” to the startle stimuli as those subjects
for whom the average value of the startle magnitude in the
pulse-alone trials was <0.05 (digital unit), and the non-
responders were excluded from the analysis.

4.3.  MRI data acquisition

4.3.1. Data acquisition
MR imaging was performed on a Magnetom Symphony 1.5-T
system (Siemens, Erlangen, Germany). High spatial resolu-
tion, 3-dimensional (3D) T1-weighted images of the brain
were obtained for the morphometric study. The 3D T1-
weighted images were scanned in the sagittal plane (echo
time (TE)/repetition time (TR): 2.64/1580 ms; flip angle: 15°%
effective slice thickness: 1.23 mm; slab thickness: 177 mm;
matrix: 208 x 256; field of view (FOV): 256 x 315 mm?, acquisi-
tion: (1), yielding 144 contiguous slices through the head.
DTI was performed in the axial plane (TE/TR: 106/
11,200 ms; FOV: 240 x 240 mm?; matrix: 96 x 96; 75 continuous
transverse slices; slice thickness 2.5 mm with no interslice
gap; acquisitions: (2). Diffusion was measured along 12 non-
collinear directions with the use of a diffusion-weighted
factor, b, in each direction for 1000 s/mm?, and one image
was acquired without use of a diffusion gradient. The DTI
examination took approx. 6 min. In addition to DTI and 3D
T1-weighted images, conventional axial T2-weighted images
(TE/TR: 95/3500 ms; flip angle: 150° slice thickness: 5mm;
intersection gap: 1.75mm; matrix: 448x512; TFOV:
210 x 240 mm?; acquisitions: (1), and fluid attenuation inver-
sion recovery (FLAIR) images in the axial plane (TE/TR: 101/
8800 ms; flip angle: 150°; slice thickness: 3 mm; intersection
gap: 1.75 mm; matrix: 448 x 512; FOV: 210 x 240 mm? acquisi-
tion: (1) were acquired to exclude cerebrovascular disease. On
conventional MRI, no abnormal findings were detected in the
brain in any subject.

4.3.2. Diffeomorphic anatomical registration using
exponentiated lie analysis

The raw 3D T1-weighted volume data were transferred to a
workstation. A preprocessing step of voxel-based morpho-
metry (VBM) in Statistical Parametric Mapping (SPM) was
improved with the DARTEL registration method (Ashburner,
2007). This technique, being more deformable, notably
improves the realignment of small inner structures (Yassa
and Stark, 2009). Calculations and image matrix manipula-
tions were performed using SPM8 running on MATLAB
R2007a software (MathWorks, Natick, MA). MR imaging data
were analyzed using DARTEL as a toolbox for SPM8 to create a
set of group-specific templates. The brain images were
segmented, normalized, and modulated by using these tem-
plates. The output images were still in the average brain
space. Additional warping from the Montreal Neurologic
Institute space was given to the brain images. Then, gray
matter probability values were smoothed by using an 8-mm
full-width at half-maximum Gaussian kernel.

4.3.3. DTI procedure

The DTI data sets were analyzed using DtiStudio (Jiang et al.,
2006). The diffusion tensor parameters were calculated on a
pixel-by-pixel basis, and FA and MD map and b=0 image
were calculated according to Wakana et al. (2004).

4.34. SPM analysis

To estimate the relationships between brain morphology and
% PPI, FA and MD images were analyzed using an optimized
VBM technique. The data were analyzed using SPM5 software
running on MATLAB 7.0. The images were processed using an
optimized VBM script. The details of this process are
described elsewhere (Good et al., 2001). First, each individual
3D-T1 image was coregistered and resliced to its own b=0
image. Next, the coregistered 3D-T1 image was normalized to
the “avgl52T1” image regarded as the anatomically standard
image in SPMS5. Finally, the transformation matrix was
applied to FA and MD maps. Further, to avoid the effect of
diffusivity of cerebrospinal fluid (CSF), MD images were
masked with the CSF image derived from the segmented
individual 3D-T1 image. Each map was then spatially
smoothed with a 6-mm full-width at half-maximum Gaus-
sian kernel in order to decrease spatial noise and compensate
for the inexactitude of normalization following the “rule of
thumb” developed for fMRI and PET studies (Snook et al.,
2007).

4.3.5. Tract-based spatial statistics (TBSS) analysis

The processing technique known as “tract-based spatial
statistics (TBSS) analysis” projects DTI data onto a common
pseudo-anatomical skeleton instead of trying to match each
and every voxel in different subjects, and therefore does not
need smoothing (Smith et al., 2006). TBSS is available as part
of the FSL 4.1 software package (Smith et al., 2004). The TBSS
script runs a nonlinear registration, aligning all FA images to
the FMRIB58_FA template, which is supplied with FSL. The
script then takes the target and affine-alignsitintoa 1x1x1
mm MNI152 space. Once this is done, each subject’s FA image
has the nonlinear transform to the target and then the affine
transform to MNI152 space is applied, resulting in a trans-
formation of the original FA image into MNI152 space. Next,
TBSS creates the mean of all aligned FA images and applies
thinning of the local tract structure to create a skeletonized
mean FA image. In order to exclude areas of low FA and/or
high intersubject variability from a statistical analysis, TBSS
thresholds a mean FA skeleton with a certain FA value,
typically 0.2. The resulting binary skeleton mask is a
pseudo-anatomical representation of the main fiber tracks,
and defines the set of voxels used in all subsequent proces-
sing. Finally, TBSS projects each subject’s aligned FA image
onto the skeleton. This results in skeletonized FA data. It is
this file that is used for the voxelwise statistics.

4.3.6. Statistical analysis

Statistical analyses were performed using SPM5 software
(Welcome Department of Imaging Neuroscience, London,
UK). Correlations between regional gray matter volume and
% PPI with 86 and 90 dB of prepulse were assessed using the
subjects’ age, length of education, and whole brain volume as
nuisance variables, and FA and MD value maps and % PPI
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were assessed using age and education year as nuisance
variables. Only correlations that met these criteria were
deemed significant. In this case, a seed level of p<0.001
(uncorrected) and a cluster level of p<0.05 (uncorrected) were
selected.

Skeletonized FA data were analyzed for revealing correla-
tions with % PPI, controlling for age, using the FSL “Thresh-
old-Free Cluster Enhancement (TFCE)” option in “randomise”
with 5000 permutations, the script of which uses a
permutation-based statistical inference that does not rely
on a Gaussian distribution of voxels, and is run without
having to define an initial cluster-forming threshold or carry
out a large amount of data smoothing (Nichols and Holmes,
2002; Smith and Nichols, 2009). The significance level was set
at the p-value of less than 0.05 with FWE rate correction for
multiple comparisons.
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Arterial spin labeling (ASL) is a noninvasive technique that can measure cerebral blood flow (CBF). To our
knowledge, there is no study that examined regional CBF of multiple sclerosis (MS) patients by using this
technique. The present study assessed the relationship between clinical presentations and functional imaging
data in MS using pseudocontinuous arterial spin labeling (pCASL). Twenty-seven patients with MS and 24
healthy volunteers underwent magnetic resonance imaging and pCASL to assess CBF. Differences in CBF
between the two groups and the relationships of CBF values with the T2-hyperintense volume were
evaluated. Compared to the healthy volunteers, reduced CBF was found in the bilateral thalami and right
frontal region of the MS patients. The volume of the T2-hyperintense lesion was negatively correlated with
regional CBF in some areas, such as both thalami. Our results suggest that demyelinated lesions in MS mainly
have a remote effect on the thalamus and that the measurement of CBF using ASL could be an objective marker
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for monitoring disease activity in MS.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Multiple sclerosis (MS) is a common autoimmune disorder of the
central nervous system (CNS) characterized by inflammatory demy-
elination and secondary axonal degeneration. Although MS has
classically been thought of as a typical white matter disorder, the
involvement of gray matter regions in the demyelinating process was
acknowledged in early pathology studies [1-5], and some hypotheses
have been put forward that have explored possible pathogenic
processes leading to gray matter damage. These processes could be
either primary (arising within gray matter regions) or secondary
(pathological changes in gray matter regions that result from
continuing damage in the cerebral white matter) and might be
intricately connected with each other [6].

Positron emission tomography (PET), single photon emission
computed tomography (SPECT) and dynamic susceptibility contrast
(DSC)-enhanced magnetic resonance imaging (MRI) have been used
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to investigate cerebral metabolic rate, cerebral blood flow (CBF) and
cerebral perfusion in MS, respectively. Such imaging techniques have
shown significant decreases in areas of white matter, cortical gray
matter, subcortical gray matter and normal-appearing white matter
[7-16]. However, due to the dissemination of MS lesions in space and
time, potential markers for determining their outcomes are poorly
understood.

Arterial spin labeling (ASL) MRI is a noninvasive technique that
can measure CBF. ASL MRI has two major categories: continuous ASL
(CASL) and pulsed ASL (PASL) [17]. The CASL technique uses
continuous adiabatic inversion, whereas PASL uses a single inversion
pulse. Due to the long steady-state tagging, this technique often has
high power disposition and sometimes requires a second radio-
frequency (RF) coil for spin labeling [18,19]. Therefore, it has not been
widely used compared with PASL, which is simpler in implementa-
tion. The recently developed pseudocontinuous ASL (pCASL) MRl is an
intermediate technique between CASL and PASL [20-22]. This
technique uses a series of discrete RF pulses to mimic the CASL
method for spin labeling and brings the potential of combining the
merits of PASL, including less hardware demand and higher tagging
efficiency, and CASL, which include a longer tagging bolus and thus a
higher signal-to-noise ratio.




2 M. Ota et al. / Magnetic Resonance Imaging xxx (2013) xxx-xxx

ASL measures CBF by taking advantage of arterial water as a freely
diffusible tracer, avoiding the need for gadolinium or radioactive
ligands; thus, ASL would be a noninvasive and repeatable method of
measuring CBF. The ASL technique could be used in place of DSC, PET
and SPECT for the examination of neurologic disorders.

We hypothesized that decreased CBF measured by pCASL would,
in reflecting neuronal and axonal loss, be associated with the clinical
course and disabling forms of MS. In the present study, we assessed
the relationship between clinical presentations and functional
imaging data in MS using pCASL.

2. Material and methods
2.1. Participant selection

The subjects were 27 patients with MS and 24 healthy controls
matched for age, gender and whole brain volume. MS was diagnosed
by using previously defined criteria [23]. One female patient out of
27 was the primary progressive MS, and 8 out of 27 (all of them
were female, mean age = 47.3 & 12.9 years) were the secondary
progressive MS. No subject had a previous history of any other
significant central nervous or systemic autoimmune conditions. The
healthy controls were all volunteers without any confirmed
neuropsychiatric or major medical illness. All MS subjects under-
went a neurological examination to evaluate their Expanded
Disability Status Scale (EDSS) scores [24]. The demographic and
clinical data of the subjects are shown in Table 1. The study protocol
was approved by the Ethics Committee of the National Center of
Neurology and Psychiatry, Japan. Informed consent for participation
in the study was obtained from all subjects.

2.2. MRI data acquisition and processing

Experiments were performed on a 3-T MR system (Philips Medical
Systems, Best, the Netherlands). High spatial resolution, 3-dimen-
sional (3D) T1-weighted images were used for morphometric study.
3D T1-weighted images were acquired in the sagittal plane [repetition
time (TR)/echo time (TE), 7.18/3.46; flip angle, 10°; effective section
thickness, 0.6 mm; slab thickness, 180 mm; matrix, 384 x 384; field
of view (FOV), 261 x 261 mm; number of signals acquired, 1],
yielding 300 contiguous slices through the brain. In addition to 3D
T1-weighted images, we acquired axial T2-weighted turbo spin echo
images (TR/TE, 4507/80; slice thickness, 3 mm; intersection gap,
1.5 mm; matrix, 640 x 640; FOV, 230 x 230 mm; number of signals
acquired, 1) and axial fluid-attenuated inversion recovery (FLAIR)
images (TR/TE/inversion time, 10,000/120/2650 ms; slice thickness,
3 mm; intersection gap, 1.5 mm; matrix, 512 x 512; FOV,
230 x 230 mm; number of signals acquired, 1). The imaging
parameters for all of the pCASL experiments were identical: single-
shot gradient-echo echo planar imaging (EPI) in combination with
parallel imaging (SENSE factor 2.0), FOV = 240 x 240, matrix =
64 x 64, voxel size = 3.75 x 3.75 mm, 20 slices acquired in ascend-
ing order, slice thickness = 7 mm, 1-mm gap between slices, labeling
duration = 1650 ms, post spin labeling delay = 1520 ms, TR =

Table 1
Characteristics of the study sample.

Healthy volunteers  Multiple sclerosis

patients
Male/female 7/17 7/20
Age 38.3 4 13.2 427 + 136
Whole brain volume (L) 1.1 £ 01 1.1+ 01
Duration of illness 10.6 4+ 9.2

EDSS 44 4+ 25
T2-hyperintense lesion volume (cm?) 34+ 40

4000 ms, TE = 12 ms, time interval between consecutive slice
acquisitions = 32.0 ms, RF duration = 0.5 ms, pause between RF
pulses = 0.5 ms, labeling pulse flip angle = 18°, bandwidth =
3.3 kHz/pixel, echo train length = 35. Thirty-two pairs of control/
label images were acquired and averaged. The scan duration was 4:24.
For measurement of the magnetization of arterial blood and also for
segmentation purposes, an EPI MO image was acquired separately
with the same geometry and the same imaging parameters as the
pCASL without labeling.

2.3. Postprocessing of the ASL data

Because pCASL and MO images were acquired separately, both
image signal intensities were corrected for data scaling. Corrected
data were transferred to a workstation and analyzed using ASLtbx
software working on Matlab (Math Works, Natick, MA, USA) [25].
For the CBF calculations, we added the attenuation correction for
the transversal relaxation rate of gray matter to the original
equation as shown:

CBF (ml/100 g/min)
= (6000 * delM = lamb)

# @XP(TE/ T3 g/ [2 # alP % T piooq * MOWM{EXP(—W/ T1,blood)

—EXD(" (tau + w)/ T, ,blaod) 3,

Where delM is the difference signal between the control and
label acquisitions, lamb is the blood/tissue water partition coeffi-
cient, Ty piooa 1S the longitudinal relaxation time of blood, tau is the
labeling time, w is the post labeling delay time, TE is the echo time
and T*z,gm is the transversal relaxation time of gray matter (assumed
to be 44.2 ms) [26]. Alp is the labeling efficiency, and MOWM is the
average intensity in the control image within the white matter that
was derived from the segmented MO white matter image calculated
using Statistical Parametric Mapping 5 software (SPM5; Wellcome
Department of Imaging Neuroscience, London, UK) running on Matlab
7.0. The parameters used in this study were alp = 0.85 (assumed)
[17], Tiplooa = 1664 ms (assumed) {27], A = 0.9 g/ml (assumed)
[28], tau = 1.65 s (calculated) and w = 1525 (calculated) ms.

The mean CBF image derived using the ASLtbx software contained
some spike noise, and thus, a median filter (a nonlinear digital
filtering technique) was used in this study. In median filtering, the
neighboring pixels are ranked according to the intensity, and the
median value becomes the new value for the central pixel. Since the
slice gap that we used was somewhat large, simple 2D median
filtering was used. Fig. 1 illustrated the image from the ASL sequence
in a single subject. To evaluate CBF voxel-basically, mean CBF images
were normalized to the standard space. On the occasion of
normalization, each individual 3D-T1 image was first coregistered
and resliced to its own MO image. Next, the coregistered 3D-T1 image
was normalized to the "avg152T1" image regarded as the anatomi-
cally standard image in SPM5, and then the transformation matrix
was applied to the FA maps to normalize them to the standard space.
The spatially normalized images were resliced with a final voxel size
of approximately 4 x 4 x 8 mm> Each map was then spatially
smoothed with a 4-mm full-width at half-maximum Gaussian kernel
in order to decrease spatial noise and compensate for the inexactitude
of normalization.

2.4. Measure of volume of T2-hyperintense lesion

The T2-weighted data and FLAIR images for each subject were
transferred to the workstation. To measure the accurate volume of
the T2-hyperintense lesion, individual T2-weighted data and FLAIR
data sets were analyzed using QBrain®1.1 [22]. The volume
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Fig. 1. The upper row showed the typical example of ASL CBF maps acquired in a single healthy volunteer, and lower row showed corresponding slices of T1-weighted image.

quantifications were first performed with manual segmentation and
second with the fully automatic segmentation algorithms. Using the
software, the T2-hyperintense lesions can be reliably quantified in
the milliliter range.

2.5. Measure of whole brain volume

We regarded the gray matter volume plus white matter volume as
the whole brain volume. The values of gray and white matter volumes
of individual subjects were extracted with the Easy Volume toolbox
[29] running on Matlab 7.0. The gray matter and white matter volume
images were derived from the segmented 3D-T1 image calculated
using SPM5.

2.6. Statistical analysis
We first evaluated the correlations among the EDSS score, age,

duration of illness and the ratio of T2-hyperintense lesion volume/
whole brain volume in the MS patients by using Pearson's correlation

analysis. Statistical analyses were performed using SPSS Statistics for
Windows 17.0 software (SPSS, Tokyo, Japan).

Next, statistical analyses for the CBF were performed using SPM5
software, We evaluated the difference in regional CBF (rCBF)
between the MS patients and healthy subjects using age and
gender as nuisance variables. Only correlations that met the
following criteria were deemed statistically significant: seed levels
of P <.05 [false discovery rate (FDR) corrected] and a cluster level
of P < .05 (uncorrected).

Next, correlations between rCBF values and the ratio of T2-
hyperintense lesion volume/whole brain volume and between rCBF
values and EDSS scores were assessed using age, gender and duration
of illness as nuisance variables. Only correlations that met the
following criteria were deemed significant: a seed level of P <.001
(uncorrected) and a cluster level of P < .05 (uncorrected).

Finally, we highlighted the influence of the T2-hyperintense lesion
on the CBF. We masked the latter results with the regions for which
the results of the former analysis were regarded as significant. This
mask was based on partially the same data of the latter analysis; there

431 433

Fig. 2. There were significant reductions of CBF in the right prefrontal cortex and bilateral thalami in the MS patients compared to the healthy controls [P < .05 (FDR corrected)].
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Fig. 3. There were negative correlations between the T2-hyperintense lesion volume/whole brain volume ratio and the regional CBF values in several areas throughout the brain in

the MS patients (P <.001, uncorrected).

existed a multiple testing problem. So, we use the formal thresholding
(e.g., FDR) that accounts for this multiplicity [30]. The mask applied
the seed levels of P < .05 (FDR corrected) as statistically significant.

3. Results

There were no significant correlations between any combinations
of two factors of EDSS score, age, duration of illness and the ratio of
T2-hyperintense lesion volume/whole brain volume in the MS
patients (data not shown). There were significant reductions of CBF
in the bilateral thalami and right frontal region of the MS patients
compared to the healthy controls (Fig. 2 and Table 2).

There was no increase of CBF in MS patients (data not shown). In the
MS patient group, the T2-hyperintense lesion volume/whole brain
volume ratio was negatively correlated with rCBF values in the right
frontal region, both parietal and temporal regions, both insulae, the left
caudate, both thalami and both posterior cinguli (Fig. 3 and Table 3).
There were no differences of regional CBF between relapsing-remitting
MS patients and secondary progressive MS patients (data not shown).

In contrast, there was no correlation between the EDSS scores and
rCBF values (data not shown). There were significant negative
correlations between the ratio of the T2-hyperintense lesion volume
to whole brain volume and CBF in both thalami when we masked the
second results with the regions in which the results of the first
analysis were regarded as significant (Fig. 4).

4. Discussion

To our knowledge, this is the first evaluation of the possible
relationships between clinical presentations of MS and CBF using
pCASL. By using the pCASL technique, we found significant
correlations between the volume of T2-hyperintense lesions and
the rCBF values. In particular, CBF in the thalamus was significantly
decreased in the patients with MS compared to that of the healthy
subjects, and thalamic CBF was correlated with the volume of T2-
hyperintense lesion.

There were a few studies of MS using CASL and PASL [14,31]. One
study using the CASL showed the reduction of thalamic CBF in MS;
however, they did not evaluate the correlation between the volume of
T2-hyperintense lesions and the rCBF values [14]. On the other hand,
the study using PASL showed not the correlation between them but
the correlation between the volume of lesions and mean cortical CBF
[31]. These facts may indicate that the CBF study using pCASL
calculates the rigorous CBF value. In addition, these studies, including
our study, did not show the correlation between the EDSS and rCBF.
This may result from the fact that the EDSS mainly focused on the
ambulatory ability, not on the higher brain function, so the change of
cortical CBF in MS did not reflect the EDSS score. In recent years, the
MS Functional Composite (MSFC) was proposed for a new multi-
dimensional clinical outcome measure of MS [32]. The MSFC
comprises quantitative functional measures of three key clinical
dimensions of MS: leg function ambulation, arm/hand function and

Fig. 4. When the correlation analysis was restricted in both thalami where the CBF reduction was detected in the MS patients, there were significant negative correlations between

the T2-hyperintense lesion volume/whole brain volume ratio and the CBF values.
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cognitive function. Further studies with information on MSFC are
necessary to address this issue. Additionally, we showed the CBF
reduction of the patients with MS in the inferior prefrontal cortex.
Previous study showed that MS patients with long duration of disease
showed atrophy of the thalami and inferior frontal gyrus [33]. The
participants in this study showed relatively long disease duration
(Table 1); then the CBF of the patients would show the reduction.

We also found negative correlations between the ratio of the T2-
hyperintense lesion volume/whole brain volume and regional CBF in
several areas throughout the brain in the MS patients. We focused on
volume and not on distribution of the T2-hyperintense lesion in the
whole brain, and therefore, the relationship between the volume of
lesion and the regional CBF was not examined. However, some
previous studies showed reduced metabolism in the prefrontal,
parietal and occipital cortex and hippocampus, thalamus, putamen
and caudate in MS [7,8,13,14], and those findings are compatible with
our results.

Regarding the thalamus, an MRI study of MS patients reported a
decrease in thalamic volume and N-acetyl aspartate [34]. Those
authors also identified the thalamic neuronal loss in MS patients by
postmortem examination. Evaluations of the metabolism and perfu-
sion in the brains of patients with MS have also revealed hypome-
tabolism and hypoperfusion in the thalamus [9,12,14] Furthermore,
PET metabolic studies suggest a possible correlation between thalamic
hypometabolism and cognitive impairment [7], memory disturbance
[13] and the volume of deep white matter lesions [8]. The decreased
thalamic CBF observed in our study is consistent with the findings of
these previous studies. Another study using diffusion tensor imaging
revealed the fine neural networks in the CNS [35]. The thalamus is
regarded as the central relay station of the brain, and the reciprocal
influence between the thalamus and its associated areas has been well
described [36]. The decreased CBF that we observed in the thalamus of
the MS patients may be an indication of a disconnection between
cortical regions and subcortical relay systems due to the lesion
process in MS.

There were some limitations of this study. First, we dealt with the
whole brain CBF images, including the gray matter and white matter,
voxel-basically. However, we could not detect the white matter CBF
change. Previous study showed that the female patients with MS
showed the change of white matter compared with men, while
gender did not impact gray matter atrophy [33]. Along with the
dissernination of MS lesions in space and time, co-gender participants
may influence on our results. Further work with single-gender MS
patients will be necessary to confirm our results. Second, we did not
classify the participants into the three subgroups of MS. The
subgroups of MS were defined by the clinical course of illness, and
this is not for a cross-sectional study containing the first episode of
illness. Not only our study but also two previous cross-sectional
studies using ASL also did not show the differences among the
subgroups of MS [14,31]. Further longitudinal work would show the
difference among the subgroups. A third limitation of the present
study is that we did not eliminate the effect of immunomodulating
treatment on CBF. Further work with drug-free MS patients will be
necessary to confirm our results.

In conclusion, our findings indicate that the noninvasive pCASLis a
useful technique which demonstrated that regional CBF values are

Table 2

Regions that showed significant differences in cerebral blood flow between the patients
with multiple sclerosis (n = 27) and healthy controls (n = 24) using age and gender
as nuisance variables.

Cluster size Z score X y z Brain region
35 517 56 40 8 Right frontal lobe
114 4.61 —4 —16 0 Left thalamus

4 8 —16 0 Right thalamus

Table 3

Regions of significant negative correlations between cerebral blood flow and T2-
hyperintense lesion volume in MS patients using age, gender and duration of illness as
nuisance variables.

Cluster size Z score X y z Brain region

16 3.62 40 56 0 Right frontal lobe

35 3.98 —64 —44 32 Left parietal lobe

49 433 60 —40 40 Right parietal lobe

11 4.17 —60 —-20 —16 Left temporal lobe

9 361 64 —4 —16 Right temporal lobe

68 4.29 —36 16 —8 Left insula

24 3.59 56 8 0 Right insula

23 4.59 —12 16 0 Left caudate

11 355 —-12 -8 8 Left thalamus

9 342 8 —16 8 Right thalamus

12 337 4 —48 32 Right posterior cingulate
333 —4 —44 40 Left posterior cingulate

closely related to the brain lesions in MS. In addition, our results
suggest that the demyelinating lesions in MS mainly have a remote
effect on the function of the thalamus. Measurement of CBF by pCASL
MRI has the potential to be an objective marker for monitoring disease
activity in MS (Tables 2 and 3).
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