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ABSTRACT

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;
40.7 +11.3 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.
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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 neuropsychiatric 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 PPI 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 PPI 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 % PPI 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 DTI.
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) (p<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 PPI 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 neuroimaging 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, PPl may be regulated
through an amygdala ~ basal ganglia - prefrontal and parietal
circuit. There is evidence from animal studies that PPl 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 % PPI, 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 PP, 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 % PPl 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 PPI, 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 fernales 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; 40.7411.3 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 Ti1- -

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: 5 mm;
intersection gap: 1.75mm; matrix: 448x512; FOV:
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.
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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).

4.3.4. 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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Abstract

Background: Previous studies have suggested that dysregu-
lation of the hypothalamic-pituitary-adrenal (HPA) axis leads
to brain changes. However, few studies have examined the
whole brain configuration for an association with HPA axis
activity. We examined the relationship between HPA axis ac-
tivity and the whole brain configuration. Methods: The sub-
jects in this study were 34 healthy female volunteers. HPA
axis activity was assessed by the dexamethasone/corticotro-
pin-releasing hormone test. Structural volumes of the brain
and diffusion tensor images were obtained, and correlations
were evaluated voxel-wise. Results: There was a significant-
ly negative correlation between fractional anisotropy value
and cortisol levels at 16:00 h (CL-2) in the anterior cingulum,
left parahippocampus and right occipital region. There were
significantly positive correlations between mean diffusivity
value and CL-2 in the left hippocampus and bilateral para-
hippocampal regions. Conclusions: Our data suggest that

reduced feedback of the HPA axis is associated with reduced
neural connectivity throughout the brain, and such an asso-
ciation may be strong in the anterior cingulate, the hippo-
campus and the parahippocampal regions.

© 2013 S, Karger AG, Basel

Introduction

The hypothalamic-pituitary-adrenal (HPA) axis plays
a central role in stress response and is highly sensitive to
everyday challenges in animals and humans [1]. Acute
stress activates the HPA axis and triggers the release of
cortisol, which is regulated by the negative feedback sys-
tem in pituitary and hypothalamic regions to inhibit fur-
ther release [2]. The limbic system, particularly the hip-
pocampus, has also been implicated in the regulation of
the HPA axis [2]. Preclinical and clinical studies suggest-
ed that increased cortisol levels potentiate adverse effects
of neuronal insults, including excess N-methyl-D-aspar-
tate [3], reactive oxygen species [4] and disruption of neu-
ronal calcium homeostasis [5].

Several studies have examined the relationship of re-
gional brain volumes measured by magnetic resonance
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imaging (MRI) with cortisol levels or an impaired nega-
tive feedback system of the HPA axis assessed by the
dexamethasone (DEX) suppression test and its refined
variant, the DEX suppression/corticotropin-releasing
hormone (DEX/CRH) test developed by Holsboer et al.
[6]. Lupien et al. [7] examined the plasma cortisol level
in healthy elderly people in relation to their cognition
and neuroimaging variables and found that individuals
with increased cortisol levels showed hippocampal atro-
phy and cognitive decline. In accordance with this, Wolf
etal. [8] found a negative correlation between hippocam-
pal volume and 24-hour urinary free cortisol level in
healthy men. In contrast, MacLullich et al. [9] reported
that hippocampal volume was not significantly associ-
ated with cortisol level or impaired HPA axis regulation
revealed by the DEX suppression test in healthy men, al-
though the same research group subsequently reported
that impaired HPA axis regulation was associated with
smaller volume of the left anterior cingulate cortex [10].
Another research group reported that a significant cor-
relation was observed between HPA axis hyperactivity
assessed by the DEX/CRH test and frontal lobe atrophy
in humans [11]. Indeed, the prefrontal cortex was shown
to be a target for glucocorticoids in rats; [PH]DEX binds
to receptors in the frontal cortex [12]. Diffusion tensor
imaging (DTI) is amongst the most popular imaging
techniques for the measurement of the translational dis-
placement of water molecules. The motion or diffusion
of water molecules was found to be much faster along the
white matter fibers than perpendicular to them. The dif-
ference between these two motions (termed ‘diffusion
anisotropy’) is the basis of DTI. DTI provides measures
of diffusivity (a measure of mean diffusivity, MD, a quan-
titative measure of the mean motion of water) and of
fractional anisotropy (FA), a measure of the directional-
ity of diffusion [13, 14]. In general, MD is thought to in-
crease with loss of neurons, axons and dendrites, while
FA isreduced by a change in tissue cytoarchitecture, like-
ly due to demyelination of axonal structures. Two studies
revealed that HPA axis tonus is associated with the hip-
pocampus and the major limbic fiber bundles by using
the DTT technique [15, 16]. These previous studies evalu-
ated specific brain regions, i.e. manually placed regions
of interest, and to our knowledge there have been few
studies that examined the possible association of cortisol
level or impaired feedback system of the HPA axis with
the whole brain configuration. Furthermore, no study
has examined the possible relationship between altered
HPA axis and morphology of the whole brain assessed by
the DTT technique.

206 Neuropsychobiology 2013;68:205-211
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In this study, we tried to elucidate which brain regions
are affected by the impaired negative feedback system in
the HPA axis in healthy women. HPA axis function was
assessed by using the DEX/CRH test. The brain structures
were measured by MRI and DTI, and the correlation be-
tween HPA axis activity and brain structures was exam-
ined voxel-wise.

Methods

Subjects

The subjects were 34 healthy female volunteers (mean age: 48.9
+ 10.7 years; range: 27-65 years), who underwent MRI scanning
and the DEX/CRH test; they were recruited from the community
vialocal magazine advertisements and our website announcement.
Participants were interviewed for enrollment using the Japanese
version of the Mini-International Neuropsychiatric Interview (17,
18] and an additional unstructured interview with the research
psychiatrists, and only those who demonstrated no history of psy-
chiatric illness or contact with psychiatric services were enrolled.
Participants were excluded if they had a prior medical history of
central nervous system disease, severe head injury or other condi-
tions which may affect brain morphology.

Written informed consent was obtained for participation in the
study from all subjects, and the study protocol was approved by the
ethics committee of the National Center of Neurology and Psy-
chiatry, Japan.

MRI Data Acquisition and Processing

MRI was performed on a Magnetom Symphony 1.5-tesla (Sie-
mens, Erlangen, Germany). High-spatial-resolution, 3-dimen-
sional (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/repetition time, TE/TR: 2.64/1,580 ms;
flip angle: 15°% effective slice thickness: 1.23 mmy; slab thickness:
177 mm; matrix: 208 x 256; field of view, FOV: 256 x 315 mm?
acquisitions: 1), yielding 144 contiguous slices through the head.
The raw 3D T1-weighted volume data were transferred to a work-
station, and structural images were normalized by DARTEL (Dif-
feomorphic Anatomical Registration through Exponentiated Lie
Algebra) analysis [19]. This technique, being more deformable,
notably improves the realignment of small inner structures [20].
Calculations and image matrix manipulations were performed by
using Statistical Parametric Mapping 8 (SPM8) software (Well-
come Department of Imaging Neuroscience, London, UK) run-
ning on Matlab R2007a (Math Works, Natick, Mass., USA). MRI
data were analyzed by using DARTEL implemented as a toolbox
for SPM8 to create a set of group-specific templates. The brain im-
ages were segmented, normalized and modulated by using these
templates. 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 a 10-mm full-width at half-maximum
Gaussian kernel.

DTI was performed in the axial plane (TE/TR: 106/11,200 ms;
matrix: 96 x 96; EOV: 240 x 240 mm?; 75 continuous transverse
slices; slice thickness: 2.5 mm, with no interslice gap) followed by
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Fig. 1. There were nominal trends between cortisol level at 16:00 h in the DEX/CRH test (a) and gray matter vol-
ume in the parahippocampal region and right precuneus (b). p < 0.01, uncorrected. Cluster level; k > 200.

MRI. To enhance the signal-to-noise ratio, acquisition was repeat-
ed 2 times. Diffusion was measured along 12 noncollinear direc-
tions using a diffusion-weighted factor b in each direction for 1,000
s/mm?, and one image was acquired without using any diffusion
gradient. The DTI examination took approximately 6 min. All dif-
fusion-weighted images were visually inspected for apparent arti-
facts due to subject motion and instrument malfunction. The DTI
data were then corrected for eddy current distortion, and the FA
and MD maps were calculated on a voxel-by-voxel basis, using the
Functional Magnetic Resonance Imaging of the Brain (FMRIB)
diffusion toolbox (FDT version 2.0), stored in the FSL (FMRIB
Software Library) 4.1 software package [21]. To estimate the rela-
tionships between brain morphology and plasma cortisol level af-
ter the DEX/CRH test, FA and MD images were normalized to the
‘FMRIB58_FA_lmm.nii’ image regarded as the anatomical stan-
dard image in FSL 4.1. Data were analyzed using SPM8. Each map
was then spatially smoothed with a 6-mm full-width at half-max-
imum Gaussian kernel in order to decrease spatial noise and com-
pensate for the inexactitude of normalization [22]. In addition to
DTI and 3D T1-weighted images, conventional axial T2-weighted
images (TE/TR: 95/3,500 ms; flip angle: 150°; slice thickness: 5 mm;
intersection gap: 1.75 mm; matrix: 448 x 512; FOV: 210 x 240
mm?; acquisitions: 1) and fluid attenuated inversion recovery im-
ages in the axial plane (TE/TR: 101/8,800 ms; flip angle: 150°; slice
thickness: 3 mm; intersection gap: 1.75 mm; matrix: 448 x 512;
FOV: 210 x 240 mm? acquisition: 1) were acquired to exclude
cerebrovascular disease. On conventional MRI, no abnormal find-
ings were detected in the brain, sella or parasellar areas in any sub-
ject.

We regarded gray matter volume plus white matter volume as
the whole brain volume. Gray and white matter volumes of indi-
viduals were extracted by the Easy Volume toolbox (http://www.
sbirc.ed.ac.uk/LCL/LCL_M1.html) [23] running on Matlab 7.0.

DEX/CRH Test

The DEX/CRH test was administered by a single examiner
(H.H.) according to a simple protocol [24], which was modified
from the original protocol of Heuser et al. [25]. This simple proto-
col was described in our previous reports [26, 27]. The subjects
took 1.5 mg of DEX (Banyu Pharmaceutical Corp., Tokyo, Japan)
orally at 23:00 h. Compliance was monitored at the time of blood
collection by asking them whether they had taken the tablet as di-
rected on the previous night. On the next day, they attended our
laboratory and sat on a comfortable couch in a calm room. A vein
was cannulated at 14:30 h to collect blood at 15:00 and 16:00 h via
an intravenous catheter. Human CRH (100 mg; hCRH ‘Mitsubi-

HPA Axis Hyperactivity and Cerebrum

Table 1, Cortisol levels of subjects in DEX/CRH test

15:00 h (CL-1)
16:00 h (CL-2)

Values are means + SD. CL = Cortisol level.

shi’; Mitsubishi Pharma Corp., Tokyo, Japan) was administered
intravenously at 15:00 h, immediately after the first blood collec-
tion. Blood samples were immediately centrifuged and stored at
-20°C. The plasma concentration of cortisol was measured by ra-
dioimmunoassay at SRL Inc. (Tokyo, Japan). The detection limit
for cortisol was 1.0 pg/dl. A cortisol value under the detection lim-
it was treated as 0 mg/dl. For cortisol, the intra-assay coefficients
of variation at 2.37, 13.02 and 36.73 mg/dl were 6.90, 4.94 and
5.78%, respectively. The interassay coefficients of variation at 2.55,

13.04 and 34.17 mg/dl were 8.91, 6.03 and 6.44%, respectively (SRL .

Inc.).

Statistical Analysis

Statistical analyses were performed using the SPM8 software.
Correlations of regional gray matter volume, FA and MD value
maps with plasma cortisol concentrations derived from the DEX/
CRH test were assessed using age and whole brain volume as nui-
sance variables in the study of gray matter volume, and age as a
nuisance variable in the study of DTI metrics. Only correlations
that met these criteria were deemed statistically significant. In this
case, a seed level of p < 0.001 (uncorrected) and a cluster level of
p < 0.05 (uncorrected) were used.

Results

Mean cortisol levels in the DEX/CRH test are shown
in table 1. There was no significant correlation of age with
cortisol levels at 15:00 h (CL-1) or those at 16:00 h (CL-2;
Pearson’s correlation coefficient of 0.15, p = 0.39, for CL-
1, and of 0.23, p = 0.20, for CL-2). CL-1 were under the
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Fig. 2. There was a negative correlation between cortisol level at 16:00 h in the DEX/CRH test (a) and FA values
in the right anterior cingulate, left parahippocampal region and right occipital region (b). p < 0.001, uncorrected.

Fig. 3. There was a positive correlation between cortisol level at 16:00 h in the DEX/CRH test (a) and MD values
in left hippocampus and bilateral parahippocampal regions (b). p < 0.001, uncorrected.

Table 2. Regions of statistically significant negative correlation be-
tween FA value and CL-2 using age as a nuisance variable

Table 3. Regions of statistically significant positive correlation be-
tween MD value and CL-2 using age as a nuisance variable

Clister. 7 seon
size

-4 left parahippocampal region

55 425 -26 -24
42 3.99 28 -70 10 right occipital region
40 391 14 44 -8 anterior cingulum

detection limit (1.0 pg/dl) in 24 out of 34 subjects, and
CL-1 had no significant correlation with brain morphol-
ogy (data not shown). As regards CL-2, i.e. cortisol levels
after the CRH challenge, only 1 subject had levels under
the detection limit. There were nominally significant neg-
ative correlations between CL-2 and gray matter volumes
in the right occipital and left parahippocampal regions
(fig. 1; seed level: p < 0.01; voxel size: >200, uncorrected),
but they did not reach statistical significance (p < 0.001).

There was a significantly negative correlation between
FA value and CL-2 in the right anterior cingulate, left

208 Neuropsychobiology 2013;68:205-211
DOI: 10.1159/000355298

left hippocampus

left parahippocampal region
right parahippocampal region
right parahippocampal region

202 389 -24 -20 -22
397 -28 -12 -8
120 3.96 20 -18 -8
3.92 26 -26 -4

parahippocampal region and right occipital region (fig. 2;
table 2). There were significantly positive correlations be-
tween MD value and CL-2 in the left hippocampus and
bilateral parahippocampal regions (fig. 3; table 3).

Discussion
We found that there were significant correlations

between cortisol levels 1 h after the CRH injection in
the DEX/CRH test and brain images in many regions
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throughout the brain such as the anterior cingulate,
hippocampus and the parahippocampal region. To our
knowledge, this is the first study that examined the asso-
ciation of HPA axis activity as measured by the DEX/
CRH test with brain morphology using a whole brain DTT
scan. Some previous studies examined the relationships
of cortisol level to the hippocampus [7, 15, 28-31], the
anterior cingulate [10, 15], the ventricle [32] and the tem-
poral region [9]; however, results were inconsistent. Some
studies showed negative correlations between hippocam-
pal volume and HPA axis activity [7, 31], but others did
not [9, 15, 28-30]. As for the temporal gyrus, one study
found a significantly negative correlation between its vol-
ume and HPA axis activity [9], but another study showed
no such correlation [7]. With respect to the cingulum,
one study reported a negative correlation between HPA
axis activity and volume of the anterior cingulate [10].
One study stated that there was no correlation between
HPA axis activity and volume of the ventricle [32]. Some
studies showed relationships between HPA axis activity
and left/right ratio of the DTI metrics in the hippocampus
and cingulum [15, 16]. On the other hand, there have
been a few studies that examined the possible association
of an impaired feedback system of the HPA axis with
whole brain configuration. One study examined the as-
sociation using the VBM method; however, no remark-
able findings were obtained [33]. Another study showed
a positive correlation between HPA axis activity and hip-
pocampal gray matter volume in healthy young adults
[34]. Although the results of Narita et al. [34] are contrary
to those of the abovementioned previous studies, the au-
thors excluded subjects who showed HPA axis hyperac-
tivity; therefore, whether there was an association be-
tween hyperactivity of the HPA axis and hippocampal at-
rophy is unknown.

We found that CL-2 in the DEX/CRH test correlated
with morphological changes in many brain areas. Corti-
sol has a variety of effects, including suppression of in-
flammation and immune reactions, as well as inhibition
of the secretion of several hormones and neuropeptides,
which may lead to disruption of synaptic plasticity, im-
pairing neurogenesis and causing atrophy of dendritic
processes and, in an extreme case, neuronal death [35-
37]. Regulation of HPA axis activity is thought to be de-
termined by genetic [38, 39] and environmental factors
such as intrauterine/early postnatal insults [40]. The
long-term cortisol hypersecretion regulated by the HPA
axis is therefore likely to influence brain morphology.
Cortisol is known to affect cellular glucose metabolism
and decrease glucose utilization in the brain, and a fluo-
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rodeoxyglucose positron emission tomography study
showed a generalized reduction in cerebral glucose me-
tabolism in all areas of the brain in patients with Cush-
ing’s disease [41]. A previous MRI volume study showed
that individuals with Cushing’s disease had diffuse cere-
bral atrophy [42]. Although almost all previous studies
[7, 10, 28-32] focused on specific brain regions rich in
glucocorticoid receptors, such as the hippocampus and
the anterior cingulate, it should be more informative to
examine a possible relation of cortisol level to regions
throughout the brain. Our results showed that HPA axis
activity was related to many areas of the brain. Among
them, we found positive correlations between MD in the
hippocampus and parahippocampi and CL-2, and a neg-
ative correlation was also observed between FA and CL-2
in the anterior cingulate and parahippocampus. The hip-
pocampus is not only a target for cortisol but is also in-
volved in the regulation of the HPA axis [2, 43]. Lesions
to the hippocampus are associated with an increased bas-
al cortisol level [44], and the hippocampus has been im-
plicated in regulating cortisol release during stress [45].
Thus, the hippocampal atrophy could be both a result of,
and a contributory cause of, the elevated basal cortisol
level. The anterior cingulate, which also modulates the
HPA axis [10], may not only be a target for cortisol but
also be involved in its regulation as well. The slight dis-
crepancy between the results of MD and FA may be due
to the fact that spatial normalization of subcortical white
matter is less effective, and the heterogeneous FA map
more than the relatively uniform MD map cannot be
normalized well [46, 47]. We found a significant associa-
tion between HPA axis activity and bilateral parahippo-
campal regions in MD, but not in FA, values. Since para-
hippocampal regions comprise fibers connecting hetero-
modally, there might be no intense anisotropy. For the
evaluation of brain microstructure in the regions where
some fiber tracts ran through, MD, i.e. the mean eigen-
value of each direction, is more suitable than FA, i.e. the
anisotropy along only the direction of the largest eigen-
value.

The findings reported here should be interpreted in
the context of a number of limitations. First, the sample
size was relatively small, which may have led to type Il er-
rors. Further work with larger sample sizes may elucidate
more brain regions associated with HPA axis activity.
Secondly, we included only healthy women, and the find-
ings cannot be generalized to men. Thirdly, we only made
a linear correlational analysis; thus, even if there were a
U-shaped relationship between the HPA axis and brain
morphology, such a relationship could not be detected.
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Our data suggest that an increased cortisol level after
the DEX/CRH test is related to morphological changes in
a variety of brain regions. Especially, local microstruc-
tural characteristics or neural connectivity estimated by
DTI in the hippocampus, the parahippocampal regions
and the cingulate cortices, i.e. regions in which glucocor-
ticoid receptors are abundantly distributed [48], were
suggested to be correlated with hyperactivity in the HPA

axis.
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In multiple system atrophy with predominant parkinsonism (MSA-P), several voxel-based morphometry
(VBM) studies have revealed gray matter loss; however, the white matter volume changes have been rarely
reported. We investigated the volume changes of white matter as well as gray matter by VBM. A retrospective
MRI study was performed in 20 patients with MSA-P and 30 age-matched healthy controls. We applied VBM
with statistical parametric mapping (SPM8) plus diffeomorphic anatomical registration through
exponentiated Lie algebra (DARTEL) to explore the regional atrophy of gray and white matter in all of the
MSA-P patients, 14 patients with left-side dominant and 6 patients with right-side dominant onset as com-
pared to controls. In all of the MSA-P patients, VBM revealed a significant volume reduction of gray matter
in the bilateral putamina, cerebellums and dorsal midbrain. White matter loss was located in bilateral globus
pallidi, external capsules extending to the midbrain, right subcortical to precentral area through internal cap-
sule, the pons, bilateral middle cerebellar peduncles and left cerebellum. In left-side dominant MSA-P pa-
tients, the gray and white matter volume loss was detected predominantly on the right side and vice versa
in right-side dominant MSA-P patients. A correlation with disease duration and severity was not detected.
VBM using SPM8 plus DARTEL detected significant volume loss not only in the gray but also in the white mat-

ter of the area affected by MSA-P.

© 2013 The Authors. Published by Elsevier Inc. All rights reserved.

1. Introduction

MSA is a sporadic, progressive, neurodegenerative disorder clinically
characterized by autonomic dysfunction, parkinsonism, cerebellar atax-
ia, and pyramidal signs (Quinn, 1989). MSA can be classified into two
subgroups, a cerebellar (MSA-C) and a parkinsonian (MSA-P) variant
(Gilman et al,, 2008). Neuropathologically, MSA is characterized by
selective neuronal loss and reactive gliosis predominantly affecting
the basal ganglia, substantia nigra, olivopontocerebellar pathways and
the intermediolateral cell column of the spinal cord (Papp and Lantos,
1994; Wenning et al, 1997). The histological hallmarks of MSA are

* This is an open-access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original author and source are credited.

* Corresponding author at: 4-1-1 Ogawahigashi, Kodaira, Tokyo 187-8551, Japan.
Tel.: +81 42 341 2712x2171; fax: +81 42 346 2229.
E-mail address: matsudah@ncnp.go.jp (H. Matsuda).

a-synuclein-positive glial cytoplasmic inclusions in the oligoden-
droglia, which are required for the diagnosis of definite MSA (Gilman
et al.,, 2008; Papp and Lantos, 1994; Wenning et al., 1997).

VBM is a method of statistically analyzing morphological changes in
the brain as measured by whole-brain MRI data (Ashburner and Friston,
2000). In the past few years, VBM has been used to study the patterns
of structural changes in the brain during brain development or in
neurodegenerative disorders (Bergfieid et al, 2010; Brenneis et al.,
2004; Burton et al., 2002). In MSA-P, VBM revealed gray matter loss
mainly in the striatum, the cerebral cortex including the motor area
and the cerebellar lobes (Brenneis et al,, 2003, 2007; Minnerop et al.,
2007; Tir et al.,, 2009; Tzarouchi et al., 2010). However, white matter
volume changes have been rarely reported, and the results were
inconsistent (Brenneis et al., 2003; Minnerop et al, 2007, 2010;
Tzarouchi et al,, 2010).

In the present study, we evaluated MR images of MSA-P patients
to examine the volume changes of white matter as well as gray
matter by using the latest VBM technique with SPM 8 plus DARTEL
(Matsuda et al., 2012).

2213-1582/$ - see front matter © 2013 The Authors. Published by Elsevier Inc. All rights reserved.
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2. Materials and methods
2.1. Participants

We retrospectively reviewed an electronic database of radiology
reports for 12,029 patients who underwent brain MRI examinations
at our institution between March 2007 and September 2010 and
searched for reports that indicated Parkinson's disease and related
disorders. After 127 patients were indicated by the radiological reports,
medical records revealed 23 patients who were diagnosed as possible or
probable MSA-P according to consensus criteria (Gilman et al.,, 2008).
Among 23 patients, three patients were excluded because of the pres-
ence of multiple lacunar infarctions in two patients and multiple
cavernous hemangiomas in one patient. All volumetric T1-weighted
images were visually inspected for apparent artifacts due to patient
motion or metallic dental prostheses. As a consequence, 20 patients
(7 men and 13 women; age range 48-77 years, mean age 62.9 +
7.7 years, disease duration 4.1 4 2.2 years) were enrolled as subjects
in this study. The patient data are given in Table 1. Among these
patients, 14 patients had left-side dominant (5 men and 9 women;
age range 53~77 years, mean age 64.1 -+ 6.4 years, disease duration
4.2 4+ 2.5 years) and 6 patients had right-side dominant onset symp-
toms (2 men and 4 women; age range 48-73 years, mean age 59.8 +
10.0 years, disease duration 3.7 4 1.2 years). As a measure of disease
severity, we adopted the following disease stages previously described:
stage 0 = no gait difficulties, stage 1 = disease onset, as defined by
onset of gait difficulties, stage 2 = loss of independent gait, as defined
by permanent use of a walking aid or reliance on a supporting arm,
stage 3 = confinement to wheelchair, as defined by permanent use of
a wheelchair (Klockgether et al., 1998).

Our local ethics committee did not require approval or patient
informed consent for the retrospective review. Thirty age-matched
control subjects (10 men and 20 women; age range 48-80 years, mean
age 64.7 & 7.7 years) were also involved as healthy control subjects.

Thirty age-matched healthy controls (10 men and 20 women; age
range 48-80 years, mean age 64.7 4 7.7 years) were also involved as
control subjects. None had a history of neurological or psychiatric
illness, and no abnormalities were observed on their brain structural
MRIs. Institutional review board approval and written informed
consent were obtained from the control subjects.

2.2. Image acquisition and analysis

All examinations were performed with a 1.5 T MR imaging system
(Symphony Vision; Siemens, Erlangen, Germany). MR protocol for

Table 1
Demographic characteristics of MSA-P patients and controls.
Characteristic MSA-P Controls
Age (y) 629 = 7.7 (48-77) 629 4 7.7 (48-80)
Sex 7 men, 13 women 10 men, 20
women
Diagnosis 16 probable MSA-P, 4 possible

MSA-P

the parkinsonian is as follows. High-resolution three-dimensional
(3D) T1-weighted images were acquired using magnetization-prepared
rapid acquisition of a gradient echo sequence (144 sagittal sections,
TR = 1600 ms, TE =26 ms, flip angle = 15°, voxel size =
12 % 1.2 % 1.2 mm?, FOV = 315 mm, matrix = 208 x 256, 1.2-mm
thickness with no gap). Axial T2-weighted images (TR = 3800 ms,
TE = 95 ms, flip angle = 150°, voxel size = 0.7 x 0.4 x 5.0 mm?,
FOV = 230 mm, matrix = 281 x 512, 5-mm thickness with 1.8-mm
gap) and coronal fluid attenuation inversion recovery images
(TR = 9000 ms, TE = 100 ms, flip angle = 170°, voxel size =
1.2 % 0.9 % 50 mm?, FOV 230 mm, matrix = 192 x 256, 5.0-mm thick-
ness with 1.8-mm gap) were also obtained.

Using the latest version of SPM8 (Wellcome Department of Imaging
Neuroscience, London, United Kingdom), we segmented the MRIs into
gray matter, white matter, and cerebrospinal fluid images by a unified
tissue-segmentation procedure after image-intensity nonuniformity
correction. These segmented gray and white matter images were then
spatially normalized to the customized template in the standardized
anatomic space by using DARTEL (Wellcome Department of Imaging
Neuroscience) (Ashburner, 2007). To preserve the gray and white
matter volumes within each voxel, we modulated the images using
the Jacobean determinants derived from the spatial normalization by
DARTEL and then smoothed them using an 8-mm FWHM Gaussian
kernel.

Morphological group differences for these smoothed gray and
white matter images between all of the MSA-P patients and the
controls were analyzed using a 2-sample t-test in SPM8. The same
analysis was performed between the 14 left-side dominant onset
MSA-P patients and the controls and between the 6 right-side domi-
nant onset MSA-P patients and the controls. Group comparisons by
SPM8 were assessed using the false discovery rate at a threshold of
p < .05, corrected for multiple comparisons.

Additionally, for the correlation analyses with disease duration
and disease stage, we used a muitiple regression analysis and an
uncorrected threshold of p < .001.

3. Results

In MSA-P patients, VBM revealed regions of gray matter loss bilat-
erally affecting the putamina, cerebellums, dorsal midbrain and left
inferior occipital gyrus (see Table 2, Fig. 1). Reduced white matter
volume was located in the bilateral globus pallidi and external
capsules extending to the midbrain (see Table 3, Fig. 2). On the
right side, it extended upward to the subcortical to precentral area
through the internal capsule. White matter loss in the pons, bilateral
middle cerebellar peduncles and left cerebellum was also detected. In
left-side dominant MSA-P patients, the putaminal gray matter was
decreased only on the right side (see Table 4, Fig. 3). The reduced
white matter was located in the right globus pallidus and external
capsule (see Table 5, Fig. 3). In right-side dominant MSA-P patients,
gray matter was reduced in the left putamen, bilateral cerebellums

Table 2 )
Clusters of gray matter loss (20 MSA-P vs. 30 controls).

Disease duration (y)
Stage 1

Stage 2

Stage 3

Cerebellar symptoms
Pyramidal signs
Urinary incontinence
Orthostatic

41 & 2.2 (2-10)

6

11

3

7 present, 13 absent
7 present, 13 absent
15 present, 5 absent
13 present, 7 absent

hypotension

Note: Unless otherwise indicated, data are means 4 standard deviations, with ranges
in parentheses. Stage 0 = no gait difficulties, stage 1 = disease onset, as defined by
onset of gait difficulties, stage 2 = loss of independent gait, as defined by permanent
use of a walking aid or reliance on a supporting arm, stage 3 = confinement to
wheelchair, as defined by permanent use of a wheelchair.

Region volume ~ Zscore  Talairach coordinates  Location of local
(mm?3) X, v.2) maxima
9680 446 40, —46, —36 Right cerebellar tonsil
3.79 36, —69, —15 Right cerebellum
3.55 24, —46, -13 Right cerebellum
8424 6.36 26,14,7 Right putamen
6960 431 —40, —54, —23 Left cerebellum
3.6 —28, —84, —9 Left inferior occipital gyrus
331 -20, —-75, —20 Left cerebellum
5712 6.05 ~26,8,7 Left putamen
3896 4.6 0, —34, —12 Dorsal midbrain

Voxel size 2 x 2 x 2 mm?>, Clusters of gray matter SPM analysis with FDR-corrected at
p < .05 are shown, The coordinates refer to the Talairach reference space.
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Fig. 1. Comparison of gray matter volume by VBM using SPM8 plus DARTEL among 20 patients with MSA-P and 30 control subjects. Significant atrophy is observed in the bilateral
putamina, cerebellums, dorsal midbrain and left inferior occipital gyrus in MSA-P patients compared to controls. Results are superimposed on the customized gray matter template

(FDR-corrected at p < .05).

and several cortical regions (see Table 6, Fig. 4). The reduced white
matter was located in the left globus pallidus, bilateral external
capsules, right frontal lobe, right parahippocampal area and right
cerebellum (see Table 7, Fig. 4). A correlation with disease duration
and severity was not detected.

Table 3
Clusters of white matter loss (20 MSA-P vs. 30 controls).

Region volume  Zscore Talairach coordinates  Location of local
(mm?) (% ¥.2) maxima
32,144 423 —12, —64, —34 Left cerebellum
4.12 —16, —27, —32 Left pons
4.07 —16, —38, —22 Left cerebellum
20,360 5.46 32,~10,2 Right external capsule
494 18,2, =5 Right lateral globus pallidus
3.35 36, —6, 32 Right sub-precentral area
10,272 5.04 —34,-8,4 Left external capsule
4.79 —-20,—-2, -5 Left lateral globus pallidus

Voxel size 2 x 2 x 2 mm?. Clusters of gray matter SPM analysis with FDR-corrected at
p < .05 are shown. The coordinates refer to the Talairach reference space.

4. Discussion

To our knowledge, this is the first study to focus on the white
matter volume loss in MSA-P patients as determined by VBM using
SPM8 plus DARTEL. This analysis showed white matter atrophy
in the globus pallidi and external capsules bilaterally extending to
the midbrain. The white matter atrophy also spreads upward to the
subcortical to right premotor area. These areas correspond to the
regions connecting the pathologically affected structures. Such find-
ings, which seemed to reflect the degeneration of the motor pathway,
have never been presented in previous VBM studies. We believe that
the evaluation of white matter as well as deep gray matter has signif-
icantly improved owing to this new software.

Neuropathological studies have shown neuronal loss and reactive
gliosis in the putamen, caudate nucleus, external pallidum, substantia
nigra, locus coeruleus, inferior olives, pontine nuclei, cerebellar lobes
and intermediolateral cell columns of the spinal cord in MSA-P
(Wenning et al., 1997). Most severe neuronal loss was found in the lat-
eral part of the substantia nigra and dorsolateral putamen (Jellinger et
al., 2005; Ozawa et al,, 2004; Wenning et al., 2002). The previous VBM
studies have reported gray matter loss in the putamen, caudate nucleus,
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Fig. 2. Comparison of white matter volume by VBM using SPM8 plus DARTEL among 20 patients with MSA-P and 30 control subjects. Significant atrophy is observed in the bilateral
globus pallidi and external capsules extending to the midbrain. On the right side, the atrophy extends upward to the subcortical to precentral area through the internal capsule.
White matter atrophy in the pons, bilateral middle cerebellar peduncles and left cerebellum is also detected. Results are superimposed on the customized white matter template

(FDR-corrected at p < .05).

Table 4
Clusters of gray matter loss (14 left-side dominant onset MSA-P vs. 30 controls).

Region volume z Talairach coordinates (x,y, Location of local
(mm?) score  z) maxima
6864 638  26,14,5 Right putamen

Voxel size 2 x 2 x 2 mm?, Clusters of gray matter SPM analysis with FDR-corrected at
p < .05 are shown. The coordinates refer to the Talairach reference space.

cerebellar vermis and lobes, dorsal midbrain, and several cortical re-
gions including the insular cortex and motor area (Brenneis et al,
2003, 2007; Chang et al., 2009; Minnerop et al,, 2007, 2010; Tir et al,,
2009; Tzarouchi et al,, 2010). The significant putaminal loss detected
in our study confirmed the findings of previous region of interest
based morphometric and VBM studies (Brenneis et al., 2003, 2007;
Minnerop et al., 2007; Schulz et al.,, 1999; Tzarouchi et al., 2010). Our

VBM results also agree with the pathological features (Jellinger et al.,
2005; Ozawa et al,, 2004; Wenning et al., 1997, 2002).

Though some previous VBM studies have detected the atrophy of
the caudate nucleus (Brenneis et al, 2003; Chang et al., 2009;
Tzarouchi et al., 2010), our study did not detect volume loss in the
caudate nucleus. Pathologically, the caudate nucleus is less involved
than the putamen and tends to be relatively preserved in the early
stage of MSA-P (Ozawa et al,, 2004; Wenning et al., 2002). (Chang
et al,, 2009) reported that the caudate nucleus had significant atrophy
compared to the putamen, a finding that is inconsistent with patho-
logical features mentioned above. It is possible that the localization
of deep gray matter at the periventricular space made it difficult to
segment the MRIs in older versions of SPM. The recent report of
Messina et al. (2011) supported our finding of no significant volume
loss in the caudate nucleus as measured automatically by FreeSurfer.

Gray matter volume loss in the olivopontocerebellar system can
also be seen in MSA-P, although the degree of involvement is lower

Fig. 3. Comparison of gray and white matter volumes by VBM using SPM8 plus DARTEL among 14 patients with left-side dominant onset MSA-P and 30 control subjects. Significant
gray matter atrophy which is shown in a yellow color is observed only on the right side of the putamen (FDR-corrected at p < .05). Significant white matter atrophy which is shown
in a red color is observed only on the right side of the globus pallidus and external capsule (FDR-corrected at p < .05).
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