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Fig. 1. Sequence and time course of the EEG/PET/task protocol.

and referenced to linked earlobe electrodes was used to record
the glossokinetic potential. Impedance was kept below 5 kQ.
EEG and EMG signals were amplified and filtered by bandpass
of 1-50 Hz and 10-50 Hz, respectively, and both were digitized
at 250 Hz (Neuroscan, Neuroscan Inc. Herndon, VA). EEG and
EMG signals during both conditions were segmented into non-
overlapping and artifact-free epochs of 1024 ms which allowed
a 1-Hz frequency resolution after Fourier transformation. Epochs
with unwanted muscle activity were excluded from the analysis.
Power spectra were computed by a fast Fourier transform
algorithm implemented on the Neuroscan software. Based on
the previous studies (Andres ct al, 1999; Mima et al., 2000),
the power spectra were grouped into four different frequency
bands, 8~12 Hz (alpha), 13-20 Hz (betal), 21-30 Hz (beta2),
and 31-50 Hz (gamma). Since the high and low alpha band
rhythms (Klimesch, 1999) behaved quite similarly in our
experiment using the simple tasks, we analyzed the whole
alpha band as one group. Although the gamma band activity is
of special importance for cognition (Rodriguez et al, 1999;
Tallon-Baudry and Bertrand, 1999), we did not analyze the
gamma band activity because of the environmental electromag-
netic noise in the PET scanning room and the possible conta-
mination of EMG. In addition to the 60 Hz noise, the possible
contamination of the muscle activity to the occipital electrodes
because of the increased neck muscle tone was inevitable due to
the tight head fixation for the PET scanning in a few subjects.
The local EEG power was calculated by the averaging the EEG
powers at 2 electrodes (FC3/C3, FC4/C4, and 01/02) that were
obtained during the PET procedure (60 s). A logarithmic trans-
formation was applied to normalize the power (Halliday et al,,
1995).

PET acquisition

H,'%0 PET scans were obtained in 3D mode using a GE
Advance PET tomograph (GE Medical System, Milwaukee, WI)
with an axial field of view of 15.3 cm. The task performance
began 30 s before bolus infusion of 10 mCi of H,'*0 (half life
2.1 min) via a catheter in the left cubital vein. Scanning was
started when a rising brain radioactivity count was first detected
(20-30 s) after injecting the radio-isotope. Scanning continued
for 60 s thereafter. Inter-scan interval was 10 min. A trans-
mission scan obtained prior to each session was used to correct
for attenuation. Head movement was minimized by using a
thermoplastic mask that was molded to each subject’s head and
attached to the scanner bed. Each subject underwent 10

consecutive PET scans (2 scans for each task). The sequence
and time course of the PET/EEG/task protocol are shown in
Fig. 1.

Data analysis

The attenuation-corrected emission scans were reconstructed
into 35 trans-axial planes, 4.25 mm apart, with an in-plane center
resolution of 6.5 mm full width at half-maximum (FWHM) in
each direction. Scans from each subject were realigned to correct
the head motion during the study then normalized to a standard
bicommissural stereotactic space (using Montreal Neurological
Institute template) and smoothed with an isotropic Gaussian filter
of 12 mm using SPM2 (Wellcome Department of Cognitive
Neurology, London, UK) implemented in Matlab (Friston ¢t al..
1990, 1991, 1995). After correction for variations in global blood

- flow (normalized to 50 ml/100 g/min) using analysis of cova-
riance (ANCOVA), the multi-subject, covariate only design
matrix was specified and the subjects with logarithmic EEG
power during each task as a covariate were estimated according
to the general linear model at each and every voxel, assuming a
linear relationship between rCBF and the covariate. Both positive
and negative correlations at each voxel were estimated for the
occipital, left sensorimotor, and right sensorimotor EEG power.
Therefore, the EEG bands of alpha, betal, and beta2 were
adopted in the right and left sensorimotor and occipital regions
and a total of 9 covariates were included in separate design
matrices. The occipital EEG power was also considered in both
sensorimotor EEG power analyses as a nuisance factor because
the occipital alpha and beta EEG could have an influence on the
sensorimotor EEG.

The resulting whole brain statistical parametric maps of
t-statistic (SPM(¢)) had a final spatial resolution of 12.6x13.7x
15.0mm FWHM. The SPM(f) map was transformed into units of
normal distribution (SPM(z)), where the significance of each
region was estimated with a threshold of uncorrected p<0.001.
This uncorrected threshold is commonly used in SPM (Benoit et
al., 2002: Salmon et al., 2000; StalT ct al., 2000). Because of a
large number of statistical comparisons in this voxel-by-voxel
analysis, the Bonferroni correction was done to eliminate the
probability of a type-I error. Because the Bonferroni correction is
the most conservative correction for multiple comparisons and
might result in a type-II error, statistical parametric maps that
survived a threshold of p<0.001 uncorrected for multiple
comparisons were also shown. A higher threshold presented by
a corrected p<0.05 at cluster levels was also applied in order to
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exclude the clusters that have any probability of being randomly
produced (Bench et al.. 1992; Salmon ct al.. 2000; Sialf et al..
2000). The SPM coordinates for standard brain from Montreal
Neurological Institute were converted to Talairach coordinates
(Talairach and Tournoux. 1988) by a non-linear transform method
(see http://www.mre-cbu.cam.ac.uk/Imaging‘Common/mnispace.
shiml).

Results

The mean movement frequencies during the tasks (task 3, 4
and 5) were 1.3+£0.3 Hz in RH, 1.2+0.2 Hz in LH and 1.3+
0.3 Hz in RF (no significant differences). The mean EEG alpha
frequencies were 9.8+£0.9 Hz in the occipital area, 10.8%
2.1 Hz in the left sensorimotor area and 11.0+1.5 Hz in the
right sensorimotor area (no significant differences). The loga-
rithmic regional EEG band power is shown in Fig. 2.

Brain regions correlated with the occipital EEG power

A significant negative correlation between the occipital alpha
power and rCBF was found in the bilateral occipital cortices
including the primary and association visual cortex (Fig. 3A,
Table 1A). Similarly a negative correlation between the occipital
betal power and rCBF was found in the bilateral occipital
cortices (Fig. 3B, Table 1A). A significant negative correlation
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between the occipital beta2 power and rCBF was found in the
posterior part of the right middle temporal gyrus (Fig. 3C, Table
tA). A significant positive cormrelation between the occipital
alpha power and rCBF was found in both lateral and medial
prefrontal cortices and basal forebrain mainly on the left. The left
superior temporal gyrus also showed a positive correlation (Fic.
3A, Table I1B). A significant positive correlation between the
occipital betal power and rCBF was also found in both lateral
and medial prefrontal cortices and the left superior temporal
gyrus (Fig. 3B, Table 1B). No significant positive correlation was
found between the occipital beta2 power and rCBF was found
(Fig. 3C, Table IB).

Brain regions correlated with the left sensorimotor EEG power

A significant negative correlation between the left sensori-
motor alpha power and rCBF was found in the left pre- and
posteentral gyrus and the left inferior parietal lobule (Fig. 4A,
Table 2A). A significant negative correlation between the left
sensorimotor betal power and rCBF was also found in the left
pre- and postcentral gyrus (Fig. 4B, Table 2A). A significant
negative correlation between the left sensorimotor beta2 power
and rCBF was found in the left postcentral gyrus and inferior
parietal lobule (Fig. 4C, Table 2A). No significant positive
correlation between the left sensorimotor EEG power and rCBF
was found (Figs. 4A-C, Table 2B).
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Fig. 2. Plot (mean values +standard deviation) of absolute regional EEG band power. EC, eyes closed; EOQ, eyes open; LH, left thumb movement; RH, right

thumb movement; RF, right foot movement.
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Fig. 3. Statistical parametric maps of positive (yellow-red) and negative (aqua-blue) correlation between rCBF and occipital EEG alpha, betal and beta2 power
during each task, superimposed on surface-rendered MRI. Areas that survived a statistical threshold of p<0.001 uncorrected for multiple comparisons are
shown. A significant negative correlation between the occipital alpha and betal power and rCBF was found in the bilateral occipital cortices. A significant

positive correlation between the occipital alpha and betal power and rCBF was also found in both lateral and medial prefrontal cortices.

Brain regions correlated with the right sensorimotor EEG power

A significant negative correlation between the right sensorimotor
alpha power and rCBF was found in the right postcentral gyrus and
inferior parietal lobule (Fig. 5A, Table 3A). A significant negative

correlation between each of the right sensorimotor betal and beta2

power and rCBF was also found in the right postcentral gyrus and

inferior parietal lobule (Figs. 5B-C, Table 3A). A significant
positive correlation between the right sensorimotor alpha power and
rCBF was found in the left middle frontal gyrus (Fig. 5A, Tablc 3B).

Table 1 .

Brain regions (A) negatively and (B) positively correlated with the occipital EEG power

EEG band Region BA Coordinate Talairach space Cluster-level kE z

corrected P
x y z

(4) Negative correlation

Alpha Rt lingual gyrus (GL) 19 20 -78 -1 0.000 9807 5.49
Rt cuneus 18 10 -101 9 5.35
Lt lingual gyrus (GL) 18 -8 -80 -13 5.29
Lt fusiform gyrus (GF) 19 -22 -53 -1 0.003 456 5.10

Betal Rt lingual gyrus (GL) 19 20 -1 -1 0.000 9278 5.33
Lt lingual gyrus (GL) 18 -8 -80 -13 5.16
Rt cuneus 18 10 -101 9 5.12
Lt fusiform gyrus (GF) 19 -24 -53 -12 0.006 398 4.99

Beta2 Rt middle temporal gyrus (GTm) 37 50 -62 3 0.011 358 4.10

(B) Positive correlation

Alpha Lt anterior cingulate 32 -8 44 -9 0.000 6018 5.27
Lt superior temporal gyrus (GTs) 38 -49 22 -18 0.000 882 4.60
Lt precentral gyrus (GPrC) 9 -38 13 34 0.025 289 434
Lt middle frontal gyrus (GFm) 8 -46 10 42 3.62
Rt middle frontal gyrus (GFm) 8 30 31 43 0.006 399 4.23

Betal Rt anterior cingulate 32 12 29 -6 0.000 5714 5.30
Lt anterior cingulats 32 -8 44 -7 5.16
Lt superior tempora! gyrus (GTs) 38 -49 22 -18 0.000 703 4.39
Rt middle frontal gyrus (GFm) 8 32 3 41 0.002 507 4.20
Rt superior frontal gyrus (GFs) 8 40 20 51 3.65

Beta2 No suprathrethold clusters :

Clusters that survived a statistical threshold of p<0.05 cormrected for multiple comparisons are shown.
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Fig. 4. Statistical parametric maps of positive (yellow-red) and negative (aqua-blue) correlation between rCBF and left sensorimotor EEG alpha, betal and beta2
power during each task, superimposed on surface-rendered MRI. Areas that survived a statistical threshold of p<0.001 uncorrected for multiple comparisons are
shown. A significant negative correlation between the left sensorimotor alpha and betal power and rCBF was found in the left pre- and postcentral gyrus. A
significant negative correlation between the left sensorimotor beta2 power and rCBF was found in the left postcentral gyrus.

A significant positive correlation between the right sensorimotor
betal power and rCBF was found in the left lateral prefrontal cortex
and the left superior occipital gyrus (Fig. 5B, Table 3B). No
significant positive correlation was found between the right
sensorimotor beta2 power and rCBF was found (Fig. 5C, Tablc 3B).

Discussion
This is the first report of quantitative evaluation of the correlation

between rCBF changes and regional EEG powers. Significant
negative correlations between the occipital EEG power within the

Table 2

alpha and lower beta bands and the occipital rCBF were observed.
There were also significant negative correlations between the left
and right sensorimotor EEG power within the alpha and beta ranges
and the ipsilateral sensorimotor rCBF, respectively. These findings
suggest that decrease in the regional EEG rhythm at around 10—
20 Hz might represent the neuronal activation of the cortex
underlying the electrodes, at least for the visual and sensorimotor
areas. Since the animal experiments suggested that low amplitude
desynchronized EEG is associated with the increased excitability in
thalamocortical system (Steriade and Llinas, 1988), it is possible that
the decrease of human scalp-recorded EEG power reflects cortical
activation (Pfurtscheller, 1992).

Brain regions (A) negatively and (B) positively correlated with the left sensorimotor EEG power

EEG band ‘Region BA Coordinate Talairach space Cluster-level kE z
corrected P
x y z

(A) Negative correlation

Alpha Lt precentral gyrus (GPrC) 4 -32 -25 51 0.000 1550 5.19
Lt postcentral gyrus (GPoC) 3 -38 -19 47 ' 5.06
Lt inferior parietal lobule (LPi) 40 -40 -31 35 3.70

Betal Lt precentral gyrus (GPrC) 4 -30 -25 49 0.000 1396 4.96

. Lt postcentral gyrus (GPoC) 3 -38 -~19 47 4.79

Beta2 Lt postcentral gyrus (GPoC) 2 -51 -21 45 0.000 964 4.58
Lt inferior parietal lobule (LPi) 40 -42 -27 42 3.95
Lt postcentral gyrus (GPoC) 40 -6l -22 18 3.52

(B) Positive correlation

Alpha’ No suprathrethold clusters

Betal No suprathrethold clusters

Beta2 No suprathrethold clusters

Clusters that survived a statistical threshold of p<0.05 corrected for multiple comparisons are shown.
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Fig. 5. Statistical parametric maps of positive (yellow-red) and negative (aqua-blue) correlation between rCBF and right sensorimotor EEG alpha, betal and
beta2 power during each task, superimposed on surface-rendered MRI. Areas that survived a statistical threshold of p<0.001 uncorrected for multiple
comparisons are shown. A significant negative correlation between the right sensorimotor alpha, betal and beta2 power and rCBF was found in the right
postcentral gyrus. A significant positive correlation between the right sensorimotor alpha and betal power and rCBF was found in the left middle frontal gyrus.

The occipital EEG power showed a positive correlation espe-
cially with the rCBF of the prefrontal cortex and the right
sensorimotor EEG power showed a positive correlation with the
rCBF of the left prefrontal cortex. These results suggest that the
neural network including the prefrontal cortex especially on the left
could play an important role to generate the EEG rhythm in both
occipital and sensorimotor cortices.

Negative correlations of rCBF with the sensorimotor mu rhythm

By investigating the linear relationship between the sensor-
imotor alpha power and rCBF, we showed that the left and right mu

rhythms have a significant negative correlation with the ipsilateral
sensorimotor cortical activation. Because differences in source
localization, frequency, power, and functional responsiveness
suggest independent sources for mu and occipital alpha rhythms
(Pineda, 2005), we performed the rCBF correlation analysis using
SPM by setting the occipital alpha power as a statistical nuisance
value to evaluate the purely sensorimotor mu rhythm, although the
general linear model might not properly eliminate the “nuisance”
effect. In addition, we evaluated multiple motor tasks in the present
study to minimize a task-specific effect on rCBF change.
Although overlapping each other in the frequency range, the
sensorimotor mu and occipital alpha band rhythms rather reflect

Table 3

Brain regions (A) negatively and (B) positively correlated with the right sensorimotor EEG power

EEG band Region BA Coordinate Talairach space Cluster-level kE z

corrected P
x y z

(A) Negative correlation

Alpha Rt inferior parietal lobule (LPi) 40 40 -33 44 0.034 266 4.23
Rt postcentral gyrus (GPoC) 3 36 -23 47 3.37

Betal Rt inferior parietal lobule (LPi) 40 42 -35 4 0.001 529 444
Rt postcentral gyrus (GPoC) 3 36 -23 47 3.72

Beta2 Rt inferior parietal lobule (LPi) 40 46 ~34 57 0.001 570 433
Rt postcentral gyrus (GPoC) 40 4 =27 47 3.85
Rt postcentral gyrus (GPoC) 3 53 -23 38 3.56

(B) Positive correlation

Alpha Lt middle frontal gyrus (GFm) 10 -32 49 -1 0.037 261 448

Betal Lt middle frontal gyrus (GFm) 10 -30 47 -2 0.048 242 428
Lt inferior frontal gyrus (GFi) 10 -36 45 5 3.76
Lt middle frontat gyrus (GFm) 1 -4 40 -9 3.33
Lt superior occipital gyrus (GOs) 19 -32 -76 24 0.021 300 427

Beta2 No suprathrethold clusters

Clusters that survived a statistical threshold of p<0.05 corrected for multiple comparisons are shown.
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two distinct physiological phenomena, which was also supported
by the present results (Vanni et al., 1999). It has been reported that
self-paced hand movement can induce a contralateral localized mu
thythm ERD and an occipital localized alpha band rhythm ERS at
the same time (Pfurtscheller and Lopes da Silva, 1999). In direct
recordings from cat visual and somatosensory cortices while both
alpha and mu rhythms occurred under similar behavioral condi-
tions, their bursts were independent and had low coherence
(Rougeul-Buser and Buser. 1997).

In human scalp EEG, the main peak frequency of the mu
rhythm is within the alpha band, which mainly covers a frequency
range between 7 and 14 Hz with a mean frequency around 10 Hz
or even slightly below (Pfurtscheller et al., 2000). However, its
distribution is over the bilateral hand SM1, and its power is
particularly sensitive to the motor tasks. The blocking of mu
rhythm caused by movements of the body part is specific to
somatic representation areas of the cortex (Arroyo et al., 1993).
The time course of the mu rhythm amplitude shows a specific
biphasic pattern, which is known as ERS/ERD (Pfurtscheller,
1977: Plurtscheller and Lopes da Silva, 1999). Consequently, the
10-Hz mu rhythm increase might reflect a resting state or even
inhibition in the sensorimotor system (Pfurischeller, 1992:
Salmelin and Hari. 1994), Our findings are in accord with the
‘idling’ rhythm hypothesis of the mu rhythm (Kuhiman, 1978).
Moreover, the power suppression of the mu rhythm produced by a
motor task (Crone ct al.. 1998: Gerloff et al.. 1998&: Plurtscheller
and Berghold, 1989; Toma ct al., 2002; Toro et al.. 1994) may
reflect cortical activation at SM1 in a parametric way.

Although the limited spatial resolution of the rCBF measure-
ment using PET cannot allow us to precisely differentiate S1 and
M1, the parietal cortex including the postcentral gyrus and inferior
parietal lobule showed a greater negative correlation than the
frontal cortex including the precentral gyrus in this study. The
previous PET study using a simple repetitive finger movement task
also showed activation of both S1 and M1 (Mima ct al.. 1999). The
activation of S! may be due to the somatosensory afferent
feedback from the periphery or the motor efferent copy conveyed
from MI. It is also possible that the activity of Sl is related to
preparation for motor action because some studies showed
attenuation of the postcentral mu rhythm prior to voluntary
movements (Nagamine ¢t al., 1996: Ohara ct al.. 2000; Salmelin et
al.. 1995). Based on the recent results showing a specific motor
deficit in movement initiation after an inferior parietal lobule lesion
(Mattingley et al.. 199%), the inferior parietal lobule has been
suggested as a candidate area for higher-order motor function.
Since coherent cell assemblies over at least several square
centimeters are necessary (Cooper et al.. 1963; Lopes da Silva,
1991) for the generation of the scalp-recorded EEG rhythmicity,
both M1 and the parietal cortex are likely to be associated with the
‘idling’ of the mu rhythm.

Negative correlations of rCBF with the sensorimotor beta band
rhythm

In this study, the activated areas that were negatively correlated
with the sensorimotor alpha, betal and beta2 power showed similar
cortical distributions. It has been well accepted that the beta band
rhythm at SM1 might play an important role in motor control.
Cortico-muscular coherence studies suggested that the central beta
band rhythm may convey the motor command from M1 to the
motor units (Conway et al., 1995; Mima ct al., 2000; Salenius et

al., 1996). It has also been reported that the somatosensory beta
band rhythms around 18 Hz in monkeys distribute over the SI hand
area and the posterior parietal cortex and are blocked by the
smallest body movement (Rougeul ct al., 1979). Beta desynchro-
nization during voluntary hand movement occurred in parallel with
the mu ERD in the alpha band (Pfurtscheller, 1981).

Electrocorticogram and magnetoencephalography studies sug-
gested that the 10 Hz rhythm could appear to arise from the
somatosensory cortex, whereas the 20 Hz rhythm could arise
predominantly from the precentral gyrus (Hari and Salmelin, 1997:
Pfurtscheller. 1992; Salmelin et al.. 1995; Salmelin and lari.
1994). However, this topographic distribution is still controversial
because electrocorticogram studies showed no consistent differ-
ence in distribution between the 10 Hz rhythm and the 20 Hz
rhythm (Crone ct al., 1998; Ohara ct al., 2000). The rCBF changes
in our study did not reveal this anterior—posterior tendency.
However, this might be due to the limited spatial resolution of the
PET methodology.

Negative correlations of rCBF with the occipital rhythm

The thalamocortical and corticocortical systems are supposed to
interact in the generation of cortical alpha band rhythms (Stcriade
ctal.. 1990). In this study, the occipital alpha EEG had a significant
negative correlation with the bilateral occipital rCBF, which
extended broadly from the primary to association cortex. The result
is in accordance with the previous reports (Leuchter ct al.. 1999:
Sadato et al., 1998). Extensive involvement of the primary and
association visual cortex is consistent with the finding that the
alpha band rhythm can be suppressed not only by opening of the
eyes but also by visual imagery, which suggests that the
suppression of alpha band rhythm can be associated with higher
visual processing (Hari and Salmelin, 1997).

Although previous studies revealed that the rCBF change
(Larson et al., 1998; Sadato ct al., 1998) or the glucose metabolic
change (Schreckenberger et al.. 2004) in the thalamus correlates
with the global alpha power, our result showed no significant
correlation between the regional occipital alpha EEG and the
activation of thalamus. Therefore, it is possible that the generator
mechanism of the whole brain alpha band rhythm and regional
(occipital) alpha band rhythm might be different and that the
thalamus is related to the production of the former but not so much
for the latter. Electrophysiological evidence from isolated cerebral
cortex determined that cortical circuits were capable of generating
alpha band rhythms quite independently of thalamic influences
(Kristiansen and Courtois, 1949). In addition, it has been reported
that the corticocortical alpha coherence values were higher than
any thalamocortical coherence (da Silva et al., 1973 Lopes du
Silva et al.. 1980) and relatively independent of thalamic influences
(Lopes da Silva et al., 1980).

In this study, a similar correlation with rCBF was observed for
the occipital alpha and betal power. When a subject concentrates
on a particular modality, the EEG activity in the alpha and/or lower
beta band specifically decreases in the corresponding brain region
(Neuper and Pturtscheller, 2001). Therefore, our result suggests
that the same neurophysiological mechanism as the occipital alpha
band rhythm could be associated with the occipital betal band
rhythm generation. However, the similar cormelation might be
caused by a harmonic of the alpha activity because alpha activity is
often not sinusoidal and it is very difficult to differentiate such a
harmonic from beta band rhythms.
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Positive correlations of rCBF with the sensorimotor and occipital
rhythm

A significant positive correlation was found between the right
sensorimotor alpha power and the rCBF of the left middle prefrontal
gyrus, which extended to the dorsolateral prefrontal cortex (BA 9/
46) (Ramnani and Owen, 2004). The sensorimotor mu rhythm is
associated with motor behavior (Pfurtscheller et al., 1996). Although
no direct connections have been reported between the dorsolateral
prefrontal cortex and SM1, the dorsolateral prefrontal cortex sends
the strongest projections to the premotor system in the macaque
monkey brain (Lu ¢t al., 1994). The premotor area could influence
motor control (Tokuno and Nambu, 2000) via its dense corticocor-
tical projections to M1 (Dum and Strick, 2002; Shimazu et al.,
2004). Our result suggests that the corticocortical network between
the prefrontal cortex and the SM1 via the premotor cortex might be
associated with the generation of the sensorimotor mu rhythm,
especially on the right. On the other hand, the left sensorimotor EEG
power did not show any significant positive correlations. The EEG
study using an independent component analysis suggested inde-
pendent mu sources in the two hemispheres (Makeig et al., 2002).
Therefore, the asymmetric results in our study might explain the
independent generation of the sensorimotor mu rhythm in the two
hemispheres. However, further researches would be necessary to
elucidate the exact role of left middle frontal gyrus for the generation
of mu rhythm.

A significant positive correlation between the right sensorimotor
betal power and rCBF was found in the left lateral prefrontal cortex
which is similar to the right sensorimotor mu power. Our result
suggests that the corticocortical network including the prefrontal
cortex and SM1 could be associated with the generation of the
sensorimotor betal band rhythm as well as the mu rhythm in the
alpha band. In a previous study (Nakamura et al., 1999), the rCBF in
the left lateral prefrontal cortex was demonstrated to be positively
correlated with the global beta power. Beta activity has recently been
ascribed to the general role of an ‘attention-carrier’ (Wrobel, 2000)
and associated with behavioral arousal and attentional processes
(Nofzinger ct al.. 2000). States of attention and motor preparation
were suggested to be particularly associated with increased levels of
beta activity in the cat (Bouyer ¢t al.. 1981) and the monkey motor
cortex (Rougeul ct al., 1979) in local field potential studies. These
reports suggest that focused attention for the motor preparation
might be associated with the sensorimotor betal band rhythm and
the prefrontal cortex (Steriade, 1993),

A significant positive correlation between the occipital alpha
power and rCBF was found in both lateral and medial prefrontal
cortices and basal forebrain mainly on the left, which is consistent
with the previous study (Sadato et al., 1998) that showed a positive
comrelation between the alpha power and the rCBF in the limbic
system including basal prefrontal cortex. A similar positive
correlation was also found between the occipital betal power and
rCBF. The orbitofrontal cortices are associated with social-affective
and motivational aspects of frontal lobe function (Rolls. 2004).
Anatomically, the orbitofrontal cortices have widespread connec-
tions with a distributed ascending activating system including the
pontine reticular formation, basal forebrain, amygdala, hippocam-
pus, temporal pole, insula, cingulate cortex and parahippocampal
gyrus (Morecralt et al., 1992), placing them in a position to integrate
limbic—paralimbic afferents with those coming from higher order
association cortex and subsequently influence motivational, emo-
tional and arousal systems in the brain (Nofzinger et al., 2000). The

positive correlation between the occipital alpha and betal power and
neuronal activities in the limbic system including anterior cingulate
cortex and orbitofrontal cortex may provide a neuroanatomical basis
for studies of the relationship between emotional state and occipital
alpha and betal band rhythm. The global alpha band rhythms have
also been explored as a possible indicator of emotional states
(Drennen and O’Reilly. 1986) and increased attention has been
focused on the association of local alpha oscillations, including the
occipital alpha oscillations, with cognitive operations (Klimesch.
1996. 1997). An interaction between anterior and posterior cortical
circuits in the generation of human alpha rhythms has been
supported by EEG coherence studies (Cantero et al., 1999, 2000:
Srinivasan, 1999; Thaicher et al., 1986). This functional relationship
could be anatomically supported by the superior longitudinal
fasciculus traveling parallel to the midline (Cantcro et al.. 2002).

These findings suggest that the neural network for generating
the EEG rhythm in both occipital and sensorimotor cortices might
be similar and nonspecific. Studies using the frontal midline
(mental) theta activities suggest that the prefrontal cortex including
the anterior cingulate cortex might work as a generator of the state
of internalized attention, which means manipulation of one’s
attentional focus during meditation (Aftanas and Golochcikine.
2001: Ishii et al.. 1999; Sasaki et al., 1996). Thus, it is likely that
the apparent positive correlation between the prefrontal activation
and the increased idling rhythm at the sensorimotor or visual cortex
can be due to the state of internalized attention facilitated by the
rest condition with eyes closed.

EEG and PET methodology

Although the H,'0 tracer has much shorter time frame than the
18-fluoro-deoxyglucose tracer (2030 min) and the results of H,'*0
PET examinations directly depend on the acute cerebral state of
activation during tracer injection (Schreckenberger et al.. 2004), it is
also true that the simultaneous PET and EEG recordings reflect EEG
signals and cerebral blood flow changes which were temporally
averaged over the span of 60 s. This diminished time resolution may
be one of the limitations of the inter-modality correlation. However,
it is likely that the EEG power should be stable during the PET scan
time in the present study because we applied the simple repetitive
movement tasks, in which the estimation of the task-related power
change of the EEG was found to be useful (Andrcs ct al., 1999:
Gerloff et al.. 1998: Toma ct al., 2002).

Various types of EEG reference techniques may have different
advantages and disadvantages for the EEG power estimation (Nunc
ctal., 1997). In the present study, we used the digitally linked earlobe
reference. It is possible that the earlobe reference signal may contain
the task-related EEG activity. However, none of our EEG electrodes
(C3, C4, FC3, FC4, O1, O2) was located closer than ~6 cm to the
reference electrodes, which may minimize the contribution of
reference activation. To minimize the effect of common reference
signal that is inevitably contaminated in the referenced EEG
recording, we used the covariance analysis in which the task-related
change of the EEG power and the task-related change of r”CBF were
compared.
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Glucose hypermetabolism in the thalamus
of patients with essential blepharospasm

%@ Abstract Essential blepharo-
spasm (EB) is classified as a form
of focal dystonia characterized by
involuntary spasms of the muscu-
lature of the upper face. The basic
neurological process causing EB is
not known. The purpose of this
study was to investigate cerebral
glucose metabolism in patients
with EB whose symptoms were
suppressed by an injection of
botulinum-A toxin. Earlier studies
were confounded by sensory
feedback activities derived from
dystonic symptom itself. Cerebral
glucose metabolism was examined
by positron emission tomography
(PET) with 18F-ﬂuorodeoxyglu-
cose (FDG) in 25 patients

(8 men and 17 women; age

52.6 + 10.1 years) with EB. The
patients were awake but with the
spasms suppressed by an injection
of botulinum-A toxin. Thirty-eight
normal volunteers (14 men and 24
women; age 58.2 + 7.3 years) were
examined as controls. The differ-

O T

ence between the two groups was
examined by statistical parametric
mapping (SPM99). A significant
increase in the glucose metabolism
was detected in the thalamus and
pons in the EB patients. Hyperac-
tivity in the thalamus may be a key
pathophysiological change com-
mon to EB and other types of focal
dystonia. The activity of the stri-
atum and cerebellum are likely to
be sensory dependent.

- Key words essential blepharo-
spasm - focal dystonia -

glucose metabolism -

positron emission tomography -
thalamus

Introduction
Essential blepharospasm (EB) is a form of focal dys-
tonia characterized by involuntary spasms of the
musculature of the upper face. Earlier studies have
reported a glucose hypermetabolism in the thalamus
and basal ganglia in patients with dystonia, and it has
been widely held that dysfunction of cortical-striato-
thalamo-cortical motor circuits may have a major role
in the pathophysiology of dystonia [1]. It has also

been reported that dystonia is caused by thalamic
infarctions (2], and patients with EB have been re-
ported to be associated with increased glucose
metabolism in the thalamus [3] and cerebellum [4] by
?ositron emission tomography (PET) studies using
®F-fluorodeoxyglucose (EDG).

There have been several studies on other forms of
focal dystonia using PET. In patients with spasmodic
torticollis, Galardi et al. reported hypermetabolism in
the thalamus, basal ganglia, anterior cingulate gyrus,
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and cerebellum [5], and Eidelberg et al. found a rel-
ative increase of metabolic activity in the lentiform
nucleus and premotor cortices of patients with idio-
pathic torsion dystonia [6]. In EB and other dystonias,
the majority of the studies have demonstrated a hy-
permetabolism of the thalamus and basal ganglia. A
common limitation of earlier neuroimaging studies of
dystonia lies in that they observed integral brain
activities reflecting both the cause and the conse-
quence of abnormal involuntary movements.

In order to separate the effects of cause and con-
sequence on EB, Hutchinson et al. measured the
glucose metabolism of EB patients during wakefulness
and during induced sleep because the involuntary
movements disappear during sleep. They found a
hypermetabolism in the cerebellum and pons only
during wakefulness [4]. However they could not find
the primary cause of EB during sleep.

We hypothesized that the hyperactivity in the
thalamus and basal ganglia is not a secondary phe-
nomenon accompanies the abnormal movement, but
is a primary pathophysiological condition that cause
the symptoms. To test this hypothesis and to deter-
mine the responsible cerebral regions, PET measure-
ments were made to evaluate regional cerebral glucose
metabolism while the patients were awake, but the
involuntary eyelid movements were suppressed by a
botulinum toxin-A injection.

Materials and meihods

Twenty-five patients (8 men and 17 women,; age 52.6 £ 10.1 years),
who visited the Ophthalmology Outpatient Clinic of Tokyo Medical
and Dental University Hospital and were diagnosed with bilateral
EB, were studied. The mean duration of their illness was
2.9 + 3.3 years. None had an organic brain disorder or other
neuro-psychiatric disease as evaluated by neurologists from con-
ventional diagnostic magnetic resonance images (MRIs). No one
had a family history of dystonic disorders. Patients who had not
taken any neuro-psychiatric drugs such as neuroleptic drugs, anti-
depressant drugs, anti-Parkisonian drugs, and anti-epileptic drugs
were selected by careful history taking to exclude drug-related cases
because drug related cases might confound [7]). Thirty-eight normal
volunteers (14 men and 24 women; age 58.2 * 7.3 years) were re-
cruited as the normal control group. Normal subjects had no or-
ganic brain disorders or neuro-psychiatric disease, and had not
taken any neuro-psychiatric drugs.

Informed consents were obtained from all the subjects before
participation in the PET study. This study protocol was approved
by the Institutional Ethics Committee. All of the procedures con-
formed to the tenets of the Declaration of Helsinki.

All of the patients received an injection of botulinum-A toxin
(18 to 36 units bilaterally) into the orbicularis oculi (OO) muscle,
and the PET scans were obtained when the spasms of the OO were
effectively restrained. PET scanning was done in the time when the
spasm of eyelids was depressed after the botulinum toxin treat-
ments within three months. The severity of blepharospasm was
assessed with the 0 to 4 (0 = absent, 4 = most severe), and the
frequency of blepharospasm was assessed with the 0 to 4 (0 = none,
4 = persistent eye closure), too in accordance with the classifica-
tion of Jankovic [8]. We evaluated the severity and frequency of the

spasm in all the patients before the latest treatment of botulinum
toxin and at the time of the PET study, actually between the
injection of FDG and the scanning (Table 1). As not all the patients
have reached complete suppression of blepharospasm at the mo-
ment of PET scan by botulinum-A toxin treatment, we divided the
patients into two subgroups for further analysis, based on the on-
site evaluation of the blepharospasm symptom: complete sup-
pression group (n = 12; 5 men and 7 women; age 56.2 + 9.5 years,
severity 0, frequency 0) and incomplete suppression group (n = 13,
3 men and 10 women; age 48.8 + 8.4 years, severity 1 + 1, fre-
quency 1 £ 1). There was no significant difference in symptomatic
scores before treatment between incomplete suppression group
(3.00, 3.00), and complete suppression group (3.08, 2.83). The only
significant difference (p < 0.05) was the duration of illness: 1.50
1.2 years in complete suppression group and 4.15 * 4.1 years in
incomplete suppression group.

MRI scans were obtained from all of the subjects to screen for
organic brain disorders with a 1.5 Tesla scanner Signa Horizon
(General Electric, Milwaukee). Transaxial images with T1-weighted
contrast (3DSPGR, TR =92ms, TE=20ms, matrix
size = 256 x 256 x 124, voxel size = 0.94 x 0.94 X 1.3 mm),
and T2-weighted contrast (First Spin Echo, TR = 3,000 ms,
TE = 100 ms, matrix size = 256 X 256 x 20, voxel size = 0.7 x
0.7 X 6.5 mm) were obtained. None of the subjects showed any
abnormalities in brain morphology and intensities.

« PET data acquisition

PET scans were obtained with the Headtome-V scanner SET 2400W
(Shimadzu, Kyoto, Japan) at the Positron Medical Center, Tokyo
Metropolitan Institute of Gerontology. Attenuation was corrected bya
transmission scan with a **Ga/®*Ge rotating source. For the PET scan, a
bolusof120MBqFDGwasinjectedintravenously.Eachpatientwasthen
requested to lie down comfortably with their eyes closed. A 6-minute
emission scan in 3D acquisition mode was started 45 minutes after the
injection, and 50 transaxial images with an interslice interval of
3.125 mmwereobtained. Thetomographicimages werereconstructed
using a filtered backprojection method, and Butterworth filter (cutoff
frequency1.25 cycle/cmand orderof 2).

=« Data processing and statistical analysis

PET images were processed and analyzed with the statistical
parametric mapping (SPM99) software [9] implemented in Matlab
(Mathworks., Sherborn, MA, USA). Statistical parametric maps
combine the general linear model and the theoretical Gaussian
fields to make statistical inferences about regional effects. All PET
images were spatially normalized to a standard template produced
by Montreal Neurological Institute using the housemade template
of FDG-PET images and smoothed with Gaussian filter for 16 mm
FWHM to increase the signal to noise ratio before statistical pro-
cessing.

After the appropriate design matrix was specified, the subject and
group effects were estimated according to the general linear model at
each voxel. We selected (compare-populations: 1 scan/subjects (two
sample t-test)) in design type, and selected (global normalsation
proportional scaling) in global normalization [10]. Statistical infer-
ence on the SPM (Z) was corrected using the theory of Gaussian
Fields. To test hypotheses about regionally specific group effects, the
estimates were compared using linear contrast. The threshold for
SPM (Z) was set at p < 0.05 with a correction (p < 0.05, corrected)
for the comparison between whole patient group and normal control
group. We compared each of incomplete suppression group and
complete suppression group to the normal control group in order to
examine the effect of residual spasm. We also directly compared two
subgroups each other. The threshold for SPM (Z) for the subgroup
comparison was set at (p < 0.0001, uncorrected).
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Table 1 Strength of the spasm of eyelids in EB patients

62 F 4 years 3 months" R(3,3) L{( R LQL Y
7 F 1 year 3 moriths R 3,3) LG, 3) ROLT L(,)
69 M - 2iyears Imonths. .. . R@3;3) LG 3) R(1LY L)
45 M 1yedr - 3 months R 3) L3 3) R(LY LY
36 F 1 year- 3 months . R@3,3) LB 3) R(LY) LG
50 F 1 year 3 months R(3,3) L33 R(LY) L)
60 F 10 years 1 month R (3 3) L3 3) R(L1) L)
58 F 10 years’ 1 month R{3,3) L3 3) R(L1 LO, N
58 F Syears . 2months RB.3) L33 R0, 00 L{00)
57 F 1year. . -3 months RG3,3) L3, 3) R(L,1 LY
50 F 2 years 3 months R4 3) L (4 3) R0 L(00
46 M 1 year 3 months R4 3) L@3) R(0,00 L0
40 M 1 year 3 months R@,3) LB 3) R(0,00 L(00
58 F 2 years 3 months R(3 3) L33 RO, LA,
59 F 10 years - 3 months R(3 3) L@ 3) RO, LA,
54 F lyear 3 months R(43) L4,3) R(0,0) L(0,0)
53 M 1'year 1 miorith RG,3) LG 3) R(0,00 L0
45 F 1 year- tmonth - R(3,3) L3 3) RO,0 L(©O
56 F 1year - 3 months : - RQ2 2 L2 R(©0,0 L(00
57 F 1 year, 3 months RG33) LB 3 R(O,0 L(00
50 F 10 years 3 months R@3 3) L3 3) R(t,7) L)
38 M 2 years . 3 months R (3 3) L3 3) R(0,00 L(0O
33 F 10 months 3 months R(22) L22 R(0,00 L(00)
55 M 1year 3 months R(3 3) L3 3) R(LD LO, N
56 M 1 year 3 months R@3 3) L33 R(0,00 L0 0
Average . i

Incomp group 4.2 t 4.1 years R (3.00, 3.00) L (3.00, 3.00)

Comp group 1.5 + 1.2 years R (3.08, 2.83) L (3.08, 2.83)

Total 2.9 + 3.3 years ’ R (3.04, 292) L (3.04, 292) R (0.52, 0.52) L (0.52, 0.52)

Severity of spasm was rated on 0 (=none) to 4 (=severe) scale®

Frequency of spasm was rated on 0 (=none) to 4 (=functionally blind) scale®
Incomp Group: incomplete suppression group

Comp Group: complete suppression group

e : tively, due to measure the glucose metabolism levels
Results of these regions. The mean increases were 6.5% in the
. . . thalamus and 5.3% in the pons. A trend of glucose
A regional glucose hypermetabolism was found in the hypermetabolism was also found in the putamen
thalamus and pons bilaterally in patients with EB bilaterally in EB patients, but the increase was not
(p < 0.05, corrected), whose eyelid spasms were significant (p < 0.01, uncorrected). There was no
decreased by botulinum-A toxin (Table 2, Fig. 1). We  regignal glucose hypometabolism above the statisti-
made mean PET images of all patients and all normal ., gjgnificant level. We found that significant
subjects. Regions of interest (ROIs), 1 cm diameter  pypermetabolism in the thalamus, pons and cerebel-
circles, were placed the thalamus and pons, respec-  ,m bilaterally in incomplete suppression group

Table 2 Areas and coordinates for
the maxima of regional glucose
hypermetabolism in essential

12 -20 -2 5.00

blepharospasm patients Thalamus (R)
Thalamus (L) -8 =22 =2 5.54
Pons (R) 6 -40 -34 447
Pons (L) o -12 -40 -34 483

Areas with Z 2 4.17 (p < 0.05, comected) were listed

— 246 —



Fig. 1 Areas of glucose hypermetabolism in patients
with essential blepharospasm are showed (p < 0.05,
corrected). Left; Sagittal and transverse views of a
statistical parametric map (SPM) rendered into
standard stereotactic space and projected onto a
glass brain. Right; Six axial slices of brain are shown.
The left side of the figure corresponds to the left
hemisphere

(p < 0.0001, uncorrected) (Table 3A, Fig. 2). On the
other hand, hypermetabolism was observed only in
the bilateral thalamus in complete suppression group
(p < 0.0001, uncorrected) (Table 3B, Fig. 2). How-
ever, we could not find any significant difference be-
tween incomplete suppression group and complete
suppression group by direct comparison (p < 0.001,
uncorrected).

P R s B P ]

Discussion
Effect of involuntary movements

A majority of the studies on EB and other dystonias
have demonstrated hypermetabolism of the thalamus
and basal ganglia, however, there is a problem in
interpreting these results because these studies were
performed while the patients had active symptoms of
dystonia, e.g., involuntary eyelid movements in EB
patients. Thus, the observed abnormal cerebral
. activities could be due not only to the primary cause

o St ot PR ~ LD

of the dystonia, but also to the sensory input sec-
ondary from the involuntary movements. To over-
come this criticism in EB patients, it is necessary to
suppress the spasms of the eyelids. Hutchinson et al.
hypothesized that there is metabolic increase in the
thalamus and basal ganglia in EB patients because of
an overactivity of a cortico-striato-thalamo-cortical
motor circuit, and measured the glucose metabolism
of 6 EB patients by PET while they were awake with
active symptoms and while they were asleep without
symptoms [4]. They found hypermetabolism in the
cerebellum and pons during wakefulness, but not in
the thalamus and basal ganglia during either condi-
tion. We suggest two possible reasons why they miss
the hyperactivity in the thalamus and basal ganglia.
First, the number of the patients and normal subjects
in their study might not be enough. The difference of
mean between two groups was relatively small com-
pared to the standard deviation (difference of
mean = 3.5, SD = 4.8 in the thalamus, for example),
we have to increase the number of subject more than
20 to get a consistent statistical significance. Second,

Table 3 Areas and coordinates for the maxima of regional glucose hypermetabolism in incomplete suppression EB patients

Thalamus (R) 12
Thalamus (L) . -6
Pons (R} 2
Pons (L) =6
Cerebellum (R) 40
Cerebellum {L) =50
B

Thalamus (R) 14
Thalamus (L) =10

-0 2 352
-2 2 3.70
-4 =32 5.16
=38 . . -3 358
=20 =2 393
-20 =2 420

Areas with Z 2 3.45 (p < 0.0001, uncorrected) were listed
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Fig. 2 Areas of glucose hypermetabolism in EB
patients with incomplete suppression (left) and

complete suppression (right) by botulinum toxin
treatment are showed (p < 0.0001, uncomected)

sleep might have depressed not only the involuntary
movements but also the primary functional alteration
in the brain of EB.

Ceballos-Baumann et al. examined patients with
writer’s cramp by PET during writing words before
and after botulinum toxin treatment [11]. They found
higher cerebral blood flow of patients before and after
botulinum-toxin in the thalamus, left insula, bilateral
premotor cortex, and bilateral primary sensory cortex
than in normal subjects. In patients, activation in the

cerebeller vermis was found before botulinum-toxin, -

but the activation disappeared after the treatment. We
suggest that they succeeded in reducing the effect of
involuntary movement, although the voluntary
movements may still be a confounding factor.

Because the botulinum-toxin inhibits neuro-mus-
cular conduction by a presynaptic blockade, we ex-
pected that the botulinum-toxin has minimum
influence on the central causative mechanism of EB.
Several previous studies have reported no significant
alterations in the level of cerebral blood flow after
botulinum toxin treatment [11, 12]. Therefore, in the
present study, we performed a PET study in a larger
size of the patients while awake and their spasms were
effectively suppressed by the injection of botulinum
toxin into the OO muscle bilaterally: 25 EB subjects
and 38 normal controls. Under these conditions, we
found a significant glucose hypermetabolism in the
thalamus bilaterally in EB patients (P < 0.05, cor-
rected).

Incomplete suppression group and complete
suppression group :

We divided EB patients to incomplete suppression

group (13 patients) and complete suppression group .

(12 patients) based on the scores of blepharospasm at

" RAAR AR A T R (TR B WR HETL B T

Complete suppression

the PET scanning. There was no significant difference
in severity and frequency of spasm before treatment
between these 2 groups. However, the mean duration
of illness of incomplete suppression group was sig-
nificantly longer than that of complete suppression
group. Incomplete suppression group contained
4 patients whose duration of illness was over 10 years.
These patients have repeatedly been treated by botu-
linum toxin for a long periods. The efficacy of the
treatment might have been weakened due to tolerance
[13].

# Regional glucose metabolism in patients with EB

Hypermetabolism in the thalamus, basal ganglia,
anterior cingulate gyrus and cerebellum of patients
with spasmodic torticollis using PET were reported
[5]. The results of functional imaging studies are often
interpreted using the present anatomical model of
information flow in cortico-striato-thalamo-cortical
motor circuit (Fig. 3) [14]. Based on this model, there
are three possible points which might alter thalamic
activity. All of them are the alterations in inhibitory
synaptic functions mediated by GABAergic system.
Recent reports suggest that altered GABAergic inhi-
bition may play a role in the symptomatology of
dystonia. Previous studies found a reduction of GABA
levels in the sensorimotor cortex and striatum of
patients with focal dystonia [16]. We suspect that a
reduction of GABA levels in the striatum or thalamus
might cause the hyperactivity in these areas.

Macia et al. reported that injection of bicuculline,
an antagonist to GABA,, into the monkey thalamus
induced dystonic symptoms contralaterally and found
an overactivity of thalamic neurons ipsilateral to the
treatment [17]. On the other hand, Kaji reported that
one of the important functions of basal ganglia is the
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Fig. 3 Principal pathways of the normal corticobasal ganglia-cortical loops and
hypothetical alterations. In the normal loops (left), the striatum receives input
from the primary somatosensory area (PSA} and from other areas of the motor
and sensory cortex. The striatum projects by direct and indirect pathways to
the major output structures of the basal ganglia, the globus pallidus intema
(GPi) and substantia nigra reticulate (SNr). An indirect pathway includes a
striatal-globus pallidus externa (GPe) projection. Some GPe fibers project to the
subthalamic nucleus (STN) and GPi/SNr, and other fibers project directly to the
GPi/SNr. GPi/SNr, which in tum, projects to the thalamus with a subsequent
feedback to motor cortex, primarily the SMA. The effect of each structure on
subsequent structures is to increase (+) or decrease (~) neuronal activity as
indicated, adapted from Tempel et al. [14] and Garfen [15]. For glucose
hypermetabolism in the thalamus and striatum of EB patients (right), the
possible points of impairments with the circuit are; 1) to impaired inhibition
from GPi/SNr, 2) decreased GPi/SNr activity may result in increased activity of
the direct pathway from Striatum to GPi/SNr, and 3) impaired the indirect
pathway at the level of Striatum-GPe connection

gating of sensory input for motor control [18], and its
alteration might cause dystonia. Previous reports
found glucose hypermetabolism in EB and other focal
dystonias in the striatum as well as in the thalamus
[3, 5]. Recently, Schmidt et al. reported that a sub-
region of the putamen was active during EB spasms in
patients but not during voluntary blinks in normal
subjects using fMRI [19]. Perlmutter et al. have
demonstrated that individuals with EB and hand
dystonia have a reduced level of dopamine D,-like
receptors in the putamen relative to control subjects
[20], suggesting that dopamine D,-receptor loss dis-
rupts lateral inhibition created by the indirect path-
way of the basal ganglia. These evidences have
suggested that the altered function of the putamen
may be a critical component of EB. We found a trend
of glucose hypermetabolism in the putamen bilater-
ally in EB patients, but the increase was not significant
(p < 0.01, uncorrected). It is plausible that the
hyperactivity of the striatum is sensory-input depen-
dent. On the other hand, the hyperactivity in the
thalamus was more consistent even with the depletion
of sensory feedback. From these observations, hy-
peractivation of the thalamus may be one of the pri-
mary causes of EB, however, it might reflect a
compensatory mechanism. Further investigation is
required to clarify the different role of the thalamus
and the striatum in the pathophysiological mecha-
nism of EB.

We found significant hypermetabolism in the cer-
ebellum and pons in incomplete suppression group

7Y 3 v T - e A ACTIRAALYL A, e e -

(p < 0.0001, uncorrected), and not in complete sup-
pression group (p < 0.0001, uncorrected) when the
images of these groups were contrasted to the control
group. We did not find significant difference by direct
comparison of subgroups, presumably because the
number of the patients in these subgroups might not
be enough to reach statistical significance. The cere-
bellum receives extensive somatosensory input via
spinocerebellar pathways, and the cerebellum would
be a sensory organ [21]. Hutchinson et al. reported
that EB patients exhibit hypermetabolism of the cer-
ebellum and pons during wakefulness, but not during
sleeping using PET [4]. And, Ceballos-Baumann et al.
reported that patients with writer’s cramp activation
in the cerebeller vermis was found before botulinum-
toxin, but the activation disappeared after the treat-
ment [11]. Our results indicate that activation of the
cerebellum in EB patients could be due to increased
sensory input derived from involuntary muscle
contraction of eyelids. Aramideh et al. reported a
secondary blepharospasm patient with a small
dorsomedial pontine lesion [22], and LeDoux et al.
reported a secondary cervical dystonia patients due to
infarctions or hemorrhage in the pons [23]. They
hypothesized that abnormalities of olivocerebellar
circuit and cortico-striato-thalamo-cortical motor
circuit might produce similar movement disorders,
and they suggested that lesions in the pons obstructed
the cerebellar afferent pathways, and produced cer-
vical dystonia.

We found significant hypermetabolism of the teg-
mentum in the inferior pons, and this area corre-
sponds to the facial nucleus and facial nerve. The
facial nerve is the final output pathway of focal facial
dystonia from the nervous system. As the effect of
botulinum-A toxin is peripheral, the facial nuclei and
related structure in pons may remain hyperactive
even after the treatment as we observe in our results.
From these things, we suspected that hypermetabo-
lism in the cerebellum and pons was the secondary
phenomenon related to muscular activity of eyelids.

Conclusions

A glucose hypermetabolism was detected in the thal-
amus and pons bilaterally in EB patients. Hyperac-
tivity in the thalamus may be related to the primary
cause of compensatory mechanism of EB sharing the
common pathophysiological mechanism to other
types of focal dystonia.
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Correlation between each task of
the Mini-Mental State
Examination and regional glucose
hypometabolism in at-rest
Alzheimer’s disease patients
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Shiro Kobayashi,' Kiichi Ishiwata? and Yasuo Katayama®
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Center, Tokyo Metropolitan Institute of Gerontology, Tokyo, *The Second Department of Internal
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Hospital, Chiba, and *Department of Neurology, The Jikei University School of Medicine, Tokyo, Japan

We investigated the relationship between each task of the Mini-Mental State Examination
(MMSE) and regional glucose hypometabolism in patients with Alzheimer’s disease (AD).
We studied 38 patients with probable AD using 2-'®F-fluoro-2-deoxy-D-glucose positron
emission tomography (FDG PET). The images were corrected for differences in FDG
uptake by cerebellar normalization, and were spatially normalized into a standard stereo-
tactic anatomical space using statistical parametric mapping (SPM). There was a positive
correlation between FDG uptake and the MMSE subscores for temporal orientation in the
bilateral temporal and frontal cortex, and cingulate gyrus; for spatial orientation in the left
parietal cortex, bilateral frontal and temporal cortex, and cingulate gyrus; for attention and
calculation in the left temporal and frontal cortex; for writing in the left temporal cortex;
and for copying and drawing, the correlation was positive in the bilateral parietal and
occipital cortex. The total MMSE score was positively correlated with FDG uptake in the
left temporal and frontal lobe. Our study demonstrated that, in AD patients, the distribu-
tion of hypometabolism in the resting state was related to clinical symptoms and that
MMSE scores reflected brain dysfunction in the left hemisphere. Correlation analysis
using SPM and FDG PET is useful for the objective evaluation of cognitive tests and
diagnostic scoring.

Keywords: Alzheimer’s disease, glucose metabolism, Mini-Mental State Examination,
positron emission tomography, statistical parametric mapping.

Introduction

The cerebral glucose metabolism is thought to reflect
regional neuronal activities.'”® Positron emission
tomography (PET) with 2-'®F-fluoro-2-deoxy-D-
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glucose (FDG), and statistical image analysis applica-
tions such as statistical parametric mapping (SPM) and
three-dimensional (3D) stereotactic surface projec-
tions,** have shown that the cerebral glucose metabo-
lism in patients with Alzheimer's disease (AD) is
reduced in the temporal, parietal, posterior cingulate
and prefrontal regions. However, these findings did not
correspond with the distribution of neuronal loss on
postmortem studies.® In an 'C-flumazenil PET study in
AD, Ohyama et al.” showed that neuronal density was
less impaired than neuronal function assessed by the

© 2007 Japan Geriatrics Society
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cerebral blood flow and glucose metabolism in the asso-
ciated cortex. This discrepancy may be attributable to
the observation that most of the cerebral glucose
metabolism reflects the synaptic activities projecting
from neurons.'® Based on this hypothesis, FDG PET
can be used for brain-function mapping.®*! Recent
image analysis applications, such as SPM, allow us to
analyze all available metabolic information, without a
priori hypotheses based on anatomic knowledge which
is essential for regions of interest (ROI) analysis.'*" In
patients with brain damage, it is possible to calculate the
region at which there is a correlation between the func-
tional disturbance and glucose hypometabolism.**

The Mini-Mental State Examination (MMSE) is the
most commonly used method to evaluate cognitive
function and to screen for dementia.”® Some studies
reported the regional glucose hypometabolism of AD
correlated with total score of MMSE,*'¢ and neuropsy-
chological subjects.’”?' However, no data are available
on the relationship between each task in the MMSE and
the regional brain dysfunction of AD. Taking into con-
sideration each MMSE parameter, we used MMSE sub-
scores and FDG PET to investigate the relationship
between the cognitive tasks of MMSE and regional
glucose hypometabolism in AD patients.

Materials and methods

Subjects

We retrospectively evaluated 117 consecutive AD
patients who underwent FDG PET at the Positron
Medical Center of Tokyo Metropolitan Institute of Ger-
ontology between January 2001 and December 2004.
Their diagnosis was based on criteria promulgated by
the National Institute of Neurological and Communi-
cative Diseases and the Stroke/Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA).*
Inclusion criteria were the availability of MMSE total
and subscores. Based on the results of the MMSE, per-
formed within 1 week of PET scanning, we selected 38
patients with probable AD for this study. They were
18 men and 20 women ranging in age 59-86 years
(mean, 73.3 * 6.3). Mean of the duration of AD was
4.2 + 3.5 years (0.7-17). Values of the age and duration
were used as the nuisance variable of ANCOVA.5%2¢
Normal subjects were not included as controls in this
study. .

The study protocol was approved by the Ethics Com-
mittee of the Tokyo Metropolitan Institute of Gerontol-
ogy; prior written informed consent was obtained from
all study participants.

Positron emission tomography imaging

Positron emission tomography was performed with an
SET-2400 W scanner (Shimadzu, Kyoto, Japan) at the
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Positron Medical Center of Tokyo Metropolitan Insti-
tute of Gerontology;* all subjects had fasted for more
than S h prior to scanning. Transmission data were
acquired with a rotating ®Ga/**Ge rod source for
attenuation correction. The FDG uptake was acquired
with static scans after the injection of 120 MBq of
FDG. During the tracer-accumulation phase, the
patients remained supine, quiet and motionless in a
dimly lit room; their eyes and ears were open. At
45 min post-injection, a 12-min emission scan was
obtained in the 3D mode. The blood glucose concen-
tration was measured before and after the scanning to
confirm its stability during the course to the PET
recordings.

Data analysis

Image manipulations were carried out on an O2 work-
station (Silicon Graphics, Mountain View, CA, USA)
and a PowerBook G4 (Apple Computer, Cupertino,
CA, USA), using the medical image-processing appli-
cation package Dr View version 5.3.1 (Asahi Kasei Joho
System, Tokyo, Japan) and SPM2 (Wellcome Depart-
ment of Cognitive Neurology, Institute of Neurology,
London, UK) implemented in MATLAB version 5.6.1
(Mathworks, Natick, MA, USA). Using a locally pro-
duced FDG template and SPM2, the FDG images were
spatially normalized into a standard stereotaxic ana-
tomical space with a cubic (2 mmx 2 mm x 2 mm)
voxel size.”? Circular ROI 10 mm in diameter were
drawn on the cerebellar hemisphere on each normal-
ized PET image. Canonical magnetic resonance
imaging (MRI) attached to SPM2 was also used to
obtain information for placement of the ROI on nor-
malized PET images. The ROI value was employed for
proportional scaling. The data were corrected for indi-
vidual differences in FDG uptake by proportional
scaling using the cerebellar ROI value.” Then, the data
were smoothed with a 16-mm Gaussian filter to
account for residual inter-subject differences. Using
SPM2 segmentation and a mean image of the MRI
scan attached to SPM2, we generated a masking image
of the cerebrum to remove voxels outside the cortex.
With the masking image in place, we computed statis-
tical parametric maps on a voxel-by-voxel basis using
whole voxels within the brain surface to avoid missing
low-metabolic brain regions. ANCOVA were also used to
eliminate the effect of age and duration of the disease
for each subject as the nuisance variable. The T-maps
for correlations between the MMSE subscores and the
FDG uptake were obtained using a multiple regression
model and displayed with a voxel threshold probability
of 0.001 and an extent threshold of 300 contiguous
voxels per cluster (uncorrected for multiple compari-
sons). For the total MMSE score, we calculated the
T-map for correlations with the FDG uptake at a voxel
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Table 1 Mean subscore for each Mini-Mental State Examination (MMSE) parameter in 38 patients with

Alzheimer’s disease

No. Subject Mean * SD
1  TEMPORAL ORIENTATION - 1 point for each answer 1.84 + 1.48
Q: “What is the: (year)(season)(date)(day)(month)?”
2 SPATIAL ORIENTATION - 1 point for each answer 2.58 * 1.45
Q: “Where are we: (state)(county)({town)(hospital)(floor)?”
3 REGISTRATION - 1,2 or 3 points according to how many are repeated 2.87 £ 0.34
Name three objects: Give the patient 1 s to say each.
Ask the patient to: repeat all three after you have said them.
Repeat them until the patient learns all three.
4 ATTENTION AND CALCULATION - 1 point for each correct subtraction 1.74 = 1.61
Ask the patient to: begin from 100 and count backwards by 7.
Stop after 5 answers (93, 86, 79, 72, 65).
5 RECALL- 1 point for each correct answer 0.53 = 0.98
The patient is asked to name the 3 objects cited above.
6 NAMING (2 points) 1.95 = 0.32
The patient is asked to identify and name a pencil and a watch.
7 REPETITION (1 point) 0.79 + 0.41
Ask the patient to: repeat the phrase “No ifs, ands, or buts.”
8 VERBAL INSTRUCTION (1 point for each task completed properly) : 2.79 + 0.53
The patient is asked to take a paper in the right hand, fold it in half, and put it on the floor. '
9 READING AND OBEYING (1 point) ' 0.89 + 0.31
The patient is asked to read and obey the command “Close your eyes.”
10  WRITING (1 point) 0.68 + 0.47
The patient is asked to write a sentence.
11  COPYING AND DRAWING (1 point) 0.71 + 0.46

The patient is asked to copy a complex diagram of two interlocking pentagons.

threshold P-value of 0.05 (corrected for multiple
comparisons).

Results

The mean score of the MMSE was 17.4 * 4.4
(mean + SD) for the 38 patients. As shown in Table 1,
the MMSE subscores for temporal orientation, atten-
tion and calculation, and recall were low in many
patients. On the other hand, many patients scored well
for registration, naming, repetition, verbal instruction,
and reading and obeying,

Table 2 summarizes the results of SPM for the cor-
relation between FDG uptake and MMSE subscores.
There was a positive correlation between the FDG
uptake and MMSE subscores for temporal orientation
in the left middle temporal and inferior temporal gyrus,
right inferior temporal, superior frontal, middle frontal,
straight and cingulate gyrus (Fig. 1a), for spatial orien-
tation in the left angular, middle occipital, middle tem-
poral, inferior temporal, superior temporal, inferior
frontal, superior frontal, medial frontal, middle frontal,
straight, cingulate gyrus, and insular gyri, inferior pari-
etal lobe, pre-cuneus, and cuneus, right pre-cuneus,
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cuneus, cingulate, superior frontal, middle frontal and
straight gyrus (Fig. 1b), for attention and calculation in
the left superior temporal, middle temporal, inferior
temporal, fusiform, parahippocampal, superior tempo-
ral, middle frontal, inferior frontal, cingulate, pre-
central and inferior frontal gyrus, and hippocampus
(Fig. 1c), for writing in the left inferior temporal, middle
temporal, superior temporal gyrus (Fig. 1d), and for
copying and drawing in the right inferior parietal, supe-
rior parietal lobe, superior occipital, angular and middle
occipital gyrus, pre-cuneus, and cuneus, left superior
parietal, inferior parietal lobe, angular and superior
occipital gyrus, cuneus, and pre-cuneus (Fig. 1e). There
was no correlation between the FDG uptake and the
MMSE subscores for registration, recall, naming, rep-
etition, verbal instruction, and reading and obeying.

The total MMSE score was positively correlated with
the FDG uptake in the left inferior temporal, middle
temporal, superior temporal, fusiform~, parahippocam-
pal, supramarginal, angular, inferior frontal, middle
frontal straight, medial frontal, cingulate, superior
frontal, pre-central gyrus, hippocampus, orbital and
insular gyri, right straight, medial frontal and cingulate
gyrus, and orbital gyri (Fig. 1f, Table 3).
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