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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 '®F-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-

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
Positron emission tomography (PET) studies using
8F-fluorodeoxyglucose (FDG).

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.

R

ﬁvat;ri)als and methods

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
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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
emissionscanin 3D acquisition mode was started 45 minutesafter the
injection, and 50 transaxial images with an interslice interval of
3.125 mmwereobtained. Thetomographicimageswerereconstructed
using a filtered backprojection method, and Butterworth filter (cutoff
frequency1.25 cycle/cmandorderof 2).

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

72 3.months *
69 3 months, .
45 "3 months’.
36 3 months .
50 3months™ .
60 months L
58 % ‘onth Lie s
58
57 - -3, montns
50 3Imonths
4 3 mionths.
40 -~ -3 months
58 3 months
59
54
53
45
56
7
50
38
33
55
56
Average
Incomp group
Comp group

Total

R (.04, 9).L (304 292

2 L( ’
@3 L3 3) R(LD L1
3,3 13,3 R(LD LA, 1
3,3) LG, 3) ROLY L)
B,/3) - L3 3) R(1L,Y) L1
B3,3) - LG, 3) R(LY L{,1)
G, 3 LG 3 R(L,LY L{,1)
33 L33 R(LY LA,
33y 13,3 R(O,0 L(00
3;3) L33 R(1,1) L(1,1)
4 3) L3 R(©0,0 L0
@ 3) L@ 3) R(0,0 L{00
(3,3) LG, 3) R(0,0) L{00)
3, 3). LB 3) R(L,1) L(1,1)
3, 3)- LG,3) R(LD L(L1D
(4, 3). L{4.3) R{0,0) L{00)
: L3 3) R{(0,0) L (0,0
LG, 3) R(O,0 L0
L@ 2 R{0,0) L(0,0)
L{3,3) R0, 0 Lo 0
L33 . R(L,1) L(1,1)
LB 3. R(O,0 L(0 0
122 R(O,00 L©0
LG3) R(1,1) L(,1)
L33 R©, 0 L0
L (3.00, 300)
L (3.08, 2.83)

R (052 052 L (. 52, 052)

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

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

Comp Group: complete suppression group

ST

Results

A regional glucose hypermetabolism was found in the
thalamus and pons bilaterally in patients with EB
(p < 0.05, corrected), whose eyelid spasms were
decreased by botulinum-A toxin (Table 2, Fig. 1). We
made mean PET images of all patients and all normal
subjects. Regions of interest (ROIs), 1 cm diameter
circles, were placed the thalamus and pons, respec-

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

tively, due to measure the glucose metabolism levels
of these regions. The mean increases were 6.5% in the
thalamus and 5.3% in the pons. A trend of glucose
hypermetabolism was also found in the putamen
bilaterally in EB patients, but the increase was not
significant (p < 0.01, uncorrected). There was no
regional glucose hypometabolism above the statisti-
cal significant level. We found that significant
hypermetabolism in the thalamus, pons and cerebel-
lum bilaterally in incomplete suppression group

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

4

(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). '

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

B

7

Thalamus (R)
Thalamus (L)
Pons (R}
Pons (L} . o
Cerebellum (R).”
Cerebellum (L)

B- o
Thalamus (R)
Thalamus (L}

Bt S A K TRTES, + a s

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

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, uncorrected)

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

Incomplete suppression
1-2mm

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 interna
(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 turn, 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

B A

(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.

T T

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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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
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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.6%%
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 Sh 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 mm x2 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 x 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 174 = 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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Table 2 Positive correlation between normalized *F-fluoro-2-deoxy-D-glucose (FDG) uptake and MMSE

subscores in patients with Alzheimer’s disease

Location X y z T statistics ~ Brodmann
MMSE no. 1 (temporal orientation) :
Left middle temporal, inferior temporal gyrus -54 -36 -10 4.29 20, 21, 37, 22
Right inferior temporal gyrus 52 =30 -22- 415 20, 21, 36, 37
Right superior frontal, middle frontal, straight gyrus 28 46 -20 3.93 11, 25
Right cingulate gyrus 8 —40 28 3.80 26, 23, 29
MMSE no. 2 (spatial orientation) .
Left angular, middle occipital, middle temporal -56 62 50 429 39, 40, 19
gyrus, inferior parietal lobe
Left middle temporal, inferior temporal, superior -68 56 -4 413 21, 20, 38, 37, 22,
temporal, inferior frontal gyrus, insular gyri 47, 45, 46
Left superior frontal-, medial frontal gyrus -14 70 20 3.88 10
Bilateral pre-cuneus, cingulate gyrus, cuneus -6 -66 30 3.88 18, 23,17,30,7
Bilateral superior frontal-, middle frontal-, straight-, -22 34 -20 374 11,10
cingulate gyrus
MMSE no. 4 (attention and calculation)
Left superior temporal, middle temporal, inferior -48 24 22 493 38,47, 46
temporal gyrus
Left middle temporal, inferior temporal, fusiform, =72 =24 =14 4.77 20, 37, 21
parahippocampal-, superior temporal gyrus,
hippocampus
Left middle frontal, inferior frontal, cingulate gyrus =52 38 24 3.92 45, 48, 46
Left pre-central, inferior frontal gyrus -60 10 28 3.73 6, 44
MMSE no. 10 (writing)
Left inferior temporal, middle temporal, superior -66 58 -2 375 37,20, 21, 22
temporal gyrus
MMSE no. 11 (copying and drawing)
Right inferior parietal, superior parietal lobe, superior 30 -80 46  4.01 7,39, 19
occipital, angular, middle occipital gyrus, pre-cuneus,
cuneus
Left superior parietal, inferior parietal lobe, angular, -32 -68 62 3.72 7,19,18

superior occipital gyrus, cuneus, pre-cuneus

Coordinates refer to the standard stereotactic space of the Montreal Neurological Institute (mm). The T-maps for FDG uptake
correlations with covariates of MMSE were calculated with a voxel threshold P-value of 0.001 and an extent threshold of 300
contiguous voxels per cluster (uncorrected for multiple comparisons).

Discussion

Our study demonstrated that, even in the resting state,
the distribution of hypometabolism was well correlated
with brain dysfunction in AD patients. The results of
SPM analysis indicated that the clusters for spatial ori-
entation were larger in the left than the right hemi-
sphere and that the clusters for temporal orientation
were symmetrically distributed. Calculation was related
with the FDG uptake in the left temporal and frontal
cortex, writing with its uptake in the left temporal
cortex, and drawing with uptake in the bilateral parietal
and occipital cortex. The total MMSE score was pri-
marily reflective of brain dysfunction in the left
hemisphere.

© 2007 Japan Geriatrics Society

The relationship between brain function and neuro-
imaging has been reported. Zahn et al.”” who studied 11
AD patients found that the metabolism in the left ante-
rior temporal, posterior inferior temporal, inferior pari-
etal, and medial occipital areas (Brodmann areas 21/38,
37, 40 and 19, respectively) correlated with verbal and
non-verbal semantic performance (P <0.001, uncor-
rected). In the 49 patients studied by Lanctot et al.,? the
right middle temporal region emerged as an important
neural correlate of aggression (P < 0.01, uncorrected).
Scarmeas etal.?® who performed voxel-wise multiple
regression analysis that controlled for age and clinical
severity, found that cerebral blood flow (CBF) was nega-
tively correlated with education, premorbid intelligence
quotient (IQ), and life activity in their nine AD patients.
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MMSE No 4: attention and calculation

MMSE Total Score

Figure 1 Statistical parametric
mapping analysis of positive
correlations between the regional
8F-fluoro-2-deoxy-D-glucose uptake
and Mini-Mental State Examination ~
(MMSE) subscores for temporal
orientation (a), for spatial orientation
(b), for attention and calculation (c),
for writing (d) or for copying and
drawing (e), or total scores (f) in AD.
T-maps are displayed with a voxel
threshold probability of 0.001 and an
extent threshold of 300 contiguous
voxels per cluster (uncorrected for
multiple comparison) for the
subscores, and with a voxel threshold
probability of 0.05 (corrected for
multiple comparisons) for the total
MMSE score.

Table 3 Correlation between normalized FDG uptake and total MMSE scores in patients with Alzheimer’s

disease
Location X y z T statistics Brodmann
Positive correlation
Left inferior temporal, middle temporal, superior -56 -40 -14 7.13 20, 22, 21, 39, 38, 42,
temporal, fusiform, parahippocampal, supramarginal, 35, 36, 37
angular gyrus, hippocampus
Left inferior frontal, middle frontal gyrus =50 34 24 4595 45, 47, 46, 11
Bilateral straight, medial frontal, cingulate gyrus, 2 16 =26 4.78 11, 25
orbital gyri
Left middle frontal, superior frontal, pre-central -36 12 54 474 9,8, 6, 46, 44
rus
igyeft superior frontal, medial frontal, middle frontal -16 64 26 4.73 10, 9
gyrus
Left middle frontal gyrus -40 56 -8 4.46 46, 47
Left insular gyri -14 -66 48 4.66 6

Negative correlation
No clusters above this threshold

Coordinates refer to the standard stereotactic space of the Montreal Neurological Institute (mm). The T-maps for FDG uptake
correlations with covariates of MMSE were calculated with a voxel threshold P-value of 0.05 (corrected for multiple

comparisons).

The results of a FDG PET study reported by Fried-
land et al.®® suggested that drawing may be impaired in
AD patients with more pronounced right than left pari-
etal hypometabolism. In an investigation of unilateral
spatial neglect in AD, single photon emission computed
tomography (SPECT) revealed asymmetric perfusion of
the right hemisphere.3® Fornazzari® reported a painter
diagnosed with early onset AD who, despite progressive
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cognitive impairment, retained her creativity until very
late in the course of the disease although her MMSE
score was 8 and she manifested a variety of cognitive
difficulties such as disorientation, agnosia for common
household objects, apraxia and severe memory impair-
ment. Her SPECT scan showed hypoperfusion in the
bilateral parietotemporal lobe with more impairment
on the left than the right side. On the other hand,
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neuropsychologically, the ability of AD patients to draw
appeared to be affected by deficiencies typical of left-
and right-hemisphere damage. The drawings of
patients with right-brain damage tend to display a piece-
meal approach in which individual details, although
represented well, are not placed in accurate spatial rela-
-tionships with one another. Patients with left-brain
damage, on the other hand, produce simplified, tremu-
lous drawings with fewer angles.®** In our study, there
was a relationship between the MMSE subscore for
copying and drawing and hypometabolism in the bilat-
eral parietal and occipital lobe. The result of correlation
analysis may change if simpler figures, such as those of
the Alzheimer’s Disease Assessment cognitive subscale
are used.

Many activation studies with memory tasks and neu-
roimaging reported that marked activation deficits were
observed in the hippocampus, frontal and temporal
cortex of AD (see ¥ for review). In some activation
studies, the activated areas, which were not revealed in
normals, were often observed as compensatory mecha-
nisms in AD patients. The tasks were more difficult to
perform for the AD patients than for the normal sub-
jects. It is difficult to demonstrate that the difference of
functional activation could be attributed to the disease,
to differences in performance, or to lack of coopera-
tion.” We consider that the difficulty of the tasks in
MMSE was different between in normals and in AD
patients, and our study did not contain normal control
data. Our study demonstrated that the local hypome-
tabolism in the resting state was correlated with poor
results of MMSE in AD patients. Our approach to the
brain function was similar to the studies of damaged
brains rather than the activation studies. In comparison
with the activation studies, our methods were simple
but required more subjects. In addition, further studies
will be needed for the purpose of demonstration that
our result was unique to AD patients.

The clinical symptoms and the results of cognitive
scoring are affected by the localization of the patient’s
brain damage and educational and occupational his-
tory.?8 In the early stage of AD, many individuals with
a high education and IQ can cope with pathological
brain impairments and they appear symptom-free.
FDG PET makes it possible to evaluate their brain
function objectively without the influence of their cog-
nitive background. Although neuroimaging may be
superior to neuropsychological testing for the early
diagnosis of AD,” the tests are simple to administer
and inexpensive. Correlation analysis using SPM and
FDG PET, on the other hand, is useful for the objec-
tive evaluation of cognitive tests and diagnostic scores.
Studies are underway to determine whether amyloid
PET represents a potentially useful tool for the early
diagnosis of AD.%* Until this issue is settled, FDG
PET, which reflects brain function, remains a valuable
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modality for the examination of patients suspected to
be at risk for AD.
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