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Abstract

Objective To investigate the changes in cerebral glucose
metabolism in patients with posttraumatic cognitive
impairment after memantine therapy.

Methods We performed serial F-18 fluorodeoxyglucose
positron emission tomography studies before and after
memantine therapy (20 mg per day) on 17 patients with
posttraumatic cognitive impairment using statistical para-
metric mapping analysis. In addition, covariance analysis
was performed to identify regions, where changes in
regional cerebral glucose metabolism correlated signifi-
cantly with increased Mini-Mental Status Examination
scores.

Results  Statistical parametric mapping analysis demon-
strated that, compared with baseline, significantly
increased cerebral glucose metabolism occurred in both
inferior, middle and superior frontal gyri, both angular gyri,
both precuneus, the right middle cingulum, the left inferior
parietal lobule, the left fusiform gyrus, the left precentral
gyrus, the left paracentral lobule, and the left lingual gyrus
after memantine therapy (Puncorrecteda < 0.005). In contrast,
cerebral glucose metabolism was significantly decreased
in both cerebellum, the left thalamus, the left olfactory,
the right middle temporal gyrus, the right amygdala, and
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the right insula (Puncorrecteda < 0.005). In the correlation
analysis, improvements in Mini-Mental Status Examina-
tion scores after memantine therapy were significantly
associated with increased cerebral glucose metabolism in
the inferior and middle frontal gyri and the inferior parietal
lobule of the left hemisphere (Porrectea < 0.0001).
Conclusions Our findings indicate that the prefrontal and
the parietal association cortices may be the relevant struc-
tures for the pharmacological response to memantine ther-
apy in patients with posttraumatic cognitive impairment.
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Introduction

Cognitive impairments are among the most common con-
sequences of traumatic brain injury (TBI) at all levels of
severity. Although following TBI, persons may experience
impairments in any cognitive domain, posttraumatic cog-
nitive impairments most often include disturbances of
arousal and attention, executive dysfunctions, memory
impairments, language deficits, and social communication
disturbances [1-3] and such cognitive impairments may
arise from direct injury to the neural network consisting
of the cerebral cortex, subcortical structures, or brainstem
elements, or from secondary neuronal damage, includ-
ing cytotoxic damage and neurotransmitter excitotoxicity
[4].

Although the neurobiological sequences of TBI remain
incompletely understood, pharmacologic strategies to
ameliorate cognitive impairment following TBI have been
based on the theory that disrupted neurotransmitter systems
are responsible for the cognitive deficits and that
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modulation of these systems with a receptor agonist or
antagonist may subsequently improve cognitive function
[5]. In addition, even though there is no accepted
pharmacologic intervention for posttraumatic cognitive
impairment, treatment regimen has consisted of a variety of
stimulants [6], cholinesterase inhibitors [7], dopaminergic
agents [8], and antidepressants [9].

Memantine is a noncompetitive antagonist at the
N-methyl-p-aspartate (NMDA) receptor, and has been used
to treat patients with Alzheimer’s disease (AD) [10]. It is
clinically well tolerated and has no major side effects or
interactions with other, commonly used pharmacological
substances [11]. Recently, the potential use of memantine
for the treatment of TBI has been raised [12, 13], but
clinical reports of its effects on TBI are still lacking. In the
current study, we performed a serial F-18 fluorodeoxy-
glucose positron emission tomography (F-18 FDG-PET)
study analysis before and after memantine therapy in
patients with posttraumatic cognitive impairment. We used
statistical parametric mapping (SPM) to evaluate whether
cognitive improvements were reflected in changes in

cerebral glucose metabolism after memantine therapy, thus
offering insight into the neural basis of cognitive dys-
function in patients with TBIL.

Materials and methods
Subjects

We consecutively enrolled 18 patients who were diagnosed
with a posttraumatic cognitive impairment. TBI was
determined by initial brain computed tomography or
magnetic resonance imaging at the time of initial injury
and medial history of patients. The severity of cognitive
impairment was assessed using the Mini-Mental Status
Examination (MMSE). Exclusion criteria included evi-
dence of premorbid neurological disease or psychiatric
disorder, the presence of impaired consciousness with
created an inability to accurately evaluate cognitive func-
tion, and the concurrent use of other cognition-enhancing
agents.

Table 1 Demographics of patients with posttraumatic cognitive impairment

No. Sex/  Handedness Education Main pathophysiology of Major combined Time from MMSE score
age (years) traumatic brain injury injury injury —_—
(years) (dominant location) (months) ~ Baseline Follow-

up
M/26 Right 12 DALI (body of corpus callosum) Clavicle fracture 8 22 25

2 M/29 Right 16 Contusion (right occipitotemporal, left frontoparietal None 28 3 5

regions)

3 M/35 Right 16 Contusion (left frontotemporal regions) None 4 26 27
M/23  Right 14 DAI (splenium of corpus callosum) Right fibular 18 19 23

fracture

5 M/22 Right 12 Contusion (both frontal, right parietal regions) Skull fracture 11 27 27
M/20 Right 14 DAI (body of corpus callosum, left superior Left radioulnar 5 27 30

cerebellar peduncle) fracture

7 M/36 Right 16 DALI (body of corpus callosum, left superior Right scapular 4 16 24

cerebellar peduncle) fracture

8 F/28 Right 16 DAL (splenium of corpus callosum) Facial bone 1 27 29

fracture

9 F/73  Right Contusion (both frontal regions) None 3 6 14

10 F/71  Right DAI (body of corpus callosum) None 2 2 9

11 M/24 Right 15 DAI (splenium of corpus callosum, left superior Both femur 18 27 29

cerebellar peduncle) fracture

12 M/72  Right 6 Contusion (left frontoparietal regions) None 2 15 15

13 M/24 Right 14 DAI (body of corpus callosum) None 2 27 29

14 M/52 Right 9 Contusion (left frontotemporal regions) None 1 10 17

15 M/31 Right 16 DALI (body of corpus callosum) None 4 22 28

16 F/52  Right 9 Contusion (right frontal, left parietooccipital None 1 27 27

regions)

17 M/24 Right 14 DAI (body of corpus callosum, right superior Pneumothorax 4 20 24

cerebellar peduncle)

MMSE Mini-Mental Status Examination, DA/ diffuse axonal injury
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All patients with posttraumatic cognitive impairment
underwent a MMSE evaluation at the beginning of the
study and at the 8-week follow-up. F-18 FDG-PET imag-
ing studies were performed upon initial evaluation as a
baseline and at 8 weeks after the start of medication.
During the treatment, the dosage of memantine was
increased from 10 mg (5 mg twice per day) to 20 mg
(10 mg twice per day) daily over a 4-week periods, the
dosage of memantine was then maintained at 20 mg for the
duration of the study. Of the 18 patients initially diagnosed
with posttraumatic cognitive disorders, one patient was
excluded from this analysis due to follow-up loss. All
subjects or their family members gave informed consent,
and all procedures were performed with the approval of the
Institutional Review Board for Clinical Studies of our
institution.

F-18 FDG-PET images acquisition

For all subjects, the first F-18 FDG-PET scan was per-
formed prior to initiation of memantine therapy, and the
second F-18 FDG-PET scan was performed after the full
8-week course of memantine. Subjects were scanned using
a GE Advance PET scanner (GE, Milwaukee, WI, USA)
with an intrinsic resolution of 4.8 mm full width at half
maximum and simultaneous imaging of 50 contiguous
transverse planes with a thickness of 3.3 mm for a longi-
tudinal field of view of 14.5 cm. After fasting for at least
6 h, subjects received 555 MBq of F-18 FDG intrave-
nously. All subjects were instructed to rest comfortably for
30 min with their eyes closed and ears unplugged in a quiet
room, then acquisition of emission image was performed
during 15 min. An 8-min transmission scan was performed
using triple Ge-68 rod sources to correct for attenuation.
Gathered data were reconstructed in a 128 x 128x 35
matrix with a pixel size of 1.95x 1.95x 4.25 mm by
means of a filtered back-projection algorithm employing a
trans-axial 8.5 mm Hanning filter and an 8.5 mm axial
Ramp filter.

Data analysis

Spatial preprocessing and statistical analysis of PET ima-
ges were performed using SPM software (SPM2, Institute
of Neurology, University College London, UK) on MAT-
LAB software version 7.1 (Mathworks Inc., Natick, MA,
USA). The F-18 FDG-PET templates for all of the scans
were created by averaging all F-18 FDG-PET images and
spatially normalizing with the Montreal Neurological
Institute (MNI, McGill University, CA) standard PET
template using a nonlinear transformation of SPM2. Spa-
tially, normalized images were then smoothed by convo-
lution using an isotropic Gaussian kernel with a 12 mm full

Fig. 1 Statistical parametric maps demonstrating the spatial distri-
bution of significant increases in cerebral glucose metabolism
following memantine therapy in patients with posttraumatic cognitive
impairment. Displayed voxels are significant at Pypcorrectea < 0.005

width half maximum to increase the signal-to-noise ratio
and to accommodate the subtle variations in anatomical
structure. The effects of global metabolism were removed
by normalizing the count of each voxel to the mean count
of the brain (proportional scaling in SPM). To identify
brain regions where cerebral glucose metabolism increased
following memantine treatment, the pre- and posttreatment
F-18 FDG-PET images were compared voxel-to-voxel (by
two-tailed paired ¢ test), and an uncorrected P value of
<0.005 and an extended threshold (K.) > 50 was consid-
ered statistically significant. In addition, covariance anal-
ysis was performed to identify regions where increased
changes in cerebral glucose metabolism were significantly
correlated with increases in MMSE scores using a single-
subject covariate model. Regions reaching a corrected
P value of <0.0001 were considered significant in the
covariance analysis with >50 continuous voxels in cluster
size. For visualization of the ¢ score statistics, the signifi-
cant voxels were projected onto the 3D-rendered brain or a
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Table 2 Brain areas

demonstrating significant Glucose metabolism  Side Area Coordinate Z score  Cluster

change in cerebral glucose x y z

metabolism after memantine

therapy in patients with Increase Right  Middle frontal gyrus 30 20 42 4.50 4007

posttraumatic cognitive Right  Superior frontal gyrus 24 10 50 383 4007

'mpairment _ Right  Inferior frontal gyrus 54 26 32 375 4007

(Puncorrected < 0.005, k = 50)
Right  Inferior frontal gyrus 34 40 -8 351 1166
Right  Precuneus —78 54 339 115
Right  Middle cingulum 4 =34 32 3.08 171
Right  Angular gyrus 38 —64 32 2.95 711
Left Inferior parietal lobule —54 42 54 3.57 1059
Left Fusiform gyrus -32 —68 -8 332 461
Left Precentral gyrus —46 4 52 328 771
Left Inferior frontal gyrus —40 0 32 320 771
Left Superior frontal gyrus —22 56 2 3.07 122
Left Angular gyrus -56 —64 34 297 1059
Left Paracentral lobule -6 38 84 296 151
Left Lingual gyrus —16 -84 =20 292 461
Left Precuneus —10 —62 22 283 97
Left Middle frontal gyrus -36 52 2 263 122

Decrease Right  Cerebellum 14 —40 =50 4.14 6049

Right  Middle temporal gyrus 44 20 -26 298 130
Right  Amygdala 28 -6 —-14 297 131
Right  Insula 40 0 -—-10 2.66 131
Left Thalamus —-16  —18 12 395 6049
Left Olfactory -8 10 —-12  3.67 285
Left Cerebellum —-34 —86 =36 322 53

standard high-resolution MRI template provided by SPM2,
thus allowing for anatomical identification. Anatomical
labeling of significant voxels was performed using the
automated anatomic labeling SPM toolbox [14], which was
based on anatomy provided by the MNI.

Statistical analysis

A Wilcoxon signed-rank paired test was used to compare
the changes in MMSE after memantine treatment; P values
of <0.01 were considered statistically significant. Statisti-
cal analyses were performed using SAS 9.1.3.

Results

Patient demographics are summarized in Table 1. Data are
given as mean £ SD. The patients consisted of 13 males
and 4 females with a mean age of 37.8 & 18.8 years (range
20-73 years). Ten cases were predominately caused by
diffuse axonal injury and seven cases primarily resulted
from cerebral contusion; the mean time from injury was
6.8 + 7.7 months (range 1-28 months). All patients were
right handed and the mean duration of education was
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12.6 £ 3.5 years (range 6-16 years). The mean MMSE
score at baseline was 19.0 &+ 8.9 (range 2-27). Following
8-week of memantine therapy, the mean MMSE score
improved significantly in 22.5 + 7.6 (range 5-30; mean
change, 3.5 points; P = 0.0001). When analyzing the
change in subitems of the MMSE, the subitems of attention
and calculation, as well as language, were significantly
improved following memantine therapy (mean changes in
score of 0.8 and 1.3, respectively; P = 0.002 and 0.003,
respectively), although no significant improvements in the
subitems of orientation (0.8 points), registration (0.2
points), recall (0.4 points) were founded.

The SPM analysis demonstrated significantly increased
cerebral glucose metabolism following an 8-week
memantine treatment was in the middle frontal gyrus, the
superior frontal gyrus, the inferior frontal gyrus, the pre-
cuneus, the middle cingulum, and the angular gyrus in the
right hemisphere and in the inferior parietal lobule, the
fusiform gyrus, the precentral gyrus, the inferior frontal
gyrus, the superior frontal gyrus, the angular gyrus, the
middle frontal gyrus, the paracentral lobule, and the lingual
gyrus in the left hemisphere when compared with the
baseline evaluation (Pyncorrectea < 0.005; Fig. 1; Table 2).
In contrast, cerebral glucose metabolism was significantly



Ann Nucl Med (2010) 24:363-369

367

Fig. 2 Statistical parametric maps demonstrating the spatial distri-
bution of significant decreases in cerebral glucose metabolism
following memantine therapy in patients with posttraumatic cognitive
impairment. Displayed voxels are significant at Py,corrected < 0.005

decreased in the bilateral cerebellum, the left thalamus,
the left olfactory bulb, the right middle temporal gyrus,
the right amygdala, and the right insula areas
(Puncorrected < 0.005; Fig. 2; Table 2). In the covariance
analysis between the changes in cerebral glucose metabo-
lism and MMSE score, improved MMSE score after
memantine treatment was significantly correlated with
increases in cerebral glucose metabolism in the left inferior
parietal lobule, the left inferior frontal gyrus, and the left
middle frontal gyrus (Peomectea < 0.0001; Fig. 3; Table 3).

Discussion

We investigated the changes in cerebral glucose metabo-
lism of patients with posttraumatic cognitive impairment
after memantine therapy. Our findings were (1) the cog-
nitive function as measured by MMSE scores significantly
improved after memantine treatment, (2) when compared
with baseline evaluation, memantine therapy significantly

Fig. 3 Statistical parametric maps demonstrating the correlation of
increased regional cerebral glucose metabolism and increase in Mini-
Mental Status Examination scores. Displayed voxels are significant at
Peorrectea < 0.0001. R right, L left

increased cerebral glucose metabolism in the prefrontal and
the parietal association cortices, (3) in the covariance
analysis, cerebral glucose metabolism in the left inferior
and middle frontal cortices and the left inferior parietal
lobule was significantly correlated with MMSE scores after
memantine therapy.

Memantine was recently approved by the European
Union and by the FDA for the treatment of moderate to
severe AD and may also have efficacy for the treatment
of vascular dementia [15]. The proposed mechanism of
memantine is a specific, moderate affinity, uncompetitive
NMDA receptor antagonism, and its pharmacological
rationale was based on the assumption that inhibition of
pathological glutamatergic activity. In TBI, neuronal
damage from pathologically excessive glutamate stimula-
tion in the cortical area appears to significantly contribute
to posttraumatic cognitive impairment [16—18]. However,
clinical studies demonstrating the effects of NMDA
receptor antagonist for the treatment of posttraumatic
cognitive impairment are still lacking.

Recently, positive effects of memantine treatment for
neurodegenerative diseases [19], stroke [20], neuropathic
pain [21], and schizophrenia [22] have been reported.
However, memantine is under investigation as a potential
treatment for other diseases as well, including traumatic
and hypoxic brain injuries [23, 24]. In AD, memantine
monotherapy or combined with cholinesterase inhibitors
improved attention, memory, and language functions
[19, 25]. Based on the current findings, increased cerebral
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Table 3 Correlation analysis between increased changes in regional cerebral glucose metabolism and increases of Mini-Mental Status

Examination Scores (Pcorected < 0.0001, £k = 50)

Side Area Coordinate Z score Cluster
x y Z

Left Inferior parietal lobule —58 —40 46 6.18 1488

Left Inferior frontal gyrus —44 14 22 5.69 719

Left Middle frontal gyrus —28 24 44 5.00 89

glucose metabolism in the frontal lobe, including the dor-
solateral prefrontal cortex, and in the parietal lobe,
including the precuneus, the angular gyrus, and the inferior
parietal lobule, may be associated with the previously
reported cognitive enhancing effects of memantine.
A possible explanation for these findings is that the
restorative capacity of memantine may particularly affect
attention, executive function, and working memory by
increasing cerebral glucose metabolism in the frontal and
the parietal cortices.

Cerebral hypometabolism associated with cognitive
impairment after TBI has been demonstrated diffuse or
focal lesions in the frontal, parietal, temporal, and
occipital cortices [26, 27]. There are a few preliminary
studies [22, 28] demonstrating a enhancing effect of
memantine on the frontal cerebral metabolism in schizo-
phrenia [22] and alcohol-induced dementia [28], but not
much is known about the underlying mechanism of
memantine’s effect on cognition and cerebral metabolism
in TBI. The current study was the first to investigate the
changes in cerebral glucose metabolism following
memantine therapy in posttraumatic cognitive impairment.
The current findings demonstrated diffuse increased
cerebral glucose metabolism in the prefrontal and the
parietal association area after memantine treatment; this
change could be related to cognitive improvements in the
setting of TBIL

NMDA receptors in the central nervous system have
been proposed to be widely spread along the neuronal
surface, particularly at the cerebral cortex, dentate gyrus,
cerebellum, substantia nigra, and spinal cord [29], although
the exact distribution depends on the local neuronal envi-
ronment. The current findings suggest that memantine
treatment, which acts as a blockade for NMDA receptor
activity, significantly decreased cortical glucose metabo-
lism in the cerebellum, hippocampus, and some cerebral
cortices where NMDA receptors are concentrated. Studies
addressing the underlying mechanism of decreased cere-
bral glucose metabolism after memantine therapy and how
decreased cortical metabolism following memantine treat-
ment affects cognitive function in TBI are indicated.

Several limitations of the current study design should be
considered. First limitation relates to the lack of evaluation
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into the metabolic recovery of cortex in the control group,
which represents the natural course of cortical metabolic
change in TBI. Therefore, normative data for the control
group should also be acquired in further studies. The sec-
ond limitation was related to the heterogeneous etiology
and duration of TBIs. The pathophysiologic mechanisms of
TBI in the current population consisted of diffuse axonal
injuries or cerebral contusions. The current findings need to
be validated by future studies enrolling patients with a
more homogenous set of injury etiologies, such as diffuse
axonal injury or cerebral contusion. In addition, detailed
cognitive evaluations were not addressed. Although the
MMSE is a simple and universally applied scale that can be
easily and rapidly performed by a clinician specializing in
neurorehabilitation, the MMSE is not sensitive for detect-
ing cognitive impairments of the frontoparietal subdo-
mains. Therefore, a detail correlation analysis between the
changes in cognitive subdomains and cerebral glucose
metabolism could not be carried and will need to be
addressed in the future studies.

Conclusion

Our findings indicate that the prefrontal and the parietal
association cortices, which are parts of the neural network
for cognitive processes, may be the relevant structures
responsible for the pharmacological response to memantine
treatment in patients with posttraumatic cognitive impair-
ment. In addition, our results remain only preliminary until
the current findings will be confirmed by further studies
with control data.
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