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Focal Brain Glucose Hypometabolism in Patients
with Neuropsychologic Deficits after Diffuse
Axonal Injury

BACKGROUND AND PURPOSE: Neuropsychologic deficits are well-known sequelae of traumatic brain
injury. However, the cerebral correlates of these deficits are still unclear. The aim of the present study
was to elucidate the regions of cerebral dysfunction correlated with such neuropsychologic deficits
after traumatic brain injury.

METHODS: Sets of fluorine-18 fluorodeoxyglucose—positron-emission tomography (FDG-PET) images
in the resting state were obtained from 12 patients with neuropsychologic deficits after diffuse axonal
injury and from 32 healthy volunteers. The cortical metabolic activity of each subject’s PET image sets
was extracted using 3D stereotactic surface projection (3D-SSP). A “normal” data base was created
using the extracted datasets of the healthy subjects. The patients’ datasets were compared with the
normal data base by calculating a statistical Zscore on a pixel-by-pixel basis in searches for focal
metabolic abnormalities.

RESULTS: Group comparisons revealed hypometabolism in the cingulate gyrus with additional involve-
ment of the lingual gyrus and cuneus. Individual case-by-case analyses disclosed differences in the site
and extent of the hypometabolism in the cingulate gyrus of each case. Predominant hypometabolism
was found in the anterior cingulate gyrus of 6 patients, the middle cingulate gyrus of 2 patients, and
the posterior cingulate gyrus of 4 patients.

CONCLUSION: Interpretation of FDG-PET using 3D-SSP facilitates the identification of regional hypo-
metabolism in the cerebral cortex of patients after diffuse axonal injury. Dysfunction of the cingulate
gyrus, lingual gyrus, and cuneus may play a crucial role in neuropsychologic deficits after traumatic

brain injury.

europsychologic deficits are well-known sequelae of trau-

matic brain injury (TBI). The deficits represent a complex
combination of cognitive impairments and behavioral disor-
ders and often become substantial sources of morbidity for
affected persons."” However, neither the underlying mecha-
nisms nor the cerebral correlates of the deficits are clearly
understood.

Several studies have been carried out to determine the re-
gional cerebral dysfunction responsible for such deficits® us-
ing functional brain imaging, such as single-photon emission
CT (SPECT)** or positron-emission tomography (PET),””
which has the potential to reveal cerebral dysfunction in re-
gions without any detectable structural lesions on CT or MR
imaging.'® Fluorine-18 fluorodeoxyglucose-PET (FDG-PET)
is the only established technique that can evaluate cerebral
glucose metabolism in vivo. Based on the principle that re-
gional glucose metabolism reflects the neuronal activity of the
region, focal hypometabolism indicates an area of neuronal
dysfunction. Therefore, FDG-PET has an advantage for eluci-
dating focal brain dysfunction compared with the cerebral
perfusion image obtained by SPECT. However, few studies
have used FDG-PET to explore the lesions correlated with
neuropsychologic deficits after TBL.”™
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For the analysis of PET images, the region of interest (ROI)
method has been widely used. However, problems are associ-
ated with this method, such as poor objectivity and low repro-
ducibility of the results. Therefore, interpretation of PET im-
ages using stereotactic brain coordinate systems, such as 3D
stereotactic surface projections (3D-SSP)''""* and statistical
parametric mapping (SPM),'*'* would allow greater consis-
tency in the reported results and make it easy to determine the
spatial extent of the abnormal site on the brain map. However,
there is a small difference between the 2 methods. In particu-
lar, 3D-SSP is used as a clinical application for diagnosis by
detecting the distribution forms of abnormal regions on the
brain surface, whereas SPM aims to indicate foci with a signif-
icant difference over the whole brain. Furthermore, 3D-SSP is
programmed to avoid the effect of brain atrophy, such that the
results are less affected by regional brain atrophy than SPM,
even in a single case-by-case analysis.

Previous analyses of FDG-PET using 3D-SSP successfully
demonstrated subtle decreases in glucose metabolism in the
region of the posterior cingulate cortex and the cinguloparietal
transitional area in patients with Alzheimer disease at a very
early stage.'® Following this methodology, the present study
was conducted to elucidate local metabolic reduction in pa-
tients after TBI, which may correlate with neuropsychologic
deficits.

Methods

Patients and Healthy Subjects

Twelve patients (8 men and 4 women) with neuropsychologic deficits
after diffuse axonal injury (DAI) were recruited from the Department
of Neurosurgery in Kizawa Memorial Hospital between 2002 and



2004. The recruitment was part of an ongoing cross-sectional study of
neuropsychologic deficits (A model project for supporting persons
with higher brain dysfunction; Japanese Ministry of Health, Labor
and Welfare), and the 12 patients were drawn from a larger group of
31 patients with neuropsychologic deficits after TBI or cerebrovascu-
lar accidents. Despite making a good recovery after TBI, the impair-
ment of memory, attention, and executive function caused them to
become unemployed. When probing the functional consequences of
damages to the brain, the heterogeneity of the pathogenesis of brain
injury may represent a reason for the failure to find consistent rela-
tionships between the localization of lesions and neuropsychologic
deficits after TBI. Simplifying the pathogenesis and eliminating the
effect of focal injury in cerebral cortex, which had negative correlation
with neuropsychologic deficits, the following inclusion criteria were
made: moderate or severe injury,'” diffuse injury type IT or I1T accord-
ing to the CT classification,'® and no physical handicaps. At the time
of the FDG-PET study, the mean age of the patients was 30.4 years
(range, 1850 years). The mean time since injury was 28.8 months
(range, 3-71 months). Initial CT scans after injury showed subarach-
noid hemorrhage or intraventricular hemorrhage without diffuse
brain swelling in 9 of 12 patients. Three of 12 patients showed diffuse
brain swelling with midline shift under 5 mm. No focal injury with
volume exceeding 25 mL was demonstrated in the patients. A small
mixed-attenuation area suggesting cerebral contusion was shown in 5
of 12 patients. Three of the cerebral contusions were present in the
right frontal lobe and 2 of them were in the right temporal lobe. The
patients and their families were informed of the experimental aim of
the study and gave their consent to participate.

The cognitive impairments of the patients were diagnosed by ad-
ministering the following battery of neuropsychologic tests: memory
was assessed using the Wechsler Memory Scale, Revised Edition
(WMS-R); attention was assessed using the Paced Auditory Serial
Attention Task (PASAT) and D-CAT (similar to Ruff’s 7 series, nor-
malized by more than 350 normal subjects); executive function was
assessed using the Wisconsin Card Sorting Test (WCST); and general
intelligence was assessed using the Wechsler Adult Intellectual Scale,
Revised Edition (WAIS-R). The numbers of patients showing deficit
on each cognitive domain were as follows: 9 of 10 patients tested by
WMS-R showed a positive memory problem, 10 of 11 patients tested
by PASAT and/or D-CAT showed an attention problem, and 5 of 7
patients tested by WCST showed an executive function problem. Four
of 12 patients were asymptomatic, and 8 patients had a subnormal
score on the intelligence quotient (IQ).

The age-similar healthy subjects were 32 volunteers with no prior
history of head injury who were recruited by advertising. The healthy
subjects were divided into 2 age-similar groups, designated the data
base group (DBG) and the control group (CG), in a random fashion.
The DBG and CG consisted of 20 subjects (average age, 35.6 years;
range, 21-50 years) and 12 subjects (average age, 35.5 years; range,
22-50 years), respectively. The PET image datasets of the DBG were
used to create a data base of 3D-SSP. The datasets of the CG were
analyzed in the same way as those of the patients to validate the reli-
ability of the created data base and the result of 3D-SSP analyses.

Magnetic Resonance Imaging

MR images were obtained for all the patients and healthy subjects
using a 1.5T scanner (Signa; GE Healthcare, Milwaukee, Wis). The
imaging protocol consisted of 3 imaging sessions of the same geom-
etry (15 sections; axial plane; section thickness, 6 mm; section gap, 3
mm): 1) T1-weighted fast spin-echo (TR, 350 ms; TE, 10 ms; FOV, 25

cm; data matrix, 256 X 224); 2) axial T2-weighted fast spin-echo (TR,
2600 ms; TE, 100 ms; FOV, 25 cm; data matrix, 256 X 224); and 3)
gradient-echo echo-planar imaging (TR, 1000 ms; TE, 12 ms; FOV, 25
cm; data matrix, 256 X 224; flip angle, 20°).

Positron-Emission Tomography

Resting-state measurement of glucose metabolism with '*F-FDG-
PET was performed as follows. The PET scans were performed using
an Advance scanner (GE Healthcare) that provided 35 transaxial im-
ages at 4.25-mm intervals. Patients and healthy subjects fasted for at
least 4 hours before the scanning. After intravenous administration of
5.3 MBq/kg '®F-FDG, the subjects were kept in a dimly lit isolation
room and instructed to remain still with their eyes open to avoid
falling asleep. A set of transaxial images was obtained with a standard
2D emission scan mode starting 40 minutes after the injection. There-
after, a transmission scan was performed for attenuation correction.

Data Analysis

PET image analysis with 3D-SSP was performed using the Neurostat
software established by Minoshima et al.'> Each image set was re-
aligned to the bicommissural stereotactic coordinate system. The dif-
ferences among individual brain sizes were removed by linear scaling,
and regional anatomic differences were minimized by a nonlinear
warping technique.'® As a result, each brain was standardized ana-
tomically to match with a standard atlas of the brain®® while preserv-
ing the regional metabolic activity. Thereafter, the maximum cortical
activity was extracted to adjacent predefined surface pixels on a pixel-
by-pixel basis using the 3D-SSP technique.'® This cortical data extrac-
tion technique compensates for small anatomic differences in the gray
matter structures (such as variable depth of the gyri) across patients
and minimizes the partial volume of the white matter. Approximately
16,000 predefined surface pixels covered the entire cortex, including
the medial aspect of the 2 hemispheres. The extracted data for the
cortical activity were normalized according to the mean global activ-
ity before further analyses.

Individual case-by-case analyses were performed as follows. A
normal reference data base was created by calculating the mean and
SD of the activity for each surface pixel using the normalized datasets
of the DBG subjects. Thereafter, the normalized activity of each pa-
tient and CG subject was compared with the normal reference data
base by a Z-score (Z = [normal mean value] — [individual value]/
normal SD). A positive Z-score represented a reduced metabolic ac-
tivity. To confirm the characteristic metabolic pattern of the patients,
2-sample Student ¢ test values were calculated on a pixel-by-pixel
basis between the patient group and the DBG. Next, the calculated ¢
values were transformed to Z-scores by a probability integral trans-
formation. The Z-score data were then displayed on the 3D-SSP brain
surface map for visual inspection.

Individual 3D-SSP brain surface maps of each patient and CG
subject were evaluated by an expert reader who was blind to the clin-
ical data. The locations of hypometabolism were also evaluated by a
stereotactic extraction estimation method (SEE) established by Mizu-

mura et al*!

to minimize the subjective bias and variability on visual
inspection. In brief, the 3D-SSP brain surface map was divided into 64
gyrus-level segments according to the Talairach Daemon brain atlas
(Talairach Daemon; Research Imaging Center, University of Texas
Laboratory).”>** Next, the proportion of surface pixels with Z values
over a threshold value (this study used Z = 2 as the threshold) was
calculated in each respective segment and expressed as the “extent” of

the lesion in each gyrus-level segment.
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Fig 1. Zscore brain surface map represents areas of metabolic reduction in patients in comparison with healthy subjects (data base group). Right lateral (R.LAT), left lateral (L. LAT), superior
(SUP), inferior (INF), anterior (ANT), posterior (POST), right medial (R. MED), and left medial (L. MED) views are shown. Reduction of glucose metabolism is evident in medial aspects of

cerebrum especially in cingulate gyrus, lingual gyrus, and cuneus.

Results

Brain MR imaging revealed neither anomalies nor prior
pathologic changes in any of the healthy subjects. Traces of
cerebral contusion were found in the frontal or temporal lobes
of 5 patients. A few scattered hemosiderin deposits in the ce-
rebral white matter, suggesting the presence of microbleeding
in the acute stage of DAI, were observed in 5 patients. The area
of cerebral contusion was shown as the focus of glucose hypo-
metabolism on the axial view of the PET images, as well as on
the 3D-SSP brain surface map. However, none of the local
hypometabolism shown on the axial view of the PET image
coincided with the hemosiderin deposit demonstrated by MR
imaging.

Group comparisons between the patient group and the
DBG clearly revealed areas of decreased cortical glucose me-
tabolism on the 3D-SSP brain surface map. Local hypometab-
olism was identified in the anterior, middle, and posterior cin-
gulate gyrus, lingual gyrus, cuneus, and cerebellum on visual
inspection. The hypometabolism was mostly observed on the
medial aspect of the bilateral cerebral hemisphere with a sym-
metric pattern (Fig 1). The “extent” (proportion of surface
pixels with a Z score >2) of representative gyrus level segment
is shown in Table 1. When significant hypometabolism in a
segment was defined as exceeding 30%, the anterior, middle,
and posterior cingulate gyri, lingual gyrus, cuneus, and right
thalamus could be evaluated for their hypometabolic regions.
On the contrary, group comparisons between the CG and the
DBG revealed no significant hypometabolic regions (Fig 2).
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Table 1: Abstract from the stereotactic extraction estimation (SEE)
results of group comparison

Gyrus Level Total Projection Extent
Classification Projection (Z>2) Ratio (%)
Anterior cingulate gyrus

Left 180 94 52.2

Right 180 85 472
Middle cingulate gyrus

Left 267 118 442

Right 267 94 352
Posterior cingulate gyrus

Left 98 58 59.2

Right 98 43 439
Lingual gyrus

Left 100 89 89.0

Right 99 91 91.9
Cuneus

Left 306 119 389

Right 303 127 41.9

Note:—In each row, anatomic information, total coordinates, number of coordinates
showing abnormalities (Z > 2), and proportion of abnormal pixels in total surface pixels are
presented from the left. Table shows the results of representative gyrus level segments
extracted from 32 segments of whole cerebral surface.

The proportion of surface pixels with a Z score >2 was only
2.49% of the total surface pixels of the cerebrum.

Individual case-by-case analyses also revealed local hypo-
metabolism in the cingulate gyrus, lingual gyrus, and cuneus.
However, the distribution of hypometabolic region was differ-
ent in each individual case (Fig 3). Patterns of cortical meta-
bolic abnormalities in the medial surface of cerebral hemi-
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Fig 2. Zscore brain surface map represents the result of group comparison between 2 healthy subjects groups such as control group (CG) and data base group (DBG). Right lateral (R.LAT),
left lateral (L. LAT), superior (SUP, inferior (/NF), anterior (ANT), posterior (POST), right medial (R. MED), and left medial (L. MED) views are shown. Marked metabolic reduction is not shown

on the medial surface of cerebrum.

sphere were examined for discriminating the patients from
normal control subjects. Visual inspection resulted in 2 false-
negative cases in the patient group and no false-positive cases
in CG subjects. In the false-negative cases, clusters of the pixels
showing high Z score in the middle and posterior cingulate
gyrus were so small that the images were not assessed as ab-
normal. Every image showing the metabolic reduction in the
anterior cingulate gyrus (case 1-6; Table 2) was identified as
abnormal.

Estimation of the individual Z-score data disclosed that the
“extent” (proportion of the surface pixels with a Z score >2) of
the hypometabolism in regions of the anterior, middle, or pos-
terior cingulate gyrus of individual patients was significantly
higher than that of individual CG subjects. The “extent” re-
vealed hypometabolism of the lingual gyrus and cuneus in 5
patients in the unilateral or bilateral cerebral hemisphere (Ta-
ble 2). Regarding the spatial distribution of the hypometabo-
lism in the cingulate gyrus, the 3D-SSP brain surface map
facilitated the visualization of differences among the patients
(Fig 2). The “extent” disclosed a predominant hypometabo-
lism in the anterior cingulate gyrus in 6 patients, middle cin-
gulate gyrus in 2 patients, and posterior cingulate gyrus in 4
patients (Table 2). Three of 4 patients showing predominant
hypometabolism in the posterior cingulate gyrus revealed a
concomitant metabolic reduction in the lingual gyrus and cu-
neus, whereas metabolic reduction in the lingual gyrus and
cuneus was found in only 2 of 8 patients showing predominant

hypometabolism in the anterior or middle cingulate gyrus
(Table 2).

Hypometabolism of the cerebellar cortex was demon-
strated not only by the group comparisons but also by the
individual case-by-case analyses. However, the SEE software
did not support Z-score estimation for the cerebellar cortex;
therefore, the assessment of metabolic reduction in the cere-
bellar cortex was based simply on visual inspection.

Discussion
Interpretation of FDG-PET by 3D-SSP facilitated the visual-
ization and evaluation of regional hypometabolism, com-
pared with previous neuroimaging studies of the patients with
neuropsychologic deficits after TBI. To account for the meta-
bolic reduction, the following 2 main mechanisms have been
proposed: 1) local neuronal loss and 2) decreased neuronal
activity as a result of deafferentation. In the present study, MR
imaging did not reveal focal structural damage to the cingulate
cortex or the other cortices in which hypometabolism was
demonstrated by the group comparison. Therefore, the re-
gional metabolic reduction in the cingulate gyrus, lingual gy-
rus, and cuneus is suggested to arise as a result of deafferenta-
tion of the neurons® interconnecting the hypometabolic
regions with other parts of the cerebrum.

There is now evidence that the anterior cingulate cortex has
extensive reciprocal connections with the prefrontal, parietal,
and temporal cortices as well as with the limbic and reticular
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Fig 3. Zscore brain surface map of representative cases shows a prominent metabolic reduction on respective gyrus level segment in cingulate gyrus.

Top, 46-year-old man (case 4) shows hypometabolism in anterior cingulate gyrus.

Middle, 38-year-old woman (case 7) shows hypometabolism in middle cingulate gyrus. Metabolic reduction shown in the right frontal lobe is the result of cerebral contusion.

Bottom, 28-year-old man (case 12) shows hypometabolism in posterior cingulate gyrus with concomitant hypometabolism of lingual gyrus and cuneus.

Table 2: Proportion of surface pixels showing abnormalities (Z > 2) in each case

Anterior Cingulate

Middle Cingulate

Posterior Cingulate

Gyrus Gyrus Gyrus Lingual Gyrus

Case No. Age & Sex Right Left Right Left Right Left Right Left
1 26 F 378 58.9 9.0 26 20 0.0 0.0 0.0
2 39 M 200 15.6 9.7 1.2 2.0 0.0 6.1 25.0
3 50 M 344 328 292 382 20 1.0 0.0 30
4 46 M 456 489 322 24.7 10.2 8.2 0.0 20
5 24 F 57.2 46.1 9.7 30 71 5.1 343 330
6 22 M 57.8 37.8 6.0 45 41 24.5 354 52.0
7 38 F 1.1 28 1.2 139 20 1.0 0.0 16.0
8 23 M 1.7 5.6 16.1 15.4 1.0 1.0 0.0 330
9 22 M 1.1 0.0 1.1 19 16.3 214 17.2 21.0
10 44 F 0.0 0.0 26 26 53.1 6.1 69.7 6.0
" 19M 1.7 06 5.2 1.9 3.1 1.2 727 72.0
12 28 M 2.2 7.8 2.2 6.7 429 439 232 61.0
CG Mean 2.3 1.8 09 1.9 09 25 6.5 99

SD 28 28 09 24 2.0 42 1.9 17.4

Note:—CG indicates control group.

systems. It has been proved to play a crucial role in the expres-
sion of frontal lobe functions and is believed to form the cen-
tral part of an executive/attentional system and to play a key
role in cognition.”> The posterior cingulate cortex also has
various reciprocal connections with the limbic system and as-
sociation cortices,”*’ such as the temporal and parietal corti-
ces distinct from those of the anterior cingulate cortex.”® It has
been proved to play an important role in learning and memory
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function. The lingual gyrus and cuneus have been believed to
mediate the neural function of visual perception in coopera-
tion with the functionally conjunctive occipitotemporal cor-
tex.*>** Histopathologic study has shown widespread axono-
tomy in cerebral white matter of the patients after DAL’
Deafferentation caused by the axonotomy to the neurons in-
terconnecting cingulate gyrus with other cerebral cortices of
bilateral hemisphere may result in the symmetrical metabolic



reduction of the cingulate gyrus. The dysfunction of bilateral
cingulate cortex produced by the axonotomy may be the fun-
damental mechanism of the neuropsychologic deficits after
DAL

The ventral anterior and posterior cingulate cortices have
been proved to show greater activities in the resting state than
during cognitive tasks. Based on this phenomenon, the follow-
ing hypothesis has been proposed.”®?? The posterior cingulate
cortex has significant functional connectivity with the ventral
anterior cingulate, prefrontal, and other cerebral cortices that
constitute a default mode network active during the resting
state. They integrate cognitive and emotional processing when
tasks with a high cognitive demand cue such processing. Be-
cause the FDG-PET images in the present study were obtained
in the resting state, the metabolic reduction shown in the cin-
gulate cortex of the patients might indicate a dysfunction of
the default mode network, which might be involved in the
pathogenesis of the neuropsychologic deficits.

The results of this study showing local glucose hypometab-
olism in the cingulate gyrus are in agreement with previous
research by Fontaine et al” who quantitatively analyzed the
cerebral glucose metabolism of patients with neuropsycho-
logic deficits after severe TBI using the ROI method. They
showed significant correlations between the cingulate gyrus
metabolism and cognitive functions. At the same time, they
also demonstrated significant metabolic reduction in the bi-
lateral prefrontal cortices. Although prefrontal dysfunction
has been suspected of contributing to the neuropsychologic
deficits after TBI, the present study revealed no metabolic re-
duction in the prefrontal cortex. This discrepancy may depend
on the differences in the methodologies used for the analyses.
The cortical activity was extracted and analyzed in the present
study; however, subcortical activity may be included by the
measurement using the ROI method.

This is the first study to demonstrate the hypometabolism
in the lingual gyrus and cuneus in patients with neuropsycho-
logic deficits after DAL The results indicate that the dysfunc-
tion of the lingual gyrus and cuneus may correlate with the
deficits in visual perception of the patients.*>*° However, it
should be noted that the metabolic activities of the lingual
gyrus and cuneus of the present study varied to some extent
even in the control subjects. The value of the SD for the “ex-
tent” in the lingual gyrus and cuneus was larger than that of the
cingulate gyrus in the control group. This may depend on the
variable neuronal activation in the visual and visual associa-
tion cortices during the uptake period of FDG. Although the
subjects were kept in a dimly lit room after the FDG injection,
they did not close their eyes. Therefore, further studies are
needed to confirm the dysfunction of the visual and visual
association cortices in patients with neuropsychologic deficits
after DAL

Individual case-by-case analyses disclosed different distri-
butions of the hypometabolism among the patients. These
findings suggest the differences in the regions of brain dys-
function among patients, which may therefore produce differ-
ent combinations of impaired cognitive domains after DAL
However, the study population in the current study was too
small to clarify any correlation between the impaired cognitive
domains and the distribution of hypometabolism. Further
studies pave the way for systematic analysis between impaired

cognitive domains and local neuronal dysfunction of patients
after TBL

Conclusion

By the use of 3D-SSP, an appreciable improvement was
achieved in the interpretation of FDG-PET images of the pa-
tients after DAL Local hypometabolism in the cingulate gyrus,
lingual gyrus, and cuneus was demonstrated in patients with
neuropsychologic deficits after DAL These results indicate
that dysfunction of these cerebral regions plays a key role in
neuropsychologic deficits after TBI. This method will allow
more comprehensive analyses of the cerebral correlates of
neuropsychologic deficits after TBI in the future.
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