data demonstrated that the heterogenous washout of **™Tc-
ECD within 60 min could be negligible (Flores L II, personal
communication). The influence of inhomogeneous washout
of the tracer is thought to be small in our **™Tc-ECD SPECT
protocol.

CONCLUSION

The vasodilatory cag)acity under acetazolamide challenge was
underestimated with **™Tc-ECD when compared to '2*I-IMP.
However, this underestimation could be corrected by the PS
model. Technetium-99m-ECD SPECT that is corrected based
on the PS model may be a useful method for evaluating
cerebrovascular reserve using acetazolamide challenge.
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Viable Neurons with Luxury Perfusion in

Hydrocephalus
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A woman with hydrocephalus due to aqueductal stenosis had
functional imaging of cerebral perfusion and metabolism to demon-
strate the effects of endoscopic third ventriculostomy-a new form of
internal surgical shunting. Technetium-99m-ECD SPECT and 8F-
FDG PET showed regional luxury perfusion at the left frontal region.
Three months after a successful third ventriculostomy, a repeated
imaging of cerebral perfusion and metabolism showed resolution of
luxury perfusion and global improvement of both perfusion and
metabolism. This concurred with postoperative clinical improve-
ment. The paired imaging of cerebral perfusion and metabolism
provides more information than just imaging perfusion or metabo-
lism. Thus, the detection of perfusion and metabolism mismatch
may open a new window of opportunity for surgical intervention.
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'I;xe link between cellular viability and functional outcome
after surgical intervention has been demonstrated in the myo-
cardium with coronary artery disease by imaging myocardial
perfusion and metabolism using '*NH, and '®F-FDG (/) and by
H,'°0 and ''C-acetate (2) PET. Recent studies using '*I-
labeled benzodiazepine receptor antagonist (3-5) and paired
studies with *™Tc-HMPAO and '®F-FDG (6) have opened a
new quest into neuronal viability in cerebrovascular disease.
However, little is known about neuronal viability and function
in hydrocephalus, in which there is net accumulation of cere-
brospinal fluid (CSF) within the cerebral ventricles with result-
ant dilatation (7). The constant pressure on cortical cells causes
reduction of cerebral perfusion (8,9) and metabolism (/0-12)
that can be imaged noninvasively in humans by radionuclide
emission tomography such as PET and SPECT. The structural
changes are displayed by anatomical imaging such as x-ray CT
or MRI as dilatation of ventricular system and thinning of the
cortex. It is presumed that irreversible cerebral cortical damage
has occurred when ventricles become dilated and metabolism
shuts down. Therefore, the viability of the cortical neurons
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Transverse Sagittal

T1 weighed MRI

MRI CSF Flow

Bidirectional CSF flow via 3rd ventriculostomy

FIGURE 1. (A) Transverse and (B) sagittal T1-weighted MRI images, in a
patient with hydrocephalus due to aqueductal stenosis (amow head), show
dilatation of ventricular system. Note the left frontal region shows no
remarkable structural changes (solid arrow). (C, D) The CSF fiow study after
neuroendoscopic third ventriculostomy shows bidirectional CSF flow indi-
cating patent ventriculostomy.

surrounding the dilated ventricles with reduced perfusion or
metabolism would be important information for considering
surgical shunting procedures such as ventriculo-atrial or -peri-
toneal shunts or endoscopic third ventriculostomy. Can the
neurons in those regions, with reduced perfusion or metabolism
that are at risk of damage but still viable, be salvaged?
Previous PET imaging has shown that cerebral perfusion in
normal brain tissue is constantly regulated to match metabolic
demand (/3,/4) and brain tissue in hydrocephalus with in-
creased cortical oxygen extraction correlated with improvement
of cerebral perfusion after surgical shunting (/5). The neuronal
tissue uses glucose exclusively for its energy supply in its usual
state (/6). It is quite possible that a mismatched pattern of
perfusion and glucose metabolism would represent a state of
viable neurons in crisis, as reported recently in cerebrovascular
disease (6). We, without cyclotron facilities, used *™Tc L,L-
ethyl cysteinate dimer (ECD) which acts hke a chemical
microsphere to demonstrate perfuswn and '8F 2-fluoro-2-
deoxy-D-glucose (FDG) which is a glucose analog to measure
glucose metabolism. ECD is lipophilic and neutral which
crosses the blood-brain barrier readily and its selective retention
in brain tissue is achieved by de-esterification into polar acidic
products that are ionized at physiologic pH (/7). FDG is
transported into the cells of most tissues by facilitated diffusion,
then phosphorylated into FDG-6-PO, and trapped intracellu-
larly (18,19). These two tracers are also available commonly for
clinical studies in other clinical centers. If neurons with decou-
pling of perfusion and glucose metabolism due to damaging
forces from compression by hydrocephalus are still viable, the
relief of pressure by surgical shunting will reverse such decou-
pling (mismatch) in the dual imaging of cerebral perfusion and
metabolism because dead neuronal cells in the central nervous
system cannot regenerate. The gold standard, as in coronary

Metabolism

Post-operative Pre-operative

ROIs

FIGURE 2. (A) Representative transverse ®™Tc-ECD SPECT and (B) '6F-

FDG PET images performed before third ventriculostomy show decreased
metabolism relative to perfusion at the frontal lobe on the left side of the

patient (arrow). The (C) postoperative ®™Tc-ECD SPECT and (D) '®F-FDG
PET images show (D) normalization of metabolism relative to (C) perfusion
which, together with functional recovery, indicate viable neurons present in
the previously observed areas of mismatch metabolism relative to perfusion
(luxury perfusion). The twenty 4 X 4-pixel ROIs placed on (A) and (B) are
shown in (E) and (F), respectively.

revascularization, will be recovery of neuronal function after
surgical (external or internal) shunting.

CASE REPORT

A 23-yr-old patient with good past health except for memory
problems since high school. She experienced bilateral numbness
and weakness of her lower extremities for 2 wk. She also had
bilateral frontal headache over the past 4-5 mo. There was no
history of urinary incontinence. On physical examination, she was
found to have bilateral leg weakness, ataxia and mild impairment
of both short- and long-term memory. Her MRI (Figs. 1A and B)
revealed hydrocephalus due to aqueductal stenosis. Because of the
lack of an objective method for functional assessment of neuro-
logic deficits and effects of third ventriculostomy, a new form of
surgical shunting that diverts CSF internally by a neuroendoscopic
procedure (20), nuclear medicine brain imaging was ordered.
Technetium-99m-ECD SPECT imaging (see Appendix for techni-
cal details) was first performed to study cerebral perfusion that
showed effects of hydrocephalus but no regional defects (Fig. 2A).
Fluorine-18-FDG-PET imaging (Appendix) was performed 2 hr
later to look for metabolic abnormalities in this patient. It showed
a mismatched metabolic defect, most prominent at the left frontal
region (Fig. 2B). This is a phenomenon of luxury perfusion or
perfusion and metabolic mismatch observed previously in stroke
(21-23) but it has not been reported in hydrocephalus. The same
pair of images was repeated (Appendix) 3 mo after endoscopic
third ventriculostomy. The metabolism (Fig. 2D) was improved to
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TABLE 1

Asymmetric Index
Perfusion (F) Metabolism (F) Perfusion (NF) Metabolism (NF)
Pre-operative -1.03 + 1.01% 17.48 + 3.85% 0.27 + 454% 3.86 + 6.62%
Post-operative 297 + 1.36% -1.20 + 6.62% 0.42 + 6.29% -2.11 £4.37%
Two-tailed p 0.20 0.01 0.95 0.1

F = frontal, NF = nonfrontal brain regions.

match perfusion (Fig. 2C) at the left frontal region and there was no
more decoupling (arrows in Figs. 2B and 2D). The anatomical
imaging by MRI (Figs. 1C and 1D) revealed exuberant bidirec-
tional flow through the floor of the third ventricle consistent with
widely patent third ventriculostomy. There are no changes noted in
the ventricular size when compared to preshunting MRI.

In order to detect the global changes in cerebral perfusion and
metabolism, the mean and standard deviation of count densities of
the entire brain were calculated using the method described
previously (24). For local quantification, 20 different 4 X 4 pixel
ROIs were placed on the transverse images (Figs. 2E and 2F) to
extract count densities. All count densities were then normalized to
the maximal count in the cerebellum. The cerebellum was chosen
as reference region, because the mean regional cerebral perfusion
was shown not to be different from normal controls (25) and
hydrocephalus is not known to be associated with structural
abnormalities in the cerebellum. The mean count ratios in cerebral
perfusion and metabolism improved significantly, respectively,
from 0.80 + 0.11 and 0.88 * 0.11 preoperatively to 0.83 + 0.14
and 0.91 * 0.12 postoperatively (two-tailed p < 0.00001 in both
perfusion and metabolism). The asymmetric indices, defined by
(Right — Left)/(Right + Left), in the frontal and nonfrontal regions
were tabulated in Table 1. The table showed significant reversal of
the asymmetric index in frontal metabolism but not in frontal
perfusion. This concurred with our visual observation of luxury
perfusion, a form of mismatch in perfusion and metabolism.
However, although the neurologic symptoms (bilateral leg numb-
ness and weakness, ataxia and frontal headache) that the patient
experienced before endoscopic third ventriculostomy were re-
solved, paralleling the observations in the pre- and postshunting
perfusion and metabolic imaging just described, there are no
localizing focal neurologic signs or symptoms to relate to the major
site of luxury perfusion. Thus, the clinical improvement was most
likely related to global improvement of metabolism and perfusion.

DISCUSSION

Quantitative PET studies have demonstrated coupling be-
tween cerebral blood flow, oxygen consumption and glucose
utilization (/3,14). Shih et al. (9) had demonstrated reversible
hypoperfusion in human cerebral cortex after shuating in a
single patient with normal pressure hydrocephalus by using a
three-dimensional display of *™Tc-HMPAO cerebral perfusion
SPECT images. But the status of metabolism, which might not
be coupled to perfusion as illustrated in our case, was unknown.
Friedland et al. (/2) demonstrated reversible hypometabolism
in human cerebral cortex after shunting in a single patient with
normal pressure hydrocephalus by using '®F-FDG PET images
during the management of dementia. However, there were no
accompanying perfusion images presented to illustrate perfu-
sion and metabolism mismatch or match. Clearly, the ability of
the neurons in a brain region to regain metabolism after surgery
but not just perfusion indicates the presence of viable neurons in
that particular region. However, reduced metabolism could be
due to neuronal cell loss, neurons at crisis (ischemia) or
deafferentation (diaschisis). Thus, in order to identify neuronal

viability within present facilities of most clinical centers, dual
imaging of cerebral perfusion and metabolism in a single day
static study to look for perfusion and metabolism mismatches
(luxury or misery perfusion) before surgical shunting may be
promising, as also suggested by other investigators (6). When
the ventricular system starts to dilate, compression of cerebral
cortical tissue will result in gradual reduction of perfusion and
metabolism. However, continued compression of cortical tissue
may result in metabolic shut down and the neurons will be on
the verge of dying. The perfusion is maintained by reactive
hyperemia, a phenomenon of luxury perfusion related to met-
abolic acidosis (26). If nothing is done, the neurons will
inevitably succumb to cellular death. Thus, the ability to detect
neuronal viability by noninvasive imaging of cerebral perfusion
and metabolism opens a window of opportunity for surgical
intervention. The detection of perfusion and metabolism decou-
pling when the neurons are still viable may be quite short in
time which, to the best of our knowledge, has not been reported
previously in hydrocephalus. Contrary to previous report that
the reduction of metabolism is global (27), the present case
demonstrates also the regional reduction of neuronal metabo-
lism. This information regarding neuronal viability is not
available in the present high spatial resolution anatomical
imaging such as MRI and CT scans and cannot be recorded by
surface electroencephalography, as expected from the hierarchy
of neurochemistry (28) from metabolism down to perfusion,
electrical events, structural changes and/or clinical signs and
symptoms. Although imaging in the higher hierarchy with ']
iomazenil appears to be promising in the acute or subacute
cerebrovascular disease, it may not be applicable to hydroceph-
alus as there is evidence that persistently ischemic areas tend to
lose benzodiazepine receptors as well (29). Current practice of
surgical shunting depends on the patient’s symptoms and signs
together with structural changes by anatomical imaging that
occur much later than functional changes in perfusion and
metabolism and there are no suitable noninvasive objective
method for functional assessment before and after shunting.
Although the patient reported has developed symptoms, nuclear
imaging still helps to document the effects of endoscopic third
ventriculostomy and assess subsequent recovery of function
together with clinical observation of symptomatic improvement
after surgery, which is the ultimate gold standard of neuronal
viability.

CONCLUSION

Although the nuclear imaging combination of perfusion and
metabolism is commonly used in myocardial viability, it has not
been widely used in neuronal viability. Our observation of
cerebral perfusion and metabolic mismatches helps to identify
viable neurons that are at risk of damage due to compression by
hydrocephalus, and these neurons will be salvageable by
surgical shunting. The dual imaging of cerebral perfusion and
metabolism potentially would help neurosurgeons decide on a
shunting procedure well before the clinical signs or symptoms
appear and assess functional recovery objectively. Long-term
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follow-up and extension of the study to include more patients
are in progress.

APPENDIX

Each pair of images was performed on the same day with
99mT¢-ECD SPECT first, followed by '®F-FDG PET. In the SPECT
scan, an average of 738 = 338 MBq **"Tc-ECD was injected in a
quiet and dimly lit room. SPECT acquisition, lasting for slightly
less than 30 min, using a triple detector gamma-camera equipped
with a low-energy, ultrahigh resolution parallel-hole collimator
(TRIONIX, Twinsburg, OH) in a 128 X 128 matrix (pixel size =
3.56 mm), was started 10—1S5 min after injection of 99mTc.ECD.
The raw SPECT projection images were reconstructed in a 64 X 64
matrix with the same pixel size of 3.56 mm as in the acquisition
and a slice thickness of 3.56 mm, using a uniform attenuation
coefficient of 0.11 cm ™', a five-pixel axial smoothing kernel (1 2
5 2 1) and Hanning filter with a Nyquist frequency of 1.404 cycles
cm™ " and a cutoff frequency of 1.00 cycle cm™~'. The pixel size and
slice thickness were chosen to have the same size for a symmetrical
cubic voxel from the gamma camera used that had a resolution of
approximately 7 mm at 10 cm from the collimator. The PET scan
was obtained on a Posicam 6.5 PET system (Positron Corporation,
Houston, TX) using an average of 165 = 18 MBq '®F-FDG. The
acquisition was initiated at an average of 45 min after injection of
the tracer. The axial field of view consisted of 21 contiguous slices
with axial thickness of 5.125 mm. The in-plane resolution was 5.8
mm and the axial resolution was 11.9 mm FWHM. Attenuation
correction was applied for each slice using separate elliptical ROIs
defined interactively by the operator to trace the scalp. A uniform
attenuation coefficient of 0.096 cm ™' was used. Reconstruction of
a 256 X 256 image matrix with a pixel size of 1.71 mm was
performed by Positron Data Acquisition System (PDAS, Positron
Corporation, Houston, TX) using linear filtered backprojection
with a Butterworth filter of order 10 and cutoff frequency of 0.04
cycle/mm. After filtering, the in-plane resolution became 15.5 mm
FWHM. Each set of images were then transferred to MicroVAX III
computer (Digital Equipment Corporation, Maynard, MA) where
they were further processed by reorientation along the same
orthogonal axes of the SPECT images, reduced the matrix size to
64 X 64 and summed slices into 2-pixel thickness. In this way, the
dimension of a voxel is also cubic, 3.42 mm in size which is very
similar to the voxel size in the SPECT images. The images were
displayed, scaled conventionally to the maximal pixel counts, in
dual tomographic windows for visual comparison (Fig. 2).
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