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In an effort to better understand the metabolic basis for the
reported decreases in regional cerebral cortex glucose metabo-
lism in patients with Alzheimer’s disease, glucose utilization ox-
ygen consumption and regional cerebral blood flow were exam-
ined. Methods: Nine patients with Alzheimer’s disease and nine
age-matched normal controls were imaged using '®F-labeled
deoxyglucose and '50O-labeled gases. Results: Regional anal-
ysis of the cerebral metabolic rate of glucose (CMRglu), cerebral
metabolic rate of oxygen (CMRO,) and cerebral blood fiow
(CBF) revealed that these values were significantly low in the
frontal, parietal and temporal regions. The parietotemporal re-
gion had an abnormally high metabolic ratio (CMRO,/CMRglu),
while the frontal, sensorimotor and occipital visual cortices had a
metabolic ratio similar to that of the normal controls. Conclu-
slons: These findings suggest that the abnormal parietotempo-
ral metabolism in Alzheimer's disease involves a metabolic shift
from glycolytic to oxidative metabolism. This impairment of glu-
cose degradation may be the basis for synoptic dysfunction
undertying the impairment observed in Alzheimer’s disease.
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Abnormal reduction of metabolism in the parietotem-
poral region has been reported in the early stage of Alzhei-
mer’s disease (I-3), although no definite conclusions have
been reached as to the pathophysiological significance of
this metabolic derangement. Oxygen metabolism involves
consumption of oxygen in the mitochondria through the
tricarboxylic acid cycle, while glucose metabolism in-
cludes glucose consumption as lactate plus the mitochon-
drial catabolism of pyruvate to carbon dioxide. Thus,
simultaneous measurement of oxygen and glucose metab-
olism allows assessment of the metabolic state of the brain,
and the ratio of these two types of metabolism is an index
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of whether the brain depends on anaerobic or aerobic me-
tabolism.

Neuropathological studies have suggested regional het-
erogeneity in the cortex of Alzheimer’s patients with rela-
tive sparing of the primary sensorimotor and visual corti-
ces, and selective damage to the parietotemporal lobes
(4-6). We speculated that this pathological and morpho-
logical regionality reflects regional differences in the patho-
physiology of Alzheimer’s disease.

The aim of this study was to elucidate differences in
energy metabolism among the various regions of the cere-
bral cortex using positron emission tomography (PET) in
order to investigate the pathophysiological processes oc-
curring in Alzheimer’s disease.

PATIENTS AND METHODS

Patient Selection

We studied nine cases of Alzheimer’s disease (mean age * s.d.:
58.2 + 8.3 yr; 7 males and 2 females), all of whom fulfilled the
criteria for probable Alzheimer’s disease proposed by NINCDS-
ADRDA (7). Their disease was ranked as being in the first or
second stage according to the clinical classification of Pearce (8).
They had no abnormalities on magnetic resonance imaging except
for brain atrophy, and had normal laboratory test results including
syphilis serology, vitamin B12 levels and thyroid hormone levels.
The age, sex, Hasegawa Dementia Rating Scale (9), Wechsler
Adult Intelligence Scale and Hutchinski’s ischemic score data are
presented in Table 1. We excluded vascular dementia by magnetic
resonance imaging or CT findings, and Hutchinski’s ischemic
score was less than 3 in all the patients.

Nine age- and sex-matched control patients (mean age: 46.6 *
16.3 yr, Student’s unpaired t-test, p = 0.066; 8 males and 1 female,
chi-square test, p > 0.05) were also studied.

PET Procedure

PET Scanner and Scanning Method. The PET scanner was
Positologica III (10). The best spatial resolution at full-width half-
maximum was 7.6 mm in the center of the scan field of the
cross-plane, with 192 bismuth germanate detectors per ring. This
scanner had five rings located 16 mm apart, and therefore could
obtain seven slices simultaneously. The slice thickness was 10
mm and the interval between the slices was 6 mm. We recon-
structed a functional image consisting of 64 X 64 pixels, with each
pixel measuring 2.5 X 2.5 mm. Cross-calibration between the



TABLE 1
Clinical and Psychometric Data of Alzheimer's Patients

Age WAIS* Hutchinski®
Patient no. (yn Sex HDRS* v P T IS
1 58 M 18 64 60> 60> 1
2 55 M 20 95 60 81 1
3 69 M 19 66 90 74 2
4 46 F 175 94 60 7 1
5 54 M 195 82 60> 66 3
6 55 M 16 —$ S —$ 2
7 63 M 7 60> 60> 60> 1
8 72 F 20 — —s s 1
9 52 M 16 114 92 87 2

*HDRS = Hasegawa Dementia Rating scale (full score is 31.5, a score of 20 or less indicates dementia).
TWAIS = Wechsler Adult Intelligence Scale; V = verbal; P = performance; and T = total intelligence quotient.
*Hutchinski IS = Hutchinski Ischemic Score (4 or less indicates no ischemia).

$Study not performed.

scanner and the well counter and the cross-planes of the scanner
was performed.

A blank scan was done before the patients were placed on the
scanner table, and a transmission scan was performed using Ga/
%8Ge for absorption correction after patients were positioned in a
specially molded headholder. CO, and O, labeled with O were
inhaled continuously at 370-555 MBq and 740-1110 MBq per
minute, respectively. Oxygen-15-labeled CO was inhaled as a
single dose of 2960 MBq. Arterial blood sampling was done three
times per scan (5 min) (11), in addition to blood gas analysis. The
pH of arterial blood influences the ionic state of various sub-
stances such as lactate which affects the amount of lactate loss
from the brain (12) and influences the metabolic ratio, so special
note of the arterial pH was taken during the examination. The
physiological parameters during PET studies are presented in
Table 2. No statistical differences between two groups were found
for these variables by Student’s unpaired t-test (p > 0.05) except
for the O, content.

Immediately after the gas study, we intravenously administered
185 MBq of '®F-labeled deoxyglucose. Arterial blood sampling
was done just after administration and later at 30, 45, 60, 75 and 90
secandat2,2.5,3,4,5, 6, 8, 10, 15, 20, 30, 45 and 60 min. Brain

scanning was started 45 min after the injection and emission data
were collected for 15 min (13).

Examinations were done with eyes open and ears unplugged.
Five Alzheimer’s patients underwent both studies consecutively,
while the other four Alzheimer’s patients and the normal controls
were examined on separate occasions within 1 mo. In the latter
groups, the head position was fixed as similarly as possible for
both scans using a customized headholder by a fast-hardening
foam mold for each subject (14). However, we did not compare
the steadiness of the data obtained by serial examinations on the
same day or separate examinations on different days.

Calculations. Cerebral blood flow (CBF), the cerebral meta-
bolic rate of oxygen (CMRO,) and the oxygen extraction fraction
(OEF) were obtained by the steady-state method using '°O-
labeled gases (15). Cerebral blood volume (CBV) was calculated
by the bolus inhalation of '*0O-labeled carbon monoxide and was
incorporated in the correction of vascular space for CMRO, and
OEF (16).

The cerebral metabolic rate of glucose (CMRglu) was calcu-
lated by Phelps’ autoradiographic method using *F-labeled deoxy-
glucose (17). The incorporated metabolic rate constants were K1*

TABLE 2
Physiological Parameters in Alzheimer's Patients and Normal Controls

Alzheimer’s disease Normal controls
pH 7.39 = 0.04 7.39 = 0.03
pCO, (mmHg) 41.47 + 3.07 39.80 + 3.02
PO, (mmHg) 91.40 + 8.33 10231 + 21.17
Hb (mg/dl) 1273 + 1.04 13.88 + 1.34
O, content (voi%) 17.20 + 1.57* 19.22 + 1.90
Ht (%) 37.60 + 264 4050 = 3.95
Glucose (mg/di) 88.67 + 6.89 86.00 + 4.50
Blood pressure 137/74 135/73

Data represent the mean + s.d. except for blood pressure.
Blood pressure is mean systolic pressure/mean diastolic pressure.

There are no significant differences between the Alzheimer’s group and normal controls, except for the O, content.
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FIGURE 1. A CBF image from an Alzheimer’s patient and over-
laid ROIs. The ROls are delineated by white lines. Abbreviations: F
= frontal; M = sensorimotor; P = parietal; V = visual; and T =
temporal cortex.

= 0.102, k2* = 0.130 and k3* = 0.062, and the lumped constant
was 0.52 (18).

Data Analysis and Statistical Analysis

Regions of interest (ROIs) were determined on the cortical
ribbon in the CBF image (Fig. 1). We placed two to three circular
ROIs, which consisted of 11 pixels representing 68.75 mm?, in
every region. The ROIs included the frontal, parietal and temporal
regions covering the anterior and posterior association cortices. In
addition, we placed one irregular and two circular ROIs over the
sensorimotor and occipital visual cortices respectively. These re-
gions possessed a high CBF compared to the surrounding areas in
Alzheimer’s patients and were easily identified. In normal con-
trols, the primary cortical regions and the association cortices
were visually identified by referring to the corresponding mag-
netic resonance images. The same ROIs were transferred to the
CMRO,, OEF, CBV and CMRglu images.

After regional circulatory and metabolic parameters were ob-

FIGURE 2. A 55-yr-old male with Alzheimer’s disease. From left
to right, the columns show CBF, CMRO,, OEF and CMRglu. Sig-
nificant reduction of CBF and CMRglu and moderate reduction of
CMRO,, were noted in the parietotemporal region; a slight increase
in OEF was also observed in the same region.

tained, the metabolic ratio (MR) was calculated by dividing
CMRO, by CMRglu on a molar basis.

The calculated data were compared for their regional differ-
ences between patients with Alzheimer’s disease and normal con-
trols by analysis of variance with post hoc Bonferroni-corrected
t-tests. A probability value less than 0.05 was considered to indi-
cate significant difference.

RESULTS

The nine Alzheimer’s patients had a high MR in the
parietal and temporal cortices when compared to the nor-
mal controls (p < 0.05). The primary sensorimotor and
visual cortices as well as the frontal cortex had relatively
low MR values compared to the parietal and temporal

TABLE 3
Regional Cerebral Blood Flow, Oxygen Metabolism, Glucose Metabolism and Metabolic Ratio in Alzheimer's Patients and
Normal Controls
Region CBF CMRO, OEF CMRglu MR
Frontal Az 28.88 + 347" 81.41 + 16.43" 0.43 + 0.053 27.02 + 5.73* 3.07 + 057
Nor 37.34 +3.74 105.65 + 25.69 0.39 + 0.024 36.06 + 3.95 295 +0.77
Sensori Az 33.29 + 4.81 92.31 + 19.40 0.43 + 0.051 3205 +7.12 291 + 037
Motor Nor 37.22 +3.37 111.36 + 25.19 0.40 + 0.030 36.21 +4.35 3.12+085
Visual Az 35.63 +5.78 97.75 + 24.88 0.44 + 0.046 3128 +7.31 3.15 + 0.59
Nor 38.18 + 2.90 111.36 + 19.79 0.43 + 0.033 36.63 +3.74 3.06 + 0.54
Parietal Az 23.79 = 3.87* 70.28 = 12.56* 0.46 = 0.050 18.67 + 5.08* 391 + 081"
Nor 38.14 + 453 115.47 + 26.19 0.43 + 0.030 36.65 + 3.73 3.13+ 045
Temporal Alz 28.23 + 5.63* 81.17 = 17.89* 0.45 = 0.066 21.11 =537 3.96 + 0.82'
Nor 41.17 + 6.69 117.69 + 31.60 0.41 +0.024 37.51 +3.16 3.11+0.63

*p < 0.01 against normal control value.
*p < 0.05 against normal control value of a comresponding region.
Data were expressed as mean + s.d.
CBF = cerebral blood flow (ml/100 g/min); CMRO, = cerebral metabolic rate of oxygen (umole/100 g/min); OEF = oxygen extraction fraction;
CMRglu = cerebral metabolic rate of glucose (umole/100 g/min); and MR = metabolic ratio.
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regions and showed no significant differences between Alz-
heimer’s patients and normal controls (Table 3).

CBF showed fronto-temporo-parietal reduction in Alz-
heimer’s disease (p < 0.01), while the visual and sensori-
motor cortices had normal CBF.

Investigation of oxygen metabolism revealed that the
CMRO, was decreased in the frontal (p < 0.05), temporal
(p < 0.01) and parietal regions (p < 0.01) of the patients
with Alzheimer’s disease, while the OEF was slightly in-
creased, but none of the differences were significant. The
visual and sensorimotor cortices showed similar CMRO,
values in the patients with Alzheimer’s disease and the
normal controls.

In Alzheimer’s disease, the CMRglu was reduced in the
parietal and temporal regions as well as in the frontal region
when compared to the normal controls (p < 0.01). How-
ever, primary cortices showed no significant reduction in
Alzheimer’s disease when compared to the normal con-
trols.

A representative 55-yr-old Alzheimer’s disease patient is
presented in Figure 2. A marked decreased of CMRglu as
well as CBF can be noted in the parietotemporal region,
while the suppression of CMRO, is moderate.

DISCUSSION

Measurement of oxygen metabolism was performed by
the steady-state method, so it represents the energy me-
tabolism of the mitochondria. One mole of glucose con-
tains 6 moles of carbon atoms, so the ratio between oxygen
and glucose metabolism would be 6, if complete glucose
degradation occurred in the mitochondria and no glucose
was lost from the brain. The metabolic ratio obtained from
PET data was about 5 in the normal controls (19,20) and
apparently lower than the stoichiometric value or that ob-
tained by the Kety-Schmidt method where § is a reportedly
normal value (21).

The present study showed that the MR was 3 in the
normal controls and in the frontal, sensorimotor or occip-
ital visual cortex of the Alzheimer’s patients. Therefore,
the ratio was low compared to other values reported with
PET. According to a transport study, the net efflux of
lactate from the brain is 4 umole/100 g/min (12). Since the
standard value of CMRglu was 30 xmole/100 g/min, about
10% of the glucose transported into the brain was washed
out in the form of lactate, and this glucose loss was not
sufficient to account for the remarkably low MR. In fact,
the calculated MR considering this lactate loss is 5.4. An-
other reason for the discrepancy is that the steady-state
method underestimates oxygen metabolism.

In calculating CBF, the underestimation of high flows
has been reported to be an intrinsic problem of the steady-
state method (22), but because Alzheimer’s brains do not
have such high blood flow, its underestimation would be
expected. The oxygen metabolic rate we obtained was low
compared to the standard value of 150 pmole/100 g/min
obtained for the cortex using the classical arteriovenous

difference (23). The oxygen metabolic rate was obtained by
multiplying CBF, OEF and arterial oxygen content. Arte-
rial oxygen content was low in the Alzheimer’s group when
compared to normal controls (Table 2), who showed no
marked deviation from the standard value. The OEF was
within the normal range in both groups, therefore, the low
CMRO, value could be partly ascribed to the low CBF. In
addition, a previous study (24) which used a lumped con-
stant to adjust the metabolic ratio to 5.6 consequently
employed a high lumped constant of 0.75. However, we
used a value of 0.52, as reported by Reivich et al. (18). This
made the CMRglu value larger when compared to the use
of a large lumped constant. Thus, if we had adopted a
larger lumped constant, such as 0.75, the MR value in
normal controls would be around 4.5. These factors con-
tributed to the relatively low MR obtained in our PET
study.

In contrast to the classical pathological concept about
Alzheimer’s disease (a diffuse and almost uniform degen-
erative process), quantitative pathological studies have in-
dicated regional differences of involvement (4-6). The
most affected areas were the temporal, frontal and parietal
lobes, while the sensorimotor, calcarine and anterior cin-
gulate areas being notably spared until the very late stages.
This finding suggested that the association cortex was the
most severely affected area, so we determined ROl for the
association cortex and the primary cortex (sensorimotor
and visual cortices) as a control area.

We found that the MR of the parietal and temporal lobes
was significantly higher in Alzheimer’s disease compared
to the control group, while the sensorimotor and visual
cortices had similar MR values in both groups. This differ-
ence was considered to reflect the changes of energy me-
tabolism in the parietotemporal region in Alzheimer’s dis-
case. Total energy consumption was reduced in the
parietotemporal region in the Alzheimer’s disease patients
and the ratio of glycolytic and oxidative metabolism was
altered with energy consumption shifting from anaerobic to
aerobic.

The presence of a severe deficit of cholinergic cortical
projections from the nucleus basalis of Mynert has been
proved in Alzheimer’s disease (25), and cholinergic defi-
ciency in the neocortex correlated with the intellectual
deterioration observed in psychometric tests (26). A dis-
turbance of glycolytic metabolism would lead to decreased
production of acetyl Co-A, following reduced acetylcho-
line production. Thus, the decreased glucose catabolism in
the parietotemporal region provides supportive evidence
for acetylcholine depletion in Alzheimer’s brains.

Oxygen metabolism was reduced in the temporoparietal
region in patients with mild degenerative dementia (27).
This tendency was reflected in the present study and oxy-
gen metabolism was not so severely affected in the Alzhei-
mer’s brains and glucose utilization was more specifically
impaired (28,29). Measurement of whole-brain oxygen and
glucose metabolism using the Kety-Schmidt technique
showed that the predominant abnormality in incipient late-
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onset Alzheimer’s disease was a 45% reduction in cerebral
glucose utilization, whereas the CMRO, was diminished by
only 18%, and a severe imbalance between oxygen and
glucose utilization was obvious (30). Our present results
support this finding and also suggest that the metabolic
imbalance is more conspicuous in specific areas such as the
parietotemporal region. The following possibilities can be
suggested to explain this pathophysiology.

First, a decrease of specific proteins in the glucose deg-
radation pathway like the glucose transporter or a func-
tional disturbance of enzymes such as hexokinase (a rate-
limiting enzyme in glycolysis) (3/) might lead to a
disturbance of glucose degradation. We previously ana-
lyzed the metabolic rate constants in Alzheimer’s disease
by dynamic PET scanning and found a reduction of k3
(hexokinase activity) in the parietal region (13). Further-
more, the quantity of glucose transporter in Alzheimer’s
brains is reported to be reduced compared to the normal
controls (32). PET studies have also disclosed a decrease
of K1 in the frontal, temporal and parietal regions, suggest-
ing reduced glucose transporter activity in those areas
(13,33). Therefore, glucose metabolism is compromised to
some extent in Alzheimer’s disease.

Second, synaptic dysfunction in the parietotemporal
cortex could be responsible. Neurohistochemical studies
have shown far milder cell loss compared with the exten-
sive synaptic disruption noted in the parietotemporal re-
gion in Alzheimer’s disease (34,35). A histochemical study
on pyruvate dehydrogenase and glucose transporter (36)
has indicated that anaerobic glucose degradation mostly
occurs in the dendrites or axons, while aerobic oxygen
metabolism is localized to the perikarya, chiefly the mito-
chondria. Therefore, synaptic dysfunction would be repre-
sented as a decrease in glucose degradation. It can be
suggested that the reduced glucose utilization in Alzhei-
mer’s disease is related to neuronal dysfunction originating
from synaptic damage due to some pathological process
intrinsic to Alzheimer’s disease.

However, the following questions remain unsettled
about this hypothesis. The elevated MR in the parietotem-
poral region in Alzheimer’s disease indicates that the ace-
tate moiety is supplied from some other source than glu-
cose. Since the MR rises with advancing age, ketone body
oxidation is suspected to be involved (37). There seems to
be no biochemical evidence indicating increased alterna-
tive substrate consumption such as ketone bodies, fatty
acids or glutamate, by the tricarboxylic acid cycle in Alz-
heimer’s disease. The other problem is that frontal hypo-
metabolism of oxygen and glucose was apparent, but no
MR elevation was observed. The most plausible explana-
tion is that glucose metabolism in the frontal lobe was not
so severely depressed compared with that in the temporal
and parietal lobes (27 versus 21.1 and 18.7 umole/100
g/min) because our patients were in the early stage of
Alzheimer’s disease, although the difference of CMRglu
between the control and Alzheimer’s frontal lobe was sig-
nificant (p < 0.01). The late stage of Alzheimer’s disease
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may well feature an elevated MR in the frontal cortex as
well as the parietotemporal region.

In conclusion, these data support the hypothesis that the
primary pathophysiological mechanism in the early stage
of Alzheimer’s disease is synaptic dysfunction in the asso-
ciation cortices based on impairment of glucose degrada-
tion.
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