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The spatial resolution of current positron emission tomography (PET) scanners does not allow
a distinction between cerebrospinal fluid (CSF) containing spaces and contiguous brain tissue.
Data analysis strategies which therefore purport to quantify cerebral metabolism per unit
mass brain tissue are in fact measuring a value which may be artifactually reduced due to
contamination by CSF. We studied cerebral glucose metabolism (CMRglc) in 17 healthy
elderly individuals and 24 patients with Alzheimer's dementia using [18F]fluorodeoxyglucose

and PET. All subjects underwent x-ray computed tomography (XCT) scanning at the time of

their PET study. The XCT scans were analyzed volumetrically, in order to determine relative
areas for ventricles, sulci, and brain tissue. Global CMRglc was calculated before and after
correction for contamination by CSF (cerebral atrophy). A greater increase in global CMRglc
after atrophy correction was seen in demented individuals compared with elderly controls
(16.9% versus 9.0%, p < 0.0005). Additional preliminary data suggest that volumetric
analysis of proton-NMR images may prove superior to analysis of XCT data in quantifying the
degree of atrophy. Appropriate corrections for atrophy should be employed if current PET
scanners are to accurately measure actual brain tissue metabolism in various pathologic
states.
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he pioneering nitrous oxide technique of Kety and
Schmidt first enabled investigators to measure global
cerebral blood flow and metabolism in living humans
(7). Attention soon turned to applications of their
method in various normal and pathologic states, in
cluding aging and senile dementia. Early reports of
markedly reduced cerebral blood flow and oxygen con
sumption in demented patients (2) represented impor
tant initial findings, but did little to elucidate the patho-
physiologic mechanisms underlying specific features of
dementing illnesses. It was hoped that regional meas
urements of circulation and metabolism might provide
greater insights into abnormalities characteristic of spe
cific forms of dementia. Methods developed for quan
tifying isotope clearance of krypton-85 and xenon-133
permitted such a determination of regional patterns of
cerebral blood flow (3,4). These techniques have suf
fered from poor spatial resolution, however, and an
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inability to measure glucose or oxygen metabolism
directly.

Positron emission tomography (PET) scanning offers
a clearcut advantage over isotope clearance techniques,
in that quantitative data can be obtained on blood flow,
metabolism, and other aspects of cerebral physiology.
Moreover, these parameters can be measured in three
dimensions, allowing heretofore unprecedented resolu
tion in regional studies of human physiology. Neverthe
less, the spatial resolution of PET scanners in current
clinical use (10-20 mm in-slice) still does not allow
delineation of sulcal patterns or ventricular margins.
Therefore, atrophie changes may be averaged into re
gional or global calculations of metabolic rates deter
mined by PET, and lead to significant errors in esti
mates of parenchyma! metabolic rates per se. These
errors would be of particular importance in PET studies
of aging and dementia, where cerebral atrophy is espe
cially prominent.

The introduction of volumetric methods for calcu
lating ventricular and sulcal sizes from x-ray computed
tomographic (XCT) data (5,6) has not only led to an
increased ability to distinguish demented patients from
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age-matched controls (6-8), but also offers a method
for correcting errors in regional and global PET data
which arise due to the comparatively limited spatial
resolution of PET. We have applied a modification of
these methods to calculate the degree of atrophy in
patients with Alzheimer's disease and elderly controls,

and have utilized this atrophy value to correct measure
ments of global rates of cerebral glucose metabolism by
PET. Our findings demonstrate the significant effect of
cerebral atrophy in PET studies of dementia and aging.
Preliminary atrophy measurements from proton-nu
clear magnetic resonance (NMR) images also address
the question of which imaging modality (XCT or NMR)
most accurately reflects atrophie brain changes.

PATIENTS AND METHODS

Twenty-four patients with the clinical diagnosis of Alz
heimer's disease (Dementia of the Alzheimer's type, or DAT)

and 17 elderly normal controls were studied using PET to
measure cerebral glucose metabolism (CMRglc), and XCT
scans to determine anatomic features. All patients and controls
were evaluated by a neurologist, and underwent an extensive
battery of psychometric tests. The diagnosis of Alzheimer's

disease (DAT) was based upon DSM III criteria and criteria
set forth by the NINCDS-ADRDA Work Group on Alz
heimer's disease (9JO). Of the 24 DAT patients, 19 fulfilled

the criteria for probable DAT, clinically defined as a progres
sive worsening of memory and other cognitive functions with
out a disturbance of consciousness, onset between ages 40 and
90 yr. in the absence of systemic disorders or other brain
diseases that themselves could account for a progressive cog
nitive disorder. Five patients met criteria for possible DAT
(10), in that a single gradually progressive cognitive deficit
was present in the absence of other identifiable cause. All
subjects scored 2 or less on Rosen's modification of the

Hachinski Ischemia Scale (//), supporting the diagnosis of
primary degenerative (nonischemic) dementia. The severity
of dementia was assessed using the 30-point Mini-Mental State
Examination (MMSE) of Folstein et al. (12). By this measure
11 patients had mild dementia (MMSE scores >20), six mod
erate dementia (MMSE scores 10-20), and seven severe DAT
(MMSE scores <10). A subgroup of five demented patients
(four mild, one severe) also underwent proton-NMR imaging.
Demographic data on this patient population is presented in
Table 1.

All subjects had measurements of CMRglc made using
fluorine-18 fluorodeoxyglucose (FDG) and PET (13). The
administration of isotope (0.1 mCi/kg) and blood sampling
methods have been previously described (14). Subjects were
fasted overnight before the PET studies, and multiple deter
minations of plasma glucose levels varied on the average only
4% (range 1-9%) for any single subject during the uptake and
scanning periods. During uptake of isotope the subject lies
supine with eyes open in a dimly lit room. The ears are
unplugged to background ambient noise, which is kept to a
minimum. Images of FDG activity are obtained using a PETT
V tomogaph (15). This system has an effective in-plane reso
lution of 16.5 mm (FWHM), and simultaneously generates

TABLE 1
Study Group

No. of Age range* Mean age

Diagnosis subjects (yr) (yr) (s.d.)

Elderly controls
Alzheimer's disease

(DAT)

17
24

46-76
53-80

61(9)
65(9)

' Age differences not statistically significant (Student t-test).

seven cross-sectional images of brain, 17.4 mm thick, along
the rostrocaudal axis. Subjects are positioned with the head
extended so that the orbitomeatal line is 20Â°from the vertical
(â€”20Â°)and two 10-20 min scans yielding 14 image slices per

session are performed. A minimum of 1 million counts per
slice are collected. Between the first and second scans the
subject is displaced relative to the scanner along the rostrocau
dal axis so that the seven images from each scan (14 slices
total) are intercalated by one-half a slice thickness. Metabolic
rates are calculated using the operational equation of SokolofT
et al. (16). We use a lumped constant value of 0.522 and
average rate constants, determined in our laboratory from
nine young normal subjects (17). A metabolic rate for the
whole brain (WB) has been operationally defined by averaging
global metabolism using eight slices extending from the lowest
slice containing occipital cortex rostrally up to and including
the first slice containing the cingulate gyms in continuity.
Each image is displayed in four gray scales, and the area of
the brain is defined by an ellipse fit to the 50% intensity cutoff.
The total number of head counts within a larger ellipse cir
cumscribing the field of view are used for the WB calculation;
an effective volumetric "count density" is determined by

dividing the total counts by the volume of the whole-brain
region of interest (ROI). In determining this "uncorrected"

WB metabolic rate no implicit corrections are made for ven
tricular or sulcal volumes.

All subjects also underwent XCT transaxial scanning at the
time of their PET study. XCT scans were done on a GE 8800
scanner, with a spatial resolution of 0.64 mm x 0.64 mm,
and 5-mm slice thickness. Proton-NMR scans (on the five
subjects mentioned above) were performed with a GE 0.12
Tesla unit (1 mm x 1 mm in-slice resolution, 12 mm slice
thickness). T,-weighted images were obtained using saturation
recovery pulse sequences and rapid pulse repetition rates (0.15
sec) (18). All anatomic scans were obtained in planes angled
at -20Â°,the same angle as in our PET studies.

Proton-NMR and XCT sections extending from the lowest
slice containing occipital cortex rostrally to the first slice
containing cingulum in continuity were analyzed volumetri-
cally using a method similar to that reported by Gado et al.
(6). These levels correspond to those PET sections used for
the WB metabolic rate calculations. To assure that the WB
volumes analyzed for the atrophy determination by XCT or
NMR, and those used in the PET measurement of WB glucose
metabolism were similar, absolute WB volumes were calcu
lated from the pixel size, slice thickness, and scanner scaling
factors. In four subjects whose NMR and PET scans were
compared in this fashion, the WB volume ratio was 0.99 (s.d.
= 0.08) Dann R: unpublished data). It is therefore unlikely
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that WB volume discrepancies would introduce any systematic
errors in the atrophy correction.

In order to quantify the degree of atrophy all anatomic
images (XCT or NMR) were digitized using a Vidicon camera
(DAGE) interfaced to a 6-bit digitizer. The images were dis
played on a high resolution color monitor (Conrac) utilizing
an image analysis system (Grinnell Systems) (Fig. 1). With
these elements the resolution of digitization of the projected
image is at least three times greater than that of the intrinsic
XCT resolution. Areas of interest were then highlighted sub
jectively by way of a data tablet interface (Figs. 2-4), using
nonoverlapping contiguous slices. The highlighted areas of
interest on each slice correspond to the entire intracranial
cavity (Fig. 2), the ventricular cavity (Fig. 3), and the sulcal
plus cisternal spaces (Fig. 4). The number of pixels designated
as ventricle or sulci on each slice is expressed as a percentage
of the total number of pixels in that slice's intracranial cavity

of interest, and these values are summated over all levels to
obtain relative volumetric estimates of ventricular size, sulcal
size, and "relative brain volume" (intracranial cavity minus

[ventricle plus sulci]).
WB metabolic rates are then corrected for the degree of

atrophy, assuming CSF to be metabolically inert, using the
following formula:

Corrected metabolic rate

= [Uncorrected metabolic rate/relative brain volume (%)]

x 100.

This correction increases the calculated metabolic rates, with
the extent of increase dependent upon the degree of atrophy.

All reported XCT atrophy measurements were performed
by an observer blinded to the clinical status of the subjects.
Since the "volumetric" metabolic and anatomic (atrophy)

calculations described above are derived from planar image
data, these measurements are in a sense observer-biased esti-

FIGURE 2
Intracranial cavity highlighted (dark gray) via data tablet
interface.

mates which could be subjectively influenced by partial vol
ume effects. Although this criticism can only be fully addressed
by true volumetric scanning, the reliability of our method is
supported by interobserver (ten data pairs) and intraobserver
(three data pairs) correlation coefficients (for the relative brain
volume measurements) of 0.94 and 0.99, respectively.

RESULTS

Values for the relative ventricular, sulcal, and brain
(intracranial cavity minus CSF spaces) volumes as de
termined from XCT scans are presented in Table 2 and
Figure 5. There was significant ventricular and sulcal

FIGURE 1
Digitized image from representative XCT scan section as
photographed from video monitor.

FIGURE 3
Ventricular cavity highlighted in light gray.
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FIGURE 4
Sulcal spaces highlighted in medium gray.

enlargement in the DAT patients compared to elderly
controls (p < 0.001, Student's t-test). The "brain vol
ume" (relative amount of imaged parenchyma) was

significantly lower in the dementia group (p < 0.0005)
indicating a greater degree of cerebral atrophy in de
mented patients compared with controls of similar age.

When the whole-brain glucose metabolic rates are
corrected for atrophy, there is a significantly greater
increase in the dementia cohort compared to elderly
controls (p < 0.0005, Table 3). This is an expected
consequence of the fact that there is significantly greater
atrophy in the demented patients.

In the five DAT patients who had both NMR and
XCT scans, we were able to directly compare estimates
of atrophy by the two imaging techniques (Fig. 6). Mean
ventricular volumes were similar as determined by
NMR and XCT, whereas sulcal volumes were signifi
cantly larger on the NMR scans (p < 0.02).

TABLE 2Degree of Cerebral Atrophy'

DiagnosisElderly

controls
Alzheimer's disease

(DAT)Ventricle4.3(1.5)

8.6 (3.5)Â«Sulci4.7
(2.4)

8.3 (3.7)*V

+S9.0

(3.2)
16.9(6.1)Â«Brain91.0(3.2)83.1 (6.1)Â«

' Structure volumes expressed as % of intracranial volume. V

+ S = ventricle + suici (total atrophy). Brain = relative amount of
brain parenchyma imaged by XCT (100 - (V + S)). Values
representmeansfor group with s.d. in parentheses.P-valuesfrom
Student's t-test comparisonsbetween DAT patients and controls.

t p < 0.001.
$ p < 0.0005.

IO

%v

5-

ri5

p< 0.0005

o

p<O.OOI

Ventricular (V) size

IO

%s

Sulcal (S) volume
Mean Â±IS.D.,24 demented subjects (Alzheimer's

disease)(â€¢)andITcontrols(O)
FIGURE 5
Relative degree of ventricular and sulcal atrophy in elderly
controls and Alzheimer's (DAT) patients. (%V = percent of
intracranial "whole-brain" volume occupied by ventricular
CSF. %S = percent of "whole-brain" volume occupied by
sulcal CSF. P-values calculated using Student's t-test.)

DISCUSSION

Loss of brain mass has long been recognized by
neuropathologists as a feature of both dementia and the
normal aging process (79). Such observations attracted
attempts to measure brain size antemortem, with the
hope of increasing pathophysiologic insights into de
mentia and aging, while improving diagnostic discrim
ination. Initial reports from the XCT literature were
inconclusive, due to convexity artifacts, arbitrary meas
urement techniques, and relatively inferior scanner res-

TABLE 3Effect of Atrophy Correction'

% Increase
CMRglc

with
atrophy

Diagnosis CMRglCu CMRglCc correction

ElderlycontrolsAlzheimer's
disease(DAT)%

difference (DATvs.controls)5.50

(0.9)4.50
(1.2)-18%6.00(1.1)5.26(1.5)-12%9.0

(3.2)16.9
(6.1)'7.9%

'Change in global ("whole-brain") cerebral glucose metabolic

rate (CMRglc) after correction for cerebral atrophy. CMRglc ex
pressedas mg/100 g brain/min. CMRglCu= uncorrectedCMRglc.
CMRglCc= CMRglc corrected for atrophy. Values expressed as
means with s.d. in parentheses. P-values from Student's t-test

comparison of DAT patients with controls.
tp< 0.001.
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FIGURE 6
Comparison of volumetric atrophy
estimates from XCT and proton-
NMR transaxial scans (n = 5). See
Figure 5 legend (%V, %S). (P-values
represent Student's t-test compari

sons between Proton-NMR and XCT
measurements.)

olution (20-22). These data have been improved upon
with the advent of better resolution XCT scanners,
along with sophisticated computer programs for image
analysis. Gado et al., using a method for estimating
relative ventricular and sulcal volumes, noted a highly
significant separation of controls from mildly demented
patients on the basis of XCT scan atrophie changes (6).
Arai et al. from their volumetric XCT atrophy study
( 7), hypothesized that cortical (sulcal) atrophy was dÃ©
tectable in early (mild) Alzheimer's disease, and that

ventricular dilatation was a later (secondary?) occur
rence. If their hypothesis is correct, then an imaging
modality which more accurately demonstrates sulcal
enlargement (proton-NMR?) would in theory prove
superior to XCT in diagnosing early dementia. As
intuitively expected, additional data from our group
(23) indicate that the severity of the cognitive impair
ment in DAT correlates strongly with the degree of
atrophy, thus leading to greater atrophy effects upon
metabolic calculations in the more severely demented
patients.

In 1956, Kety summarized the results of global cer
ebral blood flow (CBF) metabolism studies using the
Kety-Schmidt technique (I ), and correlated these data
with estimates of neuronal density changes in aging.
His findings indicated a high positive correlation among
all three variables; flow, metabolism, and cortical neu
ronal density decreasing with advancing age (24). Las-
sen has suggested that increases in the contribution of
extracerebral intracranial tissues, including CSF, to
mixed jugular blood, could artifactually lower flow and
metabolism as measured by the Kety-Schmidt tech
nique (25). Any such error due to cerebral atrophy
would be quite small, however, given the extremely
slow partitioning of the inert gases into CSF. Atrophy
would therefore be expected to exert little direct effect
on CBF determined by using any inert gas-diffusible
tracer method, including the radioactive isotope clear
ance techniques for measuring regional CBF developed
during the 1960s (3,26).

PET scanning offers definite advantages over isotope
clearance techniques by providing three-dimensional
tomographic physiological data. A number of centers
using PET have reported decreases in global CBF,
CMRglc, and oxygen metabolism in patients with de
mentia (27-31). Based on regional PET data, hypo-
metabolism in Alzheimer's patients appears to be par

ticularly prominent in temporoparietal regions (29,32-
34). The PET scanners used in these studies all have an
actual in-plane resolution of 1.5-2.0 cm. This relatively
poor spatial resolution, in addition to intrinsically low
white matter metabolism, leads to an inability to distin
guish ventricles and sulci on PET images. Even newer
scanners with actual 5-10 mm resolution in-plane
(FWHM) do not resolve these structures with the clarity
of XCT or proton-NMR (<1 mm resolution). As a
result, values for regional and global flow or metabo
lism, expressed per unit mass of brain tissue, are likely
to have been artifactually underestimated due to the
inclusion of metabolically inert CSF. Our data reported
here indicate that such an error in dementia-elderly
control comparisons is on the order of 8% for global
GMRglc measurements. Whether reported local meta
bolic alterations in aging and dementia can in part be
explained by focal atrophy requires more complex vol
umetric XCT or NMR analyses on a regional basis.
Preliminary data from our group (35) suggest that
significant focal atrophie changes in the parietal lobes
of DAT patients may contribute substantially to re
gional metabolic decrements seen in these areas.

Our finding of greater cortical atrophy on proton-
NMR images as compared to XCT scans deserves com
ment. The limitations of XCT in imaging surfaces next
to bone, due to beam hardening artifact and volume
averaging, are well known. These problems would lead
to probable underestimation of sulcal volumes deter
mined by XCT, as suggested by the preliminary data
reported in Figure 6. Proton-NMR scans are not ham
pered by such artifacts, and in fact cortical bone con
tributes little or no signal to proton-NMR images (36).
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T2-weighted scans, obtained with spin echo paradigms
from late echo images, provide high positive contrast at
the CSF-cortex interface (36). We therefore feel that
volumetric analyses of such T^-weighted scans will pro
vide even better measures of cortical atrophy than the
T|-weighted scans used in our analysis here. Such scans
should provide the most reliable and accurate anatomic
basis for regional atrophy correction in PET studies.

We have not yet directly investigated the effect of
atrophy in PET comparisons of young and aged healthy
normals. If the age-related progression of atrophy noted
with volumetric XCT analyses by others (5,37) is gen
eralized, then PET studies which show no metabolic
changes with aging may in fact be demonstrating in
creased metabolism in the residual brain parenchyma.
Inefficient oxidative metabolism, or a compensatory
increased utilization of glucose (aerobic or anaerobic)
in the residual cerebral tissue could conceivably explain
such findings. It may be, however, that in the limited
PET series reported to date cerebral atrophy did not
play a significant role. In any case our data emphasize
the importance of correlative anatomic imaging in PET
studies of aging and dementia.
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