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Preface

This volume contains the proceedings of the fifth Colloque Médecine et Re-
cherche organized by the Fondation Ipsen pour la Recherche Thérapeutique and
devoted to Alzheimer’s disease. It was held in Lille on October 16, 1989 and
dedicated to imaging, cerebral topography and Alzheimer’s disease.

The proceedings of the previous meetings were published as the present one
in the same series: Immunology and Alzheimer’s disease (A. Pouplard-Barthelaix,
J. Emile, Y. Christen eds.), Genetics in Alzheimer’s disease (P.-M. Sinet, Y. Lamour,
Y. Christen eds.) in 1988, Neuronal grafting and Alzheimer’s disease (F. Gage,
A. Privat, Y. Christen eds.), Biological markers of Alzheimer’s disease (F. Boller,
R. Katzman, A. Rascol, J.-L. Signoret, Y. Christen eds.) in 1989.

The next meeting of the series entitled growth factors and Alzheimer’s disease
was being held in Strasbourg on April 25, 1990. The proceedings will be published
by the end of this year.

Yves Christen
Vice-Président of the Fondation Ipsen pour la Recherche Thérapeutique

Acknowledgements: The editors wish to express their gratitude to Y. Lamour
(Paris), A. Syrota (Paris), J. Clarisse (Lille), F. Boller (Paris), C. Manelfe (Tou-
louse) and M. Steinling (Lille) for their collaboration as chairmen for the meeting,
Mary Lynn Gage for her editorial assistance and Jacqueline Mervaillie for the
organization of the meeting.
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Topography of Alzheimer’s Disease: Involvement

of Association Neocortices and Connected Regions;
Pathological, Metabolic and Cognitive Correlations;
Relation to Evolution

S.I. Rapoport

Summary

Alzheimer’s disease (AD) patients display reduced glucose metabolism and in-
creased right-left metabolic asymmetries in the association neocortices early and
throughout the clinical course, with relative sparing of primary sensory and
motor neocortical regions. The metabolic asymmetries precede and predict
neocortically mediated cognitive deficits. They also correspond with the distribu-
tion of AD neuropathology in the association, as compared with primary sensory
and motor, neocortices. Outside of the neocortex, pathology is distributed mainly
in brain regions functionally and anatomically connected with the association
neocortex — medial septal nucleus, nucleus basalis of Meynert, CA1 and subicular
subfields of hippocampal formation, layers IT and IV of entorhinal cortex, corti-
cobasal nuclear group of amygdaloid formation, cortically projecting neurons of
the dorsal raphe and locus coeruleus. Comparative anatomical studies suggest
that many of these regions evolved disproportionately in higher primates, partic-
ularly in hominids, by a process termed ““integrative phylogeny.”” Thus, the topo-
graphic distribution of functional and pathological abnormalities in AD suggests
that AD is a phylogenic disease. Regional vulnerability to the disease may have
been introduced into the primate genome during evolution, possibly by regulato-
ry mutations. The topographic correspondence of neuropathology and functional
deficits in AD and demented adults with Down’s syndrome suggests, further-
more, that a genomic change equivalent to increased expression of genes on
human chromosome 21 introduced the AD process during evolution.

Why Determine the Topography of Neurodegenerative Disorders?

In the last decade, it has become possible to examine the topography of certain
human neurodegenerative diseases by means of positron emission tomography
(PET), early and throughout their clinical course (Huang et al. 1980). For exam-
ple, with an appropriate positron emitting isotope, such as [ *F]2-fluoro-2-deoxy-
p-glucose (*3FDG), and a sensitive PET scanner, we can now examine regional
cerebral metabolic rates for glucose (CMR,,) within areas of the human brain
as small as 6 mm in diameter, on the cortical surface as well as subcortically
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(Grady etal. 1989a). As glucose is the major substrate for brain oxidative
metabolism, its rate of consumption is a direct measure of regional brain func-
tional activity.

Positron emission tomography studies during life, if consistent with post-
mortem neuropathology and neurochemistry, make it easier to guess which brain
regions are initially affected in a given disorder, and which degenerate in a sec-
ondary manner. This is important because postmortem studies alone cannot
identify the order of pathological events, but only the final picture. By using PET
to ascertain which brain regions are affected early in the course of a disease, it
should be possible to generate hypotheses and experimental approaches to better
understand its pathogenesis, with regard to factors such as genetics, environmen-
tal exposure, regional connectivity, or regional metabolic, molecular biological or
neurotransmitter differences. Furthermore, because man is an animal who
reached his present form through genetic mutation, natural selection and adapta-
tion to changing environments (Darwin 1871), regional differences in disease
vulnerability can also be considered in terms of evolutionary principles (Hugh-
lings Jackson 1884; Roofe and Matzky 1968; Rapoport 1988a,b, 1989).

Comparative anatomical data suggest that the brain not only increased in size
during recent primate evolution but also underwent disproportionate expansion
and differentiation of certain systems of related regions (cf. Luria 1973) according
to the principle of “integrated phylogeny” (Rapoport 1988a, 1989, in prepara-
tion). Furthermore, human neurological disorders may affect such systems ac-
cording to the recency of their evolutionary modifications during primate (and
particularly hominid) evolution (cf. Hughlings Jackson 1884). In such cases, a
neurological disease can be rightly termed “phylogenic” (Roofe and Matzke 1968;
Sarnat and Netsky 1981; Rapoport 1989).

Integrative Phylogeny of Association Brain Regions

It has been proposed that several systems or ensembles of functionally and
anatomically connected brain regions underwent integrated phylogeny during
recent evolution of primates, particularly of hominids (Rapoport, in prepara-
tion). As illustrated in Table 1, System I regions include the association neocor-
tices and non-neocortical telencephalic regions within the hippocampal forma-
tion (CA1 and subicular subfields), entorhinal cortex (layers II and IV), amyg-
daloid complex [corticobasolateral nuclear group, as defined by Stephan and
Andy (1977)], nucleus basalis of Meynert and medial septal nucleus. System II
regions include several frontal cortical regions, as well as parts of the thalamus,
basal ganglia and substantia nigra which constitute segregated circuits contribut-
ing to motor movements and motor-related memory and other cognitive abilities
(Alexander et al. 1986; Rapoport, in preparation). System III regions include the
neodentate nucleus of the cerebellum, and certain neurons of pontine and mesen-
cephalic nuclei. In general, many of the non-neocortical brain regions and their
subdivisions, which expanded or differentiated disproportionately during pri-
mate evolution, are anatomically and functionally related to the association
neocortices (Rapoport 1988a,b; 1989, in preparation).
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Table 1. Progression studies of telencephalic brain regions in higher primates®

Brain region PI® man Division with maximal progression during
primate evolution

System 1°: Telencephalic regions, including amygdala and hippocampal formation

Neocortex 156 Association areas, including
Prefrontal cortex
Visual association
Broca’s speech area (44 and 45, Brodman)
Inferior parietal lobule (39 and 40, Brodman)
Brodman area 37
(part of Wernicke’s speech area)

Corpus callosum 1

Amygdaloid complex 39 Corticobasolateral group
Hippocampal formation 4.2 Subiculum, CA1 regions
Entorhinal cortex 5.5

Septum 4.0

Nucleus basalis of Meynert 1

2 Data summarized by Rapoport (in preparation) from Stephan and Andy (1970, 1977),
Stephan et al. (1970, 1987), Andy and Stephan (1966) and Gorry (1963)

b PI, progression index in Homo sapiens (ratio of weight of human brain to weight of brain in
insectivore of equivalent body weight). 1, PI>1 but value not known in man

¢ See text for details

Several human neurological disorders probably involve brain regions of Sys-
tem II. These include obsessive compulsive disorder (in which metabolic abnor-
malities are localized in the orbitofrontal cortex, anterior cingulate gyrus, pre-
frontal cortex and caudate nucleus, and where the anatomy of the caudate nucle-
us is abnormal) (Baxter et al. 1987; Luxenberg et al. 1988; Wise and Rapoport
1988; Swedo et al. 1989), Huntington’s disease (in which the caudate nucleus
degenerates), and Parkinson’s disease (with pathology in the substantia nigra and
caudate nucleus) (Heindel et al. 1989; Rapoport, in preparation).

On the other hand, System I regions appear to be preferentially involved in
Alzheimer’s disease (AD), Pick’s disease and Down’s syndrome (Rapoport
1988 a, b, 1989; Haxby et al., this volume; Schapiro et al., 1986 and this volume).
In this paper, I summarize neuropathological, PET and cognitive data which

.argue for System I regional predilection to AD, and in turn suggest that AD is a
human phylogenic disease. This latter interpretation implies, I believe, that un-
derstanding the genetic basis of evolution of the human brain, and particularly of
AD-vulnerable regions, may elucidate the genetic basis of AD.

Neuropathology of Association Regions in the Alzheimer Brain

Abundant senile (neuritic) plaques, neurofibrillary tangles with paired helical
filaments, and neuronal dropout characterize the AD brain (Terry and Wis-
niewski 1972; Ball and Nuttall 1981; Ball et al. 1985; Arendt et al. 1985). This
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Table 2. Brain regions affected by Alzheimer pathology?

Association neocortices much more than primary motor or sensory neocortices
Neurofibrillary tangles in pyramidal neurons of layers III and V; cell loss

Non-neocortical regions connected with association neocortices

Posterior cingulate gyrus

Entorhinal cortex (layers II and IV)

Hippocampal formation (subiculum, CA 1 pyramidal field, dentate gyrus)
Amygdaloid formation, corticobasal group

Cholinergic nucleus basalis of Meynert (Ch4)

Medial septal nucleus (Ch1)

Locus coeruleus, noradrenergic cortically projecting neurons

Dorsal raphe, serotonergic cortically projecting neurons

See text for references

Table 3. Distribution of neurofibrillary tangles in cortical visual
regions of patients with AD?*

Age (years) Cortical region®

17 18 20
82 0.24+0.1 9.8+1.5 7.8+1.1
74 0.1+0.1 13.0+0.7 244+1.6
g 0.1+0.1 15.0+1.5 22.1+1.3
68 0.5+0.3 19.9+2.2 57.5+3.9
63 2.0+0.6 30.3+1.6 63.5+5.2
62 2.4+0.5 30.4+2.3 37.5+£2.0
Mean 09+1.0* 19.7+3.6** 35.5+8.8 %%+

? Data from Lewis et al. (1987)

> Values for each case are the mean + SE number of tangles in
a 250-um-wide cortical traverse from ten sections. Values not
sharing same superscript are significantly different from each of
the others (p <0.05)

neuropathology is more severe in System I regions than in System II or other
nonassociation brain regions (Table 2) (Rapoport 1988b, in preparation). Thus,
the association neocortices are more severely pathological than are primary sen-
sory and motor regions (Brun and Gustafson 1976; Pearson et al., 1985). Al-
though senile plaques are commonly found throughout the neocortex, neu-
rofibrillary tangles are more common within large pyramidal neurons of layers III
and V of association than of primary sensory and motor areas, as illustrated, for
example, for visual regions (Table 3) (Pearson et al. 1985; Rogers and Morrison
1985; Lewis et al. 1987). Layer III and V neurons are the source of corticocortical
fibers, whereas layer V neurons also give rise to corticofugal fibers (Wise and
Jones 1977), and their involvement indicates disorganization of long cortical-cor-
tical and corticofugal connections (Horwitz et al. 1987; Morrison, this volume).

Outside of the neocortex, neurofibrillary tangles are found in neurons which
are closely connected, directly or indirectly, with the association neocortex, and
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belong mainly to the System I regions which underwent integrated phylogeny
(Table 1). These cells are in layers IT and IV of the entorhinal cortex, and in the
subiculum, CA1 subfield and outer two-thirds of the molecular layer of the
dentate gyrus of the hippocampal formation (Ball and Nuttall 1981; Kemper
1984; Hyman et al. 1984, 1986). The subiculum and entorhinal cortex connect the
hippocampal formation reciprocally with the association neocortices, and their
pathology in AD may functionally disconnect the hippocampal formation from
these regions (Hyman et al. 1984).

Cell loss and neuropathology are also found in the posterior cingulate gyrus
(Brun and Gustafson 1976), which has important connections with the associa-
tion neocortex. The corticobasal nuclear group of the amygdaloid complex, close-
ly connected with the posterior hippocampal formation, entorhinal cortex and
association neocortex, is more usually affected in AD than is the centromedial
group, which is less association related (Jamada and Mahraein 1968; Stephan and
Andy 1977; Kemper 1984). Regions of the basal forebrain are frequently patho-
logical. The medial septal nucleus, which exchanges fibers with the posterior
cingulate gyrus and hippocampal formation, is often affected (Arendt et al. 1985),
as is the nucleus basalis of Meynert, which provides most of the cholinergic
innervation to the neocortex (Whitehouse et al. 1982; Mesulam et al. 1983;
Arendt et al. 1985).

Additionally affected nuclear groups in AD usually are connected with the
neocortex. Thus, cortically projecting serotonergic neurons within the dorsal
raphe nuclei are affected, as compared with the central superior nucleus (Zweig
et al. 1988). Furthermore, dorsally situated noradrenergic neurons within the
locus coeruleus (as compared with central neurons which project to the basal
ganglia, cerebellum and spinal cord) are lost in the AD brain (Marcyniuk et al.
1986; Mann et al. 1987). The thalamus, caudate nucleus and substantia nigra are
less frequently involved. The olfactory bulb, which regresses along the ascending
primate scale and has connections with the amygdaloid complex, is also patholog-
ical (Mann et al. 1988).

The paired helical filaments of neurofibrillary tangles contain an abnormally
phosphorylated, microfilament-associated protein tau, the protein ubiquitin, and
high molecular weight protein aggregates (Grundke-Igbal et al. 1986). These
filaments are also found in the neurites of senile plaques. A precursor, a nonphos-
phorylated tau-like neurofilament protein, has been demonstrated within neurons
of layers III and V of the association neocortices, the subiculum, layers II and IV
of the entorhinal cortex, and the pyramidal and hilar regions of the hippocampus,
all of which demonstrate neurofibrillary tangles in AD (Morrison et al. 1987).
When the tangles are evident, however, labeling of the nonphosphorylated pre-
cursor disappears.

Alzheimer’s disease is accompanied by brain atrophy and neuronal loss. Even
early in its clinical course, progressive ventricular dilatation can be demonstrated
by serial quantitative computed tomography (Creasey et al. 1986 and this volume;
Luxenberg et al., 1987). In the postmortem AD brain, atrophy is more severe in
association than in primary cortical regions (Najlerahim and Bowen 1988; Bowen
et al.; this volume), where it is evidenced as reduced thickness and reduced length
of the cortical ribbon (Duyckaerts et al. 1985; Mann et al. 1985). Neuronal loss
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in subcortical structures frequently is correlated with plaque, tangle or cell counts
in connected cortical areas (Mann et al. 1985; Arendt et al. 1985).

Down’s syndrome (trisomy 21) subjects older than 35 years of age display the
characteristic neuropathology of AD, although neurofibrillary tangles with
paired helical filaments may occur years after high numbers of senile plaques
appear in the Down’s syndrome brain (Burger and Vogel 1973; Wisnieswki et al.
1985; Mann and Esiri 1989; Schapiro et al. this volume). Furthermore, the topog-
raphy of neuropathology in the Down’s syndrome brain does not differ from the
topography in brains of AD patients (Ball and Nuttall 1981; Mann et al. 1984,
1987; Casanova et al. 1985; Schapiro et al., 1986; Marcyniuk et al. 1988). Finally,
functional, metabolic and neurochemical disturbances in demented older Down’s
syndrome subjects are quite similar to those found in AD patients (see below)
(Schapiro et al., this volume). These correspondences attest to the similarity of the
neurodegenerative processes in Down’s syndrome and AD (see “Discussion”
below).

Brain Metabolism and Cognition in AD

Positron emission tomography studies of rCMR,,, in patients with AD clearly
demonstrate early and selective involvement of the association, as compared with
primary sensory and motor, cortices in this disorder. In our research program at
the Laboratory of Neurosciences, cCMR,, was studied in relation to severity of
dementia in AD patients and in age-matched healthy controls. PET was per-
formed on subjects at rest and with reduced visual and auditory inputs, using an
ECAT II scanner (ORTEC, Life Sciences, Oak Ridge, TN; FWHM = 17 mm).
The AD patients were screened for illnesses other than AD which might con-
tribute to cerebral dysfunction, and the controls were screened very carefully as
well. AD (possible or probable) was diagnosed according to NINCDS-ADRDA
criteria for choosing patients for research purposes (McKhann et al. 1984). Sever-
ity of dementia was assessed with the Mini-Mental State Examination (Folstein
et al.,, 1975); mild, score = 21-30; moderate, score = 11-20; severe, score =
0-10. Subjects were also administered an extensive neuropsychological test bat-
tery (Wechsler 1955; Haxby et al. 1986).

Mean scores derived from this battery are summarized in Table 4 for mildly
and moderately demented AD patients. Whereas moderately demented patients
differed from controls on a wide range of neuropsychological tests, mildly de-
mented patients differed only on the tests of memory (p <0.01). Indeed, a signif-
icant and isolated memory impairment, with normal scores on all tests of lan-
guage and visuospatial function, characterized five of the ten mildly demented
patients in Table 4 (Haxby et al. 1986).

Differences between mean rtCMR,,, values in mildly demented AD patients
and controls were difficult to demonstrate statistically because of the large stan-
dard deviation of absolute PET data (Duara et al. 1986). However, standard
deviations could be reduced to about 5% of the means by calculating ratios of
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Table 4. Cognitive test scores in mild and moderate AD?

Test N Test scores

Controls Mild Moderate

AD(10)® AD(12)

Mattis dementia rating scale 16 14143 1314+ 6 110+ 18¢<¢
Wechsler memory scale
Delayed story recall 23 17.6+5.7 2.6+3.7¢ 0.8+1.1°
Delayed figure production 23 6.5+3.3 0.8+1.1°¢ 0.3+0.8°¢
WAIS
Full scale IQ 25 125+11 117438 85+15¢%4
Verbal comprehension DQ 25 127+ 11 12249 96+18<4
Memory and distractibility DQ 15 118+13 11449 86+14¢1
Perceptual organization DQ 25 119414 108+13 76 +19¢4
Syntax comprehension (max = 26) 23 242425 22.74+2.4 15.8+5.4¢
Boston naming (max =43) 17 37.6+5.7 35.74+6.5 23.84+9.1%1
Controlled word association 24 40+14 3048 23+13°¢
Extended range drawing (max=24) 22 20.61+2.6 18.5+4.1 11.7+4.8%¢
Benton facial recognition 25 44.6+3.8 43.7+3.2 40.3+5.4¢
* Data from Haxby et al. (1986)
® Number of subjects in parentheses; DQ, factor deviation quotient
¢ Mean + SD significantly less than control mean: p <0.001
4 Mean significantly less than in mild AD: p <0.001

Mean + SD significantly less than control mean: p<0.01

Table 5. Relative metabolic rates in AD?

Metabolic ratio Control Mild Moderate Severe
30)® AD(12) AD(15) AD(8)

Parietal association sensorimotor 0.93+0.05 0.83+0.09° 0.854+0.09¢° 0.7240.08°

Frontal association sensorimotor 0.97+0.07 094+0.06 092+0.11 0.874+0.18°

Lateral temporal association occipital 0.85+0.08 0.76+0.11° 0.77+0.11¢ 0.66+0.09¢

* Data from Haxby et al. (1986)
® Number of subjects in parenthesis
¢ Mean + SD differs from control by Bonferroni ¢ test (p<0.05)

metabolic rates of two brain regions. Thus, as illustrated by Table 5, ratios of
association to primary rCMR,,, values indicated that the parietal and lateral
temporal association cortices were metabolically abnormal even in mildly and
moderately demented AD patients, and remained functionally disturbed through-
out the course of the disease (Haxby et al. 1986; Rapoport et al. 1986). Indeed,
even in severely demented AD patients, primary sensory and motor neocortices,
and thalamic and basal ganglia regions, were metabolically more active than were
the association neocortices (Fig. 1).
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Fig. 1. Position emission tomography scan from severely demented patient with AD. *CMR .,

derived with a Scanditronix tomograph (Uppsala, Sweden, FWHM =6 mm), in units of
mg - 100 g~! - min~!. High metabolic rates are retained in the primary sensorimotor cortex (sn),

primary visual cortex (o), primary auditory cortex (a) and caudate and lenticular nuclei (c), but
are reduced elsewhere in the brain. P, parietal lobe; F, frontal cortex; T, temporal cortex; O,
occipital cortex. (Laboratory of Neurosciences, National Institute on Aging)

Asymmetry of Brain Metabolism and Cognitive Discrepancy in AD

Heterogeneity of metabolic and cognitive deficits characterizes AD patients
(Grady et al. 1989 b; Haxby, this volume). Thus, methods in addition to region-
by-region comparisons of rtCMR , -derived means are needed to identify individ-
ual patterns of cognitive and metabolic dysfunction in AD patients and to corre-
late these patterns, especially early in the course of disease. To do this, Haxby
et al. (1985) defined a metabolic asymmetry index (%) for homologous right and
left brain regions,

glc, right

rCMR —1CMR . 1es
: x 100 (6]

Asymmetry index =
[rCMRglc, right + rCMRglc, left]/‘?‘

and correlated metabolic asymmetries in individual patients with discrepancies in
relevant cognitive test scores.

Asymmetry indices were calculated for mildly and moderately demented AD
patients and for healthy controls, from rCMR,,, data obtained with an ECAT II
tomograph. Significantly greater variances of asymmetry were demonstrated
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Table 6. Metabolic asymmetry scores in AD patients?

Glucose utilization asymmetry index Control (29)® Mild AD(10) Moderate AD (12)

Frontal association cortex 0.00+0.03 —0.01+0.08° —0.02+0.12°
Parietal association cortex 0.00+0.06 0.00+0.12¢ 0.02+0.14¢
Lateral temporal association cortex —0.0140.08 —0.05+0.18¢ —0.04+0.19°
* Data from Haxby et al. (1986)

® Number of subjects in parenthesis. Mean+ SD is given

¢ Variance is greater than in controls: p<0.001

4 Variance is greater than in controls: p<0.01

Variance is greater than in controls: p<0.05

(p<0.05, asterisks in figure), as compared with controls, in the frontal, parietal,
and temporal association regions, but not in the sensorimotor or occipital cortices
(Fig. 2; Haxby et al. 1985), indicating that AD selectively involves the association
neocortices while sparing comparatively primary and motor regions. When the
AD patients were divided according to dementia severity, both the mildly and
moderately demented patients were shown to have increased variance of asymme-
try in the association neocortices, as compared with controls (Table 6; Haxby
et al., 1986). Thus, the association, but not primary sensory or motor, neocortices
are distinctly abnormal very early in the course of AD.
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Studies of patients with focal brain damage suggest that syntax comprehen-
sion, mental arithmetic and immediate verbal memory are related to left parietal
and temporal functions, whereas visuospatial construction is related to right
parietal function (Benton 1985; Haxby et al. 1985, 1986). To see whether the
metabolic asymmetries in AD corresponded to appropriate neocortically mediat-
ed cognitive deficits, Haxby et al. (1986) used the Syntax Comprehension Test to
test left neocortical function, and the Extended Range Drawing Test to examine
right neocortical function. AD patients were ranked separately on the test scores;
the difference between the ranks was calculated as a ‘“‘syntax/drawing discrepan-
cy.”

Consistent with Table 4, which demonstrates significant deficits in neocorti-
cally mediated cognitive function in moderately but not in mildly demented AD
patients, the metabolic asymmetry index was correlated significantly and appro-
priately with the syntax/drawing discrepancy index in moderately demented pa-
tients, but not in mildly demented patients or controls (Table 7). Correlations
were significant for the frontal and parietal association neocortices, but not for
the lateral temporal or sensory or motor regions; a lower left-sided rCMR,,
corresponded to a worse language score, and a lower right-sided rCMR,, corre-
sponded to a worse visuoconstruction test score.

These cross-sectional results suggest that early metabolic dysfunction in asso-
ciation regions of AD patients precedes and predicts the deficits in language and
visuospatial performance that later appear. Subsequent longitudinal studies have
confirmed this conclusion (Grady et al. 1986, 1988; Haxby et al., submitted, and
this volume). Indeed, in individual AD patients studied repeatedly over extended
periods of time, it was shown that: (1) the direction of metabolic asymmetry is
constant in a given AD patient, (2) the magnitude of metabolic asymmetry in-
creases with time, and (3) the heterogeneous metabolic asymmetries that appear
early in the disease precede and accurately predict the heterogeneous deficits in
neocortically mediated functions that later appear and establish the individual
dementia profile.

Table 7. Correlations between right-left metabolic asymmetries and drawing/syntax comprehen-
sion discrepancy®

Cortical region Controls Mild AD Moderate AD
(N=30) (N=12) (N=15)

Frontal association —0.30 —0.01 0.71°

Parietal association —0.11 —0.20 0.73®

Lateral temporal association —0.08 0.01 0.49

? Data from Haxby et al. (1986) Positive correlation indicates that better drawing capacity is
correlated with relatively higher right-sided metabolism
b p<0.05
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Conclusions

A Phylogenic Hypothesis for AD

Glucose metabolism in the association neocortices is disturbed early and through-
out the course of AD. Metabolic asymmetries precede and predict appropriate
deficits in neocortically mediated cognitive functions that appear consistently in
moderately demented patients. Dysfunction of the association neocortices in life,
furthermore, corresponds to the selective distribution of neurofibrillary tangles in
the postmortem AD brain and to regional cortical atrophy. The postmortem
brain, in addition, displays neuropathology in non-neocortical regions closely.
related, functionally and anatomically, with the association neocortices. These
regions belong mainly to System I (Table 1), which comparative anatomical data
suggest underwent integrated phylogeny during evolution of higher primates,
particularly of hominids.

This topographic distribution of brain dysfunction during life, and of neu-
ropathology postmortem, suggests that AD is a phylogenic neurodegenerative
disease of higher primates, possibly only of humans (Rapoport 1988 a, b, 1989).
Consequently, it has been argued that vulnerability of the brain to AD was
introduced into the primate genome during evolution of higher primates, leading
to potential for degeneration of System I and other neocortically related regions.
Several pieces of evidence are consistent with this proposal.

Insofar as AD selectively affects the association neocortices and non-neocor-
tical regions to which they are connected, the disease should be most evident in
higher primates. Indeed, in its full-blown form, it has been demonstrated only in
man. Furthermore, neurofibrillary tangles with paired helical filaments are found
in large quantities in the AD brain, but are absent from the nonhuman brain.
Senile (neuritic) plaques in AD are distinct from those in nonhuman brains in that
they contain the characteristic paired helical filaments (Terry and Wisniewski
1972; Selkoe et al. 1987).

Alzheimer’s disease could have appeared following an evolutionary change in
the primate genome, which is consistent with evidence for genetic factors in its
pathogenesis. For example, AD can be familial with autosomal dominant trans-
mission (Heston et al. 1981; Bird et al. 1988). Chromosome 21 has been implicat-
ed in some cases of early-onset familial AD (although not in other familial cases)
(St George-Hyslop et al. 1987; Roses et al. 1988; Schellenberg et al. 1988). AD
pathology is observed invariably in older subjects with trisomy 21 (Wisniewski
et al. 1985), suggesting a genetic basis involving chromosome 21 for at least some
types of the disease. Brains of Down’s syndrome subjects older than 40 years
exhibit neurochemical abnormalities, and neuropathology with the same density,
chemical and antigenic properties, and regional topography as do brains of AD
patients (Ball and Nuttall 1981; Mann et al. 1984; Casanova et al. 1985; Wis-
niewski et al. 1985; Schapiro et al. this volume). In life, glucose metabolism is
abnormal in the association, but not sensory or motor, neocortices of older
demented Down’s syndrome subjects (Schapiro et al. 1986, and this volume).
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Regulatory Mutations and Altered Gene Expression

Rapid evolution of the brain in higher primates, involving the process of integrat-
ed phylogeny, probably did not arise by point mutations coding for structural
proteins, but rather by genomic changes leading to increased or otherwise altered
expression of genes coding for products in the association neocortices and their
connections (King and Wilson 1975; Wilson 1985; Rapoport 1988a, b, 1989).
These events might have included regulatory mutations, leading to altered expres-
sion of a regulatory enzyme, growth or recognition factor within association
regions; gene duplication, causing a discontinuous increase in expression of regu-
latory proteins; or chromosomal rearrangement, changing gene expression by
altering gene position within a chromosome. Indeed, although nuclear DNA
differs by less than 1% between man and the chimpanzee, multiple gene rear-
rangements distinguish the genomes of these species (King and Wilson 1975; De
Grouchy et al. 1978).

A model which is consistent with the hypothesis that AD is a phylogenic
disease and related to an evolutionary change in gene expression has been pro-
posed (Rapoport 1988a, b, 1989). The likelihood of disease in an individual
lifetime is predicted by a genomic character function composed of genes x;, each
multiplied by number #; in the genome, expression e; (between 0 and 1) and
environmental or other factors, a;,

G(x)=a,e;nyx;+a,e,n, x,+ ... a;e;n;x;. .. )

Different alleles, causing protein polymorphism, make the value of G (x) “distrib-
uted” within a species. In Down’s syndrome, n; =3 if x; is homozygous and on the
2122 region of chromosome 21. A discordance rate of 60% in monozygotic
twins, one of whom has AD (Nee et al. 1987), emphasizes the importance of
variable expression and environmental factors in G (x).

Figure 3 (bottom) illustrates hypothetical G(x) distributions in the chim-
panzee (Pan), modern Homo sapiens and two nonextant intermediate species. It
is assumed that hominid speciation was accompanied by a progressive increase in
the species average for G (x). Figure 3 (top) gives the likelihood of getting AD in
an individual lifetime, which increases with G(x) above a threshold value (identi-
fied by arrows). This likelihood is taken as 0 in Pan and, in modern man, 6.4%
in the general human population, 19% —23% and 45% in individuals with family
risk (considered to represent 40% of the population), and 100% in Down’s
syndrome (Heston et al. 1981; Wisniewski et al. 1985). Selective vulnerability is
explained by the fact that G'(x) increased pari passu with altered expression of
some genes coding for proteins in vulnerable brain association regions, implying
that some of the genes which promoted evolution of these regions contribute to
the value of G (x).

One of several regulatory mutations may have occurred during higher primate
evolution, increasing the value of G (x). For example, a regulatory mutation could
have altered the regional expression of surface recognition or adhesion molecules
(SAMs or CAMs) (Edelman 1987), or of neurotrophic factors which promoted
integrated phylogeny. For example, nerve growth factor influences the integrity
of the septal-basal forebrain complex, together with its hippocampal and neocor-
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indicate threshold value of G (x) above which disease has a finite likelihood. (Rapoport 1989)

tical projection areas (Large et al. 1966; Kromer 1987). Consequently, increased
trophic effects of nerve growth factor on basal forebrain neurons may have
accelerated phylogeny of these systems in higher primates.

A regulatory mutation could also have promoted brain accumulation of the
amyloid precursor protein which contains a protease inhibitor (Palmert et al.
1988; Abraham et al. 1988), as the mRNA for this protein is expressed more in
the association than in primary sensory and motor cortices of the human AD
brain (Neve et al. 1988 b). The growth-associated protein, GAP-43, is also ex-
pressed preferentially in association regions of the human brain (Neve et al.
1988 a). Indeed, levels of mRNA for this neuron-specific phosphoprotein, linked
to plasticity of synaptic connections, are high in layer 2 of the association neocor-
tex and in hippocampal pyramidal cells, but low in primary sensory neocortices,
several brainstem structures and the caudate putamen. Increased mRNA levels
may have resulted from a regulatory mutation of the gene for GAP-43, or of a
gene for nerve growth factor or glucocorticoids, both of which can regulate
GAP-43 gene expression (Federoff et al. 1988).

A regulatory mutation could have altered the central metabolism of somato-
statin 14 or 28 (Davis et al. 1988), or have enhanced accumulation of neurofibril-
lary tangles with paired helical filaments by increasing phosphorylation of tau, or
by reducing dephosphorylation of a phosphorylated derivative (Grundke-Iqbal
et al. 1986; Selkoe et al. 1987). In this regard, the gene coding for the S10083
protein, which influences tau phosphorylation, has recently been identified on
human chromosome 21 (Allore et al. 1988; Baudier and Cole 1988).
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Cellular Pathology in Alzheimer’s Disease:
Implications for Corticocortical Disconnection
and Differential Vulnerability

J.H. Morrison, P.R. Hof, M.J. Campbell, A.D. De Lima, T. Voigt,
C. Bouras, K. Cox, and W.G. Young

Summary

Detailed regional and laminar analyses of the neuropathological lesions in
Alzheimer’s disease have led several investigators to hypothesize that key corti-
cocortical and hippocampal circuits are compromised. In fact it has been suggest-
ed that a global corticocortical disconnection occurs in Alzheimer’s disease, there-
by disrupting cohesive, integrated cortical functions and leading to dementia. Our
efforts in Alzheimer’s disease research are proceeding along two related path-
ways. First, we are analyzing the pathological human cortex to develop a more
detailed profile of the morphology and biochemical phenotype of the subset of
neocortical neurons that are vulnerable top degeneration and/or neurofibrillary
tangle formation. The second research strategy is to use experimental methods in
a nonhuman primate to characterize the morphology, biochemical phenotype,
and afferents to the pyramidal cells that furnish long corticocortical projections.
Our intention is to correlate the results from the monkey experimental analyses
with our neuropathological results to further characterize the degree to which the
vulnerable corticocortical neurons in Alzheimer’s disease represent the human
homologue of the corticocortically projecting neurons under study in the mon-
key. Within this context we have demonstrated that SMI-32, a monoclonal anti-
body to nonphosphorylated neurofilament protein, labels a subpopulation of
pyramidal cells in layers ITI and V of neocortical association areas. The morphol-
ogy and location of these neurons suggest that they furnish long corticocortical
projections. In addition, combined immunohistochemistry transport studies in
monkey demonstrated that certain corticocortically projecting neurons are SMI-
32-immunoreactive. The relative proportion of the corticocortical input to a given
location that is SMI-32-immunoreactive varies systematically depending on the
source of the projection, but up to 85% of the cells furnishing the projection from
inferior temporal to dorsal prefrontal cortex are SMI-32-immunoreactive. Com-
bined intracellular injection-retrograde transport studies demonstrated that,
while this projection from inferior temporal cortex to dorsal prefrontal cortex
may reflect a huge degree of biochemical homogeneity regarding SMI-32, the cells
of origin are a morphologically diverse group. Antisera to calcium-binding
proteins demonstrated that, while certain pyramidal cells might have heightened
vulnerability in Alzheimer’s disease, the GABAergic interneurons labeled by
antisera to calcium-binding proteins do not display any cell loss in Alzheimer’s
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disease. Thus, the biochemical and anatomical profiles of the vulnerable and
pathology-resistant cells in Alzheimer’s disease are becoming increasingly com-
prehensive; however, a precise biochemical or morphological “signature” for
vulnerability has not yet emerged.

Introduction

In both structural and functional terms, Alzheimer’s disease (AD) is a disease of
the cerebral cortex. Structurally, the hallmarks of AD [neuritic plaques (NP),
neurofibrillary tangles (NFT), and neuronal degeneration] are most prevalent in
cortex or certain nuclei that project heavily to cortex. The neurological deficits
seen in AD are in functions such as memory, learning, cognition, and language.
These capacities are all uniquely well-developed in humans and, in fact, are
dependent upon the association regions within prefrontal, temporal, and posteri-
or parietal cortex that have expanded so dramatically in the human cortex. The
most consistent and striking pathological changes in AD are found within these
same association cortices along with hippocampal and limbic cortices, suggesting
that, just as the phylogenetic development of these cortical regions has allowed
for the higher level cortical functions, their destruction deprives the AD patient
of those intellectual functions that are uniquely well developed in man. Even
though nuclei outside of the cerebral cortex such as the nucleus basalis (choliner-
gic), locus coeruleus (noradrenergic) and dorsal raphe (serotonergic) have re-
ceived extensive attention in AD research, their involvement in AD is generally
considered within the framework of their extensive projections to cerebral cortex
(Rossor 1982; Iversen et al. 1983; Rossor et al. 1984; Collerton 1986).

Several reports have implicated the corticocortical projections in AD. The
distribution of pathological markers of AD is not random, nor is it ubiquitous
(Kemper 1984). In recent years, several quantitative analyses of NP and NFT
distribution in neocortex (Pearson et al. 1985; Rogers and Morrison 1985; Duyck-
aerts et al. 1986; Lewis et al. 1987; Braak et al. 1989; Hof et al. 1989; Hof et al. in
press) and hippocampus (Wilcock and Esiri 1982; Hyman et al. 1986) have
stressed the correlations between NP and NFT distribution and the cells of origin
of long corticocortical or key hippocampal projections. Based on these data, it
has been proposed that a global corticocortical disconnection occurs in AD,
leading to a neocortical isolation syndrome that is manifested as dementia
(Rogers and Morrison 1985; Morrison et al. 1986; Lewis et al. 1987; Morrison
et al. 1987). Further evidence for the heightened vulnerability of long corticocor-
tical projections and high level association cortices has emerged from metabolic
studies using positron emission tomography (Rapoport 1987). On a cellular level
it has been demonstrated that significant neuronal loss occurs in AD (Terry et al.
1981; Montjoy et al. 1983; Hansen et al. 1988) and that the neuronal loss primar-
ily involves pyramidal cells (Hansen et al. 1988). Furthermore, NFT formation
may only occur in pyramidal cells in the neocortex (Braak and Braak 1986),
although there is evidence for the involvement of certain nonpyramidal cells as
well (Roberts et al. 1985).
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Our recent efforts have centered on the cellular pathology of neocortex in AD
and the attempt to determine the aspects of the anatomical and biochemical
profiles of the pyramidal cells furnishing long corticocortical projections that are
crucially linked to their hightened vulnerability in AD. This approach involves
both quantitative neuropathological analysis of human cortex and the experimen-
tal analysis of corticocortical circuits in nonhuman primate cortex. In addition,
the approach is multidimensional in that relevant biochemical, cellular, and
anatomical data are considered within the context of cortical circuitry and pri-
mate brain organization, with the goal being a detailed, comprehensive analysis
of the neurons providing corticocortical projections and their crucial role in AD
and the generation of dementia.

Additional Evidence for Involvement of Corticocortical Projections
in AD

We hypothesized that if NP and NFT formation represented the disruption of
specific corticocortical circuits, and if this disruption represented the major
anatomical substrate for the functional deficits seen in AD, then cases should
exist where the disconnection as reflected by the distribution of NP and NFT
would correlate directly with specific, identifiable neurological deficits. To test
this hypothesis, we compard the distribution of NP and NFT in several cases of
AD as it normally presents to several rare cases where a visual defect referred to
as Balint’s syndrome is superimposed on the dementia and memory defects typi-
cally seen in AD (Hof et al. 1989; Hof et al., in press). Our hypothesis predicted
that the pathology would directly reflect the neurological symptoms, in that the
cases with Balint’s syndrome would have far more extensive pathology in the
visual areas than is generally seen in AD. Pathological analyses have demonstrat-
ed that Balint’s syndrome generally involves bilateral parieto-occipital lesions
caused by infarctions, although our AD cases with Balint’s syndrome (ADB) had
no evidence of infarction in the parietal or occipital lobe. The clinical symptom-
atology of this syndrome has been recently reviewed (Hausser et al. 1980) and can
be characterized as having three key qualitites: (1) impairment of target pointing
under visual guidance (optic ataxia), (2) inability to shift gaze at will toward new
visual stimuli (ocular apraxia), and (3) perception and recognition of only parts
of the visual field (simultanagnosia). Therefore, the visual deficits in Balint’s
syndrome involve visuospatial skills and detection of movement rather than form
analysis and, as such, involve the occipitoparietal visual pathway, rather than the
occipito-inferior temporal pathway (Mishkin et al. 1983; DeYoe and Van Essen
1988). Not only do patients with ADB have a dramatic increase in the number of
NFT and NP in occipital visual areas, but also an increase in NP area/mm? of
tissue section in inferior parietal lobe and a decrease in NFT in prefrontal cortex
as compared to normal AD cases (Fig. 1). Neurofibrillary tangle density in area
17 increases from 2.66+0.18 in the superficial layers and 0.66+0.19 in the deep
layers of the AD cases of 81.5+17.66 (layers I-IVB) and 58.5+ 11.44 (IVC—-VI)
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Fig. 1. Quantitative analysis of AD and ADB cases. Neurofibrillary tangle counts/mm? (left
column) and neuritic plaque area (NP, um?/mm? of tissue section; right column) in superficial and
deep layers of area 17, area 18, superior frontal (SFC) and inferior parietal (I/PC) cortices.
Black bars represent six AD cases, and white bars six ADB cases. Results are means + SEM. q,
p<0.001; b, p<0.025; ¢, p<0.01, two-sided Mann-Whitney U test. (Hof et al. 1989)
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in the ADB cases. A similar dramatic increase in NFT density of the ADB cases
is seen in both superficial and deep layers of area 18 (7.66 +3.33 and 3.16+0.98
to 98.834+13.85 and 61.164+9.19, respectively). In contrast to the dramatic in-
crease in NFT density seen in the occipital areas of the ADB cases, the NFT
density is decreased in the superior frontal gyrus (area 9) of the ADB cases as
compared to the AD cases (ADB: layers I-III, 35.66+9.68; layers IV-VI,
42.50+8.47. AD: layers I-III, 79.66 4+ 16.23; layers IV—VI, 86.50 4+ 17.44, Fig. 1).
Neurofibrillary tangle counts in the inferior parietal lobe (area 7b) are equivalent
in the AD and ADB cases. Neuritic plaque area also is much higher (2.5- to
4-fold) in the superficial and deep layers of 17 and 18 in the ADB cases than in
the AD cases, whereas total NP area in the superior frontal gyrus (area 9) is
equivalent in the two groups of patients. Total NP area in the inferior parietal lobe
(area 7b) is significantly higher in layers I-III of the ADB cases (AD,
9217.12+1941.97, ADB, 20652.00 +4746.39, Fig. 1), but is not significantly dif-
ferent in the deep layers. Neuritic plaques counts were also higher in areas 17, 18,
and 7b in the ADB brains as compared to AD cases. We have now added
additional cases and several frontal and temporal regions to this study, and the
findings described above have held up without exception (Hof et al., in press).

Thus, not only has a caudal shift in the distribution of pathological markers
occurred, but the increased lesion counts in inferior parietal lobe as well as in the
primary and secondary visual cortices suggest that the occipitoparietal stream of
connections that subserves visuospatial analysis has been more dramatically dis-
connected in these cases than is generally the case in AD. These results suggest
that multiple subtypes of AD exist. Further, they support the hypothesis that NP
and NFT formation involve the loss of specific corticocortical projections and
that this loss causes specific functional deficits.

Immunohistochemical Studies with SMI-32

Distribution of SMI-32-Immunoreactive Neurons in Monkey and Normal Human
Cortex. SMI-32, a Sternberger-Meyer monoclonal antibody (Sternberger and
Sternberger 1983), has been shown to recognize nonphosphorylated epitope on
human medium and heavy neurofilament protein subunits (Lee et al. 1988). As a
number of monoclonal antibodies to neurofilament proteins have been shown to
exhibit cross-reactivity with microtubule-associated proteins, it is significant that
this antibody has been shown to lack cross-reactivity to human microtubule-asso-
ciated proteins (Lee et al. 1988). In an attempt to begin to characterize both the
morphology and biochemical phenotype of the vulnerable cortical neurons in
AD, we have used SMI-32 for detailed immunohistochemical studies of both
monkey and human neocortex and hippocampus. There were two major reasons
for choosing this antibody as a probe for the vulnerable cells. First, in preliminary
studies this antibody appeared to be a superb marker for pyramidal cells, in
monkey and human cortex, and it was clear that the primarily vulnerable cell class
was since a discrete subset of pyramidal cells (Morrison et al. 1987; Fig. 2).
Second, neurofilament as well as several other cytoskeletal proteins have been
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Fig. 2A, B. Distribution of SMI32-ir neurons in the human primary visual cortex (A) and in a
visual association area, the posterior inferior temporal cortex (B). Note the presence of Meynert
cells in layer VI and intensely labeled neurons in layer IVB of the primary visual cortex, and the
higher density of SMI32-ir neurons in layers III and V in inferior temporal cortex. Calibration
bar, 200 pm. (Campbell and Morrison 1989)
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implicated in NFT formation; thus, cells with a high content of nonphosphorylat-
ed neurofilament protein might be prone to NFT formation.

As expected, SMI-32 immunoreactivity in the primate neocortex was primar-
ily limited to the perikaryon and dendrites of neurons exhibiting a pyramidal cell
morphology. However, it was also clear that only a subpopulation of pyramidal
neurons was SMI-32-immunoreactive (SMI32-ir; Fig. 2). In addition, there were
substantial differences in the intensity of SMI-32 immunoreactivity which were
related to cell size: the greater the cell size, the greater the intensity of immunore-
activity (Figs. 3, 4). This relationship was not only evident in the cell body but
also was a feature of dendritic immunoreactivity. Quantitative analyses with a
confocal microscope demonstrated that this correlation is not an artifact of cell
size but, in fact, suggests that the intracellular concentration of neurofilament
protein is higher in the larger neurons (Figs. 3, 4; Campbell and Morrison 1989).

We have completed a detailed description of the cellular, laminar and regional
characteristics of SMI32-ir cells in certain temporal and occipital areas of both
monkey and human cortex (Campbell and Morrison 1989) as well as cingulate
and prefrontal cortex. Extensive regional heterogeneity exists in the size, density
and laminar distribution of SMI32-ir cells. The distribution patterns match those
that have been demonstrated for certain efferent systems. In many cases, the
distribution of SMI32-ir cells matched the distribution of corticocortically pro-
jecting cells, as demonstrated in transport studies in monkey cortex. For example,
in anterior cingulate cortex the labeled cells were restricted to layer V. It has been
demonstrated that most long corticocortical projections from anterior cingulate
originate in layer V as well (Barbas 1986). Area 9 in the prefrontal cortex, as well
as superior and inferior temporal gyri, had a high density of labeled cells in ITI and
V, and corticocortical projections emanate from III and V in these regions (Bar-
bas 1986). The correlation between origins of long corticocortical projections and
SMI32-ir neurons was particularly striking in primary visual cortex of both mon-
key and human. In both species, the large, heavily immunoreactive neurons were
restricted to layer IVB and to the Meynert cell class of layer VI, both known to
be the site of origin of the projection from area V1 to MT (Van Essen 1985; Shipp
and Zeki 1989a). The most important differences across species were that the
SMI32-ir cells were larger and more numerous in human than monkey.

Neuropathological Studies with SMI-32

Correlation of SMI32-ir Neurons with Pathological Profiles in AD. The regional
and laminar distribution of SMI32-ir neurons suggested that they might represent
a significant portion of the cells of origin of long corticocortical projections
(Campbell and Morrison 1989).

In addition, in an initial study of the effects of AD on SMI32-ir neurons, we
observed that large, intensely SMI32-ir neurons in certain neocortical and
hippocampal areas appeared to be highly prone to cell death and/or NFT forma-
tion in AD (Morrison et al. 1987; Hof et al. 1988). The laminar distribution of
SMI32-ir neurons in visual areas of normal human cortex such as Brodman areas
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Fig. 3A-D. Photomicrographs from layer III of the human superior temporal cortex showing
size-related differences in SMI-32 staining intensity. Note that the intensity of immunoreactivity
parallels the increase in cell size (A—D). Calibration bar, 40 pm. (Campbell and Morrison 1989)
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Fig. 4. a Average perikaryal light transmittance as measured with conventional light microscopy
(LT; 0=black or no transmittance, 255 = white or 100% transmittance) versus perikaryal cross-
sectional area (um?). b Average perikaryal optical density as measured with a confocal laser
microscope (OD; 0=black or no fluorescence, 255 = white or maximal fluorescence; 1-um-thick
optical sections) versus perikaryal cross-sectional area (um?). The largest labeled cells have a
higher OD. Least square-fit analysis, p <0.0001; 81 SMI32-ir cells. Human superior temporal
cortex. (Campbell and Morrison 1989)
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18 and 20 (V2 and inferior temporal), as well as prefrontal and anterior cingulate
cortices, is very similar to the distribution of NFT in these areas. Futhermore, the
layers that have high NFT density in an AD brain no longer contain a high
density of SMI32-ir neurons. A similar situation exists in parahippocampal areas
where layer II of entorhinal cortex and the subiculum have avery high density of
SMI32-ir neurons in the healthy human brain, yet are filled with NFT and lack
SMI32-ir neurons in an AD brain (Morrison et al. 1987). These observations
suggested that SMI32-ir neurons were highly vulnerable in AD, and that they
either degenerated in layers and regions with high NFT counts or were prone to
NFT formation. These qualitative observations were followed with detailed
quantitative studies in which SMI32-ir cell counts were correlated with total cell
loss, NFT counts and NP counts.

Quantitative Analysis of SMI32-ir Cell Loss in Superior Frontal and Inferior Tem-
poral Cortices. Detailed quantitative neuropathological studies of SMI32-ir neu-
rons in layers III and V of superior frontal and inferior temporal cortices were
conducted on our computer-assisted microscopy system (Hof et al. 1988). These
layers and regions were chosen because they have a high density of SMI32-ir
neurons in monkey and normal human and are devastated in AD. The following
parameters were quantified: (1) SMI32-ir cell counts/mm? in layers III and V; (2)
SMI32-ir cell size; (3) SMI32-ir cell optical density (for each cell individually); (4)
total neuronal counts/mm?; (5) thickness of layers III and V; (6) NFT counts/
mm?; and (7) NP counts/mm?. AD cases were divided into low NFT AD brains
(NFT counts less than 30/mm?) and high NFT AD brains (NFT counts greater
than 30/mm?) and were analyzed as separate groups. In addition, the SMI32-ir
neurons were placed in three size categories of perikaryal cross-sectional area: less
than 250 mm?, 250—350 mm?, and greater than 350 mm?. The size categorization
was done so that we could determine the degree to which vulnerability correlated
with cell size.

This quantitative analysis demonstrated that there is an extensive loss of
SMI32-ir neurons in layers III and V of both the inferior temporal gyrus and the
superior frontal gyrus (Figs. 5, 6). Furthermore the degree of cell loss is related
to cell size in that the large neurons are the most affected (up to 90% cell loss;
Fig. 6) and the intermediate size class is more susceptible to degeneration than the
small size class. Also, the fact that cell loss in the large cell class is equivalent in
the low NFT AD and the high NFT AD cases, whereas the small and intermedi-
ate size cell classes suffer a further loss in high NFT AD, suggests that the large
SMI32-ir cells are particularly vulnerable. The heightened vulnerability of this
cell class is further supported by the fact that the average total neuron loss in the
low NFT AD cases is 24%, whereas 83% of the large SMI32-ir cells are lost in
these cases. Finally, the optical density measurements revealed a highly signifi-
cant decrease in staining intensity in the remaining SMI32-ir neurons in AD

»
»

Fig. 5A-D. SMI32-ir neurons in layers III (A, B) and V (C, D) of the human superior frontal
gyrus. A and C are from a control case, whereas panels B and D are from a high NFT AD case.
There is a striking cell loss in the AD case. Also, note the difference in SMI32-ir neuron staining
intensity in the AD case. Calibration bar, 50 pm
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Fig. 6. SMI32-ir neuron counts in layers III and V of human superior frontal and inferior
temporal cortices. Results represent means 4+ SEM from four control, three low NFT AD (less
than 30 NFT/mm?), and five high NFT AD (more than 30 NFT/mm?) cases. Size categories:
small, <250 pm?; intermediate, 250—350 pm?; large, > 350 pm?2. Note that a dramatic cell loss
in the large cell class occurs even in the low NFT AD cases (p<0.001), as compared to the
intermediate and small cell classes. Statistical significance was between p<0.001 and 0.01,
two-sided Mann-Whitney U test

brains as compared to controls, suggesting that either synthesis or phosphoryla-
tion of neurofilament protein is disrupted in those cells that remain in AD.
Whereas both SM132-ir cell loss and total neuron loss are strongly correlated with
NFT density, neither of these measures of pathology are correlated with NP
counts. Although it is likely that some SMI32-ir neurons are prone to NFT
formation, we could not determine the relative number of SM132-ir cells that are
lost of NFT formation as opposed to degeneration without NFT.

We have shown in cynomolgus monkey that several long corticocortical pro-
jections originate from SMI32-ir neurons, and that the cells of origin of certain
projections, such as that from the inferior temporal gyrus to the prefrontal cortex,
are 90% —100% SM1I32-ir (see below). If the monkey data are considered within
the context of the results on SMI32-ir neurons in human cortex presented above,
then it appears likely that the human equivalents of the SMI32-ir corticocortically
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projecting neurons inthe monkey are lost in AD. The biochemical profile of the
neurons that are vulnerable in AD needs to be developed, but it appears to include
high levels of nonphosphorylated neurofilament proteins in both the soma and
dendrites. Neurofilament proteins and other cytoskeletal proteins have been im-
plicated in NFT formation (Perry et al. 1985; Grundke-Igbal et al. 1986; Joachim
et al. 1987; Selkoe 1989). Future studies will be aimed at developing a more
comprehensive cytoskeletal profile of the SMI32-ir neurons, as well as pyramidal
cells that are not SMI32-ir. Pre- and postsynaptic markers for these neurons must
also be identified. Data exist suggesting that the neurotransmitter for corticocor-
tically projecting neurons is glutamate (Conti et al. 1988). Given the demonstrat-
ed deficit in glutamate markers in AD (Greenamyre et al. 1985; Hyman et al.
1987), further investigations may reveal that the SMI32-ir neurons are also gluta-~
matergic.

Quantitative Analysis of SMI32-ir Neurons in Visual Areas 17 and 18. Visual
impairment is not uncommon in AD (Katz and Rimmer 1989), and may be
related to dysfunction of higher level visual processing subserved by visual asso-
ciation cortices in temporal and parietal lobes. In fact, several quantitative studies
of NP and NFT distribution in AD have shown that, although visual association
cortices contain a high density of NP and NFT, primary visual cortex (area 17)
contains numerous NP, but very few NFT (Pearson et al. 1985; Rogers and
Morrison 1985; Lewis et al. 1987; Braak et al. 1989; Hof et al. 1989; Hof et al., in
press). The one demonstrated exception to this pattern is in cases of AD that also
presented with Balint’s syndrome (see above). In addition, in contrast to frontal,
parietal, and temporal areas, the total neuronal counts in area 17 do not differ
between AD and control brains (Mountjoy et al. 1983). Also, in contrast to
temporal, parietal and frontal regions, the NFT in area 18 are predominantly
restricted to layer III (Lewis et al. 1987; Hof et al. 1989; Hof et al, in press).
The data described above demonstrate that, in areas that have a high density
of SM1I32-ir neurons such as inferior temporal and superior frontal cortices, there
is extensive loss of these neurons in AD and that the extent of the loss is correlated
with NFT density. Given these results, two reasonable predictions arise regarding
the pathology of SMI32-ir neurons in the occipital cortex. First, given that NFT
are rare in area 17 and largely confined to layer III in area 18, we predicted that
SMI32-ir neuron loss would be minimal in area 17 and primarily localized to layer
ITI of area 18. Second, it is known that the long projection from 17 to MT
originates in layer IVB and from the Meynert cells at the layer V—-VI border (Van
Essen 1985; Shipp and Zeki 1989a). Similarly, the projection from 18 to MT
originates in deep layer III (Shipp and Zeki 1989b). In addition, these layers
contain the only heavily SMI32-ir neurons present in 17 (Campbell and Morrison
1989). Therefore, if our hypothesis regarding the vulnerability of long corticocor-
tical projection neurons and SMI32-ir neurons is valid, then any SMI32-ir cell
loss that does occur in area 17 should be most pronounced in layer IVB and in
the Meynert cell class, and in deep layer III in area 18. To test these predictions,
the following parameters were measured in areas 17 and 18 of control and AD
brains: (1) SMI-32-ir cell number/mm cortical traverse for all laminae and sub-
laminae; (2) SMI-32-ir neuron size; (3) SMI-32-ir optical density; (4) NFT num-
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ber/mm cortical traverse in each layer, (5) NP number/mm cortical traverse in
each layer, and (6) full cortical thickness.

The distributions of SMI32-ir cells in areas 17 and 18 differ substantially from
each other and from the pattern described in inferior temporal and prefrontal
cortices (Hof et al. 1988; Campbell and Morrison 1989). In area 17, the large
intensely stained SMI32-ir neurons are largely restricted to layer IVB, to the
Meynert cells located at the V-VI border, and to occasional cells in layer III
(Fig. 2). Smaller, more lightly stained cells are also present in layers III, V, and VI.
In contrast, the large, darkly labeled neurons present in area 18 predominate in
the deep portion of layer III, with a few in layer V. Inferior temporal and prefron-
tal cortices have a significantly higher density of heavily labeled cells in deep layer
III than area 18 and, in addition, have a much higher density of labeled cells in
layers V and VI (Figs. 2, 5-7).

In contrast to the inferior temporal and prefrontal cortices, the SMI32-ir
neuron loss in area 17 and 18 was minimal. In area 17, cell loss was confined to
layer IVB and to the Meynert cell class, and averaged 25.4% in these layers. In
area 18, the SMI32-ir cell loss was restricted to deep layer III and layer VI and
averaged 18.3% in these layers (Fig. 7). Thus, the extensive short corticocortical
projection from area 17 to area 18 that emanates from layer III (Van Essen 1985)
is presumably not affected in AD, since the lightly immunoreactive cells in layers
II1, V and VI of area 17 were not damaged in the AD cases. In addition, the lightly
labeled cells in layers V and VI in area 17 that probably furnish projections to
several subcortical sites (Van Essen 1985) do not appear to be affected in AD.

Given the morphology and distribution of the SMI32-ir cells in area 17, it is
very likely that the SMI32-ir neurons in layer IVB and the SMI32-ir Meynert cells
represent the cells of origin of the projection to MT. In addition, the projection
of area V2 to MT originates from the pyramidal cells in deep layer III (Shipp and
Zeki 1989 ), precisely the same location as the vast majority of the darkly stained,
large SMI32-ir cells in area 18. The only significant cell loss that has been demon-
strated in area 17 is in the SMI32-ir cells of IVB and in the Meynert cell class.
Thus, although the projection from 17 to 18 may be intact, and the overall cell loss
may appear inconsequential in area 17, it appears likely that two important
projections involved in visuomotor skills (namely V1 to MT and V2 to MT) are
compromised in AD. This interpretation is dependent upon the SMI-32-ir neu-
rons actually furnishing these projections, and transport studies will provide these
data for nonhuman primate. Clearly, the cells of origin of the corticocortical
projections are heterogeneous in their biochemical phenotype. Further analyses
must be done to more definitively link connectivity with biochemical characteris-
tics, and determine the qualities that confer a selective vulnerability on a given
subset of neurons in AD. However, these observations on visual cortex allowed
us to demonstrate the possible existence of a chemically defined neuronal subpop-
ulation that is highly vulnerable in AD and that can be correlated with a specific
corticocortical projection of known function.
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Fig. 7. SMI32-ir neuron counts in area 17 and 18 of the human occipital cortex. Results
represent means + SEM from five control and five AD cases. Note the pathological changes in
layer IVB cells and in the Meynert cell class of area 17 and in layer III of area 18. a, p=0.025;
b, p<0.05; ¢, p=0.05, two-sided Mann-Whitney U test
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Connectivity Studies

Double-Labeling of Corticocortically Projecting Pyramidal Cells with SMI-32. In
previous primate neocortical studies we observed that SMI32-ir pyramidal neu-
rons exhibited a regionally heterogeneous distribution and hypothesized that this
resulted from shifts in the representation of SMI32-ir neurons furnishing long
corticocortical projections (Campbell and Morrison 1989). We have initiated
combined retrograde tracer and immunohistochemical studies in the Macaca
fascicularis to test this hypothesis (Campbell et al. 1989). The retrograde tracer
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Table 1. Fast blue and double-labeled neuron counts in cortical source regions after tracer
injection in the principal sulcus of Macaca fascicularis®

Fast blue Double %
labeled

Ipsilateral principal sulcus

Layer III 114+21 22+3 18

Layers V-VI 98+15 27+5 27
Contralateral principal sulcus

Layer III 88+5 23+1 26

Layers V-VI 3242 10+1 31
Ipsilateral anterior cingulate cortex

Layer III 1 0 0

Layers V-VI 20+1 10+1 50
Contralateral anterior cingulate cortex

Layer III 1 0 0

Layers V-VI 14+1 7 50
Ipsilateral intraparietal sulcus

Layer III 2943 1742 58

Layers V-VI 2042 12+1 60
Ipsilateral superior temporal sulcus

Layer III 1342 11+1 85

Layers V-VI 11+1 941 82

? Fast blue was injected in the principal sulcus of three animals. Results are means + SEM from
6 to 15 one-millimeter-wide cortical traverses in each cortical area and represent fast blue
only-labeled cell counts and double-labeled (i.e., fast blue plus SMI32-ir) cells counts. The right
column represents the percentage of double-labeled neurons. Note the higher proportion of
double-labeled cells in areas distant from the injection site, as compared to more local projec-
tions

fast blue was injected into the cortical region rostral to the arcuate sulcus and
ventral to the principal sulcus, and we determined the number of Fast blue
retrogradely labeled neurons and double-labeled neurons (i.e., those containing
fast blue and SMI32-ir) and several cortical traverses from each source cortical
region (Table 1). These data illustrate: (1) the potential to define distinct subsets
of corticocortically projecting neurons based on differences in their molecular
constituents, and (2) the degree to which specific corticocortical projections of an
area vary in their proportional representation of neuronal subsets so defined.
Note that in regions such as the superior temporal sulcus the total number of cells
projecting to this field in prefrontal cortex is fewer than from the more local
projections, yet the proportion that are SMI32-ir is much higher. In fact, the
SMI32-ir double-labeled neurons can be viewed as a subset of the total set of
corticocortical projections converging on the injection site. This subset represents
a distributed system sharing an important property regarding their biochemical
phenotype. Additional transport studies will be needed to further differentiate
this subset from the non-SMI32-ir corticocortical projections, further character-
ize the degree to which they represent a functionally relevant distributed system,
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and further clarify the rules regarding biochemical and anatomical heterogeneity
among corticocortically projecting pyramidal cells.

Intracellular Filling of Corticocortically Projecting Pyramidal Neurons. Cell load-
ing in combination with retrograde transport and chemically specific labeling
techniques can be used to determine the biochemical phenotype, morphology and
afferents to the corticocortical projection neuron. Such an approach allows for
the detailed analysis of the molecular and anatomical profile of a pyramidal cell
with a known efferent projection. We have just completed a study in which we
have used this technology to characterize the morphology of corticocortically
projecting neurons (De Lima et al., in press). This analysis was not carried to the
immunohistochemical or ultrastructural level, and therefore does not allow for
direct correlation with information on biochemical phenotype. However, we
know from the studies outlined above that over 90% of the neurons-that furnish
the projection analyzed are likely to be SMI132-ir.

We combined intracellular injection of lucifer yellow (LY) in fixed tissue with
in vivo retrograde transport of fast blue to study the dendritic morphology of
neurons within the inferior temporal gyrus (ITG) that furnish corticocortical
projections to the portion of the prefrontal cortex immediately ventral to the
principal sulcus (De Lima et al., in press). The fast blue retrogradely labeled cells
formed two clearly defined bands within the ITG: a supragranular band that
corresponded to layer III, and an infragranular band that corresponded to layers
V and VI. After LY intracellular filling, these retrogradely labeled cells projecting
to the prefrontal cortex were found to be morphologically very heterogeneous.
Although all filled cells had spiny dendrites, they presented a wide range of cell
body sizes and dendritic tree morphologies. In layer III, the majority of cells were
typical pyramids of various sizes. In layers V-VI, numerous typical pyramidal
cells were present. In addition, significant numbers of modified pyramidal forms
were found, including vertical and horizontal fusiform cells, asymmetrical pyra-
mids and multipolar cells.

Considering the entire cell population which projects from the ITG to the
prefrontal cortex, their dendrites cover the entire cortical depth going from the
pial surface to the white matter. As a group, these cells are capable of sampling
afferents to all laminar locations. Each individual subgroup, however, covers only
a limited portion of the cortical depth and is thus restricted to subsets of afferents.
Thus, even when the efferent target is limited to only one of the many ipsilateral
cortical targets of the ITG, multiple morphological subtypes contribute to the
projection. Furthermore, we know from our other transport studies that virtually
all of these neurons are SM132-ir, even though their morphology may be hetero-
geneous. Further studies will be directed at determining the afferents to each
subtype of corticocortically projecting cell, and the degree to which other cy-
toskeletal probes reflect the same degree of homogeneity in this population of
cells as SMI-32 does.

Thus far, this appears to be an excellent example of the necessity for a multi-
faceted definition of cell type. As more data of this type accumulate we should be
able to construct a system of cell typology in primate cortex that is based on
connectivity and biochemical phenotype, as well as location and morphology. In
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such a scenario a given cell type would be described as not only a cell in a given
layer, with certain dendritic and axonal branching patterns, but also in reference
to a defined set of connections, and high intracellular levels of certain structural,
metabolic or neurotransmitter-related proteins.

Immunohistochemical Studies of Calcium-Binding Proteins

Antibodies to calcium-binding proteins such as parvalbumin are excellent mark-
ers for certain nonpyramidal interneurons in monkey and human cortex. Parval-
bumin and calbindin both label independent subsets of GABA neurons in neocor-
tex (Hendry et al. 1989). Given the deviation of certain pyramidal cell subtypes

Fig. 8. Parvalbumin- (PV, top panel) and calbindin- (CB, bottom panel) immunoreactive neuron
distribution in human superior frontal cortex. Results represent means + SEM from four con-
trol and eight AD cases (PV'), and four control, three low NFT AD, and five high NFT AD cases
(CB). There are no statistically significant differences between control and AD cases for PV-ir
neuron counts, whereas there is a striking loss of the CB-ir pyramidal neurons in layer III (a,
p<0.001; b, p<0.05, two-sided Mann-Whitney U test). Note the significant CB-ir cell loss in
layers V-VI in the high NFT AD cases. Low and high NFT AD cases as described in Fig. 6
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in AD, we investigated the degree to which these nonpyramidal GABAergic
neurons are vulnerable as well. Using a monoclonal antibody against the calcium
binding protein parvalbumin (Celio et al. 1988), we investigated the possible
changes in subpopulation of interneurons in two cortical areas known to be
strongly damaged in AD, namely inferior temporal and superior frontal gyri.

No statistically significant differences in the distribution of parvalbumin-im-
munoreactive (PV-ir) profiles were observed in AD brains as compared to control
cases (Morrison et al. 1988). Cellular densities calculated in layers II-IV were
similar in AD and control cases in both areas (Fig. 8). There were no differences
in PV-ir neuron size between the two brain groups. Very similar values were
obtained in layers II-IV and in the prefrontal cortex. These results suggest that
PV-ir cells represent a neuronal subset resistant to degeneration, and further
support the hypothesis that the pathological process in AD involves specific
neuronal subtypes with particular morphological and molecular prefiles.

Using a monoclonal antibody to the calcium binding protein calbindin (Celio
et al. 1986), we observed in the human prefrontal cortex distinct populations of
labeled cells. First, a subset of heavily stained interneurons was located in layers
IT and superficial III, and in layers V—VI. Second, a subpopulation of pyramidal
neurons in the mid and deep parts of layer III displayed a less intense, punctate
staining pattern. A quantitative analysis demonstrated that the interneurons in
the superficial layers were unaffected in the AD cases. The calbindin-immunore-
active pyramidal neurons of layers III were dramatically affected (up to 60%,
Fig. 8) in the disease. Moreover, there was a strong correlation between the extent
of the loss of the affected neurons and neurofibrillary tangle counts.

Conclusions

Although regional specialization is a dominant organizational principle for
neocortex in all mammalian brains, segregation of functions reaches an extraor-
dinary level of sophistication in primate cortex. Cohesive, integrated processing
in a given sensory modality such as vision involves the simultaneous activity of
numerous separable visual areas that have extensive, highly ordered interconnec-
tions that establish a distributed system subserving vision. Higher intellectual
functions, such as cognition and language, that transcend modality-specificity are
presumably even more dependent upon the complex communication between
cortical regions that is provided by the corticocortical circuits. It is our contention
that the long corticocortical projections degenerate in AD, leading to a global
neocortical isolation syndrome that is manifested as dementia. Clearly, other
degenerative processes occur in AD, and they may also contribute to the behav-
ioral sequelae of AD, but the global loss of long corticocortical projections is
likely to be the most devastating component of AD pathology and the most
directly related to dementia. Further, the cells that provide these projections
appear to be highly specialized neurons that may have identifiable anatomical
and biochemical profiles. Combined studies of nonhuman primate and human
cortex will be necessary to develop a comprehensive profile of these neurons. We
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have already initiated such an approach with regard to the morphology, distribu-
tion and cytoskeletal profile of these neurons. However, this approach must be
extended to include other cytoskeletal elements, growth-associated proteins,
growth factor receptors and pre- and postsynaptic markers for specific neuro-
transmitter systems such as glutamate. If we can pinpoint the elements of the
biochemical and anatomical phenotype that are most clearly linked to differential
cellular vulnerability in AD, then we will be one step closer to developing means
of protecting those neurons that degenerate in AD. The protection of these
neurons must be the paramount goal in developing a strategy for the management
of AD, since prevention of a neurodegenerative disease is much more likely to be
achievable than the development of a cure.
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Distribution of Neurochemical Deficits
in Alzheimer’s Disease

D.M. Bowen, A.J. Cross, P.T. Francis, A.R. Green, S.L. Lowe,
A.W. Procter, J.E. Steele, and G.C. Stratmann

Summary

Cortical inhibitory neurotransmitters, neuropeptides, dopamine and probably
noradrenaline are probably either not selectively or not critically affected in
Alzheimer’s disease. It is, however, highly likely that shrinkage or loss of corti-
cocortical pyramidal neurones is a key change. This change appears to be circum-
scribed and clinically relevant and to involve neurotransmitter glutamate. The
putative pathogenic role of glutamate is briefly discussed.

Introduction

Alzheimer’s disease (AD) has often been approached optimistically as purely a
genetic disorder involving chromosome 21, yet recent research fails to establish
this conclusion for late-onset families (Pericak-Vance et al. 1988). It is generally
accepted that there is a role for genes in the pathogenesis of AD, but a broader
view is necessary because of the strong possibility that the clinical syndrome is a
result of a series of different events over a long period (Bowen et al. 1988). While
AD is a progressive disorder, this fact is rarely acknowledged in the interpretation
of postmortem biochemical studies. Many neurotransmitters have been reported
to be affected, leading some to the pessimistic conclusion that a successful neuro-
transmitter-based therapy will not evolve (Martin et al. 1988). It is argued herein,
however, that dysfunction of a glutamatergic neurotransmitter system is critical.
We seek to link this with perturbations of energy metabolism, a proposed patho-
geneic mechanism, which itself may be “triggered” by an environmental factor,
such as an infectious agent (Pearson and Powell, 1989) or exposure to aluminium
(Candy etal. 1988; but see also Wisniewski et al. 1989). Energy metabolism
cannot be studied with routine postmortem material. The present review, there-
fore, emphasizes data for transmitters and indices of energy metabolism deter-
mined in neurosurgical samples that were obtained soon after the emergence of
symptoms of the disease.
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Preserved inhibitory cortical neurotransmitters

Postmortem assessment of these inhibitory cortical neurotransmitters, principally
gamma-aminobutyric acid (GABA)-releasing neurones, has been complicated by
artefact and epiphenomena (as reviewed in Lowe et al. 1988). Thus, no change in
glutamate decarboxylase activity was found in a recent study in which AD and
control subjects were carefully matched for agonal state (Reinikainen et al. 1988).
Tissue atrophy is another factor which may confound interpretation of data. This
is because the practice of reporting results relative to unit mass does not make
allowance for any reduction in volume of brain structure. Shrinkage or loss of
some structures, but not others, may lead to the reporting of an increase in the
markers of unaffected structures, such as increased GABA content of frontal
cortex from AD biopsy tissue (Lowe et al. 1988). The reductions found in GABA
content of most postmortem series are less substantial and widespread than those
reported for a group of subjects that included only pathologically severe examples
of the disease. Large and widespread reductions in uptake sites of GABAergic
neurones have also been reported postmortem. However, since this study was
based upon active uptake determinations in tissue that had been frozen, thawed
and subfractionated, it is difficult to exclude the possibility that inappropriate
preparations were produced in disease-affected tissue. Indeed, others found pre-
servation of this uptake site (assayed using a ligand binding technique) in all
regions examined, except the temportal cortex. Moreover, glutamate decarboxy-
lase activity and GABA content of cortical biopsy tissue were not reduced (as
reviewed in Lowe et al. 1988, Fig. 1) and an attempt at treating AD with a GABA
agonist was unsuccessful (Mohr et al. 1986).

Glycine and taurine are also thought to function as inhibitory neurotransmit-
ters and their content is unchanged in AD, based on both postmortem and biopsy
tissue (as reviewed in Lowe et al. 1989). Most enquiries indicate, therefore, that
in AD cortical inhibitory neurones are neither selectively nor critically affected.

Preserved Cortical Peptides

Despite relatively high concentrations in cerebral cortex, cholecystokinin, vasoac-
tive intestinal polypeptide and neuropeptide Y are unaffected, as is galanin (Beal
et al. 1988). Many studies have demonstrated reduced somatostatin but not in
biopsy samples (Fig. 1), and there is postmortem evidence of reduced corti-
cotropin-releasing factor (De Souza et al. 1986; but see also Kelley and Kowall
1989). Changes in somatostatin have been found to be greater in studies in which
only subjects displaying severe histopathology were examined than in studies in
which no such selection criteria were employed (Lowe et al. 1988). A difference
in selection criteria may also explain why Beal et al. (1986) found reduced concen-
trations of neuropeptide Y whereas other groups have reported no change.
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Fig. 1. Selective neurotransmitter changes antemortem: summary of neurotransmitter measures
assessed in neocortex of patients with AD. Non-significance is identified by 100% of control
(Francis and Bowen 1989; Lowe et al., submitted)

Preservation of Some Corticopetal Neurones

Postmortem Studies

Evidence for presynaptic cholinergic dysfunction in the cerebral cortex in AD has
been obtained in all postmortem studies that have measured choline acetyltrans-
ferase (ChAT) activity, together with studies of radiolabelled choline uptake and
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acetylcholine content and release (as reviewed in Francis and Bowen 1989). These
data are supported by a myriad of histological studies which have reported loss
of cholinergic perikarya from the medial forebrain nucleus basalis of Meynert.
Loss of ChAT activity appears to parallel the distribution of neurofibrillary
degeneration (tangles) within various cortical areas (Esiri et al. 1989).

With the exception of studies of the serotonin (5-HT) carrier, all estimates of
serotonergic neurones in postmortem samples have relied upon determination of
the concentrations of 5-HT and its major metabolite, 5-hydroxyindoleacetic acid
(5-HIAA). The 5-HT content in the neocortex from AD subjects has, in general,
been found to be reduced, whereas 5-HIAA was unaltered except for two reports
of a reduced content. There is some evidence from histopathological measure-
ments to indicate that intrinsic cortical change and serotonergic denervation are
related, since significant negative correlations were found between neurofibrillary
tangle counts and 5-HIAA content in both frontal and temporal cortex of AD
subjects. Similarly, the reduction in the concentration of 5-HT is greatest in
cortical areas with the most tangles. There is an unexpectedly large reduction in
the frontal cortex that appears to be related to aggressive behaviour, suggesting
that treatment with serotonomimetic agents could reduce the need for hospital-
ization (Palmer et al. 1988).

Apart from two studies of dopamine-beta-hydroxylase activity postmortem —
one indicating reduced activity and the other finding no change — biochemical
studies of catecholaminergic neurones have focussed upon the determination of
the concentrations of dopamine and noradrenaline and their principal metabo-
lites, homovanillic acid (HVA) and 3-methoxy-4-hydroxyphenylglycol (MHPG),
respectively. The concentration of dopamine has consistently been found not to
be reduced. HVA concentrations are reported to be reduced in some regions but
elevated in others. Reduced concentrations of noradrenaline have generally been
reported, whereas concentrations of MHPG have been reported as reduced, unal-
tered or even elevated.

Antemortem Studies

Small amounts of AD brain tissue, removed for diagnostic purposes, have also
been used for biochemical analyses, an approach pioneered by Korey et al. (1961).
Only a few samples have been offered to our laboratory (39 from seven centres,
between 1976 and 1987), yet these have been extremely useful. We have shown
that severe cholinergic and serotonergic deficiencies occur within 2—3 years of
onset of symptoms (Fig. 1). The sparing of catecholamines and the association
between 5-HIAA content and tangle count have been confirmed. Detailed clinico-
pathological assessments have been made, including a rating of the magnitude of
dementia on the basis of the performance of patients on a number of tests that
assessed the extent of the following clinical domains: memory, perceptuo-spatial
abilities and language. The rating correlated with acetylcholine synthesis (Francis
et al. 1985) but not with other corticopetal transmitters (Palmer et al. 1987).
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Degeneration of Corticocortical Association Fibers

From results of a number of histological and positron emission tomographic
(PET) enquiries, degeneration of corticocortical association fibres appears to be
a feature of AD. Firstly, degeneration of these fibres in AD is indicated by loss
of columns of pyramidal neurones, based on a shorter cortical ribbon and the
distribution of tangles and senile plaques (as reviewed in Procter et al. 1988,
1989a). Secondly, loss of neurones giving rise to association fibres appears to
occur relatively early in the disease, as pyramidal cell counts (corrected for any
cortical thinning) are reduced in cortical layer III of biopsy tissue from the
temporal lobe (Neary et al. 1986). Thirdly, shrinkage and loss of pyramidal neu-
rones from the temporal and parietal lobes may be the major cause of cerebral
atrophy in AD. When studied by PET these regions show apparent glucose
hypometabolism; measurements by this technique are sensitive to atrophy, and
hypometabolism is not seen in vitro (Table 1). Thus, scanning results may actually
index, in part, the early shrinkage or loss of pyramidal cells giving rise to corti-
cocortical association fibres. Neuropsychological test scores significantly corre-
late with both scanning data (as reviewed in Procter et al. 1989 a) and pyramidal
cell counts in layer III (Neary et al. 1986). In summary, it is highly probable that
shrinkage or loss of association fibres occurs from circumscribed areas, mainly
the temporal and parietal lobes. Moreover, this change appears to be clinically
relevant.

Table 1. No evidence for hypometabolism in antemortem samples from patients with AD?*

Tissue preparation Marker Marker in samples
from AD patients
(% of control)

Cerebral cortex, homogenates Oxygen uptake
+ADP  (n=5,7)" 120
—ADP  (n=5,7) 181 *
+CCC®  (n=5,7) 102
Cerebral cortex, tissue prisms [U-*4C]glucose —14CO,
5mMK* (n= 9, 17)° 142 %%
31 MMK* (n=22, 27) 128 **
Skin fibroblasts, confluent monolayers [U-1*C]glucose — #CO, 128 **
(n=6,17)
Lactate release 118*
(n=6,17)

* Data from Sims et al. (1981, 1983, 1985, 1987a,b)

® Values in parentheses are the number of independent samples studied for AD patients and
controls, respectively

¢ CCCP, carbonyl cyanide m-chlorophenylhydrazone, an uncoupling agent. *p<0.05;
** p<0.001 significantly different from control
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Excitatory Dicarboxylic Amino Acids (EDAAs) Are Probably Transmitters
of Pyramidal Neurones Forming Corticocortical Association Fibres

Although quantitative electron microscopic data indicate that pyramidal cells
constitute the most abundant neuronal type in the mammalian neocortex, the
transmitter(s) associated with this cell type has not been established unequivocal-
ly. Major candidates are EDAAsS, principally L-aspartate and L-glutamate. There
is a variety of evidence for this, largely from studies of the corticostriatal pathway.
The possibility of corticocortical glutamatergic pathways is particularly difficult
to establish, in part because a technique has not been developed for destroying
pyramidal neurones selectively in the cerebral cortex of experimental animals.
Human as well as rat cerebral cortex has a high-affinity uptake system for the
false EDAA transmitter, D-aspartate, and shows Ca?*-dependent K *-stimulated
release of aspartate and glutamate (see Peinado and Mora 1986; Procter et al.
1988). These glutamatergic terminals could be thalamocortical projections, the
other major source of excitatory cortical fibres. However, thalamic pathology in
AD is less prominent than cortical changes. D-[*h] Aspartate uptake is reduced by
50% in temporal cortex from promptly performed autopsies of AD patients,
using a technique designed to minimize influences of artefacts and epiphenomena
(Procter et al. 1988). This provides evidence that a large proportion of the gluta-
matergic terminals in the cerebral cortex are in fact synapses of corticocortical
fibres. Glutamate content of the grey matter from biopsy samples of AD patients
is also reduced (Procter et al. 1988) and the value for individual subjects correlates
with pyramidal neurone density in layer III (Lowe et al., submitted). The most
straightforward explanation is that loss of corticocortical association fibres has
had a major influence on the glutamate content of these samples. In summary,
these results provide new evidence that an EDAA, probably L-glutamate, is the
principal transmitter of corticocortical association fibres.

Excitatory Dicarboxylic Amino Acid Neurotransmission
and Magnitude of Dementia

No study has so far been reported that seeks to directly relate an index of
glutamatergic neurotransmission of the magnitude of dementia. There is, howev-
er, evidence that EDAA neurotransmitter dysfunction relates to memory and
behavioural disturbance. Firstly, such dysfunction may be prominent in critical
structures, the hippocampus (Hyman et al. 1987) and amygdala (Francis et al.
1987). Secondly, histological and PET enquiries, loss of tissue glutamate and
reduced D-aspartate uptake suggest that, in AD, degeneration occurs in a propor-
tion of glutamatergic corticocortical neurones and, as has already been argued,
is clinically relevant. Thirdly, the presence in the cortex of pyramidal cells with
synaptic targets of other pyramidal neurones, and the abundance therein of both
L-glutamate binding sites and pyramidal cells, suggests that EDAA neurotrans-
mission is normally the major factor that sustains the activity of corticocortical
neurones (Peinado and Mora 1986; Procter et al. 1989a). Finally, the primary
agonist site of the N-methyl-D-aspartate (NMDA) receptor complex is the best
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characterized binding site for L-glutamate, and animal studies implicate the com-
plex in memory and behaviour (i.e., experience-dependent changes in kitten visual
cortex, initiation of long-term potentiation, acquisition of place learning in ro-
dents and storage of information during learning in chicks; as reviewed in Mc-
Cabe and Horn 1988). )

Although altered populations of recognition sites for EDAAs have been re-
ported for AD in the neostriatum and the hippocampus, the neocortex has shown
few alterations. Lower glutamate binding in cortical layers 1 and 2 (with an
autoradiographic technique) and reduced glycine modulation of the NMDA re-
ceptor complex have been described (as reviewed in Procter et al. 1989 b). Howev-
er, a number of properties of the complex remain unchanged, including the
primary agonist (i.e., glutamate) recognition site (with a technique using well-
washed membranes), suggesting that pharmacological manipulation of the gly-
cine modulatory domain (Procter et al. 1989 a; Steele et al. 1989 a) may provide
an approach for restoring the activity of the remaining pyramidal neurones.

Neurotransmitter-Based Treatment Strategy

Alzheimer’s disease is a fatal disorder with widespread social and economic impli-
cations, so a therapy is urgently required. In addition to the cholinergic deficit,
a proportion of the glutamatergic corticocortical neurones in the temporal and
parietal lobes that probably receive an extensive EDAA input seem to degenerate
in AD. Various pharmacological paradigms related to EDAA neurotransmission
have been shown, in rodents, to be modified both in vivo and in vitro by tetrahy-
dro-9-aminoacridine. These effects are only observed with high concentrations.
Therefore, if tacrine is efficacious in AD patients, it is likely to be through brain
cholinergic systems rather than via EDAA systems (Steele et al. 1989b).

Does glutamatergic dysfunction cause changes in memory and behaviour?
Can the activity of the remaining neurones be safely restored with a drug active
towards the NMDA-receptor complex? Will this provide clinical benefit? These
questions cannot be answered without further research, but a glycine modulatory
domain of the NMDA receptor complex has already been described at which
potential therapeutic agents might be directed. Safety, the extent of occupancy of
the modulatory domain by glycine and any other endogenous compounds, influ-
ence of other classes of EDAA receptors, as well as the magnitude of neuronal loss
are important factors that will determine whether this therapeutic approach will
be successful.

Metabolism and EDAAs

A widely documented change in the brains of patients with AD is an apparent
reduction in cerebral metabolism, based on blood flow and the metabolic rate for
oxygen (as reviewed in Gustafson et al. 1987; Najlerahim and Bowen 1988) as well
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as for glucose, as described above. Studies of postmortem AD brains also indicate
reduced activities of enzymes of carbohydrate metabolism including aldolase,
phosphohexoseisomerase and phosphoglycerate mutase (as reviewed in Bowen
and Davison 1986). However, these data need to be interpreted with caution as
measurements by in vivo imaging techniques may reflect a combination of corti-
cal atrophy, loss of “activating reticular” (corticopetal) innervation and dispro-
portionately more inhibitory neurones, in addition to an intrinsic metabolic dys-
function of cortical neurones (as reviewed in Chawluk et al. 1987; Najlerahim and
Bowen 1988). Moreover, it is difficult to completely rule out complicating effects
of perimortem hypoxic changes on the enzymes in postmortem brain (Sims et al.
1987a). Indeed, studies of biopsy tissue (Table 1) have shown that the oxidative
capacity of brain tissue from AD patients may actually be increased. This has
been interpreted as reflecting a partial uncoupling of mitochondria or an in-
creased basal metabolic activity as a consequence of neuronal degeneration and
reactive gliosis (Sims et al. 1987 a). Electron microscopic studies of cortical biop-
sies of AD patients have revealed structural abnormalities in mitochondria of
otherwise normal dendrites (Savaura et al. 1985) and a reduced volume of tangle-
bearing perikaryal cytoplasm per mitochondrion (Sumpter et al. 1986). There is
also evidence of altered glucose metabolism in some non-neuronal tissues from
AD patients, including fibroblasts (Table 1). It is becoming increasingly apparent
that skin and nasal epithelium demonstrate other pathological features of AD
brains and could provide not only a non-invasive diagnostic tool but prove
pivotal for the investigation of pathogenic mechanisms (Joachim et al. 1989;
Talamo et al. 1989). For example, a study of fibroblasts suggests that AD is a
disorder in which a pathologically low intracellular calcium content occurs (Pe-
terson et al. 1986) and “down-regulation” (Procter et al. 1989 a, b) of the NMDA
receptor complex-operated calcium channel (Siesjo and Bengtsson 1989) may
reduce this further within vulnerable pyramidal cells. Calcium activates pyruvate
dehydrogenase (Hansford and Castro 1985; Moreno-Sanchez and Hansford
1988) and in AD the enzyme has been reported to be reduced (as reviewed in Sorbi
et al. 1983). This scheme provides a further mechanism which may lead to pertur-
bations of neuronal energy metabolism. A consequence of the latter might be the
transition of endogenous NMDA agonists (e.g., glutamate) from transmitters to
neurotoxins (as reviewed in Henneberry 1989). Mechanisms involving the
NMDA receptor complex that may render subpopulations of neurones particu-
larly vulnerable to these neurotoxins have been proposed (Greenamyre and
Young 1989; Siesjo and Bengtsson 1989). Further research is Yequired to advance
these proposals beyond speculation. The evidence herein indicates that a propor-
tion of cortical EDAA-releasing pyramidal neurones degenerate. Is this due to
excitotoxicity and will NMDA agonists act as “cognitive enhancers?”’
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Topography of Lesions in Alzheimer’s Disease:
A Challenge to Morphologists

J-J. Hauw, C. Duyckaerts, P. Delaére, and F. Piette

Summary

The distribution of lesions in Alzheimer’s disease (AD) is a much more widely
debated topic today than it was a few years ago for the following reasons: (1)
many epidemiological biases (lack of recognized criteria for normality in aging,
frequency of associated pathologies, cohort effects) have been ignored by mor-
phologists using retrospective data; (2) cerebral atrophy could be due mainly to
loss of corticosubcortical radial columns of interconnected neurons and associat-
ed glial cells and myelin sheaths; (3) as a consequence, the measurement of
neurons on histological samples deals mainly with their density and not with their
actual number; (4) the density of the various types of lesions of gray matter seen
in AD is different from one area to another, and global indexes could be mislead-
ing; (4) histochemistry with antibodies to proteins tau, Alz 50, and overall A4 has
provided a broader range and a larger distribution of changes; and (5) the evi-
dence concerning the extent and mechanism of white matter lesions is conflicting.
The main pertinent data from the literature are critically assessed below.

Introduction

The distribution of lesions in Alzheimer’s disease (AD) is more under debate now
than it was a few years ago. This is due to the recent burst of research work in
morphology of aging and dementias and to the recognition of the numerous
pitfalls of early studies.

Biases in the Study of the Neuropathology of AD

A few simple and obvious biases have often been ignored and have introduced a
lot of confusion into the data (Hauw et al. 1988, 1989). One of the main diffi-
culties comes from the early recognition that pathological changes observed in
AD are qualitatively similar to some of those seen with increasing prevalence and
density in so-called normal aging. Thus, the distinction between AD and normal
aging of the brain can be difficult, especially in very old patients, with some cases
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being classified as mild AD or as normal brain as a function of arbitrary criteria.
As a matter of fact, normality of an aged brain is difficult to define.

Criteria for Normality

Criteria for normality have not been established or even discussed by most mor-
phologists: which meaning of the word “normal” should be used? Among the
seven meanings proposed by Dr. Murphy, four are widely used in medicine and
biology: clinical (innocuous: for example, corpora amylacea are normal) or de-
scriptive (habitual; for example, a few senile plaques in the temporal cortex are
normal in the elderly). These meanings are currently used in the diagnosis of
individual cases. By contrast, we could use more probabilistic meanings for nor-
mality such as the genetic sense (i.e., the fittest; for example less than five senile
plaques/mm? are normal in a 75-year-old woman; more would mean a deviation
less suitable for survival, i.e., a disease, namely AD) or the statistical meaning
(better to say gaussian, i.e., to find ten plaques/mm? in the same woman is normal,
since this plaque density is included in a 95 confidence interval of the whole group
of women of this age, whatever their clinical status). Medicine and biology today
tend to use the latter meanings for normality, which better fit population and
research studies. The use of a gaussian meaning for normality in medicine is open
to criticism, since this implies a normal distribution and dismisses the presence of
two or more populations, such as normal subjects and patients (Galen and
Gambino 1975). The choice between criteria favoring discontinuity or continuity
in the concepts of aging and disease is not only a question of philosophy.

Pitfalls for the Study of Normal Aging and AD

Some morphological studies do not fulfill the conditions for exclusion of associ-
ated disorders, which are very numerous in the elderly. In addition, other pitfalls
such as cohort effects have been ignored for a long time and are, surprisingly, still
ignored in some recent studies. It may be recalled, for example, that the compar-
ison of the brain weight of individuals born at a 80-year interval led to overesti-
mation of the brain atrophy of aging. The mean brain weight of people from
industrialized countries increased by nearly 100 g over a century, as did body
weight and height (Dekaban and Sadowsky 1978; Miller et al. 1980). Prospective
studies are the most suitable for avoiding these pitfalls.

Clinical Data, Pathological Data or Both?

Lastly, the diagnosis depends upon the data at hand: when these data are only
clinical, the increasing quality of diagnostic criteria is mainly concerned with their
specificity. On the contrary, their sensitivity is still poor (Katzman et al. 1988).
This leads to the selection of well-contrasted groups of severely affected patients.
Cases which are excluded from these studies can be normal or affected by mild
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AD (or by other diseases). It is important to stress that the use of normative
criteria as specific as those used for AD is mandatory. The level of difficulty is
different when dealing only with neuropathological data or with clinical and
neuropathological data. A strict clinicopathological point of view is useful since
“dementia” is a clinical term (and cannot be diagnosed with certainty by the
pathologist) and “AD” is a pathological one (conversely, it cannot be diagnosed
with certainty by the clinician). However, in AD clinical abnormalities are linked
to the distribution and to the density of morphological changes. The linkage is
complex, with threshold effects that may be due in part to our measuring instru-
ments (psychometry as well as morphometrical techniques). As a consequence,
the diagnosis of dementia of the Alzheimer type is probabilistic when using only
clinical or histological means. The highest degree of probability, i.e., definite AD,
is obtained when using both. As another consequence, with some methodological
precautions, it should be possible to evaluate the role of individual lesions such
as tangles or plaques in causing dementia in AD. The more they are statistically
linked to the mental deterioration, the more these lesions are likely to be relevant
to this deterioration.

Longitudinal Studies

Since the pioneering work of Blessed et al. (1968), new findings have been ob-
tained from longitudinal studies (Mountjoy et al. 1983; Sulkava et al. 1983; Berg
et al. 1984; Terry et al. 1981, 1987; Tierney et al. 1988; Moosy et al. 1989). Eight
years ago, we undertook a prospective study (Charles Foix longitudinal study)
with the specific aim of searching for links between the mental decline and the
main lesions of late-onset AD (senile dementia of the Alzheimer type (SDAT). We
studied the pathology of 28 cases from a group of women over 75 living in the
same institution. Their mental level had been assessed by the same team, using the
test score of Blessed et al. (1968), which was the only neuropathologically validat-
ed test at the time this study began. Individuals were either normal or affected by
SDAT with varying degrees of severity. This was ascertained by clinical and
neuropathological exclusion of every other cause of dementia. Blindness or deaf-
ness were additional causes for exclusion since they could disturb the mental
evaluation. This choice of noncontrasted groups enabled us to include a whole set
of degrees of mental impairment, including mild or moderate — possibly early —
cases of AD. This led to a gaussian distribution of mental scores and, in most
cases, of lesions.

Cerebral Atrophy

Loss of Brain Weight and Volume

Once the secular increase in brain weight (Miller and Corsellis, 1977) is taken into
account, all neuropathological studies, whatever the technique used, indicate a
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steady and slow decrease in brain weight (2%/decade on average) occurring from
50 years onwards in normal aging, even in carefully selected cases (Davis and
Wright 1977; Dekaban and Sadowsky 1978; Miller et al. 1980; Terry et al. 1987).

Grey and White Matter

In normal aging, the ratio of grey to white matter increases from 1.13 in individ-
uals born 50 years ago to 1.55 in centenarians. In SDAT, no change in this ratio
has been found (Miller et al. 1980; De la Monte 1989). However, reduction in the
volume of white matter during AD has been recently reported by De la Monte
(1989) in four preclinical cases, i.e., apparently normal but not prospectively
studied persons with numerous senile changes at neuropathology. The descrip-
tion of incomplete white matter infarctions in large proportions of cases of AD
by Brun and Englund (1986) has raised some controversies concerning this topic.
The pathogenesis (relationship to amyloid angiopathy) and the relevance to pure
AD or to mixed dementia (AD plus vascular dementia) of the changes described
by these authors remain controversial. As a matter of fact, in mixed dementias,
white matter rarefaction, as seen in Binswanger’s disease or in amyloid angiopa-
thy, is common. By contrast, it is less conspicuous in pure AD without vascular
risk factors. Quantitative studies on the density of myelinated fibers in AD are
lacking. Most authors think that the cerebral cortex and some deep nuclei bear
the brunt of the lesions and that the white matter changes are secondary.

Cortical Atrophy

In elderly normal individuals, Tomlinson et al. (1968) found no case with marked
or generalized gyral atrophy on neuropathological examination. By contrast, it is
a frequent feature in AD, being more severe in the early-onset forms than in
SDAT. The neocortical surface area of all the cerebral lobes was significantly
decreased in early-onset forms of AD, whereas only the temporal lobe was
atrophic in cases of SDAT over 80 years’ of age (Hubbard and Anderson 1981).
It must be emphasized that gyral atrophy is an inconstant feature, even in early-
onset AD. It may be asymmetric and predominates in some areas (emphasis has
been repeatedly placed on the association areas).

The thickness of the neocortex is only slightly affected by normal aging (Kem-
per 1984; Hansen et al. 1988). Terry et al. (1987) showed a moderate but signifi-
cant decrease with age in the midfrontal and superior temporal areas but not in
inferior parietal areas. Surprisingly, the decrease in thickness of the neocortex is
also moderate in AD and especially in SDAT (for review see Kemper 1984;
Hansen et al. 1988). We have proposed that the decrease of the cortical area
measured on sections of the brain (i.e., neocortical atrophy) could be mainly due
to a decrease in the length of the cortical ribbon when measured on coronal
sections, whereas its thickness did not vary significantly at least in the early stages
of the disease. A correlation was indeed found between the length — and not the
thickness — of the cortical ribbon and mental decline in the Charles Foix longitu-
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Fig. 1a,b. Mechanism of columnar mecha-
nism for cerebral atrophy. a Schematic dia-
gram of the cerebral cortex of a normal
brain showing columns of neurons or of
fibers, arranged perpendicularly to the sur-
face of the cortex, corresponding to cortico-
cortical or corticosubcortical relationships.
b Atrophy after loss of some of these
columns. Such a mechanism would explain
the predominant reduction in the length as
compared to that in the thickness of the cor-
tical ribbon in the early stages of AD (Duy-
ckaerts et al. 1985). A selective involvement
of some cortical layers (“laminar atrophy”’)
would induce by contrast the predominant
reduction in the thickness of the cortex

dinal study (Duyckaerts et al. 1985; Hauw et al. 1987). These data suggest that
cortical atrophy is mainly due, at least at the beginning of the disease, to a loss
of columns of neurons or of fibers, arranged perpendicularly to the surface of the
cortex (Fig. 1). These columns could correspond to the developmental columns
studied by Rakic (1988). The loss of selective layers of the neocortex (laminar
loss) would instead alter the thickness of the cortical ribbon. The latter is detect-
able only in the most affected cases, especially in early-onset AD, where it can be
seen upon gross examination, especially in the temporal cortex.

Neuronal Loss

Some neuronal loss is easy to measure in small, limited structures such as deep
nuclei where it is well established in aging and in AD (Table 1). However, neu-
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Table 1. Reported data on neuronal loss in aging and AD

Neuronal loss Normal aging SDAT
Neocortex + (severity and cell type debated) +  (severity debated)
Maximum in temporal Atrophy of some classes + + Middle-sized pyra-
and frontal lobes (middle-sized pyramidal midal neurons
neurons)
Hippocampus + Pyramidal neurons CA1, etc. + + Pyramidal neurons
Amygdala + Phylogenetically older areas ++
Cingulum + +
Basal ganglia Variable Variable
Basal magnocellular complex + ++
Median mammillary nucleus + +
Paraventricular and supra- (debated; may depend on patient age)
chiasmatic nuclei
Brainstem Variable Variable
Locus ceruleus + ++
Substantia nigra + +
Cerebellum (Purkinje cells) ++ —
Retina (ganglion cells) ? ++

Data from: Ball and Lo (1977), Blanks and Blanks (1988), Dam AM (1979), Doebler et al.
(1987), Hansen et al. (1988), Herzog and Kemper (1980), Kemper (1984), Mann (1988), Mann
et al. (1985), Mountjoy et al. (1983), Swaab et al. (1985), Terry et al. (1981, 1987)

ronal loss has often been overestimated on account of associated atrophy of
neuronal cell bodies, which makes them less likely to be cut on histological
sections (Duyckaerts et al. 1989b). In the cerebral cortex, we do not know the
precise location and magnitude of neuronal loss.

In the hippocampus, a neuronal loss of around 25% has been recorded by Ball
and Lo (1977) and Dam (1979) in normal aging. In AD, the reduction of cell
number in the pyramidal layer of the hippocampus reaches 40% —60% (Ball and
Lo 1977; Mann et al. 1985). It predominates in CA1 and in the subiculum, but
cytochemical techniques showed that pyramidal neuronal RNA was diffusely
reduced in all areas of the hippocampus examined (Doebler et al. 1987). This loss
has been found to be highly correlated with the number of tangle-bearing cells
(Ball and Lo 1977; Doebler et al. 1987). A marked cell loss is also seen in the
entorhinal cortex (Hyman et al. 1988) and in the amygdala (Herzog and Kemper
1980; Mann 1988).

Data concerning the neocortex are very controversial. In normal aging, quan-
titative data are confusing, but well-controlled recent studies indicate that there
is some neuronal atrophy (decrease of the volume of neuronal cell body) and little,
if any, neuronal loss (Haug et al. 1984; Meyer-Ruge et al. 1984; Terry et al. 1987).
In AD, recent studies have shown a slight reduction in the number of neuronal
cell bodies, which is lacking in some areas (Table 2). Only results concerning the
temporal cortex can be compared. The morphometric techniques and, overall, the
definition of the measured area on the samples examined at the microscopic level
were different. Terry et al. (1981) and Hansen et al. (1988) measured the number
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Table 2. Reported data on neocortical cell loss in AD*®

Frontal Temporal Parietal Occipital  Cingular
(middle)  (superior) (inferior) (Brodman (Brodman

17) 24)
Terry et al. (1981)° 26 (46)* 22 (40)*
Hansen et al. (1988)
Young AD (50-65 years) 23 (50)* 26 (44)* 36 (58)*
0ld AD (70-100 years) 18 27*  15(29* 6 (27N)*
Mountjoy et al. (1983) 12 18 1 *H* 9 11
Mann et al. (1985) ** 40 (60)****

2 Percentage reduction of neuronal number measured on samples processed for microscopic
examination, as compared with age-matched controls: ( ), pyramidal neurons; *, large pyramidal
cells (>90 pm?); **, data corrected for cortical thickness; ***, superior medial parietal region;
**x* middle temporal gyrus.

b Terry et al. (1981) and Hansen et al. (1988) used automatic analysis with editing to measure
a given length of the cortical ribbon; Mountjoy et al. (1983) used automatic analysis without
editing to measure columns perpendicular to the surface of the cortex; Mann et al. (1985) used
manual counting with the same procedure and made a correction to take into account the
reduction in the thickness of the cortex

of neurons in a given length of the cortical ribbon. Mountjoy et al. (1983) mea-
sured the density of neurons in columns perpendicular to the surface of the cortex.
Mann et al. (1985) used the same procedure and also made a correction to take
into account the reduction in the thickness of the cortex. The most significant
results were obtained in young patients, when the reduction in the thickness of the
cortex was taken into account. None of these authors also took into account the
reduction of the length of the cortical ribbon. If we accept that this is the major
factor of atrophy, their results deal mainly with neuronal density, and the perti-
nence of the results as concerns the real neuronal loss can be discussed.

Cell body density reduction more markedly involves certain neuronal classes,
namely middle-sized pyramidal cells. Although this finding has probably been
overestimated on account of neuronal atrophy, it is not a mere morphometric
artifact (Duyckaerts et al. 1989 b). It suggests, if we accept the columnar hypoth-
esis for atrophy, that the first degenerating cells belong to the pyramidal layers
and that columnar atrophy follows.

Senile Changes

The distribution of the main lesions of AD, various types of senile plaques (SP)
and neurofibrillary tangles (NFT) has been described by many groups of investi-
gators. The semiquantitative estimation of the severity of both changes and of
gliosis and spongiosis in the neocortex done by Brun and Englund (1981) fits well
the distribution of the reduction in glucose consumption during AD. However,
things are not so clear, since some changes are found in deep structures. More-
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over, the distributions of the cortical lesions seen in AD are different according
to their types — tangles or different varieties of plaques. Results from different
authors are not easy to compare as the same specimen submitted to various
staining techniques reveals different densities of lesions (Duyckaerts et al. submit-
ted; Lamy et al. 1989; Wisnieswki et al. 1989 b). In addition; densities of individ-
ual lesions do not vary at the same rate as a function of the duration of the disease,
as seen in the Charles Foix longitudinal study (in preparation). Mann et al. (1988)
compared the data of cerebral biopsies to the changes seen at autopsy in the same
patients affected with AD. In all five cases, the density and the nucleolar volume
of neocortical pyramidal cells fell significantly from biopsy to death. By contrast,
in none of the five cases did SP density consistently change. NFT density either
did not change or, indeed, sometimes decreased from biopsy to death.

Neurofibrillary Tangles

As far as neurofibrillary tangles are concerned, it is clear that a large preponder-
ance of the changes are in the hippocampus and adjacent areas and in the amyg-

Table 3. Topography of neurofibrillary tangles in aging and in AD?

Normal aging® AD

Hippocampal formation + +++
Pyramidal cells of the subiculum, CA 1, end plate, etc.
+ Layers IT and IV of entorhinal cortex of the parahippocampal ++ +++
gyrus
Amygdala + +++
Lateral and basal accessory nuclei
Olfactory bulb + + +
Cortex (other areas) + + 4+
Pyramidal cells of layers III and V
Prefrontal > cingular and other association areas > primary areas
Basal ganglia + ++
Basal magnocellular complex (including nucleus basalis of
Meynert), thalamic intralaminar nuclei, lateral hypothalamus
and dorsomedial nucleus, etc.
Brainstem + +

Locus ceruleus, dorsal and median raphe nuclei, ventral tegmental
area, pedunculopontine and laterodorsal tegmental nuclei,
substantia nigra, etc.

Sympathetic ganglia

* Data from: Ball and Lo (1977), Braak and Braak (1989 a,b), Brun and Englund (1981),
Doebler et al. (1987), Duyckaerts et al. (1987), Hansen et al. (1988), Hauw et al. (1986), Herzog
and Kemper (1980), Kawasaki et al. (1987), Kemper (1984), Mann (1988), Moosy et al. (1989),
Morrison et al. (1987), Saper (1988), Terry et al. (1981, 1987), Tomlinson et al. (1968, 1970),
Tomlinson and Corsellis (1984), Ulfig and Braak (1989), Wakabayashi et al. (1989), Wisniewski
et al. (1989), Zubenko et al. (1989)

® Symbols: 4, scanty or controversial lesions; +, mild lesions; + +, definite lesions; + + +,
severe lesions. For AD, crosses indicate lesions more severe than those seen in age-matched
controls
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Table 4. Topography of SP in aging and in AD*

Normal aging® AD

Hippocampal formation ++ +++
Subiculum, CA 1> CA 3, fibrous layers, dentate gyrus molecular

layer
Entorhinal cortex of the parahippocampal gyrus ++ +++
Amygdala ++ +++
Basal magnocellular and basal accessory nuclei )
Olfactory bulb + ++
Cortex (other areas) + +++
Layers II and III
Distribution very diffuse especially in cingular and association

areas
Basal ganglia + ++
Basal magnocellular complex, including nucleus of Meynert,

> posterolateral and anteroventral thalamic nuclei, lateral

hypothalamus, mammillary bodies, etc.
Brainstem + +

Periaqueductal gray, superior colliculus, IV'® ventricle floor,
reticular formation especially superior central nucleus,
substantia nigra, etc.

2 Data from: Ball and Lo (1977), Braak and Braak (1989a,b), Brun and Englund (1981),
Duyckaerts et al. (1986), Hansen et al. (1988), Hauw et al. (1986), Herzog and Kemper (1980),
Iseki et al. (1989), Joachim et al. (1989b), Kemper (1984), Mann (1988), Masliah et al. (1989),
Moosy et al. (1989), Morrison et al. (1987), Saper (1988), Tomlinson et al. (1968, 1970), Tomlin-
son and Corsellis (1984), Wakabayashi et al. (1989), Yamaguchi et al. (1989), Zubenko et al.
(1989)

® Symbols: +, scanty or controversial lesions; +, mild lesions; + +, definite lesions; + + +,
severe lesions. For AD, crosses indicate lesions more severe than those seen in age-matched
controls

dala (Table 3). The subcortical nuclei which are affected usually (or always for
some authors) appear to be those which project to the cortex. In the neocortex,
tangles most appear in some specific areas, namely association cortices. This is
best demonstrated in the occipital cortex, where they spare area 17 and are more
and more numerous in areas 18 and 19 (Braak and Braak 1989a).

Senile Plaques

The preponderance of SP also occurs in the hippocampus and adjacent areas and
in the amygdala (Table 4). By contrast, SP at least of the mature or classical type,
are rarer in most subcortical structures. In the neocortex, they are more numerous
than the NFT (Zubenko et al. 1989) and more diffusely spread, as seen in the
Charles Foix longitudinal study (in preparation). In addition, recent data ob-
tained with very sensitive techniques (overall immunocytochemistry of B-amyloid
and precursors, tau and Alz-50) have enlarged the spectrum of the brain areas
involved in the disease; immature SP or other preamyloid deposits have been seen
in areas where no (or very few) lesions were seen with conventional techniques,
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such as the cerebellum or the striatum, to deal only with the brain (Braak and
Braak 1989b; Joachim et al. 1989a, b; Ulfig and Braak 1989; Wisnieswki et al.
1989a; Yamaguchi et al. 1989).

Other Changes

The other changes seen in AD sometimes affect the same areas, but sometimes
different ones (Table 5). As an example, amyloid angiopathy is more common in
the occipital lobe.

Asymmetry of Changes

Although AD is usually described as a disease associated with diffuse atrophy of
the cerebral cortex and symmetrical distribution of morphological lesions, their
asymmetry in some cases was reported long ago (Delay and Brion 1962). Quan-
titative data on the extent of lateralization of the lesions in two neocortical areas
(middle frontal and superior temporal cortices) and in entorhinal cortex and
prosubiculum have been reported recently. Morphologic lesions were more asym-
metrically distributed than deficits in cholinergic enzymes, choline acetyltrans-
ferase and acetylcholinesterase. Although there were some cases with ratios of
left-right asymmetry of up to 9 for SP and 7 for NFT (in mildly affected cases),
asymmetries of these lesions did not tend to colateralize (Moosy et al. 1989).

Table 5. Topography of other lesions in AD®

Lesion Topography Intensity ®
Abnormal network of fibers and Hippocampus and neocortex +++
neuropil threads
Granulovacuolar degeneration Hippocampus +++
Hirano bodies Hippocampus ++
Amyloid angiopathy Occipital cortex +++
Temporal cortex + +
Other neocortical areas +
Cerebellum +
Diffuse senile plaques and other Striatum ++
amyloid deposits (A 4) Cerebellum +
Cerebral cortex (subpial) +
Basal ganglia, white matter, etc. +
Skin, etc. +

PHF, Tau, Alz 50 immunochemistry Olfactory epithelium

+

* Data from: Ball and Lo (1977), Braak et al. (1986), Duyckaerts et al. (1989a), Hansen et al.
(1988), Hauw et al. (1986), Joachim et al. (1989 a, b), Kemper (1984), Mann (1988), Masliah et al.
(1989), Saper (1988), Talamo et al. (1989), Tomlinson et al. (1968, 1970), Tomlinson and Corsellis
(1984), Wisniewski et al. (1989 a)

® Symbols: +, scanty or controversial lesions; + , mild lesions; + +, definite lesions; + + +,
severe lesions. For AD, crosses indicate lesions more severe than those seen in age-matched
controls
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In conclusion, concerning the distribution of lesions, it can be said that no
precise detailed study of the whole range of AD changes in the same prospectively
assessed patients is available today. Such as study should take into account gross
as well as microscopic findings and should deal with conventional as well as more
modern techniques such as immunocytochemistry (Delaére et al. 1989a,b; Duy-
ckaerts et al. 1988 and submitted; Wisnieswki et al. 1989 a). It could use mental
deterioration and other clinical signs as a reference. Validating clinical data by
pathology, and pathological data by clinical information, could obviously lead to
circular conclusions and should be avoided. However, careful clinicopathological
correlation is the only available method to search for the link between lesions and
clinical deficits.

Where Do the Changes Begin and How Do They Spread?

If we hypothesize a regular increase of the lesions in each considered area, then
we must accept that they begin in the areas where they are the densest. As a matter
of fact, this conclusion could be a mirage, since mild changes occurring in large
areas could concentrate through anatomical pathways to small structures where
they would appear very dense and could be taken as more precocious.

There is no consensus concerning the causes of the distribution of changes in
AD. The main hypothetical pathways are: olfactory, “limbic” (Hyman et al.
1984, 1988), associative ““corticocortical” (Morrison et al. 1987), corticosubcorti-
cal or subcorticocortical. Other explanations for the distribution of lesions in
aging and AD have been suggested; the selective vulnerability of some neuronal
groups is a well-known feature in neuropathology. Among the suggested explana-
tions are the special metabolism or vascularization of some areas or of specific cell
types; the selective involvement of a specific system of neuromediators, possibly
through an excitotoxic mechanism; the high sensitivity of long axons related to
axonal flow disturbances (Gajdusek 1985), the regional variations of amyloidoge-
nesis or of cerebral blood vessel permeability (which could be due to a loss of
cholinergic or monoaminergic influences) and the vulnerability of phylogenetical-
ly recent areas (Rapoport 1988). All of these explantions are open to discussion
(Mann 1988; Hauw et al. 1989).

Conclusions

There is a striking contrast between some very precisely studied structures (gener-
ally small, well-defined nuclei) and other areas which offer resistance to morphol-
ogists. These latter areas are often very important structures for neuroimaging
purposes. Present data concerning the lesions of the cerebral neocortex and of the
hemispheric white matter in AD, and even more in the late-onset forms of the
disease, and their distinction from the features of normal aging are still conflict-
ing. This is due to the complexity of the organization of these areas, to the lack
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of animal models for AD, and to the length and difficulties of prospective studies
in a long-lasting disease. Two main strategies have been followed for the study of
these changes. A pragmatic “gaussian” one has looked for normative data of
aging brain using horizontal studies of whole elderly populations, regardless of
their clinical status and risk factors. A more ‘““genetic’ one has, more recently tried
to set up these data among highly selected, prospectively followed, normal indi-
viduals or AD patients. We believe that the clues for understanding the mecha-
nism and topography of changes in aging and AD can only be found using these
latter types of study. Neuropathologists still have some work ahead of them.
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Computer Tomography and Study of the Anatomical
Changes in Alzheimer’s Disease

H. Creasey, J. Luxenberg, M. Schapiro, J.V. Haxby
and S.1. Rapoport

The role of anatomical changes in Alzheimer’s disease (AD) can be studied using
computer tomography (CT) scanning. By comparing carefully selected and
screened subjects to appropriately age- and sex-matched healthy controls, atro-
phy in AD can be shown to be due to excess cortical, but not subcortical, gray
matter loss, accompanied by ventricular dilatation and increased total cere-
brospinal fluid (CSF) volume. This gray matter loss and increase in CSF volume
within the AD group is related to clinical severity at the time of scanning. Al-
though these parameters can distinguish moderate—severe AD cases from con-
trols, much overlap of gray matter volume and of lateral ventricular volume is
seen between healthy controls and patients with mild AD (as defined by an MMS
score of greater than 20). This is due to the heterogeneity of age-related atrophy
seen in healthy controls and patients. Prospective serial scanning and cognitive
testing permits study of the rate of change of both atrophy and cognitive function-
ing within each individual, reducing variability, and show that the rate of change
of the third ventricle and lateral ventricular volumes is greater in patients with AD
than in healthy controls, separating even mildly affected patients completely from
the controls. The rate of atrophy change correlates with the change in global
cognitive function, as measured in the AD group by global neuropsychological
scores. Asymmetric cognitive decline is reflected in corresponding asymmetric
rates of change of lateral ventricular size. Similar results are seen in subjects with
Down’s syndrome (DS). Older DS subjects developing dementia have accelerated
enlargement of lateral ventricular volume in serial CT scans compared to those
DS subjects who dot not develop dementia. In nondemented DS subjects, age-re-
lated brain atrophy is seen similar to that observed in aging, normal healthy
subjects. These studies taken together show that dynamic anatomical changes in
AD are an integral part of the disease process and not just end-stage events. Early
in the disease, progressive atrophy can be documented and is associated with
progressive decline in function. Demonstration of such early progression of atro-
phy may strengthen a diagnosis of AD and identify subclinical cases. It also has
the potential to document changes in atrophy rate in response to therapeutic
interventions.
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Introduction

Areas of Interest

The advent of CT scanning has made possible macroscopic visual brain images
during life. In AD the focus of CT scan studies has been on brain atrophy.
Reports of the relationship between CT atrophy and AD have centered on several
areas of interest. This paper will focus on five questions in the anatomical study
of AD: (1) does the amount of atrophy distinguish patients with AD from con-
trols; (2) does the amount of atrophy relate to the severity of the dementia in AD;
(3) does the rate of progression of atrophy distinguish patients with AD from
controls; (4) does the rate of progression of atrophy in AD correlate with clinical
decline; and (S5) in Down’s syndrome (DS), is atrophy related to retardation, the
premature accumulation of Alzheimer pathology or to clinical dementia. The
current understanding of these areas is reviewed here, and studies performed in
the Laboratory of Neurosciences (LNS) of the National Institutes on Aging will
be presented to illustrate current answers to these questions. Many studies have
addressed questions and 2, but the results of these studies have often been con-
flicting for a variety of reasons. Questions 3 through 5 have been the subjects of
only preliminary studies at this stage. The results of such studies, however, are of
great interest.

Problems in Methodology

A major problem seen in CT studies of AD, which has led to some of the differing
results, is that the methods of measurement have varied widely. Some methods
(such as linear measures) poorly reflect the actual amount of atrophy present
because they least reflect three-dimensional size, and others (such as ratings) show
poor interrater reliability. While linear measures are easy to perform, volumetric
measures require computer facilities. These are, however, usually available with
the scanner. An example of the difference such measures make is seen in the
findings of Gado et al. (1982, 1983), in which volumetric measures show better
separation of groups than linear measures, both initially and with serial scanning
over a 1-year period. Similar findings have been reported by others (Brinkman
et al. 1981; Soininen et al. 1982; Albert et al. 1984). The increase in CSF from
brain atrophy can be considered in two components: ventricular and sulcal. An
estimate of sulcal fluid volume is usually derived by subtraction of total ventric-
ular volume from total CSF volume and is less accurate than ventricular mea-
sures, which are derived directly in most studies. Correspondingly, overall ven-
tricular size measures separate groups more consistently and correlate better with
cognitive measures than do sulcal ones.

Variations in head size can influence the size of the ventricles and brain, and
linear corrections for head size are often made, although more complex correc-
tions are more accurate.
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Computer tomography scanners vary in their image production, and the
amount of atrophy seen in the image can vary according to the scanner used. If
several different scanners are used, particularly if they differ between patients and
controls, artifactual differences may be found or real ones may be missed. The
angle of scanning alters the appearance of intracranial structures, and variations
in the conditions of the scan (duration of beam, temperature of room, voltage and
width of the beam) can alter the image significantly. These can all alter the
appearance of the structures to be measured. When viewing scan images, different
window settings can alter the apparent amount of atrophy present. Images nearer
the vertex are often marred by bone density artifact, which makes direct measure-
ment of sulcal fluid difficult (see above).

Another source of study variability has been definition of patients with de-
mentia and selection of a comparison group where differences from normal have
been sought. Some studies have used subjects with dementia regardless of cause,
while others have attempted to use patients with probable AD alone. Controls
vary from nondemented patient scans to rigorously screened normal volunteers.

Specific Methodology in LNS Studies

In these studies, some of the problems mentioned above have been addressed by
using careful selection of patients and controls, using volumetric analyses and a
program of standardization of the scanning procedure. Serial clinical assessment
has been combined with serial scanning.

Scanning

All scans were obtained on a GE 8800 CT Scanner (General Electric Co, Milwau-
kee, WI) for which full width at half max (FWHM) equaled 1 mm. Slices were
taken 10 mm thick at the center, parallel to and from the inferior orbitomeatal
line extending to the vertex. The scanner was standardized daily by an internal
standardization program, using a water phantom (CT density=0 Hounsfield
units, HU) and lucite (CT density =120 HU). CT data were stored on magnetic
tape and were displayed on a TV monitor for analysis.

Analysis

A computer-assisted program (DeLeo et al. 1985) permitted categorization of the
CT slice into CSF, white matter and gray matter. Samples of CSF, white matter
and gray matter were visually identified in a standardized fashion to yield repre-
sentative ranges of CT densities. The boundaries between CSF and white matter,
and between white matter and gray matter, were established. The slice was then
analyzed using a nearest-neighbor technique to categorize all pixels in the slice
into CSF, white matter or gray matter. The total number of pixels in each category
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and the percentage relative to the total intracranial pixels in the slice were then
derived. Seven consecutive slices, beginning at the slice containing the third ven-
tricle, were used. Higher slices were not analyzed to avoid ‘“beam-hardening”
artifact. By summation across the seven slices, and using pixel area (0.0064 cm?),
volumes and volumes as percentages of the seven-slice intfacranial segment of
each category (CSF, white matter and gray matter) were calculated.

Individual regions within the scan slices were also measured using a region-of-
interest program whereby a structure could be outlined on the monitor-displayed
scan image using a digitizing tablet, and the number of pixels within the outlined
structure could be calculated. Area was calculated from pixel number and pixel
size. Summation across slices muliplied by interslice distance permitted calcula-
tion of individual structure volumes. Structures studied included the subcortical
nuclei (caudate, thalamus and lentiform nuclei), the lateral ventricles (right and
left, with their individual frontal and occipital horns) and the third ventricle.
Subarachnoid CSF volume was derived only indirectly by subtracting total ven-
tricular volume from the seven-slice total CSF volume.

Interrater reliability was significant for all measures, but higher for the region-
of-interest measures than the whole matter volumes. The limited reliability of the
latter method reflected the technical limits of CT scanning, in which each pixel is
assigned a single whole number value despite, in reality, containing a mixture of
tissues of differing density values.

Subject Groups

Patients in the AD group met the DSM-III criteria (American Psychiatric Asso-
ciation 1980) for primary degenerative dementia and the NINCDS-ADRDA
criteria (McKhann et al. 1984) for “probable” or “possible” AD. They had no
other medical, neurological or psychiatric disease, and underwent standard inves-
tigations to exclude other causes of dementia and were medication-free.

The control group was composed of carefully screened healthy normal volun-
teers who were participants in the NIA LNS Normal Aging Study. They had no
history of systemic illness, psychiatric disorder, alcohol or drug abuse and had
normal physical examinations and laboratory evaluations. All had at least 12
years of education and none was on medications.

For the DS group, all subjects were living in the community and had trisomy
21 karyotype. All underwent the screening procedures of the AD and healthy
controls. Abnormalities that were found included: hypothyroidism, functional
systolic murmurs, cataract, B12 deficiency and gait disorder. These disorders
were treated where appropriate and none was considered significant in relation to
the cognitive functioning of the subject or the extent of brain atrophy found.

Cognitive Testing

Cognitive dysfunction in the AD group was evaluated by the Mini-mental State
(MMS; Folstein et al. 1975) Blessed Memory, Information and Concentration
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Test and Dementia Scale (BMICT and BDS; Blessed et al. 1968). A subgroup of
patients was administered the Wechsler Adult Intelligence Scale (WAIS) and
Mattis Dementia Scale (Coblenz et al. 1973). For the cross-sectional study (see
below) male patients were divided into three groups based on the Mini-mental
State score: mild, >19; moderate, 10—19; severe <10 (Creasey et al. 1986).

For the longitudinal study (see below), male AD patients were divided into
two subgroups: mild (MMS score greater than 20) and moderate—severe (MMS
score less than 21) (Luxenberg et al. 1987). In addition, a global cognitive decline
score (Grady et al. 1985) was derived using results from an extensive battery of
neuropsychological tests administered serially to each patient. This neuropsycho-
logical score is sensitive to the varying discrete neuropsychological funct10na1
changes which are seen particularly early in the disease.

For DS subjects, a different battery was used, reflecting the underlying cogni-
tive impairment present in all these patients. This battery included-measures of
general intelligence (the Peabody picture vocabulary test-revised), visuospatial
ability (three tests), attention (three tests) and visual recognition memory (one
test).

Healthy controls also underwent extensive neuropsychological testing includ-
ing standard psychometric tests such as the WAIS, Benton Visual Retention Test
and Luria test battery. These results are not considered further in this paper.

Atrophy: Patients and Controls

The first question of interest was whether atrophy is a diagnostic indicator of AD.
One of the major sources of erroneous diagnosis of dementia shortly after the
introduction of CT scanning was the use of the presence of atrophy on CT to
make such a diagnosis (Huckman et al. 1975). The reason for such errors is the
association between age and atrophy, and the results of studies attempting to
distinguish normal elderly from those with dementia have been conflicting. Some
authors have not found differences between demented subjects and controls on
some measures (Gado and Hughes 1978; Kohlmeyer and Shamena 1980;
Brinkman et al. 1981; Soininen et al. 1982; Albert et al. 1984) while others have
found significant group differences but with much overlap on a variety of mea-
sures (Kohlmeyer and Shamena 1980; Brinkman et al. 1981; Soininen et al. 1982;
Gado et al. 1983; Albert et al. 1984; Drayer et al. 1985). Misclassification rates
have varied from 5% to 38%.

The failure to clearly differentiate patients from controls has been largely due
to this confounding effect of age (Brinkman et al. 1981; Gado et al. 1982; Soini-
nen et al. 1982). Quantitative measures of atrophy, such as ventricular size, show
significant increases in size with age. For example, in the LNS of the National
Institute on Aging (Schwartz et al. 1985), it has been shown that, even in carefully
selected healthy adult men of above-average intelligence, this decline in brain size
occurs and is predominantly due to loss of cortical and subcortical gray matter,
unaccompanied by cognitive decline but accompanied by increased volume of
subarachnoid CSF and of the third and lateral ventricles. The variance of atrophy
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measures also is increased in the fit old subjects compared to that seen in fit young
subjects, with some older subjects showing little atrophy and others a great deal.

The amount of atrophy and the age at which it appears have been variously
reported with Zatz et al. (1982) reporting changes only after 60 and Takeda and
Matsuzawa (1984) finding linear change throughout adult life. The former study
used partially screened volunteers while the latter used non-neurologically diag-
nosed patients. In the carefully selected males in our study, although age-related
changes were seen across adult life, these appeared to be greater after age 60, with
a suggestion of an exponential increase thereafter.

Other studies have shown some sex dependency of ventricular size and the
age-related rate of atrophy (Hatazawa et al. 1982). This heterogeneity with age
contributes to the difficulty of separating healthy age-associated atrophy from
that due to AD. Even though the age effects are greatest in those over 60, CT
measures of atrophy do not completely separate younger AD subjects from nor-
mal subjects (Drayer et al. 1985). It would seem desirable to use age and sex
matching when studying AD patients compared to controls.

For our cross-sectional study (Creasey et al. 1986) comparing AD subjects to
controls, 30 men (44—85 years, mean, 64.1 years) and 6 women (55-76 years,
mean, 63.3 years) were used as controls. Within controls in our study group, CT
variables showed significant sex differences even with linear ratios correcting for
head size; men were found to have greater CSF and ventricular size than females,
even as a percentage of the intracranial space. In the AD group, 22 men and 17
women were used. The age range was 45— 84 years for the men (mean, 65.4 years)
and 55-81 years for the women (mean, 68.8 years).

Patients and age- and sex-matched controls were compared with each other to
see if the gray matter and CSF in the CT scan image of those with AD were
different from those of the age-matched controls. Differences in mean values were
compared with one-way ANOVA and Student’s ¢ statistics with Bonferroni cor-
rections for multiple comparisons. All statistical comparisons were performed
using SAS programs (SAS Users Guide 1985). Some of the results are shown in
Table 1.

The patients with AD had more brain atrophy and ventricular dilatation than
the respective age- and sex-matched controls. While the male AD patients as a
group had larger third ventricles and less gray matter than controls, when the
group was divided into mild, moderate and severe on the basis of the MMS scores,
the male patients with mild AD only differed from the male controls in the size
of the third ventricle. The male patients with moderate AD showed increased gray
matter loss over controls, and the severe AD males had larger ventricles, more
CSF and less cortical gray matter than the controls. The subcortical nuclear
volumes were not different between the groups, suggesting that the excess gray
matter loss in the AD group was cortical. The female AD patiens showed differ-
ences from female controls similar to those seen between the severely affected
male AD group and the male controls. The female AD patients were more
severely affected as a group than the male AD patients.

Thus even with control for age and sex differences, much overlap was seen in
the cross-sectional study between patients with AD and controls. While the third
ventricle was larger in the patients than in the controls, there was some overlap
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Table 1. Comparisons between patients with AD and age- and sex-matched healthy controls on
volumetric CT measures of atrophy

Controls AD group
Males Females Male Female
Mild Moderate Severe

n 22 6 10 7 5 17
Percentage ratio of seven-slice volume (%):
CSF 2440.5 6.340.6 5.840.7 7.5+1.1 13.3+2.6* 10.0+0.9°
Gray matter 50+1 53+2 50+1 45422 41+32 43+1° .
Ventricles 51405 2240.3° 50+0.6 5.540.7 84+1.1* 7.6+0.7°
Ventricular volume (ml):
Right lateral 19.6+2.0 7.2+1.0° 192422 19.0+2.5 29.0+4.12 25.0+2.4°
Left lateral 213424 7.34+1.2° 18.4+28 23.5+34 3414392 27.8429°
111 1.740.1 1.04+0.2° 2440.2° 274+03* 25404* 24+0.2°

? Male AD: significantly different from male controls
® Female AD: significantly different from female controls
¢ Female controls: significantly different from male controls

For all results, p<0.05, using Duncan’s multiple range test. All results are mean + SE

in the mild males with control values. For lateral ventricular size, overlap was
marked in the mild and moderate male AD groups with the controls. This makes
use of single scans for diagnostic purposes in any one individual difficult, partic-
ularly in early cases where the uncertainty of clinical diagnosis is greatest.

Atrophy: Relationship to Severity of Dementia

The second question of interest in CT and AD was the study of the relationship
between the amount of atrophy and the severity of the dementia in patients with
AD. Such studies have also produced conflicting results. The study subjects have
differed widely in the severity of clinical symptoms and duration of disease and
in age and presence of other illnesses. Some studies have studied dementia in
general and found either no relationship of cognitive function test scores and
measures of CT atrophy (Kaszniak et al. 1979; Jacoby and Levy 1980; Ford and
Winter 1981; Soininen et al. 1982; Eslinger et al. 1984) or only weakly positive
relationships between some cognitive test scores and some CT measures (Roberts
and Caird 1976; Kaszniak et al. 1978; Tsai and Tsuang 1979; Jacoby and Levy
1980; Ford and Winter 1981; Soininen et al. 1982). In studies of AD patients only,
variable results have also been found with no relationships being reported by
Stefoski et al. (1976); Brinkman et al. (1981), Wilson et al. (1982), George et al.
(1983), Albert et al. (1984), and Yerby et al. (1985), and weakly positive relation-
ships reported by Gado and Hughes (1978), Gutzmann and Avdaloff (1980), de
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Leon et al. (1981), Arai et al. (1983), Naugle et al. (1985) and Chawluk et al.
(1986). Positive studies have often combined normal and demented subjects when
correlating amount of CT atrophy to mental test scores, while negative studies
have not. Stricter selection of patients and complex analyses deriving composite
cognitive function and CT atrophy scores also appear to provide a higher yield
of positive results. Overall, ventricular dilatation correlates best with mental
status in AD (Merskey et al. 1980; George et al. 1983; Albert et al. 1984).

In the cross-sectional study reported above, within the AD group, the severity
of dementia as measured on the scales (MMS, BMICT, BDS and Mattis) correlat-
ed significantly with the gray matter loss and increase in CSF. However, correla-
tions between WAIS subtest scores and CT variables were no greater than would
be expected by chance. There were more significant correlations with the nonver-
bal subtests than the verbal ones. However, there was no simple relationship
between cognitive function and the degree of atrophy in any one individual.
Again this suggests that use of a single scan as a measure of the severity of
dementia in a patient is not possible. It is possible that the amount of atrophy in
AD is not causal in the clinical symptomatology. However, atrophy is greater in
patients than in controls, suggesting that atrophy is related to the clinical presen-
tation.

Atrophy Progression: Patients and Controls

A third question of interest was in serial scanning of patients and controls, which
allows for individual rates of change in atrophy to be measured and reduces the
“noise” from the heterogeneity seen in age-related atrophy in both patients and
controls. Preliminary studies of serial scans show increased rates of enlargement
of ventricular size in AD subjects over either controls at 1 year, as measured by
a variance ratio of several CT measures (Gado et al. 1983: linear and volumetric
measures), or cross-sectional normative data (Brinkman and Largen 1984: rate of
change of ventricular/brain ratios). Bird (1986) found a greater increase in rate of
change of atrophy in normal subjects who developed dementia at follow-up than
in those normal subjects who did not develop dementia. Whether the atrophy rate
was related to clinical deterioration was not addressed by any of these studies.

In the LNS longitudinal study (Luxenberg et al. 1987), subjects were prospec-
tively studied using the same scanner. Eighteen patients with AD (12 male)
underwent serial scans, with a mean interscan interval of 508 days for the males
and 450 days for the females.

Twelve of the male controls were also rescanned at an average interscan
interval of 1197 days. These 12 males had equivalent education and were of
comparable age to the 12 AD males who underwent serial scanning. Some of the
results are shown in Table 2.

The rate of change of ventricular volume was calculated by subtracting the
most recent scan volume from the volume on the initial scan, then dividing by the
time interval between scans (milliliters/year). Final and initial volumes were com-
pared using paired Student’s ¢ tests. ANOVA with Bonferroni corrections was
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Table 2. Comparisons for rate of change of atrophy: differences from zero in all groups (patients
with AD and controls) and differences between male patients with AD and male controls.
(Numbers in parenthesis, number of patients in each group)

Age Annual increase in ventricular volume®
Third Right lateral Left lateral
Controls (12) 65.1+43 0.27+0.06"° —0.23+0.17 —0.29+0.20
Male AD (12) 62.8+2.3 1.2 +£0.32%¢ 6.61+1.29>°  6.7240.98>°
Mild (8) 0.83+0.25° 6.33+1.59>°  6.93+1.29>¢
Moderate—severe (4) 1.9340.73% <4 745+42.52%°  6.30+1.64%¢
Female AD (6) 70.8+1.7 0.9440.21° 6.724+1.80° 5.79+2.34

Measured in ml/year + SE

Significantly different from zero (p<0.05)
Significantly different from controls (p <0.05)
Significantly different from mild (p<0.05)

a o o

used to compare group means. Only male AD patients were compared to male
controls with regard to rate of atrophy.

In the serial scan AD study, the mean initial third ventricular volumes did not
differ between the mild AD cases and the controls. The moderate—severe AD
cases had larger mean initial third ventricular volumes than either the mild AD
cases or the controls. The lateral ventricular volumes did not differ among the
groups.

The male controls showed a significant increase in third, but not lateral,
ventricular volume on serial scanning. In the male AD patients, the rate of third
and lateral ventricular enlargement was greater than zero and greater than in
controls. The female AD patients showed a significant increase in third and right
lateral ventricular volumes on serial scanning. In comparing the mild AD cases
to the moderate—severe cases, the change in lateral ventricular volume was not
different, but the third ventricular change was greater in the more demented
group. There was no overlap of lateral ventricular rates between patients and
controls, even those mildly affected. while the third ventricular volumes did show
25% overlap, which was no greater in the mildly affected group than in the
controls.

These findings suggest serial studies can be used to distinguish patients with
AD from controls, even where initial measures of atrophy do not differ between
the groups. The accelerated atrophy of AD thus differs from that of normal aging.

Atrophy Progression: Relationship to Cognitive Decline

This relationship has not been studied other than in the LNS longitudinal study,
which showed that the rate of atrophy is related to cognitive decline. Relations
between cognitive scores and CT measures were evaluated using Spearman corre-
lational analysis. Global cognitive decline, as measured by rate of change of a
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global neuropsychological score, correlated with the rate of third and right lateral
ventricular enlargement. Great heterogeneity was seen in the rates. For most
patients, there was no asymmetry in the rate of lateral ventricular enlargement.
However, for those with the most asymmetry initially (>2 SD of controls),
asymmetric progression was seen, with the larger ventricle enlarging significantly
more than the smaller. These asymmetric progressions correlated with progres-
sive metabolic abnormalities on positron emission tomography (PET) (Luxen-
berg 1988).

This result would suggest that atrophy accompanies the clinical progression
of AD, implying that most of the brain tissue lost in AD occurs with the clinical
symptoms rather than preceding or following the clinical profile. This finding has
potential clinical use. For example, demonstration of a slowing in the rate of
atrophy could provide and objective tool for the evaluation of any postulated
curative therapy and should, therefore, be useful in future therapeutic trials.
Where clinical decline exceeds the rate of progression of atrophy, another cause
for the decline might be suggested.

Down’s Syndrome: Relationship Between Atrophy and Function

The final question of interest for CT and AD discussed in this paper is the study
of adults with DS. The phenotype of DS is characterized by dementia in up to
50% of patients over 35 years of age (Zellweger 1977), with the neuropathology
of the dementia being indistinguishable from that seen in AD (Wisniewski et al.
1985; Mann et al. 1984; Yates et al. 1983; Ball and Nuttal 1981). Whether this
neuropathology of DS is accompanied by the same progressive cortical atrophy
as seen in AD sufferers who do not have DS has not been explored previously.
The question of whether the brain morphology in DS subjects who are demented
differs from that found in those DS adults over 45 years who suffer from mental
retardation alone was also addressed.

In a cross-sectional study 18 young adult DS subjects (12 male, ages 19—34
years) and 7 older DS subjects (6 male, ages 37—63 years) were compared to 16
young normal males (21-35 years) and 26 middle-aged normal males (36—66
years). One old DS subject was demented (63-year-old male). Quantitative CT
showed that young adults with trisomy 21 have small brains, reflecting their small
stature and smaller cranial vaults (Schapiro et al. 1985; 1987b). The mental
retardation of the young DS adult was not related to cerebral atrophy. While
there were no differences between nondemented older and younger adult DS
groups in volume of CSF, gray + white matter, or ventricle size, either directly or
after normalizing to seven-slice volume, CSF and ventricular volume increased
with age, with the same regression slope as found in the healthy controls with age,
indicating that the rate of brain atrophy with aging in DS is not different from
that in healthy subjects. There were no differences between young and old DS
subjects in total intracranial volume or seven-slice volume, as was similarly found
in the healthy normal group between young and old subjects.
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In a second study, 12 young DS adults (21—33 years, nine males, mean age
25.3 years), five older nondemented DS adults (4563 years, four males, mean
age 52.3 years) and three older demented DS subjects (a 63-year-old male and
females aged 55 and 51 years) were scanned allowing comparison of demented
and nondemented DS subjects. The demented DS subjects had significantly larger
CSF and third ventricular volumes, both absolutely and relative to seven-slice
volume, than the younger DS subjects and the nondemented older subjects. The
total ventricular volume was increased in demented compared to young and
nondemented older DS subjects, respectively. There was no significant difference
in ventricular asymmetry among the groups.

Serial scanning was also undertaken for this group of DS subjects (Schapiro
et al. 1987 a; Schapiro, 1988). All had two or more scans, separated by an average
of 43 months for the young, 20 months for the nondemented older and 22 months
for the demented older subjects.

The rate of change of a volume of an intracranial structure in milliliters per
year was derived from the slope of the regression equation of that volume (ml) on
time (years). The mean rate of enlargement of the third ventricle in the patients
with dementia and DS did not differ significantly from mean rates in young
patients with DS or from the mean rates in older patients with DS who did not
have dementia. The rate of change of CSF volume was slightly increased in the
nondemented older DS subjects compared to the young DS subjects. Greater rate
of change of CSF volume, and for the right and left lateral ventricular volumes,
was noted between young and demented old, and for the CSF volume and right
lateral ventricle volume between demented old and nondemented old subjects.

Table 3. Comparison of demented older DS subjects with young adult DS subjects and nonde-
mented older DS subjects on initial CT scan measures and annual change in measures derived
from serial scans

Measure of atrophy DS subject groups
Young Older non Older demented
demented
Third ventricle
Initial® 0.62+0.2 0.66+0.27 2.4340.4%¢
Annual change? —0.02740.056 0.115+0.232 —0.131+0.599
Right lateral ventricle
Initial 7.7+5.0 7.2+6.5 14.74+2.3
Annual change —0.27+0.58 0.00+0.75 3.914+2.14%¢
Left lateral ventricle
Initial 9.9+6.0 8.8+83 16.5+4.0
Annual change —0.5240.51 0.00+0.76 2.18+2.99°
CSF volume’
Initial 25.5+13.4 18.6+14.0 50.9+11.2%¢
Annual change —1.324+1.90 2.50+1.81° 10.90 +4.32%¢
? ml, mean + SD
® Different from young DS subjects
¢ Different from nondemented older DS subjects
d

ml/year, mean + SD
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Thus in DS, adult brains are smaller than normal healthy subjects but are not
atrophic. Atrophy does occur with age, but at a rate similar to that of normal
healthy aging. With clinical dementia in DS subjects, increased rate of atrophy
occurs, as is seen in other clinical AD subjects. Some of these results are shown
in Table 3. -

Conclusions

The controls used in the studies reported here were very healthy and, therefore,
would be expected to highlight differences from normal more than controls select-
ed from random samples of elderly subjects in the general population or from
non-neurologic patient groups. However, even with this highly selected group,
some atrophy with age was seen in the control subjects. This was also the case in
the older nondemented DS group, where there was only slight change with age.
In the normal controls, changes in cognitive fucntion with age were present (with
significant reduction in WAIS Performance Scale Scores) and in older nonde-
mented DS subjects, cognitive function could also be shown to be reduced com-
pared to younger DS subjects (in areas of language, visuospatial and visual
memory function). However, these declines were not related to the amount of
atrophy seen in these nondemented groups.

Despite the careful selection of controls, use of volumetric measures and
standardization of the procedures, overlap between controls and patients in the
cross-sectional studies indicates that the absolute amount of atrophy is less im-
portant than the individual’s change in the amount of atrophy. This is supported
by the serial scan studies.

In dementia, there is a documented acceleration of atrophy and cognitive
decline which appear to progress together. In AD this would appear to commence
in the third ventricular area and then involve cortical gray matter loss, with a
concomitant increase in lateral ventricular size and sulcal size. This pattern of loss
of brain tissue has been found by Arai et al. (1983) and by Hubbard and Ander-
son (1981), with the latter study being in autopsied brains.

The rate of change in atrophy seen in AD can reliably separate patients from
controls and, as shown for the first time in these studies, is correlated to cognitive
and metabolic changes. The complete separation of AD males from control males
on total lateral ventricular volume change could be used as a diagnostic marker
in those early cases where clinical decline may be subtle or unapparent.

These findings are supported by blood flow studies using 33Xe (Barclay et al.
1984), where a faster rate of decline in blood flow is seen in AD cases than in
controls, and within the AD cases has been shown to differentiate those with
behavioral decline from those without such decline.

In DS, accelerated brain atrophy must be present to accompany dementia in
older DS subjects. Perhaps the AD process in DS occurs in two stages: (1) a
microscopic neuropathological process with little atrophy and with cognitive
decline short of dementia (Wisniewski et al. 1985; Haberlund, 1969), and (2) a
macroscopic loss of brain tissue with clinical dementia. Other studies have shown
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that dementia in DS is accompanied by atrophy (Dalton and Crapper 1977; Lott
and Lai 1982). It has been postulated that this is related to the accelerated tangle
formation which correlates with cell loss (Mann and Esiri 1989; Haberlund 1969;
Burger and Vogel 1973) and with fewer hippocampal pyramidal cells at autopsy
in those DS subjects who die demented (Ball et al. 1986). CT can help distinguish
dementia from lesser cognitive decline in old DS subjects, as the mental retarda-
tion is not related to cerebral atrophy. In premorbidly normal individuals, accel-
erated ventricular dilatation can be demonstrated early and the illness lasts a
shorter time than in DS.

These findings of progressive atrophy relating to progression of disease pro-
cess may well apply to other dementias (Damasio et al. 1983) and may be predic-
tive of the development of dementia in clinically apparently normal subjects (Bird
et al. 1986). It also provides a means of detecting changes in the rate of disease
progression if some successful therapeutic agent is developed, similar to the
reversal of atrophy which has been documented in alcoholics who stop drinking
(Artmann et al. 1981).
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Could “Leuko-araiosis” Be Secondary to Wallerian
Degeneration in Alzheimer’s Disease? *

D. Leys, J-P. Pruvo, M. Parent, P. Vermersch, G. Soetaert,
M. Steinling, A. Delacourte, A. Défossez, A. Rapoport, J. Clarisse,
and H. Petit

Summary

To determine the possible role of Wallerian degeneration in the pathogenesis of
“leuko-araiosis” (LA), we studied brain computer-tomography scans of 98 nor-
motensive and nondiabetic subjects free of cardiac diseases: 32 with Alzheimer’s
disease (AD), 36 with Parkinson’s disease (PD), 8 with progressive supranuclear
palsy (PSP), and 22 controls. Our study revealed that: (1) in AD, LA scores were
greater than in control subjects; (2) in AD, LA was more prominent in posterior
periventricular areas, whereas in PD and PSP, LA was more prominent in ante-
rior periventricular areas; (3) in two patients with AD and LA, autopsy revealed
diffuse white matter pallor, limited hyaline thickening of small white matter
vessels, and mild fibrillary astrocytosis, without any infarction or hypertensive
change; and (4) changes were more severe in white matter close to cortical areas
with a great density of neurofibrillary tangles but not to cortical areas with a great
density of senile plaques. The high LA scores in AD suggested that a factor of LA
might be more severe or more widespread in AD than in PD, PSP and normal
aging. Differences in the location of LA between the four groups might be due to
differences in the location of the gray matter disorder, and might be explained by
a Wallerian degeneration phenomenon rather than senile plaques, neurofibrillary
tangles or amyloid angiopathy, which have the same location in AD, PD, PSP and
normal aging. In addition to previously reported factors, Wallerian degeneration
may be another extracerebral predisposing factor of LA.

Symmetrical periventricular and subcortical white matter lucencies have
been reported in healthy elderly subjects, using CT scans (Steingart et al. 1987 a;
Rezek et al. 1987). They are correlated to age, mean systolic blood pressure, and
previous cardiovascular diseases, but not to sex (Steingart et al. 1987a; Rezek
et al. 1987; Inzitari et al. 1987; Kinkel et al. 1985). In demented patients they are
correlated to the severity of the dementia and to the presence of neurological
abnormalities (Steingart et al. 1987b). They are more frequent in multi-infarct
dementia than in Alzheimer’s disease (AD) (Steingart et al. 1987 b; Gupta et al.
1988; Aharon-Peretz et al. 1988).

* This study was supported by grants from INSERM (grant CAR 489016), University Lille II,
and the Société de Médecine du Nord.
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In 1987 Hachinski et al. called these periventricular white matter lucencies,
whose clinical significance and pathogenesis are not clearly established, “leuko-
araiosis” (LA). In hypertensive subjects LA is usually attributed to subcortical
vascular changes and the terms “subcortical arteriosclerotic encephalopathy”
(Kinkel et al. 1985; Loizou et al. 1981) or “Binswanger’s disease” (Aharon-Peretz
etal. 1988; De Reuck et al. 1980) are commonly applied. Nevertheless, Rezek
et al. (1987) in a study of five patients with LA and definite AD found only diffuse
white matter pallor, mild fibrillary astrocytosis and hyaline mural thickening of
small cerebral arteries, without any hypertensive vascular change or infarction.

The current study was undertaken to determine the possible role of Wallerian
degeneration in the pathogenesis of LA in AD.

Subjects and methods

Subjects

Ninety-eight subjects were included in this study: 32 with AD, 36 with Parkin-
son’s disease (PD), 8 with progressive supranuclear palsy (PSP) and 22 controls.
To screen out subjects with risk factors shown to be associated with LA (Steingart
et al. 1987a; Rezek et al. 1987; Kinkel et al. 1985; Loizou et al. 1981; De Reuck
et al. 1980; Huang et al. 1985) and to compare homogeneous groups differing
only by their neurological state (AD, PD, PSP, controls), we only included nor-
motensive and nondiabetic subjects free of cardiac diseases. Hypertension was
defined using the rules of Inzitari et al. (1987), as the presence of one or more of
the following: (1) a systolic blood pressure greater than 160 mmHg or a diastolic
blood pressure greater than 90 mmHg, (2) a previous medical diagnosis of hyper-
tension and (3) previous or current treatment for hypertension. Diabetes mellitus
was defined as the presence of one or more of the following: (1) a glucose blood
level greater than 1.05 g/l using glucose oxidase technique; (2) a previous medical
diagnosis of diabetes mellitus and (3) previous or current treatment using antidi-
abetic drugs. Cardiac disorder was defined as the presence of any abnormality on
clinical examination or electrocardiogram, except a right bundle branch block.
None of these 98 subjects had evidence of neurologic disease other than AD, PD
or PSP, including toxic, focal cerebrovascular disease, or any metabolic disorder
involving the glia. None of them had abnormal motor findings, symptomatic
infarctions or small focal lucencies consistent with lacunar infarcts, according to
Steingart’s criteria (Steingart et al. 1987a and b).

The diagnosis of probable AD was made according to National Institute for
Neurologic and Communicative Disorders and Stroke/Alzheimer’s Disease and
Related Disorder Association criteria (McKhann et al. 1984). The AD group
included 20 women and 12 men with a mean age of 65.63 years (range, 51-80
years), and a mean mini-mental state examination (MMSE) score (Folstein et al.
1975) of 11.34 (range, 0—23). None of these patients had myoclonus or extrapyra-
midal disorder. Twenty-four had early-onset AD (onset before 65) and eight had
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late-onset AD. None of them had a definite familial history of AD, but 10 patients
had 1 parent affected by dementia. These subjects underwent a comprehensive
laboratory evaluation consisting of an automated blood chemistry battery and
tests for vitamin B, , deficiency and thyroid dysfunction. They scored two or less
on the modified Hachinski’s vascular score (Loeb and Gandolfo 1983). Several
patients had previously participated in studies on brain atrophy (Leys et al.
1989a), or single photon emission tomography (Leys et al. 1989 b).

The diagnosis of PD was established according to Adams and Victor’s standard
criteria (1985). The PD group included 23 women and 13 men, with a mean age
of 68.17 years (range, 50—81 years) and a mean MMSE score of 25.58 (range,
15-30). ’

The diagnosis of PSP was established according to Blin’s criteria of-definite PSP
(Blin et al. 1989). This group included five women and three men, with a mean age
of 71.75 years (range, 66—83 years) and a mean MMSE score of 20.63 (range,
15-27).

Control subjects were patients aged 50 or older examined consecutively over a
period of 5 months. They received brain CT scans a few days before the study for
diseases which are known not to modify morphological brain structures. Their
CT scans had been performed for secondary symptoms attributed to migraine
(eight cases), idiopathic trigeminal neuralgia (two cases), temporal arteritis (two
cases), Méniére’s syndrome (three cases), spinal neurinoma (one case), long-term
sequelae of a bacterial dorsal epiduritis (one case), spinal compression by cervical
arthrosis (one case), and Bell’s palsy (four cases). We excluded patients with the
clinical diagnosis of multiple sclerosis, neoplasm, stroke, trauma, hydrocephalus
and neurodegenerative disorders. This group included 15 women and seven men
with a mean age of 65.96 (range, 50—87 years) and a MMSE score greater than
27 (mean 29.09; range, 28—30).

Statistical analysis failed to reveal any difference between the four groups of
subjects based on sex (Chi-square test) and age (ANOVA one way).

Methods

Computer Tomography Scans

The noncontrast CT scans were performed on CE 12000 (CGR, France) or on
Siemens Somatom II (Siemens, FRG) using 10-mm contiguous slice thickness in
the Virchov’s plane. Scan times were 9.6 s/slice. The scans were interpreted from
films using the method of Rezek et al. (1987) for systematic evaluation of LA in
15 areas in each hemisphere, including 14 white matter regions and the basal
ganglia-thalamic regions, of 4 CT slices. An area was considered lucent if the
density was between that of normal white matter and CSF. Severity of a lucency
was scored from 0 (no lucency) to 6 (severe lucency wider than 2 cm?), according
to Rezek’s scoring system (1987) based on size (<2 cm?, =2 cm? or >2 cm?) and
degree (absent, mild or severe) of contrast difference with surrounding brain.
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Lucencies due to artifacts (e.g., partial volume effect) were excluded. Ratings were
performed separately by two observers (DL and JPP) without knowledge of
diagnoses, ages and MMSE scores. The lucency score was the sum of scores
assigned by each observer. A score of 0—360 (2 observers/15 areas/2 hemispheres/
maximum score of 6 by area) was determined for each patient and was called the
“LA score.” The posterior/anterior assymetry was assessed by the index (LAp-
LAa)/LA, in which LAp is the sum of LA scores in posterior areas of both
hemispheres, corresponding to the areas d-e-h-i-l-m-o as defined by Rezek et al.
(1987) and LAa is the sum of LA scores in anterior areas, corresponding to the
areas a-b-f-g-j-k-n of both hemispheres.

Neuropathologic Correlates

We studied the white matter in seven regions using hematoxylin-eosin, Luxol and
Bodian staining methods, and by immunohistochemistry with anti-GFAP anti-
bodies (Laboratory Dako). White matter lesions were ranked as mild, moderate
or severe, according to Brun and Englund’s criteria (1986). In the related cortex,
senile plaques (SP) detected by Bodian staining and neurofibrillary tangles (NFT)
detected by anti-NFTs antibodies were regionally counted using Iseki’s method
(Iseki et al. 1989).

Statistical Analysis

A Kruskall-Wallis analysis of variance was performed to compare: (1) LA scores,
(2) (LAp-LAa)/LA scores and (3) regional scores of LA in the 30 studied areas
(sum of the scores given by the two raters in each studied area) of the four groups.
When a significant difference was found within the four groups, we used the
nonparametric U test of Mann and Whitney to compare groups two by two.

A Spearman Rank correlation test was performed to study correlations be-
tween LA scores and (1) ages in the control group and (2) MMSE scores in the
AD group.

The level of interobserver agreement for CT analysis was measured on a
sample of 40 CT analyzed by four observers (DL, JPP, PV, AR) by Kappa,
separately for each single area, using the Fleiss’ method (Fleiss 1971; Fleiss et al.
1979). Kappa is defined as (Po— Pe)/(1 —Pe), where Po is the observed propor-
tional agreement (number of all actual pairwise agreements divided by all possible
pairwise agreements) and Pe is the proportion of agreements expected by chance.
Kappa=1 only when complete agreement is observed (Po=1) and there are vari-
ations in the data (Pe<1). Kappa cannot be defined when Pe=1. It has been
suggested in the literature (Theodossi et al. 1980) that agreement can be consid-
ered excellent when Kappa>0.80. The level of intraobserver agreement was
measured on another sample of 30 CTs analyzed again by the two observers (DL
and JPP) without knowledge of their first scores, using the same Fleiss’ method
(Fleiss 1971; Fleiss et al. 1979).

A Kruskall-Wallis analysis of variance was performed to compare, in AD
brains, the number of SP and NFT between the three groups of white matter
involvement severity (Brun and Englund 1986).



Results

Computer Tomography Scan LA Analysis

Leuko-araiosis scores were significantly different between the four groups
(r<0.02), with greater LA scores in AD than in PD (p<0.02) and controls
(r<0.05) and without any significant difference between other grotips (Fig. 1).

It was only possible to establish the values of the index of asymmetry in the
43 subjects (18 AD, 10 PD, 7 PSP and 8 controls) who had LA scores different
from 0. The index (LAp-LAa)/LA was significantly different between the four
groups (p <0.01), with lower scores in PSP than in AD (p<0.001), PD (p <0.05)
and controls (p<0.01), and in PD than in AD (p <0.05), without any significant
difference between the other groups (Fig. 2). The regional scores of LA were
significantly different between the four groups in areas “a” (p<0.001), “b”
(r<0.01) and “h” (p<0.05) (Fig. 3). In the anterior areas “a” and “b,” the
regional scores of LA were greater in PSP than in each of the other groups
(<0.001); in the posterior area “h”, the regional score of LA was greater in AD
than in PD (p<0.01), without any significant difference between the other
groups.

Leuko-araiosis scores were correlated to age in controls (r,=0.604; p<0.01),
but were not correlated to MMSE scores in AD (r,=0.25; p<0.15).
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Fig. 1. Values of LA scores in subjects with Alzheimer’s disease (4D), Parkinson’s disease (PD),
progressive supranuclear palsy (PSP) and healthy elderly controls (HC). Each point represents
the “leuko-araiosis” (LA) score of one subject. LA scores were significantly different (p <0.02)
between the four groups (Kruskall-Wallis H test), with greater values in AD than in PD (p <0.02)
and controls (p<0.05), and without any difference between the other groups (Mann and
Whitney U test)



90 D.Leysetal

< +1 4 oo °

- :

= : . :

€ g —eee :'c $

-

&, § .

< °

- 4 e e . . ccscece

PD. AD. H.C. PS.P.

Fig. 2. The index of posterior/anterior asymmetry, (LAp-LAa)/LA, was significantly different
(p<0.01) between the four groups (Kruskall-Wallis H test), with lower values in PSP than in AD
(p<0.001), PD (p<0.05) and controls (p<0.01), and lower values in PD than in AD (p<0.05),
without any significant difference between the other groups (Mann and Whitney U test)

The study of the inter- and intraobserver agreements provided the following
values: for inter-observer agreement, Kappa=0.881, and for intraobserver agree-
ment, Kappa=0.942 (DL) and 0.949 (JPP).

Neuropathologic Analysis

Pathologic examination of periventricular white matter was performed in two
women with AD who died at ages 75 and 76; they had LA scores of 4 and 14,
respectively. In both cases AD was pathologically confirmed. The degree of AD
changes in these two autopsied subjects was sufficient to explain the dementia.

The white matter was characterized in both cases by diffuse myelin pallor,
hyaline thickening of small vessels, and mild fibrillary astrocytosis (Fig. 4). Both
patients had signs of congophilic angiopathy involving cortical vessels and spar-
ing the white matter vessels, but neither had brain infarct or hypertensive vascular
changes.

In these two patients, the number of SP did not differ regardless of the severity
of the white matter changes, but the number of NFT was greater in patients with
severe white matter lesions (p <0.05) (Fig. 5).

»
»

Fig. 3a, b. The regional scores of LA in 15 areas in each hemisphere of 4 CT slices were
significantly different between the 4 groups (Kruskall-Wallis H test) in areas “a” (p <0.001), “b”
(»<0.01) and “h” (p<0.05). In areas “a” and “b,” values were greater in PSP than in all other
groups (p<0.001); in area “h,” the regional score of LA was significantly greater in AD than
in PD (p<0.01), without any significant difference between the other groups (Mann and
Whitney U test)
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Fig. 4a—c. Histological examination of the white matter. a Hemoxylin-eosin staining method:
hyaline mural thickening of small cerebral arteries. b Spielmeyer staining method: diffuse myelin
pallor. ¢ Anti-GFAP immunohistochemistry: mild fibrillary astrocytosis

Fig. 5. Study of the number of neurofibrillary tangles (NFT) and of the number of senile plaques
(SP) (using Iseki’s criteria (1989)) as a function of the severity of white matter lesions [using Brun
and Englund’s criteria (1986)]. The number of SP was not different regardless of the severity of
the white matter changes, but the number of NFT was greater in patients with severe white
matter lesions (p<0.05)

Discussion

Our study revealed that: (1) in AD, LA scores were greater than in control
subjects, (2) in AD, LA was more prominent in posterior periventricular areas,
whereas in PD and PSP, LA was more prominent in anterior periventricular
areas; (3) in two patients with AD and LA, autopsy revealed diffuse white matter
pallor, limited hyaline thickening of small white matter vessels, and mild fibrillary
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astrocytosis, without any infarction or hypertensive change; and (4) changes were
more severe in white matter close to cortical areas with a great density of NFT
but not to cortical areas with a great density of SP.

Previous studies, except that by Rezek et al. (1987), did not attempt to quan-
tify the severity of LA; most authors separated subjects with LA from subjects
without LA. To our knowledge this type of study of LA in PD and PSP has never
been performed, and no previous studies have attempted to account for the
topography of LA.

In AD we found greater LA scores than in control subjects. Confirming
previous studies (Rezek et al. 1987; Akaron-Peretz et al. 1988), ours also suggest-
ed that factors other than hypertension, diabetes mellitus or cardiac diseases
could be associated with LA, and that neuropathological lesions of AD might be
one of them. The greater LA scores in AD when compared to PD, without any
difference between PD, PSP and controls, suggested that this factor of-LA is more
severe or more widespread in AD than in PD, PSP and normal aging. Neverthe-
less this factor is not specific to AD, since LA was found in PD, PSP and controls.

In PD we found a slight predominance of LA in anterior areas, which are
sometimes clinically affected in PD (Taylor et al. 1986), though available data are
quite discordant. In PSP we found a strong predominance of LA in anterior areas,
which usually are severely affected, as suggested by clinical (Cambier et al. 1985)
and metabolic studies (D’Antona et al. 1985; Goffinet et al. 1989). Thus, our
radiological study suggested that, if an intrinsic factor of LA was present in the
four groups, it was more severe and more posterior in AD. None of the four
neuropathologic lesions of AD (neuronal loss, NFT, SP and amyloid angiopathy)
is specific (Delacourte et al. 1988); the greater severity of these lesions in AD when
compared to PD, PSP and normal aging might explain why LA is more severe in
AD.

If NFT and SP have the same location in the AD group and other groups
(Delacourte et al. 1988), they cannot be direct factors of LA, since we found
differences in LA locations between the four groups. Our two autopsied patients
had signs of amyloid angiopathy only in cortical vessels but not in the white
matter, as was previously reported in five cases by Rezek et al. (1987). This
suggests that amyloid angiopathy might not be a direct factor of LA. Moreover,
the frequency of LA in AD is usually high (Rezek et al. 1987), though neu-
ropathological data usually reveal no sign of amyloid angiopathy in the white
matter in either AD (Brun and Englund 1986; Englund et al. 1988, Bergeron et al.
1987) or in primary amyloid angiopathies (Bogucki et al. 1988; Masuda et al.
1988). However, since amyloid angiopathy increases with age (Masuda et al.
1988) and is usually prominent in posterior cortical and leptomeningeal vessels
(Masuda et al. 1988), gray matter neuronal loss due to the cortical lesions of
amyloid angiopathy cannot be excluded. Moreover, the cortical blood supply and
the subjacent U fibers are richly served by collaterals, so that if a cortical vessel
with amyloid is occluded the adjacent gray matter and U fibers may be spread by
adequate collateral flow. The white matter served by the same artery may suffer
ischemic damage since once the artery penetrates the white matter it has no
collaterals (Hachinski et al. 1987). Nevertheless, the mechanism of “‘incomplete
infarction” previously suggested by Brun and Englund (1986; Englund et al.
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1988) cannot explain why LA is more prominent in anterior areas in PD and PSP,
because cortical amyloid angiopathy has the same location in AD and normal
aging and usually only differs in its severity. Thus, the differences in the location
of LA that we observed between the other four groups cannot support the mech-
anism suggested by Brun and Englund (1986; Englund et al. 1988) to explain a
white matter disorder in AD. Differences in the location of LA between the four
groups might more probably be explained by a decrease of myelin density sec-
ondary to the Wallerian degeneration due to the gray matter disorder (Ball 1989),
which is more widespread in AD than in PD, PSP and normal aging, and prob-
ably more anterior in PSP (Cambier et al. 1985; D’Antona et al. 1985; Goffinet
et al. 1989) and perhaps in PD (Taylor et al. 1986).

Our study suggested a relationship between neuronal loss — subcortical in PD
and PSP and cortical in AD — and white matter lesions. If LA is secondary to a
neuronal drop-out, we would expect the eight control patients with LA to have
cognitive impairment; however, their neuropsychological examinations were lim-
ited to the MMSE (Folstein et al. 1975), which might have an inadequate sensitiv-
ity to detect “preclinical” AD. Moreover, we found a trend toward a negative
correlation between LA scores and MMSE in AD, but it did not reach a statistical
level of significancy. This point is of major interest since De La Monte (1989)
suggested, from neuropathological data, that white matter lesions in “preclinical”
AD might precede cortical lesions. Do these changes herald the subsequent devel-
opment of dementia? Only further longitudinal studies can answer this question.
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Topographical Comparison of Lesions in Trisomy 21
and Alzheimer’s Disease: A Study with PET, Anatomical
and Neuropathological Investigations

M. B. Schapiro, J.V. Haxby, C. L. Grady, and S.1. Rapoport

Summary

Recent evidence suggests that Alzheimer’s disease (AD) is a clinically heteroge-
neous disorder and that specific subgroups exist. A human model of AD exists
that avoids such problems as heterogeneity. Down’s syndrome (DS), trisomy 21,
is a genetic disorder in which an extra portion of chromosome 21 leads to mental
retardation, short stature, and phenotypic abnormalities. DS subjects over 35
years of age demonstrate neuropathological and neurochemical defects post-
mortem which are virtually indistinguishable from those found in brain of AD
patients, as well as a universal cognitive deterioration and a 20% —30% preva-
lence of dementia. In older DS subjects and AD patients, positron emission
tomography (PET) shows identical patterns of abnormal glucose metabolism,
selectively involving association areas of frontal, parietal and temporal neocor-
tices, but sparing primary sensory and motor regions. In demented DS as well as
AD patients, furthermore, quantitative computer assisted tomography (CT) indi-
cates accelerated neuronal loss and brain atrophy.

As a potential use of the DS model, we have observed a case of DS with
dementia but without mental retardation. This case suggests that expression of
dementia in DS can involve genes on chromosome 21 other than in the “obliga-
tory” distal segment of the q arm. Alternatively, differential expression of genes
on the q arm of chromosome 21 might cause dementia without the phenotypic
features and mental retardation.

Introduction

A problem in genetic studies of Alzheimer’s disease (AD) is the possible etiologic
heterogeneity of the disorder, including the uncertainty as to whether there are
multiple genetic or nongenetic causes. Recent evidence suggests that AD is a
clinically heterogeneous disorder and that specific subtypes exist (Kaye et al.
1988). A human model of AD exists that avoids this problem of heterogeneity.
Down syndrome (DS), trisomy 21, is a genetic disorder in which an extra portion
of chromosome 21 leads to mental retardation, short stature, and other phenotyp-
ic abnormalities (Rahmani et al. 1989). Further, DS subjects over age 35 years
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demonstrate neuropathological (Mann et al. 1984; Ball et al. 1986) and neuro-
chemical (Yates et al. 1983) defects postmortem which are virtually indistinguish-
able from those found in brains of AD patients, as well as a universal cognitive
deterioration and a 20%—30% prevalence of dementia (Schapiro et al. 1989b).
Other evidence also links the two disorders: the incidence of DS is higher in
families of AD patients than in the general population (Heston et al. 1981; Hey-
man et al. 1983); a restriction fragment polymorphism from chromosome 21
segregates with early-onset familial AD (St. George-Hyslop et al. 1987); the gene
coding for the precursor protein of beta-amyloid has been assigned to chromo-
some 21 (Goldgaber et al. 1987; Tanzi et al. 1987); and the expression of the
amyloid precursor protein mRNA lacking the protease inhibitor domain is de-
pressed in both aged DS and AD brains in neocortical association regions.(Neve
et al. 1988).

Although prior reports had considered the relation of DS and AD, many
methodological issues were ignored. DS subjects were included with significant
medical illnesses, such as hypothyroidism and congenital heart disease. Medica-
tions, such as psychotropics, were not discontinued during testing. Many subjects
were recruited from institutions, where educational and training opportunities
were limited. Karyotypes were not described. The level of mental retardation was
not characterized, and, most importantly, the presence or absence of dementia
was often not described.

Because of opportunities available with newer techniques, including positron
emission tomography (PET) with [*®F]fluoro-2-deoxy-D-glucose (18FDG) to
study brain metabolism, and quantitative computed assisted tomography (CT) to
study brain anatomy, our laboratory formulated a program in 1983 to address
age changes and mental retardation in DS adults, in concert with our study of
AD. Specific questions were addressed. What are the cognitive deficits in adults
with DS and how does one distinguish dementia from mental retardation? Is there
brain atrophy in young or older DS adults? Are there changes in brain
metabolism in young or older adults with DS? Do different parts of chromosome
21 determine dementia as opposed to mental retardation in DS? What hypotheses
does DS allow one to generate about the pathogenesis and course of AD?

Methods

To avoid previously mentioned methodological problems, we studied only care-
fully screened, healthy, noninstitutionalized DS subjects, whose mental status and
cognitive deficits could be quantified (Schapiro et al. 1987 b). All subjects (except
one to be discussed separately) were trisomy 21 karyotype. In order to distinguish
mental retardation from dementia, the DS subjects were divided into those 18—40
years (mentally retarded but presumably free of Alzheimer’s neuropathology)
and those over 40 years (with Alzheimer’s neuropathology and possible demen-
tia).

Neuropsychological assessment was performed using standardized tests. The
Peabody Picture Vocabulary Test-Revised (Dunn and Dunn 1981) and Stanford-
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Binet Intelligence Scale (Terman and Merrill 1973) were used to assess general
intelligence. Visuospatial ability was evaluated with the Block Pattern Subtest of
the Hiskey Nebraska Test of Learning Aptitude (Hiskey 1955), the WISC-R
Block Design Subtest (Wechsler 1974), and the Extended Block Design Test
(Haxby 1989). Attention was assessed using forward digit span, object pointing
span, and block tapping span (Haxby 1989). Visual recognition memory was
measured with a design span (Haxby 1989).

Noncontrast CT scans of brain were performed with a GE 8800 CT scanner
(General Electric Co., Milwaukee, WI), for which full width half maximum
equaled 1 mm. Serial slices, each 10 mm thick and separated from adjacent slices
by 7 mm (center to center), were taken parallel to and from 0 to 110 mm above
the inferior orbitomeatal (IOM) line. Analysis was limited to levels 30—80 mm
above the IOM line. A semi-automated method of analysis was used. CT data
were stored on magnetic tape in digital form, and were analyzed on a-PDP 11/34
computer (Digital Equipment Corporation, Maynard, MA) with a DeAnza Pic-
ture Display Monitor (Gould Inc., Freemont, CA). An image-processing pro-
gram (CATSEG) allowed determination of the number of pixels of gray matter,
white matter, and cerebrospinal fluid (CSF). In addition, regions of interest
(ROIs) were outlined around the ventricles, using a digitalizing graphics tablet
and a light pen. Intracranial surface area was derived with an automatic edge-
finding procedure (Schwartz et al. 1985).

The regional cerebral metabolic rates for glucose (rCMRglc) were measured
in the resting state using 18FDG and a PET tomograph. Subjects received 5 mCi
18FDG intravenously and then spent 45 min in a darkened and quiet room with
eyes patched and ears occluded. Initial studies were performed with an ECAT II
PET tomograph (ORTEC, Life Sciencs, Oak Ridge, TN), which used a calculated
attenuation correction program. Seven serial slices were collected (Schapiro et al.,
1987b). Later studies were performed with a multislice PET scanner (Scandi-
tronix PC-1024-7B, Sweden), using a measured attenuation correction (Schapiro
et al. 1989a). After comparing PET images with anatomic sections from an atlas
of a human brain, a “height above the IOM line” of the slice in the atlas was
assigned to each PET slice. Anatomic regions of interest in the pET slices were
then identified.

Neuropsychology

Some authors believe that it is difficult to diagnose dementia in mentally retarded
subjects. However, we believe that the distinction can be made using specific
diagnostic criteria. In our laboratory, the diagnosis of dementia in DS was made
using modified criteria from the Diagnostic and Statistical Manual, which speci-
fied an acquired, progressive loss of intellectual function, such as loss of daily
living and vocational skills, memory impairment, reduced speech and comprehen-
sion, and personality change (Schapiro et al. 1987b). The diagnosis was based on
narrative reports of caregivers or employers, which were supplemented by clinical
examination and bedside mental status tests. Previous medical and psychological
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reports were reviewed when available. Interrater reliability for the diagnosis of
dementia was assessed in our subjects with a Kappa statistic (Bartko and Carpen-
ter 1976). For two physicians independently rating each subject, the Kappa was
0.828 (p<0.001), suggesting that agreement was better than by chance (Schapiro
etal. 1989b). Autopsy of each of three older demented subjects (55-year-old
woman; 47- and 66-year-old men) showed extensive neuropathological changes
of AD.

Though all DS adults develop the neuropathological changes of AD, only a
minority of older DS adults demonstrate clinically significant dementia (Wis-
niewski et al. 1985). This discrepancy may be due to the insensitivity of caregiver
reports and clinical examination to the early behavioral changes (dementia) asso-
ciated with Alzheimer’s neuropathology, suggesting that formal neuropsycholog-
ical testing reveals earlier changes (Haxby 1989).

Therefore, we designed a battery of neuropsychological tests to examine pat-
terns of age-related neuropsychological changes in older DS adults with and
without dementia. Overall ability, using the Peabody Picture Vocabulary Test,
was 6.8+ 3.1 (mean+ SD) years in 19 young DS subjects, 4.7+ 1.5 years in six
nondemented old DS subjects, and 2.3+0.4 years in four demented old DS
subjects (Haxby 1989). Mean mental ages on the Stanford Binet Test were similar.
The demented older DS group differed significantly (p <0.05) from the young DS
group on both measures. However, the nondemented older DS group did not
differ from the younger subjects, “suggesting that the nondemented older subjects
probably had mental abilities as young adults that were equivalent to the young
DS subjects current abilities” (Haxby 1989).

Other cognitive tasks were specifically evaluated, including immediate memo-
ry, long-term memory, language, and visuospatial ability. Relative to the young
DS subjects, the six nondemented older DS subjects demonstrated a distinctive
pattern of spared abilities (such as immediate memory span and language) and
diminished abilities (such as long-term memory and visuospatial construction).
On the other hand, of the four demented older DS subjects, two scored lower than
the young DS group on all functions. The other two subjects also scored at the
lower end or below on immediate memory, long-term memory, and visuospatial
construction, though language scores were within the young DS group range.

Thus, these findings suggest that cognitive changes occur with age in DS, but
are more severe in demented as compared to nondemented older subjects. A
{distinctive pattern of age-related deficits occurs in nondemented older DS sub-
jects, which resembles the pattern seen in early to intermediate dementia of the
Alzheimer type in premorbidly normal subjects. The pattern of cognitive failure
in the demented older subjects is more global. In addition, dementia, based on
caregiver reports and clinical examination, occurs only in a fraction of older DS
adults.
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Quantitative Computer Assisted Tomography

Previous pathological studies have suggested that brain weight in young DS
adults is less than normal, but extreme microcephaly is rare (Solitare and
Lamarche 1967). From such pathological studies it is unclear whether cerebral
atrophy occurs in young DS subjects (Burger and Vogel 1973; Wisniewski et al.
1985). Since CT measures of brain avoid postmortem problems (Schwartz et al.
1985), we used CT to evaluate the dimensions of brain, CSF and cerebral ventri-
cles in DS subjects.

Mean total intracranial volume was significantly less in 18 young DS adults
than in 16 young healthy controls, 1067 cm?® versus 1241 cm? (p <0.05). When
normalized to height (to correct for the shorter stature in DS), the difference was
no longer shown. In addition, there was no significant difference in CSF or
ventricular volume, either directly or after normalization to seven-slice intracra-
nial volume (Schapiro et al. 1987 a).

Although AD is accompanied by progressive cerebral atrophy on CT (Luxen-
berg et al. 1987), it is not known to what extent demented older DS adults have
cortical atrophy. Therefore, we used quantitative CT, in cross-sectional and lon-
gitudinal analyses, to examine whether differences in brain morphology help to
distinguish dementia from mental retardation.

In cross-sectional studies, comparison between 5 nondemented older and 12
young adult DS subjects showed no significant difference in volume of CSF;
18.6+14.0 cm® versus 25.5+13.4 cm® (mean+SD, p>0.05) (Schapiro etal.
1989b). However, significant increases in CSF volume were shown between 3
demented older and 12 young DS subjects (50.9+11.2 versus 25.5+13.4 cm?),
and between 3 demented and 5 nondemented older subjects (50.9+11.2 versus
18.6+14.0 cm?). In addition, total ventricular volume was increased by 85% and
102% in the demented as compared to the young and nondemented older groups,
respectively (although these differences failed to reach significance).

In longitudinal studies, CT scans were separated by an average of 43 months
in the 12 young DS subjects, 20 months in the 5 nondemented old DS subjects,
and 22 months in the 3 demented older DS subjects. A slight increase for rate of
change of CSF volume was observed between the young and nondemented old
DS groups, —1.32+1.90 versus 2.50 + 1.81 cm3/year. Greater rates of change of
CSF volume were noted between the young and demented older DS groups,
-1.324+1.90 versus 10.90+4.32 cm3/year (p<0.05). These rates of change for
CSF volume in the demented old DS group also differed significantly from those
in the nondemented old DS group.

Thus, in DS, smaller brains reflect a smaller stature and a smaller cranial vault
present in this syndrome. This is similar to findings in male and female controls,
where it is established that brain weight is proportional to body height (Dekaban
and Sadowsky 1978). No cerebral atrophy occurs in young DS adults, suggesting
that the mental retardation is related to inherent cerebral dysfunction and not to
acquired cerebral atrophy. Further, cross-sectional and longitudinal studies dif-
ferentiate nondemented and demented older DS subjects. Demented older DS
adults have accelerated brain atrophy, indicating that neuronal loss is critical for
dementia.
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Positron Emission Tomography

As a reflection of neuronal activity, cerebral metabolism and blood flow have
been studied in young adults with DS (Fazekas et al. 1958; Lassen et al. 1966;
Risberg 1980; Schwartz et al. 1983; Melamed et al. 1987). We reevaluated brain
metabolism using PET and 18FDG to learn if there are differences in absolute
cerebral metabolic rates between young DS adults and age-matched controls, and
if there are changes in pattern of metabolism prior to the development of
Alzheimer’s neuropathology in old DS subjects.

There was no significant difference in global or gray matter rCMRglc between
young DS and control subjects. Global CMRglc was 8.76+0.76 (mean +SD) in
14 young DS adults versus 8.74+41.19 mg/100 g per minute in 13 young controls.
There was preservation of rCMRglc in both neocortical association areas and
primary motor and sensory areas. Reference ratios (rCMRglc/global CMRgic)
also did not differ between groups. In addition, within the DS group, subjects
with mental ages over 8 years did not differ from those with mental ages less than
8 years for any rCMRglc ratio (Schapiro et al. 1989 a).

Thus, young DS adults (<40 years and without dementia) do not have altered
cerebral glucose metabolism, at rest and with reduced sensory input. In addition,
reference ratios show no consistent difference in the intrahemispheric distribution
of rCMRglc compared to controls. The lack of selective metabolic involvement
of neocortex in young DS adults differs from the pattern seen in demented older
DS adults (see below). Finally, metabolic differences cannot identify young DS
adults “at risk” for later Alzheimer’s neuropathology.

Brain metabolism and blood flow have also been studied in older DS adults.
Though not specifically looked for, age-related differences in blood flow and
metabolism were not shown, and dementia was not examined. In our laboratory,
PET with 18FDG was used to determine if there are age-related differences in
brain glucose metabolism in DS and to determine if differences in brain
metabolism help to distinguish dementia from mental retardation in DS adults
over 35 years.

Table 1 shows representative absolute values of rCMRglc for young, nonde-
mented old, and demented old DS groups. For both association and primary
neocortex, nondemented old DS subjects had glucose metabolic values that were
more similar to those of the young DS subjects, as indicated by the lack of
significant differences between the nondemented old and young DS subjects. On
the other hand, demented older DS subjects had significantly lower values of
rCMRglc than young DS subjects, with the greatest reductions in association
neocortex. The demented older group also had significantly lower values of
rCMRglc in association neocortex in comparison to nondemented older DS
subjects. Thus, decreased brain metabolism is seen only in older DS subjects with
dementia.

The intrahemispheric pattern of glucose metabolism was examined with the
ratio of parietal association cortex to sensorimotor primary cortex. There was no
significant difference between 15 young and 4 nondemented older DS subjects
(0.9440.01 versus 0.92+0.03) (mean +SEM). However, the ratio in 3 demented
older DS subjects (0.80+0.01) was significantly less (without overlap) than in
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Table 1. Regional cerebral metabolic rate for glucose (rCMRglc) in young, nondemented old,
and demented old DS subjects. Values are mean + standard error. Differences between mean
values in DS groups were compared with a one-way ANOVA. Post hoc comparisons were
performed with Bonferroni ¢ tests (p<0.05)

Young Nondemented  Demented
DS (15) old DS (4) old DS (3)
Association neocortex
Parietal 7.144-0.24° 6.29+0.51 4.19+0.49%¢
Lateral temporal 5.65+0.18 5.074+0.27 3.68+0.33%¢
Primary neocortex
Sensorimotor 7.58+0.25 6.87+0.59 5.214+0.56°
Occipital 6.4340.21 6.3040.15 4.9240.64"

? Mean + SEM (mg/100 g per minute)
* Differs from mean in young DS group (p<0.05)
¢ Differs from mean in nondemented old DS group (p<0.05)

both the young and nondemented older DS groups. Similar changes were shown
for the ratio of temporal association cortex to primary occipital cortex.

Thus, glucose metabolism is preserved in older DS subjects without clinical
dementia. Glucose metabolism is reduced in older DS subjects with clinical de-
mentia. The metabolism is not uniformly reduced, however, with specific involve-
ment of parietal-temporal association neocortices. This relatively greater involve-
ment of parietal-temporal regions is specific for older DS subjects with dementia.

Hypothesis

Previously, it was thought paradoxical that only 20% —30% of older DS subjects
were demented despite the universal presence of neuropathological changes of
AD after age 35 years. Explanations for the discrepancy included the difficulty of
diagnosing dementia in mentally retarded subjects, the delay of age-of-onset of
dementia, the variable clinical course of dementia, and the resistance to the
development of dementia in a less sensitive brain. We also note that only a
fraction of our older DS subjects are demented, despite the likelihood, given their
poor performance on standardized neuropsychological tests, that all have neu-
ropathological changes of AD.

Though some authors believe that the density of senile plaques and neu-
rofibrillary tangles correlates with the severity of dementia (Wisniewski et al.
1985), others disagree (Ropper and Williams 1980). However, one study showed
that even in brains with more than 20 senile plaques or neurofibrillary tangles per
high power field, only 13 of 28 subjects had a history of dementia (Wisniewski
et al. 1985).

This suggests that an additional factor contributes to the expression of demen-
tia in older DS subjects who show measureable cognitive decline. This factor may
be the additional appearance of large numbers of neurofibrillary tangles and cell
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loss, which together may occur 10—20 years later than the appearance of large
numbers of senile plaques (Haberland 1969; Burger and Vogel 1973; Mann and
Esiri 1989).

We hypothesize that a cognitive decline in older DS subjects occurs in two
stages which can be separated by as much as 20 years. First; there is a reduction
in cognitive performance on standardized neuropsychological tests, perhaps re-
flective of poorer processing skills. The reduction correlates with significant accu-
mulations of senile plaques, but neurofibrillary tangle accumulation, cell loss and
cerebral atrophy have not yet occurred. This interpretation is supported by the
absence of a change in ventricular volume on quantitative CT and normal brain
metabolism on PET scanning in our nondemented older DS group, as compared
to the young DS group. )

In the second stage, there is additional loss of overlearned behaviors, leading
to deterioration in social, occupational and adaptive skills and a characteristic
dementia. Concurrently, accumulations of neurofibrillary tangles and accelerated
cell loss are occurring. Cell death is evidenced by progressive brain atrophy on
quantitative CT and decreased brain metabolism, as seen in our demented older
DS group.

Thus, our results suggest that progressive brain atrophy and reduced brain
metabolism occur only in demented old DS subjects, and that quantitative CT
and PET with 18FDG can help to distinguish dementia from lesser cognitive
decline in older DS subjects.

Mosaic/Translocation Down’s Syndrome

When dementia was described previously in DS, such cases were mentally retard-
ed. Thus, the relation of mental retardation and dementia has not been defined.
We had the opportunity to study a patient of DS who developed dementia with-
out mental retardation.

The subject was a 45-year-old woman who presented with a 2-year history of
dementia. As an infant, her physician suggested that she might have DS, but this
was not followed up. She graduated from public high school with average grades
and was employed for the next 25 years as a teller and clerk-typist until onset of
her dementia. Cognitive decline continued over the next 2.5 years. Examination
showed normal stature and head circumference. Stigmata of DS included brachy-
cephaly, midfacial hypoplasia, bilateral clinodactyly, and an R Simian crease.
There were no Brushfield spots, small ears, enlarged tongue, or heart murmur.

Peripheral blood chromosome analysis showed a single cell (1/100) with a
missing number 21 and an atypical small metacentric with banding consistent
with a t(21;21) rearrangement. The other cells with 46 chromosomes appeared to
have two normal 21 chromosomes and no abnormalities of the other autosomes
or sex chromosomes. Two Giemsa-trypsin banded karyotypes were unremark-
able. A repeat high resolution study of peripheral blood was normal. Following
skin punch biopsy, one of two fibroblast cultures showed a 46,XX,-21, +t(21;21)
translocation trisomy 21 karyotype in all cells. In the other fibroblast culture, all
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cells had two normal appearing number 21 chromosomes, and a normal chromo-
some count of 46. Examination of both parents showed normal peripheral blood
karyotypes.

Initial neuropsychologic assessment showed a WAIS Verbal IQ score (Wechs-
ler 1955) of 85, which is within the normal range. On the other hand, her initial
score on the Mattis Dementia Scale (Mattis 1976) was 121 (normal >136),
indicative of mild dementia. Subsequent neuropsychologic assessment showed
decline in cognitive abilities. Furthermore she had dilated ventricles on quantita-
tive CT and reduced parietal and temporal glucose metabolism on PET scanning
with 18FDG as seen in AD patients.

Thus, AD in DS may occur without mental retardation. In light of the normal
body growth, absence of mental retardation, and minimal physical stigmata of
DS in our case, it is suggested that the typical phenotypic expression of DS is not
necessary for the late expression of dementia in DS. Development of dementia in
DS may involve genes in regions of chromosome 21 other than the obligatory DS
region (Rahmani et al. 1989), since genes in this region did not appear to be
expressed in this case. Our chromosomal findings in this case suggest that this
region is not on the short arm of chromosome 21 and that it could be proximal
to the q 22.1 band. This is supportive of the studies by St. George-Hyslop et al.
(1987) suggesting that there is a locus for susceptibility to familial Alzheimer’s
disease on the proximal portion of the q arm of chromosome 21.

Conclusions

In DS an extra portion of chromosome 21 results in a dementia syndrome that is
phenotypically identical to AD in premorbidly normal individuals. This dementia
can be reliably diagnosed in DS despite the mental retardation. However, more
sensitive formal neuropsychological tests are needed to detect lesser cognitive
decline in nondemented older DS subjects. Identical patterns of abnormal glucose
metabolism, selectively involving association areas of parietal and temporal
neocortices, are present in older DS subjects with dementia and premorbidly
normal AD patients. Further, progressive brain atrophy is present in demented
DS as well as premorbidly normal AD patients. Both quantitative CT and PET
scanning with 18FDG can distinguish dementia from lesser cognitive decline in
older DS. Finally, dementia in DS can occur without mental retardation, suggest-
ing that expression of dementia may involve genes on chromosome 21 other than
in the obligatory distal segment of the q arm. Further research may show the
importance of chromosome 21 for the study of AD and how abnormal excess or
differential expression of different genes on this chromosome leads to different
features, such as mental retardation or dementia.
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Cognitive Deficits and Local Metabolic Changes
in Dementia of the Alzheimer Type

J. V. Haxby

Summary

Relations between neuropsychological and regional cerebral metabolic alter-
ations were studied cross-sectionally and longitudinally in patients with dementia
of the Alzheimer type and were compared to controls. Reductions in regional
cerebral metabolism, measured in the resting state with positron emission tomog-
raphy and [*®F]fluorodeoxyglucose, were greatest in the association cortices rel-
ative to the primary sensory and motor cortices and to the thalamus and basal
ganglia. Individual patients demonstrated different patterns of association cortex
metabolic reductions. Reductions in homologous right and left hemisphere asso-
ciation regions were often asymmetric. Parietal and frontal metabolic reductions
were also often disproportionate relative to each other. Neuropsychological im-
pairments in patients with dementia of the Alzheimer type were also selective and
heterogeneous. Memory impairment was often the first symptom followed by
impaired ability to maintain attention to complex or shifting sets. As the disease
progressed, language and visuospatial functions became impaired. Whereas the
memory impairment was usually global and severe, patterns of nonmemory im-
pairments varied markedly from patient to patient. For example, some patients
had disproportionately severe language impairments relative to milder visuospa-
tial impairments and other patients demonstrated the opposite pattern. In pa-
tients with moderate dementia of the Alzheimer type, patterns of nonmemory
impairments were related to the distribution of association cortex metabolic
reductions. At initial evaluation, mildly impaired patients did not have significant
nonmemory language and visuospatial impairments but did have significant
neocortical metabolic reductions that were not correlated with neuropsychologi-
cal test scores. After a mean of 2 years of longitudinal study, significant language
and visuospatial impairments developed, and right-left metabolic asymmetries
were significantly correlated with visuospatial-language discrepancies. These re-
sults suggest that neocortical metabolic abnormalities can be observed with
positron emission tomography before associated impairments of neocortically
mediated visuospatial and language functions are demonstrable.
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Introduction

Alzheimer’s disease is a progressive, degenerative brain disease whose principal
clinical symptoms are disorders of memory, language and cognition. Other brain
functions, such as simple sensory and motor function, are not impaired in patients
with Alzheimer’s disease or are impaired only in late stages after the dementia has
become severe. The development of noninvasive methods to measure regional
brain blood flow and metabolism has made it possible to examine relations
between neuropsychological impairments and the regional distribution of dis-
ease-related alterations in blood flow and metabolism. In the Laboratory of
Neurosciences, National Institute on Aging, we have been conducting a longitu-
dinal study of patients with clinically diagnosed dementia of the Alzheinier type
(DAT) for the past 7 years. At yearly intervals, patients are given positron emis-
sion tomography (PET) scans to measure regional cerebral metabolic rates for
glucose (rCMRglc), computed tomography (CT) and MRI scans to examine
brain structure, and an extensive battery of neuropsychological tests. In this
paper, the major findings regarding the neuropsychological impairments associ-
ated with DAT and their relation to alterations in rCMRglc are reviewed. The
emphasis in this review is on interindividual variations in the pattern of neuro-
psychological impairments and how these variations are related to patterns of
rCMRglc reductions. These studies have helped to elucidate the neurobiological
basis for disorders of language and visuospatial functions in DAT. Other promi-
nent neuropsychological disorders of DAT, namely those of memory and atten-
tion, however, have not yet been related to regional brain alterations as measured
with PET. The review concludes with a discussion of what the neurobiological
basis of these disorders may be, why PET studies have heretofore not contributed
to our understanding of these functions, and how future PET studies may be able
to give us new insights in these areas.

Methods

Subjects

All patients with DAT met NINCDS-ADRDA diagnostic criteria for possible or
probable Alzheimer’s disease (McKhann et al. 1984) when studied initially. To
study the full course of Alzheimer’s disease, five patients were studied initially
when they had an isolated memory impairment with no demonstrable impair-
ments of nonmemory language or cognitive functions. Because dementia is a
syndrome that by definition involves impairment of more than one area of cogni-
tive function, these patients were not demented at the time of their first evaluation
and met criteria for possible but not probable Alzheimer’s disease. Subsequent
evaluations of these patients demonstrated the development of nonmemory neu-
ropsychological impairments in all five patients, and two have died with autopsy
confirmation of Alzheimer’s disease. Patients were divided into subgroups based
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on overall severity of dementia as measured by the Mini-Mental State Examina-
tion (Folstein et al. 1975). All patients in this study were normotensive and had
no evidence of cardiovascular disease or any other current or past medical condi-
tion that could affect brain function. Control subjects for our study of DAT came
from our longitudinal study of healthy aging. These subjects were similarly
screened for optimal health and had no history of loss of mental abilities that
could indicate an incipient dementia.

Neuropsychological Tests

An extensive battery of neuropsychological tests was administered to measure
overall severity of dementia [Mattis Dementia Scale; Mattis 1976; Wechsler Adult
Intelligence Scale (WAIS); Wechsler 1955], memory (Wechsler Memory Scale;
Wechsler 1945), the ability to sustain attention to complex sets (Trailmaking;
Reitan 1958; Stroop Color Word; Golden 1978), planning (Porteus Mazes; Por-
teus 1965), language (syntax comprehension; Whitehouse in Haxby et al. 1985;
Controlled Word Association; Benton 1973), and visuospatial function (Extend-
ed Range Drawing; Haxby et al. 1985; Block tapping span; Milner 1971).

Positron Emission Tomography

Regional cerebral metabolic rates for glucose (rCMRglc) were measured in the
resting state (eyes covered, ears plugged) with PET and ['8F]2-fluoro-2-p-de-
oxyglucose (FDG) as described elsewhere (Duara et al. 1986; Haxby et al. 1985).
Scanning was accomplished with an ECAT-II scanner (ORTEC, Life Sciences,
Oak Ridge, TN) which has an in-plane resolution of 1.7 cm full width at half
maximum. For the analyses reviewed here, rCMRglc in 14 neocortical regions
(7/hemisphere) of interest were calculated. These regions were the prefrontal,
premotor, orbitofrontal, sensorimotor, parietal association, lateral temporal and
occipital cortices.

Neuropsychological and Metabolic Pattern Indices

To examine patterns of neuropsychological impairments and rCMRglc reduc-
tions in patients with DAT, indices that contrast performance on selected pairs of
tests or contrast metabolic rates in selected pairs of regions were calculated.
Neuropsychological discrepancies were calculated as the difference between
ranked scores on most tests because of the uncertain scaling properties. For factor
deviation quotients (DQ) calculated from the WAIS, which have well-controlled
scaling properties, the difference betweeen scores was used. Right-left rCMRglc
asymmetries were calculated as 2(R — L)/(R + L), where R and L refer to rCMRglc
values in homologous right and left hemisphere regions. Parietal-frontal rCMRglc
discrepancies were calculated as ratios.
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Neuropsychological Impairments in DAT

Patients with mild DAT had selective patterns of neuropsychological impairments
(Table 1). The ability to commit new information to long-term memory was
consistently and globally impaired in these patients. Nonmemory language and
visuospatial functions were not significantly impaired relative to controls. As
mentioned above, five patients had significant impairments, defined as a test score
more than 2 SD below the control mean, on only memory tests when they were
first tested. Nonetheless, as a group, the ten patients with mild DAT differed
significantly from controls on tests of complex attention and planning, indicating
that these functions are the next, after memory, to demonstrate impairment in

Table 1. Neuropsychological test scores for controls and patients with mild and moderate
dementia of the Alzheimer type (DAT). Score on the Mini-Mental State Examination (Folstein
et al. 1976) was used to define severity groups with scores over 21 denoting mild impairment and
scores between 11 and 21 denoting moderate impairment ®

Test Controls Mild DAT?® Moderate DAT
(N=19-29) (N=10) (N=14)

Summary measures

Mattis dementia scale 142+ 2 132+6* 110417 ***

WAIS

Full-scale IQ 125410 117438 90 + 19 ***

Deviation quotients (DQ)

Verbal comprehension 129410 12249 99 + 19 ***

Memory and distractibility 116114 11449 90+ 16 ***

Perceptual organization 119413 108 +13 83 £ 25***

Memory

Wechsler memory scale

Immediate story recall 22+5 11 £ 5% 54 3 H**

Immediate visual recall 10+3 6L 5** 1.4+1.8%**

Delayed story recall 17+5 2.6+ 3.7*** 0.741.1%**

Delayed visual recall 743 0.8 4 1.1 %** 0.340.7***

Attention and planning

Trailmaking (trail A, s) 40+17 54430 153 £ 98 ***

Trailmaking (trail B, s) 84138 2024159 ** 434 4134 ***

Stroop color word 3749 24 + 8 ** 12 4 8 **+*

Porteus mazes (test age) 15.4+1.5 12.54+3.9* 7.5+3.7

Language

Syntax comprehension 24+3 23+2 17 £ 5***

Controlled word association 42+15 3148 23412 %**

Visuospatial

Extended range drawing 2142 1944 13 4 SH**

Block tapping span 29+6 25+4 19 47 ***

? From Haxby et al. (1988)
® Differs from controls (probabilities corrected for three comparisons): * p<0.05, ** p<0.01,
*** p<0.001
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early DAT. These tests were also the first to show significant impairments in a
case-by-case longitudinal analysis of the patients with isolated memory impair-
ment initially (Grady et al. 1988).

In contrast to the patients with mild DAT, patients with moderate DAT
differed significantly from controls on all neuropsychological tests. In individual
patients, however, nonmemory language and cognitive functions were not uni-
formly impaired. For example, some patients had disproportionately severe im-
pairment of language function relative to milder impairment of visuospatial con-
struction, whereas other patients had the opposite pattern. The pattern of other
nonmemory neuropsychological impairments, such as calculations, attention to
simple tasks, and immediate visuospatial memory, also varied considerably
among the patients with moderate DAT. These variations in the pattern of neu-
ropsychological impairments suggested variably distributed alterations in
neocortical function, which could be examined directly with PET studies of rest-
ing rCMRglc.

Neocortical Metabolic Patterns in DAT

The largest reductions of rtCMRglc in patients with Alzheimer’s disease are con-
sistently found in the association areas of the neocortex (Haxby et al. 1985, 1986,
1988; Duara et al. 1986). By contrast, the primary sensorimotor cortices, primary
visual cortices, cerebellum, thalamus, caudate and lenticular nuclei tend to
demonstrate relative sparing of resting state rCMRglc. The association cortices
demonstrate selective and significant alterations even in patients with very early
DAT, including those patients with only isolated memory impairment (Haxby
etal. 1986, 1988; Grady etal. 1988). PET studies, therefore, suggest that
Alzheimer’s disease selectively affects the association systems of the brain in the
very early stages.

The parietal association cortex usually demonstrates the greatest metabolic
abnormalities, especially in earlier stages of DAT, but the pattern of association
cortex metabolic reductions varies considerably among patients. This heterogene-
ity in the cerebral topography of disease-related alterations is evident as asym-
metric reductions in homologous right and left hemisphere regions (Fig. 1) and as
discrepant reductions in the parietal and frontal association cortices (Fig. 2).
Right-left asymmetries of rCMRglc have increased variances in patients with
Alzheimer’s disease as compared to controls (Haxby et al. 1985, 1986; Duara
et al. 1986; Friedland et al. 1985; McGeer et al. 1986). Equivalent numbers of
patients have left-sided and right-sided asymmetries, and approximately one-
third of patients with DAT have symmetric rCMRglc values in all the association
cortices. The frontal, parietal and temporal association cortices all demonstrate
significantly increased asymmetry at all stages of DAT, indicating that all associ-
ation cortices are affected throughout the course of DAT. Primary sensorimotor
and occipital cortex rCMRglc values, however, are not more asymmetric in
patients with DAT than in controls, again demonstrating the relative sparing of
these areas.
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Fig. 2. Scatterplots of parietal/premotor metabolic ratios for controls (N =31) and patients with
moderate and severe DAT (N=22). (Haxby et al. 1988)

The ratio of parietal association cortex to premotor cortex rCMRglc also has
increased variance in patients with DAT relative to controls (Fig. 2; Haxby et al.
1988). Some patients have disproportionate reductions of premotor rCMRglc,
whereas others have disproportionate parietal metabolic reductions. These results
demonstrate that the association cortical regions most affected in DAT vary
significantly among individual patients. This topographical heterogeneity could
be the basis for the variable patterns of nonmemory language and cognitive
impairments noted in moderately demented patients.
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Relations Between Cognitive and Metabolic Patterns

In moderately demented patients with DAT, the neuropsychological discrepancy
between language and visuospatial impairments was consistently and significant-
ly correlated with right-left metabolic asymmetries (Fig. 3, Table 2; Haxby et al.
1985, 1986, 1987). These relations were all in the expected direction. Dispropor-
tionate left-sided hypometabolism was associated with disproportionate language
impairment, whereas disproportionate right-sided hypometabolism was associat-
ed with visuospatial impairment. Similarly, parietal-frontal metabolic ratios were
significantly correlated with neuropsychological discrepancies in moderately de-
mented patients (Fig. 4), such that disproportionate frontal hypometabolism was
associated with impairments of verbal fluency and simple attention (trail A), and
disproportionate parietal hypometabolism was associated with impairments of
verbal comprehension, calculations, visuospatial construction and immediate
visuospatial memory span (Haxby et al. 1988).

These findings clearly demonstrated that interindividual differences in the
pattern of nonmemory language and cognitive impairments in patients with mod-
erate DAT were attributable to differences in the topographical distribution of
disease-related alterations in regional brain function. Patients with mild DAT, on
the other hand, did not demonstrate significant impairments of these nonmemory
neuropsychological functions, yet they demonstrated the same variably distribut-
ed association cortex metabolic reductions. Moreover, their patterns of nonmem-
ory language and cognitive test scores were uncorrelated with right-left rCMRglc
asymmetries (Table 2; Haxby et al. 1986) and parietal-frontal rCMRglc ratios
(Haxby et al. 1988). After a mean follow-up period of 24 months (range, 13—40
months), however, these patients had developed significant impairments of non-
memory visuospatial and language functions, and the discrepancies between visu-

Table 2. Correlations between right-left metabolic asymmetries and visuospatial-verbal discre-
pancies in patients with moderate DAT and in patients with mild DAT at initial and follow-up
evaluations. Mean follow-up duration was 24 months (range, 14—40 months)?

Neuropsychological rCMRglc Controls Moderate Mild DAT (N=10)
discrepancy index Asymmetry DAT ————————
(N=12)  Initial Follow-
up
Syntax comprehension® versus Frontal —0.30 0.71 ** —0.01 0.66*
drawing Parietal —0.11 0.73 ** —0.20 046
Temporal —0.08 0.49 0.01 0.44
WAIS PDQ-MDQ Frontal 0.08 0.59* —0.08 0.57
Parietal 0.12 0.76 ** —0.06 047
Temporal —-0.07 0.58* 0.05 042
WAIS PDQ-VDQ Frontal —0.14 0.45 —-0.20 0.66*
Parietal —0.15 0.49 —0.15  0.58
Temporal 0.29 0.35 —0.10  0.61

? From Haxby et al. (1987)
® Symbols: * p<0.05; ** p<0.01
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ospatial and language impairments were correlated in the expected direction with
right-left metabolic asymmetries (Table 2; Haxby et al. 1987). Over this same
interval, the direction and magnitude of right-left metabolic asymmetries were
remarkably stable (Grady et al. 1986). These results indicate that neocortical
metabolic abnormalities can be observed with PET before their neuropsycholog-
ical consequences are demonstrable with standardized neuropsychological tests.

It is important to emphasize that abnormal rCMRglc patterns have not been
demonstrated in preclinical stages of DAT. Although five of our patients were not
demented when first tested, they had marked and easily demonstrated memory
impairment. One of these patients also had a normal PET scan initially and went
on to develop rCMRglc abnormalities before his language and visuospatial func-
tions worsened (Grady et al. 1988), suggesting that memory impairment precedes
neocortical metabolic abnormalities in DAT.

It is also important to note that the relation of cerebral metabolic abnormal-
ities to impairment of attention to complex or shifting sets is not clear. Thus,
although PET studies have elucidated the neurobiological basis of cognitive im-
pairments associated with intermediate stages of DAT, they have provided little
information about the neurobiological basis for the neuropsychological symp-
toms of very early DAT. Because opportunities for neuropathological study of
very early DAT are exceedingly scarce, further understanding in this area will
depend on in vivo study methods such as PET.

Normal recent memory depends on interaction between neocortical regions
and non-neocortical memory structures such as the hippocampus, amygdala and
medial thalamus. Mishkin has proposed that memory is encoded in the neocorti-
cal regions that initially processed the information to be remembered (Mishkin
and Appenzeller 1987). Interaction with the non-neocortical memory structures
enables the changes necessary to encode the memory. Given this basis for normal
memory, there are several possible causes for memory impairment in early DAT.
Neuropathological damage to the hippocampus and amygdala is consistently
severe in Alzheimer’s disease (Ball 1976) and is perhaps the most likely cause for
memory impairment. Loss of cells in the entorhinal cortex that serve as relays
between neocortex and hippocampus (Hyman et al. 1986), or loss of neocortical
pyramidal cells that project to memory structures (see Morrison et al., this vol-
ume), may also impair memory by disrupting interactions between neocortex and
memory structures. Finally, cytoskeletal abnormalities in neocortical neurons
could impair formation of structural changes that may underlie the encoding of
new memories. The memory impairment in DAT, therefore, may be due to dys-
function in non-neocortical structures too small to study with low-resolution
PET, to impaired interaction between brain structures or to neocortical dysfunc-
tion.

Normal attentional function also involves interactions between widely dis-
persed brain structures in neocortex, allocortex and brainstem (Mesulam 1981).
Both the memory and attentional impairments associated with very early DAT,
therefore, may be related to impaired interaction between brain regions or to
impairment to the regions themselves. The special vulnerability of these functions
may be related to the selective involvement of neocortical cell groups whose axons
form long cortico-cortical projections (see Morrison et al., this volume). A meth-
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od for examining inter-regional functional associations with PET has been devel-
oped by Horwitz et al. (1987) that may help elucidate the extent to which the early
neuropsychological impairments in DAT are attributable to disrupted communi-
cation between brain regions. This method uses interregional correlations as
indices of the strength of the functional association between brain regions. By
determining the functional associations that become active during memory for-
mation or directing attention, diminution of these associations in patients with
DAT can be studied and related to the severity of their neuropsychological im-
pairments.

Studies of resting state regional cerebral metabolism in patients with DAT
have shown that the disease selectively involves the association neocortices and
that the distribution of association cortex metabolic alterations varies markedly
among patients. These interindividual variations in the cerebral topography of
Alzheimer’s disease underlie interindividual variations in the pattern of nonmem-
ory language and visuospatial impairments that are evident in patients with
moderate dementia. In earlier stages of DAT, neocortical metabolic abnormalities
are observed before neocortically mediated language and visuospatial impair-
ments are demonstrable. PET studies have yet to elucidate the neurobiological
basis for earlier neuropsychological impairments of memory and complex atten-
tion. Better PET methods, such as high-resolution tomographs and sophisticated
multivariate procedures for examining patterns of connectivity, may provide the
analytic tools necessary for further understanding about the earliest alterations in
brain function that have neuropsychological consequences in Alzheimer’s dis-
ease.
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Summary

Alzheimer’s disease is the commonest cause of primary degenerative dementia
and classically presents with early memory disturbance and subsequent impair-
ment of language and visuospatial functions. Characteristically positron emission
tomography (PET) scanning reveals posterior biparietal and bitemporal hy-
pometabolism. Increasingly, clinical subtypes of Alzheimer’s disease are being
recognized, although it is not yet clear whether these represent biological distinc-
tions. The most clearly defined is the distinction between familial and sporadic
cases. PET studies to date, however, reveal no obvious differences. Similarly, both
early- and late-onset cases may demonstrate posterior biparietal hypometabolism.
A further distinction is that drawn between rigid and non-rigid cases. It has been
argued that Parkinsonian features are a frequent finding in Alzheimer’s disease
and may be due to coincidental Lewy body formation. We have examined 20
patients for the presence of extrapyramidal features and confirm that rigidity may
be demonstrated in a number of these cases, but this is not always accompanied
by the bradykinesia that is characteristic of Parkinson’s disease. In addition,
[*®F]fluorodopa uptake studied with PET shows no significant differences be-
tween rigid and non-rigid Alzheimer’s patients, or between patients and healthy
controls, in contrast to the marked reduction in putamen uptake in Parkinson’s
disease. These findings suggest that extranigral factors contribute to the rigidity
in this group. In addition to Alzheimer’s disease, non-Alzheimer primary degen-
erative dementias are being increasingly recognized. These include the frontal
lobe dementias and focal cortical degenerations, such as primary progressive
dysphasia, which may progress to a late generalized cognitive impairment. PET
scanning in these groups reveals neither diffuse frontal lobe hypometabolism in
the frontal lobe dementia group or focal hypometabolism in the left temporal lobe
in patients with primary progressive dysphasia.

Introduction

Dementia is commonly recognized in the elderly, with prevalence figures ranging
between 5% and 20% of those aged above 65 and 80 years, respectively. Prospec-
tive autopsy studies indicate that about 50% of elderly dementia cases will be due
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to Alzheimer’s disease, with a further 20% —25% being due to Alzheimer’s disease
in combination with vascular disease. The characteristic features of senile
plaques, neurofibrillary tangles and neuronal cell loss within the cerebral cortex
are found predominantly within association areas. This anatomical distribution
of the histopathology is reflected in the pattern of hypometabolism that may be
observed in vivo using PET, which is believed to reflect cell loss and disintegra-
tion. Posterior biparietal and bitemporal hypometabolism, demonstrated using
15-oxygen (Frackowiak et al. 1981) to determine regional CMRO,, is matched by
an equivalent fall in cerebral blood flow and maintenance of normal oxygen
extraction (OER). The posterior biparietal and bitemporal hypometabolism, with
late bifrontal hypometabolism in more severe cases, is now seen as a characteristic
feature of Alzheimer’s disease, and has been subsequently confirmed as reduced
glucose metabolism using [ 8F]fluorodeoxyglucose (Friedland et al. 1983). There
is an overall association between the severity of dementia and the degree of
hypometabolism, although within this overall pattern associations have been
observed between specific patterns of neuropsychological deficit and anterior-
posterior and left-right asymmetries of hypometabolism (Frackowiak et al. 1981;
Foster et al. 1983; Duara et al. 1986). The overall pattern of hypometabolism,
together with asymmetries within an individual patient, is relatively stable over
time (Jagust et al. 1988).

Posterior biparietal and bitemporal hypometabolism is a characteristic fea-
ture of clinically diagnosed cases of Alzheimer’s disease and, if observed, may
help to support the diagnosis. However, there is a general paucity of reported
cases which have been followed to autopsy to assess the specificity of this pattern;
a similar pattern of hypometabolism, for example, has been observed in
Creutzfeldt-Jakob disease (Friedland et al. 1984). Moreover, it is not known
whether histologically. established cases of Alzheimer’s disease might show alter-
native patterns of hypometabolism, or to what extent patterns of metabolism
might differ between the clinical subtypes of Alzheimer’s disease.

Positron Emission Scanning in Subtypes of Alzheimer’s Disease

Alzheimer’s disease was originally considered a rare disorder occurring in the
presenium, and a distinction was thus drawn between presenile dementia of the
Alzheimer type and senile dementia. With the histological studies in the 1960s this
distinction was no longer drawn, and current usage covers all cases of dementia
associated with the characteristic histopathological change. Recently, however, a
distinction has again been drawn between early- and late-onset cases of
Alzheimer’s disease which may differ clinically, with a higher prevalence of lan-
guage disturbance in early-onset cases (Seltzer and Sherwin 1983). More severe
histopathological change in the early-onset patients and a more widespread neu-
rochemical deficit (Rossor et al. 1984) have been reported. Similarly more promi-
nent metabolic asymmetries have been observed with lower left parietal
metabolism in the early-onset (<65 years of age) patient compared with later
onset (> 65 years of age) cases (Grady et al. 1987; Small et al. 1989).
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It is not clear whether the age groups reflect a true nosological distinction or
merely a biological continuum. A more secure distinction can be made with the
subgroup of patients with familial Alzheimer’s disease with an autosomal domi-
nant pattern of inheritance. Originally this form was thought to be a rarity, but
it has been suggested that as many as 60% of cases may be familial (Heyman et al.
1984). The hereditary pattern may not be apparent due to the fact that family
members frequently die from unrelated causes before the phenotypic expression
of a familial Alzheimer’s disease gene. The few published cases of familial
Alzheimer’s disease which have been scanned using [18F]fluorodeoxyglucose also
indicate a pattern of posterior biparietal hypometabolism (Polinksy et al. 1987;
Cutler et al. 1985).

Clinical subgroups have also been suggested on the basis of clinical features
such as the cognitive profile, presence of myoclonus or the presence of extrapyra-
midal features. Extrapyramidal abnormalities have been reported in.as many as
90% of patients with Alzheimer’s disease, with rigidity being the predominant
abnormality found on examination (Molsa et al. 1984; Mayeux et al. 1985; Chui
et al. 1985). It has been suggested that the presence of extrapyramidal features is
due to the coexistence of Lewy body pathology in the substantia nigra and a
consequent presynaptic dopamine deficit (Ditter and Mirra 1987). However, in a
recent prospective study, 36% of patients were found to have extrapyramidal
features, but these were not necesarily associated with the presence of Lewy body
pathology at autopsy. Of the cases examined at autopsy, approximately 50%
were found to have nigral Lewy body pathology but its absence in other cases,
and in some entirely normal nigral histology, argues for extranigral components
in the pathophysiology of rigidity (Morris et al. 1989). In addition, the lack of
response to levodopa argues against a simple presynaptic dopamine deficit (Duret
et al. 1989).

We have examined 20 patients (mean age, 59.1 + 8.5 years; range 40— 74 years)
with a clinical diagnosis of Alzheimer’s disease who fulfilled the NINCDS clinical
criteria (McKhann et al. 1984). A subgroup of 15 patients was scanned with
[*®F]fluorodopa as described previously (Leenders et al. 1986). None of these
patients was on neuroleptic medication. Nine of 15 patients were found to have
rigidity on examination and 6 were considered to have no motor abnormality.
Comparisons were made betweeen these two groups and with seven normal
subjects (mean age, 57.1+9.7 years; range 4367 years). The K, values (the influx
constants calculated using the multiple time graphic analysis approach; Patlak
and Blasberg 1985) for uptake of ['®F]flurodopa are shown in Table 1.

There was no statistically significant difference between the mean K for puta-
men and caudate either between the non-rigid and rigid Alzheimer cases or by
comparison with the control group. This is in contrast to the 60% reduction in
K; for fluorodopa uptake into the putamen reported in Parkinson’s disease (Leen-
ders et al. 1986). The proportion of Alzheimer patients (60%) who were found
clinically to have extrapyramidal features is similar to previous observations
(Molsa et al. 1984; Mayeux et al. 1985; Chui et al. 1985); however, the clinical
features were those of rigidity without the bradykinesia which is a prominent
feature of Parkinson’s disease. Moreover, not only were there no clinical features
of bradykinesia but no symptoms such as difficulty arising from a chair on
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Table 1. Mean K, values for caudate and putamen for the normal subjects and the two patient
groups

K; caudate K; putamen

Mean SD “Mean SD
Normal 0.0104 0.0005 0.0112 0.0010
Non-rigid DAT 0.0119 0.0018 0.0109 0.0020
Rigid DAT 0.0119 0.0016 0.0097 0.0015

SD, standard deviation; DAT, dementia of Alzheimer type

turning over in bed were reported by the patient (Tyrrell and Rossor 1989a). The
rigidity was of the “cogwheeling” type, which was increased by contralateral
reinforcement; however, three patients were found to have non-cogwheeling
rigidity, which was unchanged by contralateral reinforcement but which altered
in response to the variations in force and amplitude of the applied stimulus. This
was considered to be more similar to the rigidity referred to as gegenhalten, which
might relate to upper limb dyspraxia rather than to extrapyramidal disease
(Tyrrell and Rossor 1988).

Focal Cortical Degenerations

Dementia is defined as cognitive impairment affecting multiple domains, but
within this global impairment focal neuropsychological deficits can be discerned
which show association with regional hypometabolism (Foster et al. 1983; Haxby
et al. 1985). Alzheimer’s disease may, however, present focally, for example with
dysphasia (Kirshner et al. 1984). In these patients a global dementia occurs rela-
tively early, but in some patients a focal neuropsychological deficit on the basis
of focal degeneration may persist for a long time before more widespread cogni-
tive impairment supervenes. The most widely recognized syndrome is that of
slowly progressive dysphasis due to left perisylvian atrophy (Mesulam 1982;
Poeck and Luzzati 1988). Patients with occipital atrophy presenting with visual
agnosia have also been described (Benson et al. 1988), but this may be an early
presentation of Alzheimer’s disease. We have examined the pattern of regional
cerebral oxygen metabolism using oxygen-15 in a variety of focal cortical degen-
erations.

Primary Progressive Dysphasia

We examined six patients with progressive dysphasia (age 44—73 years) with a
variable length of history from 2—6 years and with a variable severity of dys-
phasia (Tyrrell et al. 1989a). The least severely affected patient had a 4-year
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history of difficulty with remembering certain low frequency words and was
found to have an isolated naming deficit which was apparent only on the graded
difficulty naming test (McKenna and Warrington 1983), with satisfactory perfor-
mance of the Oldfield naming test. He had a verbal IQ score of 129, performance
IQ of 121 and a premorbid estimate on the National Adult Reading Test (NART)
of 121. The most severely affected patient was tested initially after a 1-year history
of language disturbance, when he was found to have a nominal dysphasia with a
verbal IQ of 85 and a performance IQ of 110. He suffered progressive deteriora-
tion in language function and, at the time of scanning, there was no meaningful
speech or comprehension, which included a failure to understand simple gestures.
Despite this profound language deficit he had been driving a car without getting
lost and carrying out domestic tasks. Moreover, although the language deficit
precluded formal neuropsychological testing, when he was finally able to under-
stand what was required he scored at the 70th percentile on the coleur matrices,
indicating that his non-verbal reasoning was relatively intact.

Oxygen-15 steady-state PET scans were used to obtain regional values for
CMRO,. All cases revealed left-right asymmetries in the temporal lobe, with a
maximal area of hypometabolism anteriorally in the superior temporal gyrus on
the left, with one single exception, in which the maximal area of hypometabolism
was found in the postfrontal gyrus on the left, adjacent to the Sylvian fissure. The
more severe cases had the more widespread areas of hypometabolism and, inter-
estingly, the most severe patient had widespread left hemisphere hypometabolism
and, in addition, a small area of hypometabolism in the anterior right temporal
lobe. These patients did not have the pattern of posterior biparietal hy-
pometabolism, and the less severe cases were similar to the two reported cases
which were scanned using [!®F]fluorodeoxyglucose (Chawluk et al. 1986).

The underlying histopathology in these cases is unknown. Some patients
presenting with dysphasia are found to have Alzheimer histopathology. Two
cases of primary progressive dysphasia which were followed to autopsy were
found to have a non-specific spongiform degeneration in the left temporal lobe
(Kirshner et al. 1987). Other cases may be focal presentations of Pick’s disease or
frontal lobe dementias (Gustafson 1987, Neary etal. 1988). Bifrontal hy-
pometabolism has been reported using ['®F]fluorodeoxyglucose scanning in a
case of Pick’s disease which correlated with the extent of gliosis at autopsy (Kamo
etal. 1987) but did not show the striking asymmetry found in these cases. A
pattern of reduced bifrontal cerebral blood flow has also been demonstrated by
single photon emission computer tomography using HMPAO (Neary et al. 1988).

The nature of the predilection for the left temporal lobe is unclear. The most
severe case in this series showed a small area of hypometabolism in the anterior
right temporal lobe. This raises the possibility of a pathogenic agent progressing
by reciprocal transcallosal connections. Alternatively, the anterior temporal lobes
may show regional selective vulnerability, but if so it is not clear why the left
temporal lobe should show greater vulnerability than the right. There are minor
neurochemical differences reported, such as in choline acetyltransferase activity
(Sorbi et al. 1984), and there are observed differences in cytoarchitectural detail.
Alternatively, the apparent predilection of the left temporal lobe may reflect the
clinical eloquence of lesions at this site. There have been no reported cases of
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selective right temporal lobe degeneration, although we have scanned one patient
who might represent such an example (Tyrrell et al. 1989b). A 79-year-old man
presented with a 12-year progressive history of prosopagnosia such that he was
unable to recognize members of his own family. He had a more recent history of
mild naming difficulty. He was found to have a verbal IQ of 117 and a perfor-
mance IQ of 101 on the Wechsler Adult Intelligence Scale. His performance was
satisfactory on a wide range of cognitive tests including verbal comprehension
and memory. However, his visuoperceptual and visual memory functions were
weak, scoring less than the 5th percentile on unusual views and recognition
memory of faces, despite adequate performance on shape discrimination and
detection. However, the most profound deficit was in his ability to recognize
familiar faces, although he was able to perform satisfactorily on the verbal version
of the task (Warrington and McCarthy 1988). The naming difficulty that the
patient experienced was confirmed with poor performance on the graded naming
task, despite adequate performance on the Oldfield picture naming test. PET
scanning with oxygen-15 revealed a marked reduction of oxygen metabolism in
the anterior right temporal lobe and a less severe area of hypometabolism in the
left anterior temporal lobe. Regional oxygen metabolism was normal in the
occipital, parietal and frontal cortices.

Patients with occipital lobe atrophy present with progressive visual impair-
ment resulting in cortical blindness (Benson et al. 1988). Two patients who have
been scanned revealed bilateral occipital hypometabolism (Tyrrell et al. 1989 b),
which projected forward into the posterior parietal and posterior temporal lobes,
showing greater similarity to the pattern found in Alzheimer’s disease (Frack-
owiak et al. 1982) than the more focal deficits found in patients with progressive
dysphasia.

Conclusion

Positron emission tomography with oxygen-15 has proven to be a powerful
technique for demonstrating regions of hypometabolism, and, thus, presumed
areas of cellular pathology, which may not be apparent on the structural images
obtained with magnetic resonance imaging and computer tomography scanning.
Alzheimer’s disease may present with a focal neuropsychological deficit but de-
mentia intervenes early; this is quite unlike the focal cortical degenerations, which
may have a history of a progressive neuropsychological deficit for more than
10 years before a global dementia intervenes. The areas of hypometabolism re-
flect the specificity of the neuropsychological deficit and raise intriguing ques-
tions of regional selective vulnerability within the cerebral cortex. These cases do
not show the posterior biparietal hypometabolism which is found in Alzheimer’s
disease, although the precise specificity and sensitivity of this pattern have still to
be determined in prospective autopsy studies. However, within the subgroups of
Alzheimer’s disease studied, biparietal hypometabolism remains a consistent fea-
ture. The development of ligands for exploring defined neurotransmitter systems
opens new avenues for the determination of selective vulnerability in Alzheimer’s
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disease. The preserved fluorodopa uptake in Alzheimer patients with and without
rigidity argues for extranigral factors in the pathophysiology of rigidity and
provides further evidence of the selective vulnerability, with sparing of the
dopamine system in the majority of patients. With the availability of further
ligands in the future, the associations made between focal neuropsychological
deficits and regional metabolism can be extended to the relationship of defined
neurotransmitter svstems within these areas to specific cognitive functions.
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Cortical Functional Impairment in Dementia
of the Alzheimer Type: Studies with Positron Emission
Tomography

J. C. Baron

The study of cortical function by positron emission tomography can be ap-~
proached by measuring local energy metabolism, blood flow, protein synthesis
rates and tissue pH (Baron 1986a). In addition, several functional parameters
related to neurotransmission are already available (e.g., studies of receptor func-
tion, dopamine reuptake sites [*®F]fluoro-L-DOPA presynaptic accumulation),
while others are still under investigation (e.g., choline uptake, activity of specific
enzymes). However, studies in dementia of the Alzheimer type (DAT) have until
now mainly concentrated on energy metabolism, because metabolic rates of glu-
cose or oxygen provide a reliable index of local synaptic activity. These studies
have opened up new concepts in the pathophysiology of cortical dysfunction in
DAT and, at the same time, have allowed a better differentiation in vivo among
the various types of senile dementia.

General Observations

In patients meeting the NINCDS criteria for probable dementia of the Alzheimer
type (DAT) and moderate-to-severe dementia, there is an overall reduction in
cortical energy metabolism (De Leon et al. 1983; Duara et al. 1986; Frackowiak
et al. 1981; McGeer et al. 1986a). Regionally, there is a consistent predominance
of this metabolic depression over the parieto-occipital associative cortex (Cutler
et al. 1985a, b; Duara et al. 1986; Foster et al. 1983, 1984; Frackowiak et al. 1981;
Friedland et al. 1983, 1985; Kuhl et al. 1983; McGeer et al. 1986b). The prefron-
tal cortex is relatively less affected, but the premotor cortex appears markedly
involved (Haxby et al. 1988). The primary sensory motor and visual cortices are
essentially spared metabolically. The medial temporal areas have been difficult to
study with positron emission tomography (PET) due to limited spatial resolution,
but recent studies using high-resolution devices have reported significant meta-
bolic reductions in these cortical areas, to a lesser extent, however, than corre-
sponding lateral temporal areas (Foster et al. 1988). Finally, the metabolic rates
of the basal ganglia, thalamus and cerebellum are essentially normal except in
advanced stages of DAT.

In autopsy-proven cases of Alzheimer’s disease (AD), the same pattern of
regional metabolic depression was present during life (McGeer et al. 1986b;
Haxby et al. 1988). In nine of ten such subjects studied by PET 9-70 months prior
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to death, Foster et al. (1989) reported an individually significant posterior tem-
poroparietal hypometabolic pattern; in one case, however, the prefrontal cortex
was the most hypometabolic cortical area.

These major metabolic changes in DAT have been characterized using age-
matched subjects as controls, indicating that a conspicuous distinction exists
between DAT and normal aging as revealed by metabolic PET studies. “Super-
normal” healthy aging is not associated with any change in brain glucose meta-
bolic rate, while in “normal” aging there is a mild diffuse reduction in cortical
metabolism which appears to slightly predominate in the frontal lobe (Kuhl et al.
1982; Baron 1988 a).

Statistically significant cortical metabolic asymmetries are frequently ob-
served in probable DAT, as compared to normal subjects in whom the metabolic
values are quite symmetrical in baseline conditions (Foster et al. 1983, 1984;
Friedland et al. 1985; Grady et al. 1986). These metabolic asymmetries in proba-
ble DAT are especially prominent over the posterior associative cortical areas as
well as in the prefrontal cortex. In ten autopsy-proven cases, Foster et al. (1989)
reported significant cortical metabolic asymmetries in four cases, with the right
hemisphere being more affected in three and the left in one. In 31 patients with
probable DAT, Loewenstein et al. (1989) reported a significantly greater propor-
tion of left-sided cortical glucose hypometabolism than in controls, particularly
in the frontal lobe; a similar left predominance of effects was seen in multi-infarct
dementia.

The left-right asymmetries in cortical energy metabolism in DAT have been
observed to linearly correlate in a positive way to thalamic, and in a negative way
to cerebellar, left-right metabolic ratios (Akiyama et al. 1989). These metabolic
changes in the ipsilateral thalamus and contralateral cerebellum that occur in
proportion to the depression of cortical metabolism have been interpreted as
remote (trans-synaptic) metabolic effects, according to the concept of diaschisis
(Baron 1987).

Time Course of Effects

Transversal studies of probable DAT have shown that the metabolic impairment
in the cortex tends to both spread and worsen as a function of dementia severity
(Cutler etal. 1985a; Duara et al. 1986; Haxby et al. 1987, 1988; Jagust et al.
1988). In mildly demented cases, the cortical hypometabolism is significant only
over the superior parietal cortex, while it is also present over the lateral temporal,
premotor and anterior occipital cortex in moderately demented cases, and over
the prefontal cortex in severely demented cases (Cutler et al. 1985a; Duara et al.
1986; Haxby et al. 1988). Of interest has been the study of early cases where the
functional impairment was so mild as to allow only a diagnosis of possible DAT.
In these patients, in whom the deficit was mainly confined to memory, a signifi-
cant parietal cortex hypometabolism was already present (Haxby et al. 1986,
1988; Kuhl et al. 1987) and was found to aggravate as DAT was longitudinally
confirmed, suggesting that parietal hypometabolism represents an early marker
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of the disease (Haxby et al. 1987). In moderately demented DAT cases, longitudi-
nal follow-up has demonstrated both an accentuation of the posterior metabolic
depression and a trend for reduction of initially present cortical metabolic asym-
metries that were correlated to the decline in intellectual functions (Cutler et al.
1985b; Grady et al. 1986; Haxby et al. 1987; Jagust et al. 1988)."

The posterior predominance of cortical hypometabolism typical of early cases
tends to disappear in moderately demented patients as premotor-prefrontal
metabolism deteriorates (Haxby et al. 1988). In advanced DAT cases, a pattern of
predominantly frontal hypometabolism has been reported (Benson et al. 1983;
Frackowiak et al. 1981; Metter et al. 1985). Except in the case of one such patient,
who was proven by postmortem study to have AD (Foster et al. 1989), neu-
ropathological diagnosis has been lacking.

Clinical Subtypes

Only two studies have compared presenile to senile DAT. Koss et al. (1985) report-
ed a predominantly left parietal hypometabolism in presenile DAT, whereas it
predominated over the right side in senile cases. Grady et al. (1987), who ade-
quately matched their patients for both duration and severity of dementia, ob-
served that the parietal posterior hypometabolic pattern typical of DAT was
significantly more apparent in presenile than in senile cases.

The brain metabolic pattern typical of sporadic cases of probable DAT has
been reproduced in studies of familial AD, indicating a lack of differential meta-
bolic impairment between these two clinical categories (Polinsky et al. 1987;
Hoffmann et al. 1989). In one patient with Down’s syndrome and autopsy-prov-
en AD, Schapiro etal. (1988) similarly reported a pattern of brain hy-
pometabolism typical of DAT.

Correlations with Neuropsychological Impairment

This topic is the subject of a specific chapter in this volume by Haxby et al. The
data can be summarized in the following way. Whether by selecting DAT patients
with clearly lateralized neuropsychological impairment, or by comparing in non-
selected DAT cases the left-right cortical metabolic asymmetries to the “pattern”
of neuropsychological impairment (assessed by designing left-right indexes such
as verbal-versus-visuospatial neuropsychological scores), investigators have con-
sistently reported highly significant correlations between metabolic changes in the
cortex and cognitive impairment. Hence, the posterior associative cortex hy-
pometabolism is associated with a predominance of the neuropsychological im-
pairment in the verbal tasks when it affects, the left (dominant) hemisphere more,
and in the visuospatial tasks when it affects the right hemisphere more (Foster
etal. 1983, 1986; Grady et al. 1986; Haxby et al. 1985, 1986). In patients with
predominant memory impairment, the cortical metabolic impairment is essential-
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ly symmetrical (Foster et al. 1983). In pure amnesia cases, however, an asymmet-
ric posterior parietal hypometabolism has been reported, which lacked any de-
tectable neocortical neuropsychological counterpart; at follow-up, however,
these cases proved to develop DAT with now correspondingly lateralized neu-
ropsychologic deficit, indicating that the metabolic impairment actually preceded
the related clinical manifestation (Haxby et al. 1986, 1987). Initial accounts on
medial temporal cortex metabolism measured by high-resolution PET in DAT
have appeared (Foster et al. 1988); they indicate less impairment than in the
lateral temporal cortex, but correlations with memory task performance are still
lacking. Metabolic asymmetries in the prefontal cortex appear to correlate with
a neuropsychological left-right index similar to those in the parietal cortex
(Haxby et al. 1986). However, anteroposterior metabolic ratios, such as parietal/
premotor or parietal/prefontal, have been found to correlate significantly with
verbal-visual over attention-fluency ratio indexes (Haxby et al. 1988). Obviously,
a lot of work remains to be done in this area with respect to the resting pattern
of brain metabolism, while the more difficult study of the metabolic responses to
cognitive tasks in DAT has only recently been tackled (Miller et al. 1987).

Clinical Diagnostic Implications

The consistency in the brain metabolic pattern seen in DAT suggests PET
(or SPECT) imaging of cerebral blood flow, a parameter coupled to energy
metabolism in DAT (Frackowiak et al. 1981; Duara et al. 1989), could be used to
help diagnose DAT in the clinic. However, the patients investigated so far by PET
have been part of research protocols, which include only that small proportion of
demented patients who meet the research criteria for DAT. Ideally, sensitivity and
specificity studies of metabolic brain imaging for the diagnosis of DAT should
enroll, in separate trials, early, mid-stage, and end-stage demented patients pre-
senting consecutively to the clinic and should theoretically include final neu-
ropathologic diagnostic classifications such as AD, MID, mixed AD-MID, and
Pick’s disease. In such trials, it is the individual diagnostic value of PET that will
have to be determined. These types of trials will also help retrospectively establish
“atypical” patterns of brain metabolism in autopsy-confirmed AD in a search for
disease subtypes or variants (Foster et al. 1989). Finally, specific prospective
studies comparing “pseudo-dementia” due to depression to probable DAT are
warranted (Kuhl et al. 1983). To date, however, the typical pattern of predomi-
nantly posterior parietal hypometabolism has only been reported in demented
patients with Parkinson’s disease (Kuhl et al. 1985), in whom an association with
authentic AD is likely. Highly focal hypometabolism in right parietal and left
temporal cortex has been reported in still unclassified patients with left arm
impairment and constructive apraxia (Bolgert et al. 1989) or isolated progressive
aphasia (Chawluk et al. 1986a; Tyrrell et al. 1989), respectively.
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Pathophysiologic Considerations

Since the metabolic pattern of individual DAT patients is remarkably repro-
ducible over time (Grady et al. 1986; Jagust et al. 1988), the inference is that it
must reflect a permanent impairment of the neuronal circuits involved, which
could reflect either neuronal death per se, or a neuronal dysfunction (e.g., as a
result of ““deactivation” or disconnection), or both. Three major facts favor the
neuronal loss hypothesis: (1) cortical atrophy, which is significantly increased in
DAT relative to aged controls (Creasy et al., this volume) if taken into account in
the PET procedure, would account for part of the hypometabolic pattern seen
(Chawluk et al. 1986b; Herscovitch et al. 1986); (2) the distribution of the hy-
pometabolic pattern typical of early DAT is roughly superimposable on that
noted postmortem for neurofibrillary tangles (Brun and Englund 1986); and (3)
this pattern is also similar to that of the decrease in cortical somatostatin seen
postmortem (Tamminga et al. 1987; Procter et al. 1988). Hence, the PET proce-
dure would provide in vivo a mapping of the neuronal lesions in the cortex that
could be used as a useful index in the long-term assessment of putative therapy.

However, the above facts should be qualified. For example, detailed PET-neu-
ropathology confrontations have been reported for only two cases (McGeer et al.
1986 b; Schapiro et al. 1988), and the posterior association cortex is also the site
of maximum decreases in the enzyme choline acetyltransferase (ChAT) (Procter
et al. 1988), which is a marker of basalocortical cholinergic terminals. Also, the
frequent metabolic involvement of the premotor and prefrontal cortex in DAT
seems out of proportion to the cortical neuropathology usually observed there.
Hence, a contribution of neuronal deactivation disconnection in the cortical
metabolic impairment observed by PET should be considered seriously. Such a
hypothesis would imply that the dysfunctional cortical neurons would still re-
spond to treatment aimed at restoring transmission within, or enhancing adaptive
mechanisms of, deafferented fields (by means of, e.g., transmitter precursors,
grafting, growth factors). Mechanisms for these effects would entail dysfunction
of (1) intrinsic or corticocortical circuits; (2) corticosubcorticocortical loops; and
(3) subcorticocortical projection systems (Fig. 1). Evidence for the last two mech-
anisms is available. Hence, it has been clearly shown that in patients with DAT
the cortical metabolic asymmetries are significantly correlated to similar basal-
ganglia-thalamus, and to reverse cerebellar asymmetries, according to the con-
cept of (slowly evolving) diaschisis (Akiyama et al. 1989). A transneuronally
mediated effect through the corticostriatopallidothalamocortical loop could then
secondarily aggravate the cortical dysfunction. Hypometabolism of the cerebral
cortex, associated to behavioral impairment, has been clearly demonstrated in
lesions of the striatum, the pallidum and the thalamus (Metter et al. 1986;
Laplane et al. 1989; Baron et al. 1986 b; Levasseur et al. 1989). In addition, the
usually minor direct neuronal lesions in these latter structures may be prominent
in subtypes of AD. With respect to the subcorticocortical projecting systems,
lesions of the nucleus basalis of Meynert (NbM), the raphé system and the locus
coeruleus (LC) are essentially constant in AD. The role of the cholinergic input
in the functional activity of the cerebral cortex is well known from electrophysi-
ological, pharmacological and behavioral studies. Cholinergic enhancers (e.g.,
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Fig. 1. Potentially disconnected circuits in AD leading to deafferentiation of cortical neurons:
1, intrinsic cortical neurons; 2, corticocortical systems; 3, corticostriatopallidothalamocortical
loop; 4, corticopontocerebellar pathway; 5, corticothalamic fibers; 6, subcorticocortical ascend-
ing systems; 7, thalamic afferents from cholinergic 5-HT and norepinephrine system

muscarinic agonists, acetylcholinesterase blockers) increase, and muscarinic
antagonists decrease, cortical glucose utilization in animals (Baron 1988 b). Uni-
lateral lesions of the NbM or its equivalent in rats and baboons induce a marked
ipsilateral depression of cortical glucose use (London et al. 1984; Orzi et al. 1986;
Kiyosawa et al. 1987, 1989). These facts constitute strong evidence for a role of
the NbM lesions in the cortical hypometabolism of DAT and put a case in favor
of cholinergic enhancers in DAT, while additional effects could proceed through
the basalothalamic cholinergic pathway. A disturbing factor in this hypothesis
comes from the consistent observation, made both in rats and in baboons, of an
effective metabolic recovery despite persisting deficit in cortical ChAT activity
(Kiyosawa et al. 1989). It remains possible, however, that such an efficient pro-
cess of adaptation to cholinergic deafferentation — be it presynaptic, postsynaptic
or even transneuronal — could be absent in bilaterally lesioned, aged animals or
in combined NbM-raphe-LC lesioned animals, all situations that would more
closely mimic the human disease.

Finally, periventricular white matter lesions of an apparently vascular nature
have been reported postmortem in AD (Englund et al. 1988). These lesions could
further disconnect the overlying cortical regions from afferents of the kinds dis-
cussed above and hence result in accentuated hypometabolism (Baron 1990).
Although no specific study of this issue has appeared yet, the available PET
literature on leuko-araiosis (Delpla et al. 1989) and experimental corpus callosum
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section in baboons (Yamaguchi et al. 1989) indicates that this is a hypothesis
worthy of consideration.
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Summary

Alzheimer’s disease is associated with reductions of regional cerebral blood flow
and metabolism. Since the development of the '**Xe inhalation technique for
tomographic measurements of regional cerebral blood flow, single photon emis-
sion computer tomography (SPECT) of the brain has played an important role
in the study of dementia disorders. Recently, hexamethyl-propylene-amine-oxime
(d,I-HMPAO) for labeling with °°™Tc was developed as a tracer for regional blood
flow distribution studies by SPECT.

In an angoing study of [**"Tc]HMPAO SPECT in dementia and normal
aging, 18 patients fulfilled the clinical criteria for “probable Alzheimer’s disease.”
In 17 patients the regional cerebral blood flow pattern was rated as abnormal by
visual inspection. In eight patients regional cerebral blood flow was reduced
primarily in posterior temporoparietal regions. In four patients regional cerebral
blood flow was reduced primarily in the frontal lobe, although often with some
temporal lobe involvement, and in five patients frontal and posterior areas were
equally affected. These changes were not associated with any focal parenchymal
changes in the X-ray computer tomography (CT) scans. The diverse localizations
of regional cerebral blood flow reductions were in good agreement with the
clinical symptoms, and may reflect different subgroups or stages of Alzheimer’s
disease.

Brain imaging with SPECT provides functional information correlative to
neuropsychological data and may be helpful in evaluating treatment effects and
prognosis. However, only studies with repeated evaluations of patients until
neuropathological confirmation of.the diagnosis will reveal the exact diagnostic
and prognostic value of SPECT in Alzheimer’s disease.

Introduction

Alzheimer’s disease is associated with reductions of regional cerebral blood flow
and metabolism. Tomographic measurements of regional cerebral blood flow
with single photon emission computer tomography (SPECT) were first made
possible by the 33Xe inhalation technique (Celsis et al. 1981; Stokely et al. 1980).
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This method facilitates repetitive quantitative studies and, hence, vasoactive
stress tests, which in some patients may contribute important information for the
differential diagnosis of dementia. However, the technique requires special
SPECT equipment and is associated with some drawbacks, such as artifacts due
to the high concentration of '33Xe in the nasal airways and a low resolution,
which to some extent limit its use in the regional mapping of dementia disorders.
New °°™Tc-labeled tracers, which are trapped in the brain as a function of the
blood flow, have been designed for SPECT. Hexamethyl-propylene-amine-oxime
(d,-HMPAO) for labeling with °°™Tc is one such new radiopharmaceutical intro-
duced as a tracer for cerebral blood flow (Neirinckx et al. 1987; Andersen et al.
1988). In the brain it is rapidly converted to a hydrophilic form which is retained
for several hours. The steady-state distribution in the brain is almost proportional
to regional cerebral blood flow. Therefore, imaging of tracer uptake in the brain
may be performed using a conventional rotating gamma camera, and with a
dedicated SPECT camera a very high resolution is attained. Thus, although no
follow-up studies have been performed, [**"Tc]JHMPAO SPECT could play a
widespread and important role in the routine differential diagnosis of dementia,
and in the subgrouping and prognostic rating of patients with Alzheimer’s dis-
ease.

This paper discusses the use of SPECT as a functional neuroimaging tech-
nique in relation to dementia of the Alzheimer type. A preliminary report on
patterns of regional cerebral blood flow abnormalities in a group of 18 patients
with probable Alzheimer’s disease is included.

Patients

Eighteen patients with dementia of the Alzheimer type, according to the NINCDS-
ADRDA criteria (McKhann et al. 1984) for “probable Alzheimer’s disease,”
were studied. The median age was 70 years (range, 58—83 years), and the median
duration of disease was 3 years (range, 0.5—10 years). All patients underwent an
extensive study program — including at least one interview of the patient and
relatives, neurological examination, neuropsychological tests, laboratory tests,
and a computer tomography (CT) scan — to exclude other possible causes of
dementia. The CT scans were all normal, except for atrophy. The severity of
dementia was graded by the Mini-Mental-State (Folstein et al. 1975), which has
a maximum score of 30. The median Mini-Mental-State score was 16 (range,
3-27). Informed consent to participate in the study, which was approved by the
local ethical committee, was obtained from the patient and a close relative.

Methods

One vial with unlabeled d,-HMPAO (Ceretec) was mixed with fresh eluent from
a *™Tc generator in daily use. A 10-ml bolus with 1.1 GBq [**™Tc]-d,-HMPAO
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CTC-99M1-HMPAD

Fig. 1. [**"TcJHMPAO images 5cm above the orbitomeatal plane in a 78-year-old healthy
volunteer (left) and in a 74-year-old patient with Alzheimer’s disease (right). The color scale
indicates relative flow units (with the cerebellum as reference region) as explained in the text. The
left hemisphere is shown zo the left, frontal lobe is at the top. In the healthy volunteer, note the
fairly symmetrical pattern with low subcortical regional cerebral blood flow, due to some central
atrophy, surrounded by cortical areas with symmetrically high regional cerebral blood flow. The
patient with Alzheimer’s disease presented with visual agnosia and memory loss. Regional
cerebral blood flow was reduced primarily in posterior temporal (and occipital) regions

was injected intravenously during rest shortly after reconstituting the vial, and
approximately 15 min before acquisition of data. Regional cerebral uptake of the
tracer was measured by the Tomomatic 64, a rapidly rotating and highly sensitive
instrument for SPECT of the brain, described in detail previously (Stokeley et al.
1980). With a high-resolution collimator the resolution in the plane (and the slice
thickness) is 10 mm (full width at half maximum, FWHM). Three slices are
obtained simultaneously in each study and, by repositioning the patient, a total
of nine consecutive slices covering the whole brain may be obtained in parallel to
the orbitomeatal plane during three studies. The acquisition time was 20—30 min
in each study. Quantification of regional cerebral blood flow relative to mean
regional cerebral blood flow in the cerebellum was carried out using the algorithm
of Lassen et al. (1988). This algorithm corrects for the contrast-reducing effect of
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a preferential back-diffusion of tracer from high flow regions over the first 2 min.
The validity of this correction procedure, as compared to measurement of region-
al cerebral blood flow using !**Xe, has been demonstrated previously by An-
dersen et al. (1988) and also in dementia studies (Waldemar et al. 1988). The
regional cerebral blood flow tomograms were blinded and analyzed visually to-
gether with tomograms from healthy controls.

Results

In 17 patients the regional cerebral blood flow pattern was sufficiently abnormal
to be distinguished from a normal pattern (Fig. 1) by visual inspection alone. In
one patient the regional cerebral blood flow image was considered normal for the
patient’s age. In eight patients regional cerebral blood flow was reduced primarily
in posterior temporoparietal regions, and in four patients regional cerebral blood
flow was reduced primarily in the frontal lobe, although often with some tempo-
ral lobe involvement. In five patients frontal and posterior areas were equally
affected. The localizations of regional cerebral blood flow reductions were in
good agreement with the clinical symptoms.

Discussion

The in vivo differential diagnosis of the two major causes of dementia — dementia
of the Alzheimer type and vascular or multi-infarct dementia — is based on clinical
criteria. Although these criteria are still being improved as new validating neu-
ropathological data are obtained, they are still insufficient and overlapping. In
research studies, continuing recognition of the assumptions made in the clinical
diagnosis of these diseases is important, especially as drugs for possible treatment
are becoming available. The methodological difficulties in studies of drug effects
in Alzheimer’s disease, when based on clinical and psychological evaluations
only, are well recognized. Therefore, there is a great need for paraclinical corre-
lates to the reduced cognitive functions in Alzheimer’s disease. Such correlates,
whether diagnostic for the disease or not, should be easy to measure and sensitive
to functional changes in the course of the disease. One important paraclinical
correlate to brain function in Alzheimer’s disease is regional cerebral blood flow.
As seen in the present group of patients, Alzheimer’s disease most often is asso-
ciated with bilateral reductions of regional cerebral blood flow and metabolism
in the temporoparietal regions, although often with asymmetric appearance.
These changes are not associated with any focal parenchymal changes in the
X-ray CT scans. '

The application of structural neuroimaging techniques, i.e., conventional X-
ray CT and/or magnetic resonance imaging, is necessary in the primary differen-
tial diagnosis of the dementia disorders. They may identify small infarcts or white
matter disease as the cause of dementia. In the diagnosis of Alzheimer’s disease
they serve primarily as tools for eliminating other possible (and maybe treatable)
causes for the dementia syndrome in each particular patient.
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The development of high sensitivity SPECT of inhaled !33Xe (Celsis et al.
1981; Stokely et al. 1980) has increased our understanding of the pathophysiology
of cerebrovascular diseases and of global and major regional blood flow changes
during normal and abnormal aging of the brain. This method allows for three-di-
mensional measurement of the uptake and washout of !33Xe from the brain and
calculation of regional cerebral blood flow in horizontal slices of the brain. The
resolution of this system is 1.5—1.7 cm (FWHM) in the plane with a slice thick-
ness of 2.0 cm. In cases of acute stroke, low-flow areas corresponding to the
clinical symptoms are readily seen, and the low flow areas often exceed the areas
of complete infarction. The application of the vasoactive stress test, e.g., injection
of acetazolamide, provides important additional information on the vascular
condition of the tissue in the low flow area (Vorstrup et al. 1986). In dementia this
could help identify “vascular” flow defects in areas without complete infarction.
In the present group of patients, the result of the acetazolamide stress tests with
the '33Xe inhalation technique did not point to a vascular cause for the reduced
regional cerebral blood flow (data not presented). In general !33Xe inhalation
tomography is easy, repeatable and quantitative, but not compatible with all
SPECT instruments.

Over the past few years new radiopharmaceuticals, which are retained in the
brain and thus can be used for the study of brain tissue perfusion with static
SPECT imaging, have been developed. These compounds are labeled with a
suitable isotope and injected intravenously prior to the imaging procedure, which
may be performed using a conventional rotating gamma camera, or a dedicated
brain SPECT system as the one described above, giving a higher resolution.
Isopropyl-iodoamphetamine labeled with 231 was the first compound to be used
for static SPECT studies in dementia (Derouesne et al. 1985; Jagust et al. 1987).
This method, however, has serious drawbacks owing to early redistribution to
low-flow areas, unfavorable dosimetry and high cost.

The compound [*°™Tc]-d,-HMPAO was recently developed as a better
““chemical microsphere” for regional blood flow distribution studies by SPECT
(Neirinckx et al. 1987). With the brain-dedicated SPECT system, as described
above, this compound provides a much higher resolution in the plane (10 mm,
FWHM).

The results of the first clinical studies with this tracer in dementia have indicat-
ed that a bilaterally reduced uptake in the posterior temporoparietal regions is a
striking feature of Alzheimer’s disease (Gemmell et al. 1987; Neary et al. 1987;
Burns et al. 1989), sufficient to discriminate Alzheimer’s disease from multi-in-
farct dementia (Gemmell et al. 1987). In our experience, however, the results are
variable, with occasional flow reductions in the frontal areas as well. This could
be due to inclusion of patients fulfilling the Alzheimer’s disease criteria, but with
possible frontal lobe degeneration of non-Alzheimer type, or it may simply reflect
different subgroups of Alzheimer’s disease with different primary localizations of
the same disease process. In addition, multi-infarct dementia, or vascular demen-
tia, may be associated with several focal abnormalities, often with areas larger
than those of the CT changes. In some cases these changes may be symmetric and
bilateral as in Alzheimer’s disease, leaving the differential diagnosis more diffi-
cult.
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In conclusion, SPECT of the brain has added a new dimension to our knowl-
edge of the dementia disorders. It provides functional information correlative to
neuropsychological data, and may be helpful in evaluating treatment effects and
prognosis. However, only studies with repeated evaluations of patients until
neuropathological confirmation of the diagnosis will reveal the exact diagnostic
and prognostic value of SPECT in Alzheimer’s disease.
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Hemodynamic Subtypes of Dementia of the Alzheimer
Type: Clinical and Neuropsychological Characteristics

P. Celsis, A. Agniel, M. Puel, J.F. Démonet, A. Rascol,
and J. P. Marc-Vergnes

Summary

We studied 91 consecutive patients with probable Alzheimer’s disease. From the
cerebral blood flow (CBF) measurements obtained by single photon emission
computer tomography (SPECT), three normalized indexes of asymmetry (Z-
scores) were calculated for characterizing the patient’s CBF pattern. Differences
in the clinical and neuropsychological profiles of the hemodynamic subtypes thus
defined were assessed. Twenty-nine patients presented with predominant posteri-
or hypoperfusion, and ten with predominant anterior hypoperfusion. Forty-five
patients exhibited a significant lateral asymmetry, 31 with preponderant left
hemisphere defect and 14 with predominant right hypoperfusion. Thirteen pa-
tients demonstrated a particularly striking hypoperfusion of the deep subcortical
regions but cortical CBF was not lower than that of controls. Nineteen patients
presented with weak asymmetry, focal deficit or even normal pattern and were
classified as borderline. Eighteen of the 28 patients examined twice did not modify
their CBF pattern at second assessment; most of the 10 who did change had been
ascribed first in the borderline, “buffer” group. Significant differences were ob-
served in some of the clinical and neuropsychological features of subgroups. The
posterior group showed higher global severity, higher right impairment and
higher instrumental and memory deficits. In the anterior subgroup, left hemi-
sphere impairment was severe and psychiatric disorders were more marked. In the
subgroup with lateral asymmetry, there was a strong correlation between the CBF
pattern and the side of predominant cognitive impairment. Age-of-onset was
significantly higher in the subgroup with subcortical hypoperfusion, but the dura-
tion of disease did not differ; instrumental deficit was less pronounced but mem-
ory troubles were no less severe. In the borderline subgroup, age-of-onset was
lower and dementia was far less severe, especially with regards to the instrumental
deficit. Thus, a hemodynamic subtyping appears useful in assessing the hetero-
geneity of senile dementia of the Alzheimer type, all the more so as there is
increasing evidence of the absolute necessity of integrating the model of hetero-
geneity regardless of the aim of the study.
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Introduction

Most of the first studies on cerebral metabolism or blood flow in Alzheimer’s
disease using positron emission tomography (PET) pointed to bilateral, pari-
etotemporal defects, which thus came to be considered the ““classical”’ pattern of
the disease (Frackowiak et al. 1981; Friedland et al. 1983; Foster et al. 1984;
Cutler et al. 1985; Duara et al. 1986). Yet, in our experience, the existence of
clearly different patterns became obvious soon after we proceeded to the first
assessments of regional cerebral blood flow (CBF) in patients with clinically
diagnosed dementia of the Alzheimer type (DAT). However, as flow abnormali-
ties seemed to cluster in a limited number of consistent subtypes, we decided to
assess the CBF profiles in a large series of almost 100 right-handed patients, and
to study their relationships with some clinical and neuropsychological features.
At the root of our work is the idea that, in the framework-of the model of
heterogeneity that is now largely accepted for DAT (Friedland et al. 1988; Riege
and Metter 1988; Kaszniak 1988; Haxby et al. 1988), identifying hemodynamic
subtypes with distinct clinical and neuropsychological profiles may help to im-
prove our knowledge of the obviously complex dementing processes labeled as
“dementia of the Alzheimer type.”

Material and Methods

Patients

Out of a series of 114 consecutive patients referred to the Department of Neurol-
ogy for presumptive Primary Degenerative Dementia (PDD) within a 4-year
period, we retained 91 patients who met the DSM III criteria for PDD and the
NINCDS-ADRDA criteria for probable Alzheimer’s disease. Their Hachinski’s
ischemic scores were 4 or lower and none of the patients demonstrated a focal
brain abnormality on computed tomography (CT) scan. In all cases, folic acid
deficiency, hypothyroidism, tertiary neurosyphilis, pernicious anemia and alco-
hol abuse were ruled out. Table 1 gives the sex ratio, the mean and range of age,
age-of-onset and duration of disease in our series of patients.

Controls

Thirty age-matched, normal volunteers were studied as controls (Table 1). They
had a normal neurological examination, no history of cerebral vascular or psychi-
atric disease and a normal CT scan.

Informed consent was obtained from patients or their relatives and from
volunteers.
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Table 1. Sex ratio, age, age of onset and duration of disease in
the groups of subjects

Patients Controls
N=91 N=30

Male Female Mean Female
36 55 15 15

Mean Range Mean Range

Age 68.3 52-87 62.7 52-75
Age-at-onset 65 50-84

Duration 31 1-11

Methods

Regional CBF was measured by SPECT and intravenous injection of xenon-133
in three transverse slices parallel and centered 1, 5 and 9 cm above the orbito-
meatal plane. Quantitation of CBF was obtained using an algorithm previously
described (Celsis et al. 1981). Large regions of interest were defined in the OM + 5
slice according to predefined templates (Fig. 1).

From the flow values obtained in the ROIs, normalized indexes of asymmetry
were calculated according to the following formula: I4=(4—mA)/sA with
A=2(F,—F,)/(F,+F,), where mA and sA are the mean and standard deviation
of the weighted difference between the mean flows F, and F, observed in normals,
in two selected regions or group of regions. Thus, these indexes are Z-scores
expressed in units of control standard deviation.

By varying the selected regions, we obtained an index of anterior-posterior
asymmetry (F, =F, and F,= TP in both hemispheres; Fig. 1), of lateral asymme-
try (F,=right hemisphere, F,= left hemisphere) and of cortical-subcortical
asymmetry (Fy=F+I+ TP and F,=ASC+ PSC for both sides; Fig. 1).

Fig. 1. Regions of interest in the
OM + 5 cm slice: F, frontal; 7, in-
sular; TP, temporoparietal; ASC,
anterior subcortical; PSC, poste-
rior subcortical
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Asymmetries were considered significant when the index absolute value was
higher than 2, with the site of the predominant hypoperfusion being determined
according to the index sign.

Neuropsychological Evaluation

Extensive neuropsychological testing was administered to each patient to assess
the cognitive deficit and the psychiatric disorders. Some subtests were varied
according to the patient’s mental status. Cortical functions were evaluated using
the protocol MT 85 for language capacities, PEGYV and Benton facial recognition
test for visual gnosic activities, and Rey-Osterrieth complex figure, Bender gestalt
test and WAIS block design subtest for constructive practical abilities. Memory
troubles were assessed using the Wechsler memory scale, Benton visual retention
test and 144 memory battery scale. Intellectual and operative abilities were eval-
uated through the WAIS arithmetic subtest and Raven progressive matrices. The
Mini-Mental Score (MMS) was also used as an index of global severity [for
references on neuropsychological tests, see Celsis et al. (1987)].

The existence and severity of psychiatric disorders were recorded from infor-
mation obtained from the patient and/or provided by caregivers and derived from
interviews and/or direct observation of behavior during hospitalization and/or
from the evaluation of personality and behavioral changes through standardized
scales such as the Hamilton Rating Scale for depression (Hamilton 1960) and the
Blessed Dementia Scale (Blessed et al. 1968).

From the bulk of neuropsychological data thus obtained, the severity of the
instrumental deficit (language, practical and gnosic activites) of the left and right
hemisphere dysfunction (i.e., mainly language versus visuospatial deficit), of the
memory impairment and of the psychiatric disorders was scored from 0 (absence)
to 10 (extremely severe) by two trained, independent neuropsychologists blind to
the flow data. Averaging the two scores provided five values that characterized
the patient’s neuropsychological status.

Results

Table 2 shows the number of patients in different subgroups defined according to
the value of the indexes of hemodynamic asymmetry. It should be pointed out
that the anterior, posterior and deep groups are mutually exclusive, as are obvi-
ously the left and right ones. However, anterior-posterior and cortical-subcortical
asymmetries can be associated with a lateral asymmetry.

Twenty-nine patients, i.e., only 32%, showed a predominant hypoperfusion in
the posterior association cortices. In 16 of them, there was no noticeable inter-
hemispheric asymmetry. Figure 2 shows the flow map of one of these patients,
which corresponds to the classical defects commonly described in DAT patients.
In six patients, the posterior deficit largely predominated in the left hemisphere,
involving a lateral asymmetry, such as for the patient shown in Fig. 3. In seven
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Table 2. Sample size of the hemodynamic subtypes

Anterior (n=10)
5 3 2
Left Deep (n=13) Right
(n=31) | 16 4 8 1 4 (n=14)
6 16 7
Posterior (n=29)

Borderline (n=19), Weak asymmetry (n=12), Focal (n=3),
Normal pattern (n=4)

cases, the posterior abnormality largely predominated in the right posterior cor-
tex, as in Fig. 4.

Conversely, ten patients presented with predominant anterior hypoperfusion,
showing a flow pattern such as that in Fig. 5. In half of the patients of this group,
prominent left anterior hypoperfusion was observed, as in Fig. 6.

The third subtype we characterized by the flow pattern which corresponds to
a group of 13 patients with preponderant deep, subcortical hypoperfusion, with-
out any obvious defect in the cortical areas. Figure 7 shows an image of the flow
pattern observed in one of these patients.

Sixteen patients had no anterior-posterior or cortical-subcortical asymmetry,
but they showed a preponderant hypoperfusion of the left hemisphere, as in the
case in Fig. 8.

Similarly, four patients showed a predominant right hypoperfusion not asso-
ciated with another striking asymmetry, as can be observed for the patient shown
in Fig. 9.

Finally, 19 patients did not meet our quantitative criteria for hemodynamic
asymmetry. Since most of them presented with a weak asymmetry (index absolute
value lower than 2) or with a focal defect such as those we described previously
that were associated with a selective cognitive deficit (Celsis et al. 1987), we called
this group “‘borderline.” However, four patients of this group did exhibit a flow
distribution that could not be distinguished from that of normal subjects, as in the
patient shown in Fig. 10, who was still undoubtedly demented at the date of
examination, with a MMS score equal to 17 4 years after onset.

Lastly, it is noteworthy that half of the patients demonstrated marked inter-
hemispheric asymmetry, with the hypoperfusion predominating in the left hemi-
sphere in two-thirds of the cases (31 versus only 14 for right hemisphere).

The temporal stability of our hemodynamic patterns proved to be good for
the definite subtypes, as were the metabolic patterns of the patients studied by
Grady et al. (1986). Indeed, the first results of a longitudinal survey still in pro-
gress indicate that, for 18 of the 28 patients who were examined at least twice,
there was no change in subgrouping. Figure 11 shows, for example, the successive
flow maps of a patient of the posterior group, demonstrating the consistency of
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the flow pattern within a 3-year period. By contrast, seven of the ten patients who
changed were first ascribed to the “borderline” subtype. This subtype thus ap-
pears as a buffer, from which patients will distribute into definite groups with
progression of the disease and worsening of flow defects, as was seen in one
patient who moved from focal, borderline abnormality (Fig. 12) to clear-cut,
whole left hemisphere hypoperfusion (Fig. 13).

The hemodynamic subtypes we have defined above were found to present
some differences in their clinical and neuropsychological profiles.

First, there were significant relationships between cognitive and hemodynam-
ic lateral asymmetries. As shown in Table 3, left hemisphere predominant hypo-
perfusion was associated with more severe left hemisphere dysfunction, and,
conversely, preponderant right hypoperfusion was accompanied by marked right
cognitive dysfunction. Moreover, the correlation between the difference in left-
right dysfunction and the index of lateral hemodynamic asymmetry was highly
significant (Table 3). These results are in agreement with those previously report-
ed by authors using PET (Friedland et al. 1985; Haxby et al. 1985).

Table 4 gives the sex ratio, mean age-of-onset and mean duration of disease
in the posterior, anterior, deep and borderline subgroups. The deep subtype
mainly includes females (11 of 13). Mean age-at-onset is significantly higher in

Table 3. Relations between cognitive and hemodynamic lateral
asymmetries. Correlation between cognitive lateral asymmetry
(left hemisphere dysfunction score — right hemisphere dysfunc-
tion score) and the index of hemodynamic lateral asymmetry:
r=0.59, df=89, p<0.0001

Cognitive Side of preponderant hypoperfusion
dysfunction score

Left No asym- Right
metry
(n=31) (n=46) (n=14)

Left hemisphere 4.5 31 34 p<0.05
Right hemisphere 3.0 3.2 4.9 12<0.05

Table 4. Clinical data and mean CBF in hemodynamic subtypes

Posterior Anterior Deep Borderline
(n=29) (n=10) (n=13) (n=19)

Sex ratio (M/F) 17/12 3/7 2/11 5/14

Age-at-onset 63 67.5 1.3 61.4 p<0.05
Duration (years) 3.6 1.8 2.6 3.1

Mean CBF 45.9 48.2 56.1 47.5 p<0.05

(ml/100 g per minute)




Hemodynamic Subtypes of Dementia of the Alzheimer Type

Fig. 2. Flow map (ml/100 g
per minute, OM + 5) of a
patient with the classical
pattern of Alzheimer’s dis-
ease, i.e., a bilateral poste-
rior hypoperfusion

Fig. 3. Flow map (ml/100 g
per minute, OM +5) of a
patient with left posterior
hypoperfusion

Fig. 4. Flow map (ml/100 g
per minute, OM + 5) of a
patient with right posterior
hypoperfusion
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Fig. 5. Flow map (ml/100 g
per minute, OM +5) of a
patient with bilateral ante-
rior hypoperfusion

Fig. 6. Flow map (ml/100 g
per minute, OM +5) of a
patient with left anterior
hypoperfusion

Fig. 7. Flow map (ml/100 g
per minute, OM +5) of a
patient with deep, subcorti-
cal hypoperfusion
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Fig. 8. Flow map (ml/100 g
per minute, OM +5) of a
patient with predominant
hypoperfusion of the whole
left hemisphere
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Fig. 9. Flow map (ml/100 g
per minute, OM+5) of a
patient with predominant
hypoperfusion of the whole
right hemisphere
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Fig. 11. Successive flow
maps obtained in a patient
of the posterior group
within a period of three
years, showing the tempo-
ral stability of the pattern.
Top row, absolute flow val-
ues; bottom row, pixel to
mean slice values
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Fig. 12. Flow map (ml/
100 g per minute, OM +5)
of a patient with focal, left
anterior hypoperfusion
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of the same patient as in
Fig. 12 (color scale un-
changed), showing the pro-
gression of the flow defect
22 months after the first
measurement
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this subgroup, and these patients have late-onset dementia. Duration of disease
does not differ significantly between groups, although it tends to be shorter in the
anterior group.

It is also interesting to note that mean CBF in the deep group is not decreased
(Table 4); on the average, whole CBF is almost identical to that méasured in age-
and sex-matched controls. This means that patients of this group have no, or only
very mild, flow defect in the neocortex.

Table 5 shows that there is a significant difference between the mean MMS
scores of the subgroups, with dementia being less severe in the borderline group,
and, to a lesser degree, in the deep group, whereas overall severity does not differ
between the posterior and anterior subtypes. Accordingly, the instrumental
deficit (i.e., the impairment of language, practical and gnosic activities) is less
severe in the deep and borderline groups, whereas it is of comparable magnitude
in the posterior and anterior ones. Yet it should be noted that, although quanti-
tatively comparable in these last two groups, the instrumental deficit does differ
qualitatively: left dysfunction is much more pronounced than right dysfunction
in the anterior group (5.5 vs. 3.6), owing to the preponderance of language deficit
of the nonfluent type, while right dysfunction slightly predominates in the poste-
rior group (4.8 vs. 4.1), where visuospatial defects and apraxia appear more severe
than the language disturbance of the fluent, posterior type.

By contrast, no significant difference was found in the severity of memory
impairment and psychiatric disorders (Table 5), although memory troubles pre-
dominate slightly in the posterior group and psychiatric disorders in the anterior
one.

Group discrepancies in instrumental deficit versus memory troubles and psy-
chiatric disorders are further illustrated in the last two lines of Table 5, which
shows the difference between the instrumental score and the memory or psychi-
atric scores. Psychiatric disorders thus appear disproportionately severe com-
pared to instrumental deficit in patients of the deep group and, to a lesser degree,
in borderline patients. Similarly, memory impairment is relatively more pro-
nounced in the deep and borderline subtypes.

Table 5. Neuropsychological data in hemodynamic subtypes

Posterior Anterior Deep Borderline
(n=29) (n=10) (n=13) (n=19)

MMS 138 13.6 16.5 22.0 p<0.01

Instrumental deficit 5.6 5.4 3.8 3.6 p<0.01

Memory troubles 5.5 5.0 4.6 4.6

Psychiatric disorders 32 4.0 3.8 2.7

Difference instrumental— 2.4 1.4 0.0 0.8 p<1073
psychiatrie

Difference instrumental— 0.1 0.4 —0.8 —-1.0 p<0.05

memory
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Conclusion

In conclusion, our study of a large series of almost 100 consecutive patients shows
that consistent CBF patterns can be recognized that allow hemodynamic subtyp-
ing of DAT. Furthermore, differences in the clinical and neuropsychological char-
acteristics associated with these subtypes have been demonstrated, with good
concordance between flow defects and cognitive deficits. These results confirm
and reinforce the notion of heterogeneity in DAT, a notion that should be kept in
mind, regardless of the type of study. They can serve, for instance, as guidelines
for neuropathological and neurochemical studies or even therapeutic trials.

In addition, a particularly interesting finding, in our opinion, is that of a
peculiar subtype of DAT characterized by a hypoperfusion of the deep regions
associated with late-onset and predominance of memory troubles and psychiatric
disorders. This subtype may correspond to the patients with late-onset, recently
reported by Zubenko et al. (1989), who demonstrate a relative sparing of the
neocortex with regards to specific neuropathological and neurochemical deficits.
It may be, therefore, that the old distinction between senile and presenile demen-
tia deserves new consideration.

Acknowledgements. The authors thank G. Viallard for invaluable help in process-
ing the data and Mrs. T. Pujol and C. Blanchard for technical assistance and
management of patients and volunteers.
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Nuclear Magnetic Resonance Study
of Phospholipid Metabolites in Alzheimer’s Disease

J. W. Pettegrew and W.E. Klunk

Summary

In summary, both postmortem and antemortem studies demonstrate that the
levels of PME are elevated in the brains of AD patients. Similar levels of PME are
found normally in the developing brain. It is truly remarkable that a devastating
disease like AD should resemble the normal developing brain at a metabolic/
molecular level. The PME elevations appear to be an early molecular alteration
in AD and can now be assessed antemortem with in vivo 3!P NMR spectroscopy.
This will prove invaluable in following the metabolic progression of the disease,
will provide insights which can be used to develop new pharmacological treat-
ments and will allow the metabolic response to pharmacological intervention to
be assessed noninvasively.

The findings of antemortem alterations of erythrocyte membrane molecular
dynamics and Na*-Li* biology in AD patients will also provide valuable new
insights into the molecular pathophysiology of AD. In addition, these studies
require only a finger prick of blood (5 pl) and, therefore, can be used to study
large populations of patients. Although the final chapters of AD are yet to be
written, there are now significant insights into the “molecular plot.”

Introduction

Alzheimer’s disease (AD) is a devastating disorder manifested by progressive loss
of memory and decline in other cognitive functions. The diagnostic hallmarks of
AD are increased numbers of senile plaques (SP) and neurofibrillary tangles
(NFT) in the cerebral cortex as compared to age-matched controls. However,
these morphological findings are not specific to AD and could represent end-stage
markers of the disease process. Therefore, the study of SP and NFT might not
provide insights into the fundamental, initial molecular events that cause the
disease. The morphological markers do, however, provide a time scale for mea-
suring the disease progression, since presumably the greater the numbers of SP
and NFT, the longer the disease has been present. From this point of view, SP and
NFT can be used for correlations with measures of metabolic and molecular
alterations observed in autopsy brain. In particular, metabolic or molecular alter-
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ations that appear to occur prior to the occurrence of significant numbers of SP
or NFT could represent earlier and possibly more fundamental alterations in AD
than the morphological markers.

Phosphomonoesters and Phosphodiesters

In vitro *'P nuclear magnetic resonance (NMR) studies reveal alterations in
membrane phospholipid metabolism in AD autopsy- and biopsy-derived brain
tissue (Pettegrew et al. 1984a, 1987a and d, 1988b, 1989d). Elevated levels of
phosphomonoesters (PME) are inversely correlated with the numbers of SP; there
is no correlation with the numbers of NFT (Pettegrew et al. 1988d). PME are
precursors of membrane phospholipids as well as products of phospholipase C
and phosphodiesterase activities and are normally found in high levels in develop-
ing brain (Pettegrew et al. 1989c). From this perspective AD brain resembles
developing brain. Since the levels of PME are inversely correlated with the num-
bers of SP, the molecular alterations giving rise to the PME probably antedate the
increase in SP numbers. Phosphodiester (PDE) levels in AD brain have a positive
correlation with the numbers of SP and no correlation with the numbers of NFT
(Pettegrew et al. 1988 d). PDE are breakdown products of membrane phospho-
lipids due to phospholipase A activity, and elevated levels of PDE are found in
normal aging and in brain degeneration (Pettegrew et al. 1989¢). Since the PDE
are positively correlated with the numbers of SP, both probably reflect degener-
ative processes occurring later in the course of the disease.

The PME have striking conformational similarities with L-glutamate and
N-methyl-p-aspartate (Pettegrew et al. 1988 b) and alter the population excitatory
postsynaptic potentials (EPSP) of CA1 pyramidal cells in the hippocampus (Bar-
rionuevo et al. 1988; Pettegrew et al. 1988 c; Bradler et al., submitted). The PME
phosphoethanolamine and L-phosphoserine depress the amplitude of the EPSP in
a dose-dependent fashion (10 uyM—1.0 mM). In contrast, the PME phospho-
choline depresses at low concentration (10 pm) but markedly increases the EPSP
amplitude at higher concentrations (1 mM). The concentrations of PME in AD
brain are as high as 5-7 mM. This is the same concentration range of PME as
found in normal developing brain (Pettegrew et al. 1987 a). These findings suggest
that the PME could depress L-glutamate-mediated neurotransmission at lower
concentrations and thereby contribute to memory problems typical of AD. How-
ever, at higher concentrations, phosphocholine could act as an excitatory neuro-
toxin and target neurons with L-glutamate receptors, such as large pyramidal
neuron, for cell death. This provides a possible explanation for the prominent
memory loss early in AD and the predominance of neuropathology in large
pyramidal neurons.

The PME and PDE are also very “membrane active” molecules. The PME
induce dose-dependent changes in membrane molecular dynamics of normal
human erythrocytes and platelets (Pettegrew et al. 1989a). In fact, the recent
observations of altered platelet membrane “fluidity” in AD patients by Zubenko
and coworkers (1984, 1987 a and b) can be reproduced in normal human platelets



Nuclear Magnetic Resonance Study of Phospholipid Metabolites 161

after brief (30 min) incubation with the PME and PDE. Likewise, similar alter-
ations in erythrocyte membrane molecular dynamics can be produced after brief
incubation with the PME and PDE (Pettegrew et al. 1989 a).

The PME, but not the PDE, also alter the phase and conformation of synthet-
ic model membranes (Pettegrew 1989 a and b; Panchalingam and Péttegrew 1989;
Pettegrew and Panchalingam 1989). Model membranes composed of the phos-
pholipids phosphatidylethanolamine (PtdE) and phosphatidylserine (PtdS), but
not phosphatidylcholine (PtdC), are altered by the PME. PtdE and PtdS are
predominantly located on the cytoplasmic face of plasma membranes. The PME
change the model membranes from a normal bilayer phase to micellar and hexag-
onal II phases. The micellar phase is normally found in vesicles such as those
which contain neurotransmitter molecules packaged for release. The hexagonal 11
phase is the phase that promotes the fusion of vesicles to bilayers and, thereby,
promotes the transport of vesicles across bilayer membranes. These findings
taken together provide a molecular mechanism whereby the PME could induce
their own packaging into vesicles and then promote the release of the vesicles
from neurons. Of course, other neurotransmitters could also be packaged and
released by the same PME-induced mechanisms.

Membrane Phospholipids

The phospholipids PtdC, PtdE, and PtdS are all decreased in AD brain compared
to non-AD demented controls (Pettegrew et al. 1988a). Both PtdE and PtdS are
inversely correlated with the numbers of SP, with no NFT correlation. PtdC has
a nonlinear correlation with the numbers of SP, which increases up to approxi-
mately 10 SP/200 magnification and then decreases (Pettegrew et al. 1989 b). This
suggests increased synthesis of PtdC early in the disease which could shunt avail-
able choline away from acetylcholine synthesis, resulting in a hypocholinergic
state (Pettegrew 1989a and b).

Phospholipid Enzymes

Recent studies in collaboration with Julian Kanfer in Winnepeg have investigated
the activity in several enzymes involved in phospholipid metabolism. These stud-
ies were conducted on samples obtained from AD brain and non-AD demented
control brains. Choline acetyltransferase activity is decreased in AD brain
(p=0.001); the activity correlates inversely withn the numbers of SP (p=0.05,
R?=0.7), with no NFT correlation. Choline kinase activity is also decreased in
AD brain (p=0.0001) and correlates inversely with the number of SP (p=0.08,
R?*=0.7), with no NFT correlation. Measures of glycerol phosphodiesterase ac-
tivity, however, reveal increased amounts of phosphocholine released in AD
brain (p=0.01), without differences in the amounts of choline released. The



In Vivo Brain Studies

In vivo antemortem *'P NMR studies of AD patients confirm the increased brain
levels of PME as compared to age-matched normal controls and demented pa-
tients with multiple subcortical infarcts (Gdowski et al. 1988; Brown et al. 1989).
Further in vivo >'P NMR studies suggest that the PME do not correlate with the
Mattis dementia scores (Pettegrew et al., unpublished results). However, the lev-
els of PDE are inversely correlated with the Mattis scores and the levels of
phosphocreatine (PCr) are positively correlated with the Mattis scores. The intra-
cellular pH (Pettegrew et al. 1988 €) is normal. These findings are in keeping with
the in vitro findings and again suggest that the elevated PME reflect an early event
in the pathogenesis of AD. In contrast the dementia appears to reflect the degen-
eration of neuritic processes giving rise to increased PDE. The phosphocreatine-
Mattis correlation suggests either decreased synthesis or increased utilization of
PCr with disease progression. With a normal intracellular pH, the PCr findings
are not explainable by a shift in the creatine kinase equilibrium. Since studies in
rats demonstrate an inverse correlation between the levels of PME and PCr after
brief hypoxia (Pettegrew et al., unpublished results), the role of cellular hypoxia
in AD needs to be re-examined.

In Vivo Erythrocyte Studies

Since the PME and PDE are so membrane active, they could be released from
brain cells, cross the blood-brain barrier and enter the general circulation. The
PME could also potentially be produced in other organs in AD, such as the liver,
and enter the general circulation from these sites. Once in the general circulation,
the PME and PDE could insert themselves into the membranes of circulating cells
such as the erythrocyte or the platelet or into fibroblasts.

Recently this latter possibility was investigated by measuring membrane molec-
ular dynamics in erythrocytes obtained from probable AD patients (ADRDA-
NINCDS criteria) and normal controls. The erythrocyte was chosen for study
because the circulating erythrocyte contains only one membrane, the plasma
membrane, and, therefore, one can be certain that any demonstrated membrane
alterations are coming from the plasma membrane and not from the endoplasmic
reticulum, mitochondria or nuclear membranes. Also, the mature circulating
human erythrocyte does not synthesize membrane lipids after the reticulocyte
stage. Instead, the erythrocyte membrane phospholipids, cholesterol and fatty
acids undergo exchange transfer with circulating lipids and lipoproteins. Because
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of this, the erythrocyte can be considered a potential “reporter cell” for lipid

alterations occurring in the CNS or other organs.

Previous studies have provided evidence for alterations in erythrocyte mem-
branes in AD. These alterations include:

1) altered molecular organization of erythrocyte cytoskeletal proteins without
alterations in the molecular dynamics of the superficial hydrocarbon layer of
the membrane, Na*-K* ATPase or acetylcholinesterase activities, SDS-poly-
acrylamide electrophoresis of the membrane proteins (Markesbery et al. 1980)
or the motion of erythrocyte surface sialic acid groups (Butterfield et al. 1985);

2) increased choline efflux rate across the erythrocyte membrane (Butterfield
et al. 1985; Blass et al. 1985; Sherman et al. 1986);

3) increased Na*-Li* countertransport (Diamond et al. 1983);

4) increased erythrocyte choline; and

5) decreased erythrocyte membrane PdtC (Miller et al. 1989).

To date, we have investigated membrane molecular dynamics in five probable AD
cases and six normal controls (Pettegrew et al., unpublished results). In addition,
Na* and Li* membrane transport and intracellular biology were studied in five
probable AD cases and five controls (Pettegrew and Panchalingam, unpublished
results). The studies of membrane molecular dynamics reveal increased molecular
motion in the hydrocarbon core of probable AD erythrocytes compared to con-
trols (p=0.02). Thee findings are virtually identical to those observed in AD
platelets by Zubenko and coworkers (1984, 1987a and b) and also those induced
in normal control erythrocytes after incubation with the PME (Pettegrew et al.
1989 a). The increased membrane molecular dynamics is the opposite of what is
observed with normal aging, in which there is a decrease in membrane molecular
dynamics. Increased membrane molecular dynamics is observed in normal fetal
and immature tissues and supports the observation that the PME are normally
high in developing brain and paradoxically €levated in AD brain.

To determine if altered membrane molecular dynamics in AD erythrocytes
could alter Na*, Li* transport or intracellular binding, >*Na and "Li NMR
studies were conducted. The theory and application of 23Na and "Li NMR to
human erythrocytes have previously been reported (Pettegrew etal. 1984b,
1987b and c; Pettegrew and Woessner 1989). These preliminary studies reveal that
the Li* entry/efflux ratio and the intracellular Li* rotational mobility
(»=0.0006) are altered in AD erythrocytes. In this small sample, no alterations
were observed in Li* translational mobility or either the rotational or translation-
al mobilities of Na*. The Li* alterations could potentially contribute to the
increased toxicity of Li* which has been observed in AD patients (Pomara et al.
1984; Kelwala et al. 1984) and the altered Li*-Na™ countertransport also noted
in AD erythrocytes (Diamond et al. 1983).
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Summary Comments on Presentations

S.1. Rapoport

When I became involved with Alzheimer’s disease about 10 years ago, I and
others thought it to be a global dementia — showing global changes in neu-
ropathology, cognition, and brain metabolism. In the meantime, however, we
have discovered that it is a much more subtle disease, and that it deserves to be
examined in terms of the topography of the anatomical, functional, and neuro-
chemical systems that it selectively affects. In my introductory paper, I posed the
hypothesis that association brain areas (neocortical assocation areas as well as
nonneocortical, phylogenically older regions that are connected with association
neocortical areas) are more vulnerable to Alzheimer’s disease than are other brain
regions. This principle of selective regional vulnerability also applies, with differ-
ent areas being affected, to Huntington’s disease, Parkinson’s disease, Pick’s
disease, and several other neurodegenerative disorders.

The consensus of this symposium is that the hypothesis of regional vulnerabil-
ity in Alzheimer’s disease is indeed quite reasonable. It is supported by in vivo and
postmortem studies obtained with a variety of techniques. The hypothesis sug-
gests, furthermore, that future research should be directed to discovering what
makes certain brain regions vulnerable, using approaches such as immunocyto-
chemistry and molecular biology and conducting comparative studies among
primates. These approaches should bring us into contact with the genetics of
Alzheimer’s disease and perhaps suggest genes whose expression in vulnerable
regions relates to the disease mechanism. For example, the growth-associated
protein GAP-43 and the amyloid precursor protein, which contains a protease
inhibitor, are found preferentially in association brain areas (Neve et al. 1988 a,
b). Understanding their topographical distribution may provide an insight into
the cause of Alzheimer’s disease.

As regards neuropathology within the association neocortices, Dr. Morrison
reported that only certain neurons are critically affected — pyramidal neurons of
layer III and to some extent those of layer V. These neurons subserve long
intracerebral cortico-cortical connections, and their pathology may result in a
cortical disconnection syndrome underlying much of Alzheimer dementia. In the
nondiseased brain, the vulnerable neurons can be identified by a marker anti-
body, SMI-32, raised against 168-kDa and 200-kDa subunits of neurofilament
proteins, suggesting that phosphorylation of cytoskeletal proteins is defective in
Alzheimer’s disease.

Dr. Bowen’s observation that glutamatergic markers are abnormal in the
Alzheimer brain is consistent with Dr. Morrison’s observations, as L-glutamate is



168  S.I. Rapoport

the major neurotransmitter of neurons which originate long cortico-cortical con-
nections. Dr. Bowen’s study also suggests that future drug trials be directed to
glutamatergic dysfunction in Alzheimer’s disease.

The report by Drs. Hauw and Duyckaerts argues that cortical atrophy in the
Alzheimer brain results from dropout of vertically oriented cortical columns,
which are the fundamental building blocks of the mammalian neocortex. Howev-
er, we are left with the dilemma of trying to relate Dr. Morrison’s description of
a horizontal pathology and dropout of pyramidal neurons in layers III and V of
the neocortex with Dr. Hauw’s suggestion of a transcortical, vertical pathology
involving all six layers. Dr. Hauw also noted that several nonneocortical regions
are pathological as well. My reading of the literature and my understanding of
Dr. Hauw’s presentation is that nonneocortical pathology is neither indiscrimi-
nate nor global. The nucleus basalis of Meynert, the dorsal raphe nucleus, and
locus coeruleus neurons which frequently are lost in Alzheimer’s disease provide
cholinergic, serotonergic, and noradrenergic innervation, respectively, to much of
the neocortex. In Alzheimer’s disease, furthermore, the amygdaloid complex is
only selectively involved (newer more than older nuclei), as is the hippocampal
formation. From the report by Hyman et al. (1984) it appears likely that pathol-
ogy of the entorhinal cortex disconnects the hippocampal formation from the
neocortex.

Although nonneocortical regions which are pathological in Alzheimer’s dis-
ease are, for the most part, directly connected with the association neocortices,
some exceptions exist which at present are difficult to explain. Pathology of the
phylogenically older olfactory bulb (which, however, is connected with the amyg-
daloid formation) and of the retina remains to be understood.

Dr. Creasey showed that quantitative computer-assisted tomography (CT)
demonstrates accelerated ventricular dilatation in Alzheimer’s disease and thus
can be used for the early diagnosis of Alzheimer’s disease as a progressive organic
dementia. Her study clearly shows that cell loss occurs very early in the course of
Alzheimer’s disease, even in mildly demented patients. Consequently, if pharma-
cotherapy is to be instituted, it should be initiated early, when as many neurons
as possible are still present, rather than late in the disease. Dr. Creasey empha-
sized the need to develop better techniques for the early diagnosis of Alzheimer’s
disease, including serial, quantitative magnetic resonance imaging (MRI).

Dr. Leys pointed out that subcortical white matter lesions on CT (leukoaraio-
sis) in Alzheimer patients correlate with the density of neurofibrillary tangles but
not senile (neuritic) plaques in the overlying neocortex in the postmortem brain.
Such white matter lesions, he suggested, might reflect wallerian degeneration of
long corticofugal fiber tracks derived from pyramidal neurons in layer V of the
neocortex, which degenerate with neurofibrillary tangle formation in Alzheimer’s
disease.

The Down’s syndrome model for Alzheimer’s disease is not entirely under-
stood. Wisniewski et al. (1985), among others, showed by cross-sectional post-
mortem studies that virtually all Down’s syndrome patients over the age of 40
years have some Alzheimer neuropathology. However, senile (neuritic) plaques in
the Down’s syndrome brain appear to reach their maximum density about 10—20
years before large numbers of neurofibrillary tangles appear. This observation,
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and the presentation by Dr. Schapiro that demented older Down’s syndrome
subjects have reduced cerebral metabolic rates (whereas nondemented older sub-
jects do not have abnormal rates), as well as accelerated ventricular dilatation on
CT, led Dr. Schapiro to hypothesize that neuronal loss together with neurofibril-
lary tangles is necessary (though perhaps not sufficient) for the appearance of
dementia in Down’s syndrome. A recent paper by Crystal et al. (1988), which
analyzes neuropathology in cognitively abnormal patients with and without a
diagnosis of Alzheimer’s disease, similarly argues that neurofibrillary tangles,
with cell loss and progressive atrophy, are required for the appearance of overt
dementia in Alzheimer’s disease.

Dr. Haxby indicated that hemispheric metabolic asymmetries, a measure of
topographic heterogeneity of the disease process, occur frequently in Alzheimer
patients and are stable over time in mildly and moderately demented patients. The
metabolic asymmetries correlate with appropriate neocortically mediated cogni-
tive abnormalities. Dr. Haxby’s additional observation that very early cognitive
abnormalities in Alzheimer patients involve memory and directed attention sug-
gests new directions for cognitive stimulation studies in Alzheimer patients, using
positron-emission tomograph (PET).

Dr. Rossor also addressed the issue of disease heterogeneity. He discussed a
subgroup of patients with primary progressive aphasia, in which reduced blood
flow on PET was found routinely in the superior temporal gyrus. Further, he
identified a subgroup of Alzheimer patients, or rather “dementia of the Alzheimer
type (DAT)” patients, with extrapyramidal signs and who presumably have ab-
normal central dopaminergic function. However, when using '8F-labeled L-dopa
with PET, he could not demonstrate abnormal uptake of tracer within the stria-
tum of these patients, although his research group had reported such abnormal
uptake by the putamen of patients with Parkinson’s disease. ®F-labeled L-dopa
may be a more limited tracer than '®F-labeled 2-deoxy-D-glucose with PET,
however, the L-dopa model is less quantitative and more difficult to interpret.
Drs. Schapiro and Morrison, commenting on Dr. Rossor’s paper, suggested that
the extrapyramidal DAT subgroup may have dopaminergic defects in the ventral
tegmental area and frontal cortex, areas not explicitly examined by Dr. Rossor in
his PET studies. For each Alzheimer subgroup, in any case, it is critical to obtain
explicit postmortem information so as to confirm the diagnosis and to relate
symptoms to the topography of neuropathology.

Dr. Baron pointed out that, as the brain consists of networks of connected
regions which can influence each other, it is not clear, from PET studies alone,
whether a reduction in cerebral metabolism or blood flow reflects neuropatholo-
gy in this region or in another region whose afferent input to the metabolically
abnormal region is altered. He based his comments on data that he had gathered
on thalamic and striatal infarcts using PET, in which overlying neocortical regions
showed transient reductions in brain glucose metabolism. Dr. Baron’s proposal
that reduced metabolism, even in Alzheimer’s disease, could result from ““deacti-
vation disconnection” rather than from primary neuropathology, is supported in
one case by a report by Dr. Schapiro (1990). In this report, Dr. Schapiro identified
a patient who was demented, and who showed the cerebral metabolic abnormal-
ities of DAT prior to death. On postmortem, however, the patient was found to
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have Parkinson’s disease, without obvious neocortical pathology, suggesting that
his reduced neocortical metabolism arose from reduced input to the neocortex.
Indeed, such examples force us to question the specificity of metabolic and cog-
nitive findings in Alzheimer’s disease as compared, for example, with those in
reversible depression or the dementia of Parkinson’s disease:

Dr. Baron also lamented the dearth of reports which relate regional metabolic
or flow abnormalities, measured during life, to regional distribution of neu-
ropathology or regional neurochemistry in the postmortem brain. Thus, we are
frequently forced to compare different sets of data from different studies to guess
at the basis of the metabolic or flow abnormalities. These might be better under-
stood if metabolism/flow and postmortem pathological measurements were avail-
able in the same patient population.

Dr. Paulson also illustrated the topographic heterogeneity of Alzhelmer s
disease, by his studies of regional cerebral blood flow with single photon emission
computed tomography (SPECT). Findings in our laboratory agree with his fre-
quencies of approximately 25% frontal lobe flow deficits, 50% parietal/temporal
deficits, and 25% global deficits in Alzheimer patients. These frequencies have
been reported by Grady et al. (1989), using the deoxyglucose technique with PET.
However, no one appears to understand why the disease may affect one part of
the neocortex before another in an individual patient. In this regard, there is the
interesting paper by Arendt et al. (1985), who correlated the number and distribu-
tion of senile plaques in the neocortex of each cerebral hemisphere with cell loss
in appropriate cortical projecting parts of the nucleus basalis of Meynert. Individ-
uals who had more plaques in one than in the other hemisphere also had greater
cell loss in the basalis regions which projected to most affected hemisphere.

Dr. Klunk’s presentation showed that nuclear magnetic resonance spectrosco-
py with localization provides a new and appealing method to look at brain
intermediary metabolism in relation to other measures of brain function and
structure. Regional changes in concentrations of phosphomonoesters and phos-
phodiesters, as demonstrated with MRI in the Alzheimer brain, provide exciting
new evidence for defects in the metabolism of phospholipids, the structural com-
ponents of cell membranes, and participants in neuronal processes including
signal transduction. In this regard, our laboratory has been working on a tech-
nique to examine local turnover and synthesis of brain phospholipids in vivo,
using radiolabeled fatty acid tracers (Robinson and Rapoport, in press). The
method works in animals; perhaps it will find application with PET in humans.
After all, much of the brain is lipid. In Alzheimer’s disease, cells are dying, and
some are trying to recover (Scheibel and Tomayasu 1978; Cotman and Anderson
1988). Thus, it would be informative to look at turnover and synthesis of cell lipid
components early in the course of disease and perhaps in relation to drug action.

Many new PET and SPECT techniques are being developed to look at local
receptor integrity and number, local blood flow, and various aspects of interme-
diary metabolism, including protein metabolism. Clearly, we would need another
full day at this symposium to consider the potential of these new methodologies
for examining the spectrum of brain changes in Alzheimer’s disease. Nevertheless,
we should be gratified with the presentations and with the conclusions that we
have drawn from them. This has been one of the few meetings on Alzheimer’s
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disease which has provided a relatively consistent interpretation of the disease
with respect to cerebral topography and its implications. Our plans for studying
Alzheimer’s disease can now be more rational than those with which we began the
symposium.

I thank the Ipsen Foundation for having invited me and the other guests to
participate in this exciting program, and I thank the speakers and audience for
their creative contributions. This meeting should allow us to obtain appropriate
answers — perhaps within only a few years — as to why and how selected brain
regions are vulnerable to Alzheimer degeneration.
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