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Abstract

To determine the factors influencing the distribution of B-amyloid (AB) deposits in Alzheimer’s disease (AD), the spa-
tial patterns of the diffuse, primitive, and classic AB deposits were studied from the superior temporal gyrus (STG) to
sector CA4 of the hippocampus in six sporadic cases of the disease. In cortical gyri and in the CA sectors of the hip-
pocampus, the AB deposits were distributed either in clusters 200-6400 um in diameter that were regularly distri-
buted parallel to the tissue boundary or in larger clusters greater than 6400 um in diameter. In some regions, small-
er clusters of AB deposits were aggregated into larger ‘superclusters’. In many cortical gyri, the density of AB deposits
was positively correlated with distance below the gyral crest. In the majority of regions, clusters of the diffuse, primi-
tive, and classic deposits were not spatially correlated with each other. In two cases, double immunolabelled to reveal
the AB deposits and blood vessels, the classic AB deposits were clustered around the larger diameter vessels. These
results suggest a complex pattern of AB deposition in the temporal lobe in sporadic AD. A regular distribution of AB
deposit clusters may reflect the degeneration of specific cortico-cortical and cortico-hippocampal pathways and the
influence of the cerebral blood vessels. Large-scale clustering may reflect the aggregation of deposits in the depths
of the sulci and the coalescence of smaller clusters.

Key words: Alzheimer’s disease (AD), B-amyloid (AB) deposits, spatial pattern, clustering, blood vessels, cortico-
cortical pathways.

Introduction that AB deposits may aggregate within the sulci of
adjacent gyri [3], in association with the columns of
cells associated with specific anatomical projections
[14], or in relation to the cerebral microcirculation

B-amyloid (AB) deposition in the form of diffuse
(‘pre-amyloid’), primitive (‘neuritic’), and classic
(‘dense-cored’) deposits is a hallmark pathological e
feature of Alzheimer’s disease (AD) [5,8,17,19]. In the  [9:15] The objective of the present study was to
cerebral cortex in AD, the AB deposits frequently determine the spatial patterns of the diffuse, primi-
occur in clusters that exhibit a regular periodicity —tive, and classic AB deposits throughout the temporal
parallel to the pia mater [14]. The factors that deter- lobe to address the following questions: 1) how are
mine the clustering of AB deposits in AD, however, are  the individual AB deposit subtypes distributed, 2) is
largely unknown. Previous studies have suggested large-scale clustering of the AB deposits related to dif-
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ferential deposition within cortical sulci, 3) is smaller-
scale clustering related to the anatomical connec-
tions of the temporal lobe, and 4) are the clusters of
AB deposits spatially related to each other and/or to
the cerebral microcirculation?

Material and methods
Cases

Six cases of sporadic AD (details in Table I) were
obtained from the Brain Bank, Department of Neu-
ropathology, Institute of Psychiatry, King’s College,
London, UK. Informed consent was given for the re-
moval of all brain tissue according to the 1996 Decla-
ration of Helsinki (as modified Edinburgh, 2000).
Patients were clinically assessed and all fulfilled the
‘National Institute of Neurological and Communica-
tive Disorders and Stroke and the Alzheimer Disease
and Related Disorders Association” (NINCDS/ADRDA)
criteria for probable AD [29]. The histological diagno-
sis of AD was established by the presence of wide-
spread neocortical senile plaques (SP) consistent with
the ‘Consortium to Establish a Registry of Alzheimer
Disease’ (CERAD) criteria [25]. All cases had an apo-
lipoprotein E genotype of 3/4.

Histological methods

A coronal section of the complete temporal lobe
(Fig. 1) was taken from each case at the level of the
lateral geniculate body. Sections, 7 um in thickness,
were immunolabelled with a rabbit polyclonal anti-
body (Gift of Prof. B.H. Anderton) raised against the
12-28 amino acid sequence of the AB protein [28] to
reveal the AB deposits. The antibody was used at

a dilution of 1in 1200 and incubated at 4° overnight.
Sections were pretreated with 98% formic acid for
6 minutes to enhance immunoreactivity. AR was visu-
alised using the streptavidin-biotin horseradish
peroxidase procedure with diaminobenzidine as the
chromogen. In two of the cases, sections were double
immunolabelled with AB and collagen type IV anti-
serum (Europath Ltd, UK) to reveal the blood vessel
profiles [9,23,24]. The antiserum was used at 1 : 500
dilution following protease digestion of the section
with a solution of 0.04% pepsin. Collagen type IV
stains a component of the cerebrovascular basement
membrane [32] and hence, reveals arterioles, venules,
precapillaries, and capillaries [9]. The three most com-
mon morphological types of AR deposit (Fig. 2) were
identified using previously published criteria [5,17].
Hence, diffuse deposits were 10-200 pm in diameter,
irregular in shape with diffuse boundaries and lightly
immunlabelled; primitive deposits were 20-60 um
well demarcated, more symmetrical in shape; and
strongly immunolabelled, and classic deposits were
20-60 pm had a distinct strongly immunolabelled
central core surrounded by a more lightly immunola-
belled ‘corona’ of dystrophic neurites.

Morphometric methods

The spatial distribution of the AB deposits was
studied in each gyrus of the temporal lobe and in the
CA sectors of the hippocampus of each AD case
(Fig. 1): the superior temporal gyrus (STG), middle
temporal gyrus (MTG), inferior temporal gyrus (ITG),
lateral occipitotemporal gyrus (LOT), parahippocam-
pal gyrus (PHG)/subiculum, and the CA sectors of the
hippocampus. AR deposition was studied using

Table I. Demographic details, cause of death, post-mortem delay, and apolipoprotein E genotype of the

Alzheimer disease cases studied

Case Gender Age Onset Cause of death PM delay Apo E
A M 86 83 Bronchopneumonia 75 3/4
B F 85 80 Bronchopneumonia - 3/4
C F 93 91 Bronchopneumonia 66 3/4
D F 88 72 Bronchopneumonia 80 3/4
E F 81 77 Bronchopneumonia 17 3/4
F F 91 85 Bronchopneumonia 46 3/4

M —male, F - female, PM — post-mortem, Apo E — Apolipoprotein E genotype
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1000 x 200 um contiguous sample fields; the short
dimension of the field (200 um) being aligned with
the surface of the pia mater. In the cerebral cortex,
the long dimension of the field (1000 pm) included
laminae 1, ll, and most of lamina Ill; the region con-
taining the highest densities of AB deposits in AD
[13]. The sample fields were extended from the
PHG/subiculum into the hippocampus, the fields
aligned at first with the alveus to sample sectors CAl
to CA3. Sampling was then continued into sector CA4
using a guideline marked on the slide and which
ceased approximately 400 um from the dentate gyrus
fascia. An eye-piece micrometer with grid lines at
intervals of 10 um was used as the sample field. The
number of diffuse, primitive, and classic AB deposits
was counted in each sample field. In the two cases
double immunolabelled to reveal the AR deposits and
blood vessels, the frequency of the larger diameter
(> 10 um) blood vessels in a field was estimated by
‘lattice sampling’, i.e.,, by counting the number of
times a vessel profile intersected the grid lines of the
field [6].

Statistical analysis

The spatial pattern of the AB deposits, i.e.,
whether they were distributed randomly, regularly,
or in clusters was analysed in each region using spa-
tial pattern analysis [1,10,11]. Departure of a lesion
from randomness can be measured by calculating the
variance/mean (V/M) ratio of the lesion counts in
a series of contiguous sample fields. If a lesion is ran-
domly distributed, then the V/M ratio corresponds to
a Poisson distribution and will approximate to unity.
A V/M ratio less than unity indicates a regular distri-
bution and greater than unity a clumped or clustered
distribution. If a lesion is clustered, to determine the
mean size of the clusters and whether the clusters
are randomly or regularly distributed, counts of
lesions in adjacent sample fields are added together
successively to provide data for increasing field sizes,
e.g., 200 x 1000 pm, 400 =x 1000 pm, 800 x 1000 pm
etc., up to a size limited by the length of the strip
sampled. The V/M ratio is calculated at each stage
and plotted against field size. A V/M peak indicates
the presence of regularly spaced clusters and an
increase in V/M to an asymptote the presence of
randomly distributed clusters. Location of the peak
indicates the mean cluster size. The statistical signifi-
cance of a V/M peak was tested using the ‘t’ distribu-
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Fig. 1. Coronal section through the temporal
lobe in a case of sporadic Alzheimer’s disease
showing the regions analysed: superior tempo-
ral gyrus (STG), middle temporal gyrus (MTG),
inferior temporal gyrus (ITG), lateral occipito-
temporal gyrus (LOT), parahippocampal gyrus
(PHG), and the CA sectors of the hippocampus
(HQ) (section immunolabelled with AB,.,5, Hae-
matoxylin; Magnification bar = 1.5 mm).

Fig. 2. The morphological types of B-amyloid (AB)
deposit in the superior temporal gyrus of a case
of sporadic Alzheimer’s disease: Diffuse deposit
(D), Primitive deposit (P), and Classic deposit (C)
(Section immunolabelled with AB1;.,g, Haemato-
xylin; Magnification bar = 50 pm).

tion [4,10]. The spatial patterns were classified
according to whether they were random, regular, or
clustered. If clustered, the lesions were assigned to
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Fig. 3. The spatial distribution of individual types
of B-amyloid (AB) deposit in specific brain regions
of the temporal lobe in cases of Alzheimer’s dis-
ease as revealed by spatial pattern analysis. Aste-
risks indicate significant V/M peaks.

two clustering patterns: 1) regularly spaced clusters
200 to 6400 um in diameter arranged parallel to the
tissue boundary and 2) large-scale clusters with
a diameter of at least 6400 pum and without evidence
of a regular distribution parallel to the tissue boundary.
The frequency of cortical regions in which the size of
regularly distributed clusters of deposits were in the
range 400-800 um, approximating to the dimension
of the columns of neurons forming the cortico-
cortical connections [20], was also determined.
Third, to determine whether aggregations of AB
deposits were preferentially located on the crests of
the gyri or within the sulci, the correlation between
the counts of the AB deposits and distance below the

gyral crest was tested at each field size for each gyrus.
The spatial correlation between the counts of the dif-
fuse, primitive, and classic AB deposits was also test-
ed for each region. In addition, the correlation
between the counts of AR deposits and the frequen-
cy of contacts with the blood vessel profiles was test-
ed in two cases [7]. All correlations were tested using
Pearson’s correlation coefficient (‘r’).

Results

Examples of the spatial patterns exhibited by the A
deposits in individual gyri of the temporal lobe are
shown in Fig. 3. In case D, the primitive deposits in the
STG exhibited two V/M peaks, viz., at field sizes 200 um
and 1600 um suggesting the presence of small, regular-
ly distributed clusters of deposits 200 um in diameter
aggregated into larger ‘superclusters’ 1600 pum in dia-
meter. In case F, the classic deposits in the MTG and the
primitive deposits in the STG both exhibited a V/M peak
at a field size of 800 um suggesting a regular distribu-
tion of clusters of 800 um in diameter arranged parallel
to the pia mater.

The spatial patterns of the AB deposits in all cas-
es and regions studied are summarised in Table Il. In
cortical gyri, the diffuse deposits were distributed in
regular clusters in 13/30 (43%) gyri and in large clus-
ters greater than 6400 um in diameter in 14/30 (47%)
gyri. In three of the gyri exhibiting regular clustering,
the clusters were in the size range 400-800 um. Pri-
mitive deposits were distributed in regular clusters in
20/30 (67%) gyri and in large clusters in 9/30 (30%)
gyri. In eight gyri exhibiting regular clustering, the

Table Il. The frequency of the different types of spatial patterns (R — Random distribution, Reg — Regular or
uniform distribution) exhibited by B-amyloid (AB) deposits in cortical gyri and hippocampus (sectors CAl-4)
of the temporal lobe in six cases of sporadic Alzheimer’s disease (AD). Data in parentheses indicate the
number of gyri in which the cluster size was in the range 400-800 um

Frequency of spatial pattern

Region AB deposit subtype R Reg Regular clusters 200-6400 pm Large clusters (> 6400 um)
Cerebral Diffuse 4 1 13 (3) 12
cortex Primitive 1 0 20 (8) 9

Classic 1 0 16 (10) 13
Hippocampus Diffuse 0 0 2(1) 2
(CA1-4) Primitive 0 0 1(1) 3

Classic 1 0 2 (0) 2
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clusters were in the size range 400-800 um. Classic
deposits were distributed in regular clusters in 16/30
(53%) gyri, and in large clusters in 13/30 (43%) gyri. In
ten gyri exhibiting regular clustering, the clusters
were in the size range 400-800 um. A regular distri-
bution of the clusters of diffuse, primitive, or classic
deposit was also present in the hippocampus in 5/13
(38%) of analyses. In all regions, clustering at more
than one scale, representing the aggregation of
smaller clusters into ‘superclusters’, was present in
5/34 (15%) of analyses of the diffuse deposits, 5/34
(15%) analyses of the primitive deposits, and 5/35
(14%) of the classic deposits.

Correlations between the counts of AR deposits
and distance below the gyral crest is shown in Table II.
The diffuse AB deposits were positively correlated
with distance below the gyral crest in 14/30 (47%)
gyri, negatively correlated in 4/30 (13%) gyri, and not
significantly correlated with distance in 12/30 (40%)
gyri. The primitive AB deposits were positively corre-
lated with distance below gyral crest in 12/30 (40%)
gyri and not significantly correlated with distance in
18/30 (60%). The classic AB deposits were positively
correlated with distance below the gyral crest in
10/30 (33%) gyri, negatively correlated in 1/30 (3%)
gyri, and not significantly correlated with distance in
19/30 (63%) gyri.

Spatial correlations between the counts of the dif-
fuse, primitive, and classic AB deposits are shown in
Table IV. The diffuse and primitive deposits were
negatively correlated in 5/36 (14%) regions and posi-
tively correlated in 2/36 (6%) regions studied. In addi-
tion, the diffuse and classic deposits were positively
correlated in 2/34 (6%) regions, and negatively corre-
lated in 1/34 (3%) regions. There were no significant
correlations between the densities of the primitive
and classic deposits.

Spatial correlations between the counts of AB
deposits and the frequency of contacts with blood
vessels in two of the cases is shown in Table V. In
case A, there was a positive correlation between the
classic deposits and blood vessels in the STG and
MTG and in case Fin the STG and PHG. No spatial cor-
relations were observed between the diffuse and
primitive type of deposits and the blood vessels.

Discussion

Spatial pattern analysis suggests that AB deposi-
tion occurred throughout the temporal lobe from the

Folia Neuropathologica 2010; 48/2

Spatial pattern of B-amyloid deposits

Table [ll. Spatial correlations (Pearson’s ‘r’)
between the densities of the diffuse, primitive,
and classic B-amyloid (AB) deposits in various
cortical gyri: superior temporal gyrus (STG),
middle temporal gyrus (MTG), inferior temporal
gyrus (ITG), lateral occipitotemporal gyrus
(LOT), parahippocampal gyrus (PHG), and dis-
tance below the gyral crest in six cases of
Alzheimer’s disease (AD)

AB deposit subtype

Case Region Diffuse Primitive Classic
A STG 0.417 0.27 0.30***
MTG -0.35% 0.01 0.19
ITG 0.54*** 0.47* -0.01
LOT 0.05 -0.06 0.52***
PHG 0.69** 0.54*** 0.29*
B STG 0.03 -0.08 0.05
MTG 0.25* -0.04 0.22
ITG 0.10 0.13 0.21
LOT 0 -0.20 —0.33**
PHG 0.13 0 0.27**
C STG -0.22* -0.09 0.34***
MTG 0.27* —-0.08 -0.18
ITG 0.48*** 0.14 0.11
LOT -0.37** 0.46™** 0.35**
PHG 0.11 0.46™* 0
D STG 0.35%** 0.05 0.08
MTG 0.44*** 0.08 -0.02
ITG 0.22% 0.16 0.10
LOT —0.29** -0.03 -0.16
PHG -0.09 0.36% 0.08
E STG 0.17 0.28** 0.31%**
MTG 0.46™ 0.21* 0.44***
ITG 0377 0.29** 0.15
LOT -0.12 0.44* 0.32
PHG 0.67°* -0.11 -0.01
F STG —-0.08 0.15 -0.11
MTG 0.04 -0.16 -0.01
ITG 0.11 0.22 0.39***
LOT 0.33** 0.45** 0.15
PHG 0.29* 0.32** 0.32**

*P < 0.05, **P < 0.01, **P < 0.001
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Table IV. Frequency of spatial correlations (Pear-
son’s ‘r’) between the densities of the diffuse,
primitive, and classic B-amyloid (AB) deposits in
various areas of the temporal lobe in six cases

of sporadic Alzheimer’s disease (AD)

Frequency of correlation

Correlation N + correlation - correlation NS
Diffuse/Primitive 36 2 5 29
Diffuse/Classic 34 2 1 31

Primitive/Classic

34 0 0 34

N —total number of regions analysed, NS — no significant correlation

Table V. Spatial correlations (Pearson’s ‘r)
between the densities of the diffuse, primitive,
and classic B-amyloid (AB) deposits and the fre-
quency of large diameter (> 10 um) blood ves-
sels in various regions of the temporal lobe:
superior temporal gyrus (STG), middle temporal
gyrus (MTG), inferior temporal gyrus (ITG),
lateral occipitotemporal gyrus (LOT), parahip-
pocampal gyrus (PHG), and the CA sectors of
the hippocampus, in two cases of sporadic
Alzheimer's disease

AB deposit subtype

Case Region Diffuse Primitive Classic
A STG -0.05 -0.10 0.20*
MTG -0.12 -0.10 0.38***
ITG -0.14 -0.18 -0.03
LOT -0.09 -0.10 -0.12
PHG -0.07 0.03 0.10
CAl/4 - - -
F STG 0.09 -0.02 0.27*
MTG -0.05 -0.08 0.14
ITG 0.10 0.12 0.09
LOT 0.12 0.03 -0.05
PHG 0.12 0 0.23*
CAl/4 -0.03 -0.13 -0.06

*P < 0.05, P < 0.001
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STG to sector CA4 of the hippocampus [14]. Large
aggregations of AB deposits with a diameter greater
than 6400 pm occur within many individual gyri.
Hence, the data support the hypothesis that the tem-
poral lobe is one of the regions most significantly
affected by AB pathology in sporadic AD [13,16,26].

Two types of spatial pattern were commonly
observed within individual regions: 1) AB deposits
were distributed in clusters 200-6400 um in diameter
that were regularly distributed parallel to the tissue
boundary or 2) the deposits were distributed in much
larger clusters greater than 6400 um; a single large
cluster often being present within the gyrus. These
results are similar to those reported previously in AD
[14] and also similar to those reported for neurofibril-
lary tangles (NFT) in AD [2,12]. A regular distribution
of clusters of deposits parallel to the pia mater or
alveus suggests a relationship with the functional
connections of the cortex and hippocampus. In the
cerebral cortex, the cells of origin of the cortico-
cortical projections are clustered and occur in bands
which are distributed along the cortical ribbon. Indi-
vidual bands of cells vary in width approximately
from 400-500 pm to 800-1000 um depending on cor-
tical area [20]. In some gyri, the estimated widths of
the clusters of AB deposits were within this size range
which suggests an association with these projections
[26]. In the remaining regions, clusters of AB deposits
were significantly larger than the size range of the
cortico-cortical modules. The relationship between
AB deposition and the cortico-cortical pathways
could vary at different stages of the disease. Early in
the disease, small clusters of AR deposits may occur
in association with specific cortico-cortical projec-
tions but as the disease progresses, subsequent AB
formation may result in the coalescence of the origi-
nal clusters.

In many areas, large clusters of deposits > 6400 pm
were observed. In a proportion of cortical gyri, signi-
ficant correlations were observed between the densi-
ty of AB deposits and distance below the crest of the
gyrus. In a few gyri, there was a greater accumulation
of deposits within the crest of the gyrus but most
commonly, the density of deposits was greater in the
depths of the gyri. The density of neurons and blood
vessels is often greater in sulci compared with the
gyral crest which could explain these accumulations
[3,18]. Hence, aggregation of deposits within sulci is
one explanation for the larger-scale clustering of AB
deposits observed in gyri of the temporal lobe in AD.
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In addition, in some regions, small regularly distri-
buted clusters of AB deposits were themselves aggre-
gated into larger ‘superclusters’. Clustering at differ-
ent ‘scales’ suggests a complex relationship between
AB deposition and the underlying anatomical struc-
ture of the temporal lobe. For example, in the cerebral
cortex, small-scale clustering could represent AR de-
position in association with individual cortical modu-
les and the ‘superclusters’ with groups of modules
associated with a specific pathway. In addition, it may
reflect the possibility that smaller clusters of AB de-
posits may become aggregated into larger accumula-
tions as the disease progresses [2,8].

Different AB deposit subtypes could represent
stages in the maturation of a single deposit type [5].
Hence, the diffuse deposits may represent the earliest
stage of AB pathology and evolve into the primitive
and classic deposits as the disease progresses [5]. If
within a large cluster of diffuse deposits, however,
smaller clusters ‘evolve’ into primitive deposit,
a negative spatial correlation between the diffuse
and primitive deposits should be the result. Con-
versely, if evolution from diffuse to primitive deposits
is more random within large clusters of diffuse
deposits, a positive spatial correlation may result in
the region as a whole. Few spatial correlations
between subtypes were observed, however, suggest-
ing that each AB deposit subtype is distributed rela-
tively independently [5]. These data support the
hypothesis that each AB deposit subtype has an inde-
pendent origin and that its morphology reflects spe-
cific aspects of cortical structure [5]. Hence, diffuse
deposits are associated with neuronal cell bodies,
primitive deposits with dendritic degeneration, and
classic deposits with blood vessels [5].

The classic type of AR deposit was the only sub-
type to exhibit a positive spatial correlation with the
blood vessels [9,15]. The classic deposits were clus-
tered around the larger diameter (> 10 um) blood ves-
sels and especially the vertically penetrating arterio-
les in the upper laminae [9]. This spatial pattern may
reflect: 1) AB deposition in association with the base-
ment membranes or smooth muscle of blood vessel
walls [27,30,31], 2) the deposition of AR by axon ter-
minals or reactive glial cells juxtaposed to vessel walls
[21], or, 3) diffusion of substances from blood vessels
[9]. Diffusion from vessels is a possible explanation
since the number of classic deposits declines expo-
nentially with distance from the vessel consistent
with a diffusional process [9] and the classic deposits
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contain many molecular constituents, some of which
may have originated from blood vessels [5]. In addi-
tion, blood vessels with collapsed or degenerated
endothelia are evident in more than 90% of AD cases
[22] and occur concurrently with AB deposition.

In conclusion, large accumulations of AB deposits
occur within individual gyri of the temporal lobe in AD.
Aggregation of AB deposits within sulci and coales-
cence of smaller clusters are likely to explain larger-
scale clustering patterns. In addition, AB deposits
exhibit a range of smaller-scale patterns including
regularly distributed clusters of varying size, and small-
er clusters aggregated into superclusters. Association
of the AB deposits with the degeneration of specific
anatomical connections and with the cerebral microcir-
culation could determine these spatial patterns.
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