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Posterior cingulate cortex is the site of earliest
reductions in glucose metabolism and qualitatively
different laminar patterns of neurodegeneration in
Alzheimer’s disease (AD). This study used multivariate
analyses of area 23 in 72 cases of definite AD to assess
relationships between laminar patterns of neurodegen-
eration, neurofibrillary tangle (NFT) and senile plaque
(SP) densities, age of disease onset and duration, and
apolipoprotein E (ApoE) genotype. No age-related
changes in neurons occurred over four decades in 17
controls and regression analysis of all AD cases showed
no relationships between neuron, SP, and tau-immuno-
reactive NFT densities. Principal components analysis
of neurons in layers III-Va and eigenvector projections
showed five subgroups. The subgroups were indepen-
dent because each had a full range of disease durations
and qualitatively different laminar patterns in degen-
eration suggested disease subtypes (ST). Cases with
most severe neuron losses (STSevere) had an early
onset, most SP, and highest proportion of ApoE €4
homozygotes. Changes in the distribution of NFT were
similar over disease course in two subtypes and NFT
did not account for most neurodegeneration. In STII-V
with moderate neuron loss in most layers, cases with
no NFT had a disease duration of 3.5 * 0.9 years
(mean = SEM), those with most in layers IIIc or Va had
a duration of 7.3 = 1 years, and those with most in
layers II-IIlab had a duration of 12.1 = 1 years. In
STSevere, cases with highest NFT densities in layers
II-ITI1ab also were late stage. Finally, e4 homozygotes
were most frequent in STSevere, but four statistical
tests showed that this risk is not directly involved in
neurodegeneration. In conclusion, multivariate pat-
tern recognition shows that AD is composed of indepen-
dent neuropathological subtypes and NFT in area 23
do not account for most neuron losses. « 1998 Academic Press
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INTRODUCTION

Heterogeneity of functional impairments in Alzhei-
mer’s disease (AD) is well documented. Disease onset
before the age of 65 years is associated with more
severe language dysfunction (18), disruption of cholin-
ergic (6, 73) and noradrenergic (8) systems, and neuro-
degeneration (51) than in late-onset cases. Early-onset
disease itself is not uniform because there are two
genetic defects (amyloid precursor protein and preseni-
lin mutations; 30, 91) and a risk factor (apolipoprotein
E (ApoE)-e4 homozygotes; 7) associated with these
cases. Heterogeneity also occurs as subgroups of pa-
tients with semantic or spatial impairments, yet at
similar levels of impaired memory and intellectual
abilities (52, 53). Cortical glucose metabolism suggests
four subgroups of AD (27) with focal hypometabolism
related to impaired visuospatial, language, or behav-
ioral functions (22, 31). Such heterogeneities are either
subgroups reflecting stochastic expression of a single
process or subtypes resulting from multiple etiologies.

One argument for subtypes is posterior cortical atro-
phy in AD and a Balint syndrome-like presentation.
This syndrome includes paralysis of visual fixation
associated with optic ataxia and a disturbance of visual
attention that were first associated with bilateral pari-
etal lobe lesions by Balint (3, 29, 59, 20). In addition,
variable disturbances in visual function include alexia,
anomia, agraphia, and transcortical sensory aphasia
with relatively good preservation of memory in the
early stages of the illness (21, 46, 47, 63). Posterior
cortical atrophy has been observed with imaging modali-
ties and is associated with impairments in functional
subsystems associated with visual processing in occipi-
tal, posterior parietal and cingulate cortices, and cau-
dal temporal cortex (5, 37, 38, 40, 41, 70, 81, 86, 90).
The focal atrophy is associated with NFT in layer V of
secondary visual areas that are involved in motion
detection and eye movement and posterior cingulate
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cortex (PCC) which is involved in visuospatial process-
ing (66). No focal atrophy, fewer NFT, and neuron
densities occur in frontal cortex (37, 38, 41, 86).

Although multifocal cortical atrophies with func-
tional subsystem impairments and unique clinical end-
points support the subtype hypothesis (86), there have
been few attempts to devise a methodology for postmor-
tem assessments of the structural bases for subtypes.
In addition to the transmitter system studies that
emphasize bimodal effects of subcortical alterations
cited above, multivariate methods have been used to
identify five subtypes based on SP, NFT, atrophy, and
other measures of pathology (1). Relationships among
SP and NFT in subtypes are not yet clearly defined.
There is no relationship between SP and clinical course
in biopsy (4, 50) and postmortem (2, 42) tissue, SP are
not related to dementia severity (62, 64) and neurode-
generation (77, 89), and there are instances of many SP
in elderly individuals with preserved mental status (9,
15, 36, 44, 75, 76). Although NFT are related to disease
duration (62), functional impairment correlated with
NFT in medial temporal structures (2, 43), and demen-
tia severity (62, 64), no relationship between neuron
losses and progression occurs in biopsied and autopsied
neocortex (4, 50).

It is well known that large cortical neurons degener-
ate (77) and can form NFT (38, 69). Neuron loss is
correlated with psychological performance in AD (64)
and the extent of neuron loss is related to disease
duration (43) and age at death (51). A combined biopsy
and autopsy study showed a significant relationship
between disease progression and the loss of cortical
neurons (50). Studies that seek to define neurodegenera-
tion for the entire neocortex, however, meet a number of
problems: (i) Cases with multifocal atrophy which do
not have uniform loss of neurons throughout neocortex
cannot be included in samples that hypothesize uni-
form degeneration. (ii) In order to accommodate widely
varying cytoarchitectures, these studies employ quar-
tile depth measurements (77), emphasize two layers
(60), or do not consider lamination (12). Each solution
to defining a single pattern of neuron losses overlooks
medium-sized pyramids and averages across many
areas.

A solution to the problems of averaging, multifocal
atrophy, and variations in disease progression is to
focus on a single area and consider neuron densities in
terms of the unique cytoarchitecture and full disease
course. We have done this with PCC (89) and it is
possible that the different laminar patterns of cell loss
observed are associated with different mechanisms and
represent neuropathological subtypes within AD (86).
For example, degeneration of neurons mainly in layer
IIIab may require a different mechanism from that of
degeneration of neurons mainly in layers IV and V.
Changes in receptor binding support unique mecha-

nisms (82, 83). Thus, laminar patterns in vulnerability
result from structural, connectional, and neurochemi-
cal differences among neurons.

The PCC is involved in AD including alterations in
neurochemistry (71, 72), glucose metabolism (27, 34,
57), neurodegeneration (12, 60), and SP and NFT
formation (11). Glucose hypometabolism occurs in PCC
very early in the disease and is more severe than in
lateral neocortex and medial temporal structures in
cases that present first with memory impairments (58).
In addition, PCC is involved in visuospatial and memory
processing (66, 67, 78) and has abundant connections
with parahippocampal and parietal cortices (88), sug-
gesting that functional impairments previously attrib-
uted to other regions may be a consequence of impaired
function in PCC. Therefore, we tested the subtypes
hypothesis by analyzing neurons, SP, and NFT in PCC
and ApoE genotype with a multivariate model. Tau
immunohistochemistry and thioflavine S were used to
assess NFT in a multivariate model for different layers.
Neuron counts were made on two times the number of
samples for each case and three times the number of
cases were assessed as done previously (89).

MATERIALS AND METHODS

Case Material

The cases were derived from the Wake Forest Univer-
sity School of Medicine Brain/DNA Resource Center;
the University of Iowa Deeded Bodies Program, the
Division of Neuropsychiatry; University of Geneva,
Switzerland; and the Harvard Brain Tissue Resource
Center, McLean Hospital, Belmont, Massachusetts
(PHS grant MH/NS31862). Control cases were neuro-
logically intact individuals and the AD cases were
diagnosed as definite AD (45, 56) at each of the above
institutions before they were entered into the research
protocol. In addition to the latter cortical criteria, all
cases had above age-matched control numbers of NFT
in entorhinal and perirhinal cortices and cases were
excluded from the database based on the following
observations: histories of significant drug abuse; evi-
dence of strokes, multi-infarct dementia, Binswanger’s
disease, diffuse Lewy body disease, Parkinson’s disease
or signs of infection; and neuronal changes consistent
with an acute terminal hypoxic ischemic episode. A
total of 9 cases were excluded that had Lewy bodies in
the substantia nigra according to consensus guidelines
(55). No cases with Lewy bodies were included in the
sample. Seven of the cases that were used for this and a
previous study did not have microscopic assessments of
the substantia nigra. However, removal of all 15 cases
used from the earlier study (89) did not alter the
statistical analysis of subtypes as discussed below and
Lewy body disease has a normal density of cortical
neurons (49).
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In an elderly population there can be an occasional
small infarct, moderate atheroarteriosclerosis, and mild
to moderate cerebral amyloid angiopathy. Infarcts were
overlooked only if they were infrequent (one or two per
case), small (<2 mm diameter), and in regions that are
not connected with PCC as assessed in monkey cortex
(88). There were 72 cases with a definite diagnosis of
AD and 17 neurologically intact and control cases for a
total of 89 cases. The control and AD groups appear
similar in some features including postmortem interval
and brain weight. As is typical for healthy controls, this
group experienced little pneumonia and infection but
proportionately more deaths from cancer. Although the
age at death appears lower in the control than most AD
subgroups, the age at death for all AD cases was 79 *
1.1 years and did not differ from the control group. Case
information is also summarized in Table 1 according to
subgroups as discussed throughout the text. Most
subgroups had similar profiles like death by pneumo-
nia and cardiopulmonary arrest. The only AD subgroup
that had a unique profile was the subgroup with severe
degeneration with earlier death (74 = 2.8 years), age of
onset (Table 2), and lower brain weight (1050 * 52 g).
Other differences, like a high proportion of males in
STO, are attributed to small sample size.

Fifteen AD cases used previously (89) were used here
because tissue was available for genotyping and 6 of the
control cases were used from the earlier study. Al-
though there were no selection criteria imposed that
would alter the PCA, we performed the analysis with
and without these 15 cases to determine whether or not
the new set of 57 cases provided an independent
verification of earlier observations. The variance and
associated percentage of the total for each principal
component (PC) were as follows for all 72 cases: PC1,
283406/96.4%; PC2, 7275/2.5%; PC3, 2308/0.79%. Re-
moval of the 15 previous cases did not alter the five
subtypes; i.e., there was no overlap of individual cases
among subtypes in the eigenvector projections. Further-

more, the variance for each PC and the loading factors
for each layer were not changed. The variance and
associated percentage for each PC for the new 57 cases
were as follows: PC1, 211245/96.6%; PC2, 5156/2.4%;
PC3, 1627/0.74%. The new 57 AD cases provide critical
validation of previous findings (89).

Tissue Preparation and Quantification

Formalin-fixed blocks from five cortical regions were
used: PCC, prefrontal areas 10 and 46, inferior parietal
area 40, and temporal area 20/entorhinal cortex/
hippocampus. The blocks were cut into six series of
sections at a 50 zm thickness and four series of 100 zm
thickness on a sliding microtome. A series was stained
with thionin or thioflavine S as described previously
(89). The thioflavine S protocol labels both diffuse and
neuritic plaques and no distinction was made between
these when reporting SPs. Four to six sections from
another series were immunoreacted for tau with an
anti-tau antibody (mouse monoclonal antibody AD2 at
1:1000 dilution; 13), biotinylated horse anti-mouse
antiserum, ABC solution, and diaminobenzidine. Each
cortical region was drawn at 17X from the Nissl-
stained sections and used to interpret the thioflavine
S-stained preparations. A qualitative survey of an
entire gyrus was made before determining the represen-
tative density of SP or NFT. A 400 X 400-xm grid was
used to count SP and NFT densities by layer in 0.32
mm?. The counts for SP were summed for all layers to
give an overall density for 1.92 mm?. The average
density of SP for all AD cases was 30.3 = 1.93 and our
threshold for comparison with age-matched control
cases was 20 SP. This was an internal standard to
assure that all cases had AD.

Neuron counting was performed on the thionin-
stained sections as discussed previously (89). The peri-
karya of neurons only were drawn in 160-um-wide
strips of area 23a with a drawing tube attached to the

TABLE 1

Characteristics of Cases

Causes of death

Age at death Gender Brain

n (mean = SEM) (M/F) PMI weight (g) Pneu CPA Sep Can DH RF NA
Controls 17 74+ 29 8/9 7.8+1.9 1213 + 34g 1 7 — 7 — — 2
AllAD 72 79411 34/38 6.1 =.75 1118 = 20 24 19 5 1 7 2 14
STO 5 79 = 5.1 4/1 7744 1222 * 23 2 2 1 — — — —
STIIIab v 77 £4.3 4/3 57+ 1.3 1102 £ 75 3 — — — 2 — 2
STIV-V 13 81 =22 6/7 8.2 +2.6 1171 = 45 5 3 — — 1 - 4
STII-V 30 82+14 13/17 6.4 1.3 1145 =+ 28 10 9 1 2 1 4
STSevere 17 74 = 2.8 7/10 6.0 =12 1050 = 52 4 5 1 — 2 1 4

Note. PMI, postmortom interval; Pneu, pneumonia; CPA, cardiopulmonary arrest; Sep, sepsis; Can, cancer; DH, dehydration; RF, renal

failure; NA, not available.
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TABLE 2

Laminar Area and Neuron Atrophy Correction

11

A. Laminar area in mm? (mean + SEM)

Layer Illab Layer IIc Layer IV Layer Va
Control 0.0604 = 1.96 0.0642 + 2.29 0.0453 = 1.77 0.0390 = 1.92
STO 0.0606 = 3.30 0.0625 + 4.18 0.0450 = 3.61 0.0385 + 4.68
STIIlab 0.0341 = 1.84* 0.0601 = 2.41 0.0414 = 1.00 0.0331 = 0.75
STIV-V 0.0522 = 2.16 0.0594 + 2.35 0.0398 =+ 1.46 0.0303 = 1.00*
STII-V 0.0434 = 1.34* 0.0521 + 1.53* 0.0370 = 1.21% 0.0277 = 0.67*
STSevere 0.0361 *= 2.17* 0.0462 = 2.02% 0.0357 = 1.18% 0.0237 = 0.91%

* Layers with greatest atrophy versus control values (P < 0.001).

B. Laminar area as a percentage difference from control
STO 0 —2.6% 0 0
STIlIab —43.5% -6.4% —8.6% —15.1%
STIV-V —13.6% =7.5% -12.1% —22.3%
STII-V —28.1% —17.9% —18.3% —29.0%
STSevere —40.2% —28.0% —21.2% —39.2%

C. Neuron atrophy correction (neurons/mm?)

Layer Illab Layer IV
STO 949.8 = 35.97 1190.5 + 114.81
STIIIab 915.7 = 72.79 934.2 = 101.51
STIV-V 1028.6 = 36.58 570.5 = 41.49
STII-V 738.9 = 38.55 506.5 = 33.32
STSevere 453.9 = 32.92 151.3 + 14.39

microscope. The cytoarchitectural characteristics of
area 23a have been described (87). In order to reduce
the variance among individual counts for each case, six
strips were drawn from each case (two from each of
three slides) and the mean neuron number was calcu-
lated for each layer. Neurons were only included in the
count that had a nucleus and nucleolus. Glia were
excluded during the drawing process and were usually
less than 8 um in diameter, had pale-staining nuclei,
and had limited and poorly stained cytoplasm. These
drawings were used to locate tau-immunoreactive NFT.
The sections were aligned by area and layer and each
NFT was plotted with the drawing tube and an average
number of NFT per layer was calculated for two to four
sections from each case. Samples of area 23a were
chosen at suprasplenial levels. Since the sampling
technique is critical for localizing the same area in each
case, we assessed the extent to which neuron densities
varied in the rostrocaudal extent of this area. In five
cases neurons were counted from coronal levels of area
23a that were 3-3.5 mm apart. There were no differ-
ences in neuron counts for any layers in anterior or
posterior parts of area 23a. There were also no differ-
ences in densities between control cases under or over
the age of 65 years or by gender.

Neuron numbers for each layer were not atrophy
corrected. The decision not to correct for atrophy is
fundamental to identifying subtypes with the multivar-
iate model and Table 2 shows the actual area in each
layer in which neuron counts were made. The effects of
atrophy correction are shown for a layer that undergoes
significant atrophy (layer IIlab) and one that under-
goes less atrophy (layer IV). The correction in layer
IITab normalizes neuron density in three subtypes
including STIIIab. In layer IIlab of STIIIab, there is a
43.5% reduction in area and a 54% reduction in neu-
rons (Table 3). Each of these changes cancel for no net
change in neuron density when compared to STO and
STIV-V (Table 2C), yet it is clear that layer IIlab is
devastated in STIIIab. Layer IV undergoes less atrophy
and, since there are reductions in neuron counts, the
atrophy correction replicates these changes. Hense,
atrophy correction can produce misleading information
about the number of neurons in a layer when there is
atrophy. The rationale for atrophy correcting neuron
data is not straightforward and is considered further in
the discussion. Samples from unfixed and formalde-
hyde fixed cases were genotyped to determine the
allelic composition for each individual according to the
technique of Gioia et al. (24).
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TABLE 3

Properties of Subtypes Based on Neurodegeneration

Controls STO STIIIab STIV-V STII-V STSevere

Neurons n=17 n=>5 n="17 n=13 n =30 n=17
I11ab 68 =3 58 =5 31 +3 54 = 2 33 +2 17 +2
IIlc 61=*3 60 = 3 51 +4 46 = 2 34 +1 22 +2
v 54 + 3 52+ 3 39+ 4 25 +3 19 +1 6 +1
Va 48 £ 4 44 + 4 33 2 29 +1 20 +1 8 +1
Total 231+ 11 214 +13 155 + 13 154 + 3 107 +4 53 +4
Duration (years) NR 1-10 3-15 2-10 1-14 4-25%*
Onset (years) NR 736 69 =5 75 = 2 741 63 =3
SP*1 8+3 16 + 3 32+ 2 22 +5 28 = 2 39 +4
NFT*2 0.1 27 = 14 39 15 2+1 20+ 5 43 + 8
NFT*#3 0 0 24 +3 10 = 4 25 £ 4 306
€4/4% NA 20 29 15 20 42

Note. Mean = SEM. Bold and italicized numbers differ significantly (P =0.05; protected ¢ tests) from controls. Double underlines identify
STSevere properties in the lower half of the table and single underlines are for subtypes that differ significantly from this subtype (P = 0.05;
protected ¢ tests). NR, not relevant. *1, thioflavine S-stained SP; *2, thioflavine S-stained NFT; *3, tau-immunoreactive NFT —two cases in

STO had no tau-ir NFT. ** Ranges for each subtype. NA, not assessed.

Statistical Analyses

The hypothesis was first tested that AD is uniform
and differences among cases were due to disease pro-
gression and assessed with linear regression analysis.
Values for F with a P = 0.05 were accepted as signifi-
cant and ¢ tests protected for multiple comparisons for
all control versus all AD cases as a group. However,
evidence supported the hypothesis that AD was not
uniform and principal components analysis (PCA) and
pattern recognition in eigenvector projections was ap-
plied to assess neurons and other measures of the
disease that might account for statistical subgroups
and/or subtypes. The Ein*Sight statistical and pattern
recognition software (InfoMetrix, Woodinville, WA) was
used for this purpose and is a noniterative partial least
squares method for computing the principal compo-
nents or eigenvector for each point in a multivariate
analysis. This approach incorporates multiple vari-
ables including normalization and scaling of variables
to remove bias arising from differences in magnitude so
that each variable has equal weight. An eigenvector is
calculated for each individual and a three-dimensional
eigenvector projection created where the distance from
the origin is proportional to the importance of a vari-
able in the principal component loading of that vari-
able; points close to the origin have limited informa-
tion, whereas a large distance from the origin has a
high loading and means that the variable is important
to the analysis. Rotation of the eigenvector projection
for pattern recognition allows one to investigate cluster-
ing and the influence of outliers on a subgroup. The
mutual location of individuals in the eigenvector projec-
tion reflects their coherence and membership in a
subset with unique properties.

RESULTS

Neurons Over Four Decades of Normal Aging

The 17 control cases were evaluated for the extent to
which aging involves neurodegeneration in area 23. In
addition, the possible effects of sampling from different
rostrocaudal levels of this region and gender were
assessed. The controls had an age at the time of death
of 74 + 2.9 years (mean = SEM) and a range of 56-94
yvears. Linear regression analyses of neurons in each
layer as a function of age at death showed no significant
correlation coefficients. For example, layers IIIc and Va
have the largest neurons in area 23a and the correla-
tion coefficients and associated F and P values for these
layers were as follows: IIlc, r = —0.13, F = 0.29, P =
0.6; Va,r = 0.12, F = 0.22, P = 0.65. Thus, age-related
neurodegeneration could not be detected in PCC over
four decades of normal aging. Neurons in 5 cases for
which all of PCC was available were calculated for each
layer in area 23a at two rostrocaudal levels: dorsal to
the caudal end of the splenium of the corpus callosum
and 3-3.5 cm rostral to this level. There were no
differences among neurons as exemplified in the follow-
ing layers (anterior/posterior levels): IIlab, 62 + 3.7/68 =
5.2; Illc, 61 = 3.5/62 * 5.9; IV, 62 = 4.4/66 * 4.3; Va,
42 =+ 2.8/54 *= 4.5. Finally, there were no gender
differences in the neurons in midcortical layers (female/
male): IIIab, 70 = 3.9/66 = 4.6; IIIc, 60 *= 3.1/62 = 4.4;
IV, 58 = 4.7/52 + 4.6; Va, 50 * 2.6/48 = 3.3.

Alzheimer’s Disease Group Analysis

The null hypothesis states that there are no subtypes
within AD and that differences in neurons, NFT, and
SP can be accounted for by differences in disease
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FIG.1. Multiple regression analysis of neurons in layer Va along
clinical disease duration for all AD cases. Although the F value of 6.19
was significant, this is due solely to three outliers (circled stars) that
are members of a subgroup of cases with severe neurodegeneration in
all layers. Removal of these outliers reduced the F to a nonsignificant
1.74 and removing cases with severe degeneration (stars) reduced the
F ratio further (0.67).

duration for a uniform disease. The 70 AD cases with a
retrospective estimate of disease onset in at least one
cognitive domain were assessed as a group in relation
to disease duration, age at death, and age at disease
onset. Since large neurons form NFT and degenerate in
AD, and these neurons are mainly in layers IlIc and Va
in PCC, these layers were used to assess neurons over
the disease course. Neurons were not related to age at
death or age at disease onset for either layer, but there
were relationships between neurons in both layers and
disease duration. Figure 1 shows layer Va neurons for
all AD cases plotted against disease duration (n = 70;
r=—0.27;F = 6.19; P = 0.015). Three cases, however,
stood out as outliers with durations of 18-25 years.
Removal of these cases reduced the F statistic to 1.74
(P = 0.19). Furthermore, these outliers were members
of a subgroup with severe degeneration in all layers
(stars in Fig. 1) and their removal from the analysis
produced an F of 0.67 (P = 0.41). The same effect was
observed for layer IIlc. The dramatic outlier effect on
the regression analysis suggests that there was no
relationship between neurons and disease duration
and the subgroup with severe neurodegeneration is a
unique subtype with a full range of disease durations.
The extent to which NFT are related to disease dura-
tion and neurodegeneration was assessed in layers III
and V, since there were more thioflavine S-stained NFT
in these than other layers when at least one NFT was
present (Il =5 + 0.97; 111 = 8 = 1.3; IV = 3.6 = 0.49;
V =15+ 2; VI = 3.6 = 0.7). There were 21 cases with
no thioflavine S-stained NFT and there were no correla-
tions between neuron and NFT nor NFT and disease
duration.

Laminar Patterns of Neurodegeneration

The hypothesis of independent classes of AD has
been proposed for PCC (89). Neurons in each layer of

each case were compared sequentially (i.e., one layer at
a time) with average control values to determine which
layers had the greatest proportionate neuron loss.
Since a methodology was needed to include multiple
layers in a single statistical model, neurons were
assessed in layers IIlab, IIlc, IV, and Va for PCA and
eigenvector projection (Fig. 2A). There was no overlap
between these groups except for 5 AD cases with
neuron counts similar to controls. The AD cases were
then plotted without controls so that the full variance
and covariance in the AD group could be represented in
the eigenvector projection (Fig. 2B) and cases color
coded according to five patterns of neurodegeneration.
The three-dimensional graph was rotated so that segre-
gation of the groups could be best visualized. Five
laminar patterns were defined as previously done (89)
and the following subtypes (ST) defined: ST0, no appar-
ent loss; STIIIab, neuron losses mainly in layer Illab;
STIV-V, losses mainly in layers IV and/or V; STII-V,
losses of 35-70% throughout most layers; STSevere,
losses over 80% in most layers. Although the STII-V
includes significant loss of neurons in many layers,
even here there were laminar preferences for neurode-
generation. In 22 of 30 cases the greatest loss was in
layer IV and this could reach 80% (n = 4). The average
loss in layer IV for all 22 cases was 71 = 2% with the
second greatest percentage loss occurring in layer Va or
Vb (—58 + 4%). This subgroup, however, cannot be
equated to STIV-V because in STII-V there is substan-
tial degeneration in superficial layers. For example, in
the 19 cases with greatest superficial losses in layer
ITIab there was a reduction of 53 = 2.4%. Finally, two
cases were not included in this PCA because they were
outliers in preliminary PCA: one each in STIV-V and
STII-V.

Although neurons in layers II1I-Va were used because
they were previously used to define classes (89), the
PCA can be used to assess other layers. For example,
including layer II for subgroups that differ from con-
trols (i.e., excluding STO) produced an eigenvector
projection with reduced subgroup definition because of
case overlap at the border of STIV-V and STII-V. In
addition, layers Vb and VI were not part of the analysis
because layer Vb is neuron sparse and layer VI is
variable in thickness at the ventral apex of the cingu-
late gyrus and has variable neurons due to cortical
convolutions.

The null hypothesis requires etiological uniformity, a
single continuum of neurodegeneration, and differ-
ences due only to disease duration. It was rejected for
the following reasons. First, linear regression analysis
of neurons against disease duration for each subtype
showed no significant losses of neurons in any layer,
precluding an interaction among subtypes. Second,
each subtype has a full range of disease durations
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FIG. 2. Eigenvector projections of PC scores of neurons in layers IIlab, IIlc, IV, and Va. Graphs were rotated to demonstrate optimally
the statistical subgroupings. (A) All AD (orange) and control (purple) cases; the five AD cases that overlap with the controls (arrows)
had neuron counts like controls. (B) Each subtype is color coded according to layer-by-layer analysis of neurons vs control cases which
produced five subgroups: STO (purple), STIIIab (orange), STIV-V (blue), STII-V (black), STSevere (STSev, green). (C) Layer II was added to
determine if it provided greater subgroup segregation. Since there was no improvement and the STIV-V/STII-V border was blurred, the
multivariate model need not include neurons in this layer. (D) A test that ApoE genotype has a specific role in neuron losses is adding and ApoE
risk score for each case and color code the data according to genotype as shown. There was no evidence for subgrouping by genotype except in

STSevere.

(Table 3). Since most severe neuron losses were associ-
ated with the youngest individuals, there was little
chance that layer-specific neuron losses in subtypes
with late onset lead to severe neurodegeneration in
early-onset cases. Also, if the subtypes were a simple

continuum, disease duration should lengthen from STO
to STSevere and it does not. Third, the PCA shows
unique values for each individual in a subtype and no
overlap with other subtypes as would occur if there was
a single continuum of cases.
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Tau-Immunoreactive Neurofibrillary Tangles

Forty-eight cases were immunoreacted with the AD2
tau antibody (13) to assess neurofibrillary changes that
are earlier in the disease than those apparent with
thioflavine S (80). There were only 2-4 immunoreacted
cases for STO, STIIIab, and STIV-V and the density of
tau-immunoreactive (ir) NFT was low and homoge-
neous across layers. The density of NFT in traverses of
all layers for each subtype are provided in Table 3
(NFT*3). In STII-V, tau-ir sections were available for
23 of 30 cases, while 12 of 17 were tau-ir in STSevere.
The STII-V cases could be grouped according the layer
of highest NFTs: (i) none, n = 4; (ii) highest in layers
I11ab or Va, n = 13; (iii) highest in layer II, n = 4. Two
cases had a low density and even distribution and were
not included in these subgroups. Disease duration was
directly related to these three groups: (i) no NFT =
3.5 = 0.9 years; (ii) layers IIIab or Va = 7.3 = 1 years;
(iii) layer II = 12.1 + 1.0 years. Thus, disease progres-
sion was associated with hyperphosphorylation of tau
in layers IIlab and V first and later in layer II. Tau
phosphorylation in layer II marks the latest stage of
STII-V progression. Neuron counts in layers II-Va
were not different among these groups.

A better test of relationships between disease dura-
tion and tau-ir NFT is PCA. The PC scores were derived
with disease duration and NFT density for layers
II-IIIab, ITIc-Va, and Vb-VI. These layers were used to
account for shifts in the densities of NFT over the
cortical layers at different stages of the disease. Figure
3A shows an eigenvector projection for STII-V and
there are three subgroups identified by disease dura-
tions. A similar eigenvector projection occurred with
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FIG. 3. Eigenvector projections for STII-V (A) and STII-V/
STSevere (individual cases circled) together (B). The multivariate
model included disease duration, tau-ir NFT in layers II-Illab,
IIIc—Va, and Vb-VI. In both instances three subgroups are apparent
confirming that NFT densities and their laminar distribution are
related to disease progression. Although a similar phenomenon was
apparent for STSevere alone, the cases were combined in B to provide
stronger statistics. The laminar distribution of NFT is related to
disease progression not subtype per se. The numbers in this figure
refer to the cases by disease duration shown in the next figure (note: 4
here is equal to 4.5 in Fig. 4).

STSevere; however, the second 3-D graph in Fig. 3B
includes both subtypes because the disease duration
relationship is not subtype dependent and statistical
power is improved for the larger sample.

The stages of NFT deposition can be quantified for
STSevere, as above for STII-V, and examples are
photographed for each (Fig. 4). Tau-ir NFT in STSevere
showed either a low density and even laminar distribu-
tion (n = 3, 9.4 = 1.2 year duration) or high density in
layers V, III, and VI or layers II-I1Iab (n = 8,8.5 = 1.5
year duration). Layer V appeared to be the earliest in
which tau phosphorylation occurred and layer III was
next. Layers II-IIIab were the last to contain tau-ir
neurons and had lowest overall density of neuropil
threads. In addition, NFT in layer V may disappear in
late stages of the disease (Fig. 4; 23 year case). How-
ever, neurodegeneration was not associated with differ-
ences in tau-ir NFT as was true for STII-V. This was
true for total neurons in layers Illab—Va (onset <5-year
duration = 58 = 8.9 neurons; cases 8+ years = 54 *
4.6) and neurons in layer IIIab (<5-year duration =
20 = 2.9 neurons; 8+ years = 18 = 1.8). Finally, there
were more thioflavine S-stained SP in cases with high
densities of tau-ir NFT (47 * 4.7) than there were in
cases with few such NFT (26 = 2). Cases with a high
density of tau-ir NFT in layers II and/or IIlab had a
high density of thioflavine S-stained NFT. Thus, the
density and laminar patterns of tau-ir NFT are related
to disease progression in STII-V and STSevere, they do
not undergo obligatory formation of B-pleated sheets,
their presence in layer II is a marker of terminal
disease, and NFT in layer V may be removed from the
neuropil in end-stage cases.

Neurofibrillary Tangle and Neuron Relationships

The hypothesis that insoluble NFT serve as a mecha-
nism of cell death requires a direct test. Cases from
STII-V were used because of the large number of cases
that were tau-ir and the broad laminar pattern of
neurodegeneration. Linear regression was performed
on NFT coregistered to perikaryal samples of neurons
for layers II, III, IV, and Va, each separately. There
were no significant correlations in these data for layers
IT, IV, or Va but there was a strong, inverse relationship
in layer III (» = —0.65; F = 17; P = 0.0001). This rela-
tionship could be misleading because there may not be
a 1:1 ratio of NFT:neuron loss. This was assessed by
calculating the number of neurons lost in layer III in
each case as a difference of neurons in layer III from the
average for the control group (average of 129 neurons).
Four cases with no tau-ir NFT had lost 52 = 1.6
neurons in layer III, whereas two cases had high NFT
densities of 22 and 31 and neuron losses of about 80.
Excluding these six extreme cases, NFT were 3-18 and
neuron losses were 45-87. The ratio of NFT:neuron loss
for each case was calculated for the same area of layer
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FIG. 4. Tau immunohistochemistry for individual cases from two subtypes. (STII-V) Cases with 3 or fewer years duration usually had
no tau-ir NFT and some had NFT mainly in layer Va as shown in the first case. The second case had a higher density of NFT in both layers
IIT and Va as well as an overall higher level of neuropil threads. The third case had a long duration and high level of tau-ir NFT in layers
II and Illab and relatively fewer in deeper layers. (STSevere) The shortest duration case available with tau-ir NFT (4.5 years) had
approximately equal densities of tau-ir NFT in layers III and Va. There were more neuropil threads in intermediate stages of the disease (8

years). Although layer Il had NFT in each of these cases, layers Il and IIlab in the 23-year case were highest and there were few NFT in deeper
layers.
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III. The range of ratios was 3.4-22 and the mean ratio
was 7.7 + 1.0. Thus, an average of 8 neurons was lost
for each NFT formed in layer III of STII-V. These
relationships were analyzed with PCA and the follow-
ing seven variables for each case: disease duration;
NFT in layers III, IV, and Va; and neurons in layers III,
IV, and Va. Disease duration (short, 1-5 years; interme-
diate, 6-10 years; long, 11 + years) did not identify
three subgroups in an eigenvector projection, confirm-
ing the lack of a relationship. Thus, tau-ir NFT forma-
tion is related to disease duration in STII-V and
STSevere; however, the density of NFT does not ac-
count for neurodegeneration nor their laminar pat-
terns. Subtypes based on laminar patterns of neurode-
generation are not the result of NFT formation.

Apolipoprotein E Genotype

There were more thioflavine S-stained SP in area 23
in ApoE €4 homozygotes than there were in €3 homozy-
gotes or individuals heterozygous with each allele.
Although the difference between the €4 and €3 homozy-
gotes was not significant when an average density of SP
was calculated (e4/4, 30 * 3.2; €3/3, 24 = 5.4), they
were significant when the maximum density of SP was
used for the analysis (e4/4, 31 = 3; €3/3, 22 * 2;
P < 0.05). The ¢4 homozygotes were at a higher propor-
tion only in STSevere, while the proportion of e4
homozygotes was about the same in other subtypes
(Table 3). Rank ordering of subtypes according to the
proportion of €4 homozygotes and age of disease onset
for all cases in a subtype follows: STSevere, 42%/63 *
3.4 years; STIIlab, 29%/69 + 4.7; STO, 20%/73 = 5.8;
STII-V, 20%/74 + 1.4; STIV-V, 15%/75 * 2.2. Differ-
ences between the age at onset for STSevere versus
STO0, STIV-V, and STII-V were significant.

Although ApoE genotype in STSevere is associated
with SP density and age of onset, it was not related to
the density or distribution of tau-ir NFT. Classification
of all cases regardless of neurodegeneration showed the
following densities of tau-ir NFT: €3/3 = 24 + 6; €3/4 =
28 + 3.5; €4/4 = 31 = 8. A within-subtype analysis of the
proportion of €4 alleles to the total number of alleles
showed the following for STII-V: no NFT, 4 of 12; NFT
highest in layer IITab or VI, 13 of 28; NFT highest in
layer II, 3 of 6. In STSevere cases with low density and
even laminar distribution of NFT, there were 7 of 12 €4
alleles, while cases with highest NFT in layers II and/or
I1Iab had 6 of 14 €4 alleles.

The high density of €4 homozygotes in STSevere
suggested that the ApoE risk factor could influence
neurodegeneration; however, this is unlikely for the
following reasons: First, although neurodegeneration
in the other four subtypes was different (Table 3), the €4
risk in these groups was about the same: 15-29%.
Second, in STII-V there were enough €4 (n = 6) and €3
(n = 7) homozygotes to directly compare neurons for

layers IIIab-Va; €4 homozygotes had 98 = 9 neurons
and €3 homozygotes had 116 * 9, a nonsignificant
difference. Third, PCA of groups based on the ApoE risk
factor did not produce unique subgroups. Figure 2D
shows a plot of eigenvalues for neurons in layers
I1Tab-Va coded for three groups: e4 homozygotes; €2 or
€3/e4; €2 or €3/e3. Rotation of the graph in all planes
failed to uncover a subgrouping of any allelic combina-
tion including mainly €4 homozygotes. Fourth, a mea-
sure of ApoE risk (ApoE risk score: 2 = €2/3, 3 = €3/3,
4 = €2/4, 5 = €3/4, 6 = e4/4) with neuron counts in
layers IIlab-Va failed to improve the multivariate
model. Although the high density of e4 homozygotes in
STSevere is associated with severe neuron losses, early
onset, and high amyloid levels, genotype is not specifi-
cally related to neurodegeneration.

DISCUSSION

Five laminar patterns of neurodegeneration were
identified in AD with a multivariate model and eigenvec-
tor projections and each pattern was present early in
the disease. Since multiple etiologies may be required
to account for the five qualitatively different laminar
patterns of cell loss, they are termed neuropathological
subtypes and each is independent with a full range of
disease durations. Although there is progressive tau
phosphorylation beginning in layers IIIc-Va and culmi-
nating in layers II-IIlab at late stages, NFT formation
does not account for most neurodegeneration nor sub-
types. The STSevere is of particular interest because it
has essentially no laminar architecture and is distin-
guished from other subtypes by its early onset, high
deposition of SP, and high proportion of ApoE e4
homozygotes. Although there is an association of €4
homozygotes and high levels of amyloid, there was no
specific association with laminar patterns of neurode-
generation and ApoE risk. These observations do not
support the hypothesis that AD is a single disease
based on global changes in one transmitter system,
protein, or lipid metabolic impairment and studies that
overlook PCC may miss early impairments in the
structure and function of cortical cells.

Posterior Cingulate Cortex: A Site of Early
Functional Lesions

Neurochemical, morphometric, and glucose meta-
bolic studies implicate PCC in AD. Although early
impairments in memory and visuospatial functions are
often thought to result from disruption of medial tempo-
ral and parietal cortices, respectively, PCC itself is
engaged in both of these functions (34, 66, 67, 78) and it
is unclear to what extent each structure contributes to
such functions. In addition, clinical assessments of AD
emphasize memory impairments and can overlook early
disturbances in vision, language, and behavior. Since
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there are no neuropsychological tests to pinpoint func-
tional disruption of PCC and it tends to be overlooked
in postmortem assessments, the role of this region in
early stages of AD is not appreciated. Recent functional
imaging studies provide a direct methodology for ana-
lyzing impaired function throughout the cerebral cor-
tex in AD and highlight the pivotal role of PCC.

Minoshima et al. (57, 58) reported that PCC is
glucose hypometabolic in very early stages of AD in
cases that first present with memory impairment.
These data also show that PCC hypometabolism pre-
cedes that in medial temporal and lateral neocortical
regions. These findings are consonant with postmortem
assessments because the five laminar patterns of neuro-
degeneration are established early and, therefore, may
contribute to glucose hypometabolism. Also, posterior
cortical atrophy with Balint syndrome-like signs sug-
gest a more severe neurofibrillary and neuron degenera-
tion in PCC than in lateral neocortices and imply an
earlier involvement of PCC (40, 41, 86, 90). Very early
glucose hypometabolism and early neuropathological
subtypes cast a new perspective on the contributions of
PCC to brain function and its role in AD pathology.

It has been known for some time that PCC is involved
in visuospatial functions. Single neurons in monkey
PCC code for the position of the eye in the orbit and
large visual field patterns (66, 67). Lesions in this
region impair spatial memory (61) and spatial tasks
alter glucose metabolism in the retrosplenial areas
(54). Finally, Hirono et al. (34) reported a correlation
between glucose hypometabolism in right PCC and
spatial disorientation in AD. Thus, functional impair-
ments in visuospatial processing in AD may be due to
functional disruption of PCC.

Since the first report classifying AD cases according
to laminar patterns of neurodegeneration, it has been
incorrectly suggested that STO represents the earliest
state of neuropathology in PCC for all cases. This is not
the premise of subtype analysis nor is it compatible
with the present findings. The 7% of the cases with
normal neuron counts have a full range of disease
durations, not just 1-3 years as would be required if
this were a precursor for all other subtypes. The
presence of intact neuron counts in definite AD is not
unique to PCC and has been observed in prefrontal
cortex (77) and in other studies of cingulate cortex (12,
51, 89). The neuropathological subtypes do not proceed
from STO to STIIIab to STIV-V to STII-V to STSevere.
These are qualitatively independent subtypes. Finally,
the integrity of neurons in these cases does not indicate
that cingulate cortex is unimpaired because they have
elevated M; binding in layers V and VI (82) and reduced
GABA, binding in layer I (83). Since these are clinically
diagnosed cases, the extent to which the clinical syn-
drome depends on neurodegeneration is accounted for
by other neocortices. Thus, multivariate models of

neocortical damage will require assessments of each
cortical lobe and the subtypes hypothesis suggests that
laminar patterns of neurodegeneration are an impor-
tant variable not limited to PCC. The many examples of
multifocal atrophy in frontotemporal and parietooccipi-
tal cortices and AD cases with a normal density of
neurons in prefrontal cortex (86) suggest that models of
AD subtypes require a broad definition of neuron loss.

Valenstein et al. (78) reported a case of “retrosplenial
amnesia” with profound disruption of anterograde and
retrograde memory. There is a long history of studies
implicating PCC in memory in experimental species
(reviews: 84, 85) and functional imaging in human (28).
Although medial temporal areas have a role in memory,
early impairments in PCC may be responsible for some
of these functions in AD. Furthermore, there may be a
pivotal integrative role for PCC that joins visuospatial
and memory functions in a way that does not occur in
other regions. Disruption of unique integrative func-
tions in PCC may account for the earliest impairments
in brain function in AD and the hypothesis of nodal
visuospatial and memory processing in PCC implies
that disruption of neuronal function in this region may
result in nonlinear functional impairments.

Independence of Neuropathological Subtypes

One of the arguments for subtypes is that statistical
subgroups represent etiologically unique and, there-
fore, independent neuropathological subtypes. Pivotal
to this argument are the qualitatively different laminar
patterns in neurodegeneration and a full range of
disease durations for each subtype. Table 3 summa-
rizes the features of each subtype. Although differences
between STII-V and STSevere could be quantitative,
almost every measure shown in Table 3, except disease
duration, distinguishes between them including age at
onset, amyloid deposition, laminar patterns of tau-ir
NFT, and proportion of e4 homozygotes. Neurodegenera-
tion in STII-V, therefore, represents a fundamentally
different process than that in STSevere. Another pos-
sible interrelation is between ST0 and STIIIab, since
the former could progress into the latter or into STIV-V
or STII-V. This is not true, however, because ST0 can
have a duration of from 1 to 10 years and the subtypes
are established around the time of clinically significant
disease. The STO has about half the number of SP in
STIIIab and the age at onset is about the same for all
subtypes except STSevere. Furthermore, eigenvector
projections show subgrouping of each subtype, indicat-
ing that they do not overlap even with long-duration
disease. Thus, the five PCC subtypes are independent
entities under the umbrella designation of definite AD.

These studies of PCC support the hypothesis of
unique etiologies because each of the laminar patterns
likely requires a different mechanism. Since the deposi-
tion of SP and NFT occurred in all subtypes at an
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approximately equal level except in STSevere, differ-
ences in these markers do not reflect fundamentally
different etiologies. Although the specific mechanisms
by which neurons in each laminar profile are destroyed
are not known, the different chemorachitectures of
each cortical layer suggest associations that may lead
to uncovering unique mechanisms for each subtype.
Two extremes reflected in the subtypes suggest unique
mechanisms (86). In STIIIab and STIV-V, a selective
mechanism is required to destroy a small population of
neurons. These layers have different densities of cal-
cium-binding protein-positive neurons with layers II-
I[IIab having high levels of calretinin and deeper layers
having fewer neurons expressing this protein (65).
Since calretinin and calbindin expression is stable in
interneurons in AD (35, 39), the low level of a calcium-
binding proteins in deeper layers could make them
selectively vulnerable to calcium-mediated events such
as glutamate neurotoxicity. In contrast, STII-V and
STSevere have significant neurodegeneration in all
layers. Nitric oxide synthase is in a small number of
widely distributed cortical interneurons, it mediates
glutamate neurotoxicity (17), and altered activity in
this enzyme could lead to “widespread neurotoxicity” in
the cortex (16).

ApoE Genotype is not Related to Specific Patterns
of Neurodegeneration

An assessment of the total relative number of neu-
rons in frontal, parietal, and medial temporal cortices
could not detect an ApoE genotype influence (48).
Individuals homozygous for the ApoE e4 allele have
high densities of SP (75) and this is true for PCC;
however, the broad distribution of SP in AD neocortex
and lack of a relationship to laminar patterns of neuron
losses suggests that ApoE genotype is secondary to
events driving neurodegeneration. SP appear early in
AD (2), their density is unrelated to the distribution of
neocortical neurodegeneration (77, 89), and there are
instances of many SP in elderly individuals with pre-
served mental status (9, 15, 36, 44, 75, 76). Thus,
mechanisms like ApoE genotype that modulate SP
density are unlikely to trigger neurodegeneration. The
present study used four strategies to assess ApoE
genotype and neurodegeneration and none showed a
unique laminar pathology associated with a particular
genotype. The STSevere had the greatest proportion of
€4 homozygotes, greatest neuron loss, and most SP and
it alone may be influenced by this genotype. The
within-subtype analysis of genotype failed to show that
a severe loss of neurons, even in STSevere, is due to the
prevalence of €4 homozygotes. The ApoE €4 risk is a
general one that may interact with other genetic de-
fects to influence amyloid deposition yet does not
directly induce neurodegeneration.

NFT Are a Weak Measure of Neocortical
Neurodegeneration

The present observations suggest that tau immuno-
histochemistry is helpful for defining the course of AD
within a subtype but, given the wide range of tau-ir
NFT densities and their variable laminar positions,
they cannot be used as a marker for a single subtype. In
PCC, a high density of tau-ir NFT in layers II and/or
IIIab suggest a late-stage of disease progression. This
pattern of NFT formation is opposite to that in entorhi-
nal cortex where the earliest NFT occur in layer II (10,
25, 33, 36, 81). Also, entorhinal NFT in layer II are
proportional to neurodegeneration (25) which is not
true for PCC.

In PCC thioflavine S-stained NFT are light and they
are not significantly related to neurodegeneration or
subtype. The present study assessed tau-ir NFT in
layers III and V where they tend to be most dense and
even here there appeared to be a loss of eight neurons
for each NFT. Finally, in late-stage cases (i.e., durations
over 11 years), there were fewer NFT in layer V than in
short-duration cases. If it is true that some NFT may be
removed from the neuropil, their density is an even
weaker measure of neurodegeneration.

Rationale for Atrophy Correction

Since an earlier study of PCC (89), the concern has
been raised that an atrophy correction would produce a
more accurate assessment of neuron losses. The pres-
ent study shows that atrophy correction can normalize
the density of neurons in layers that have both severe
atrophy and severe neurodegeneration cancelling pro-
found changes in laminar architecture. In retrospect,
the rationale for atrophy correction in neocortex may be
flawed because atrophy is not uniformly explained by
the loss of perikarya. First, in a disease where neurons
degenerate in layers III and V, the contributions of
dendritic loss is not uniform. Layer V pyramidal neu-
rons contribute apical dendrites to layer III but layer
III neurons do not significantly contribute dendrites to
layer V. This should result in greater shrinkage of layer
I1I associated with dendrites. Second, the deep cortical
layers have a greater proportion of myelinated axons
passing through the neuropil than do layers II-III. This
supporting myelin architecture may render the deep
layers less susceptable to shrinkage than the superfi-
cial layers. Third, termination of corticocortical connec-
tions is mainly in the superficial layers and loss of these
terminals should cause a differential reduction in
neuropil in the external layers. Until a stereological
method is devised to estimate total neurons in each
layer of PCC in AD, atrophy correction is contraindi-
cated.
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Overview

The demonstration of five neuropathological sub-
types within AD suggests strategies for studying mul-
tiple AD etiologies including focussing on neurodegen-
eration rather than SP and NFT. Assessment of the
unique chemoarchitectural features and connections of
neurons in different cortical layers should eventually
lead to an understanding of the mechanisms underly-
ing AD pathogenesis. The five patterns observed in
PCC may not be limited to this region, but extensive
studies of other areas with a similar statistical strategy
will be needed. Also, subtypes based on laminar pat-
terns of neurodegeneration may encompass cases with
multifocal cortical atrophy that often have unique
clinical presentations such as posterior cortical atrophy
with Bédlint syndrome-like symptoms. Finally, global
models of AD that invoke a single mechanism such as
the cholinergic and ApoE genotype hypotheses cannot
account for multifocal mechanisms of neurodegenera-
tion in the cerebral cortex. The present strategy for
assessing neurodegeneration with multivariate models
can be used to characterize etiopathologies that sub-
serve multiple clinical endpoints.
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