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Abstract

Severe posterior cingulate cortex hypometabolism is a feature of incipient, sporadic Alzheimer’s disease (AD). The aim was to test the
hypothesis that this region is focally atrophic in very early disease by studying AD patients at the mild cognitive impairment (MCI) stage,
and, if so, to determine whether the amount of atrophy was comparable to that of the hippocampus. Twenty-four patients meeting criteria for
amnestic MCI, who all subsequently progressed to fulfil AD criteria, and 28 age-matched controls, were imaged with volumetric MRI. Four
regions of interest were manually traced in each hemisphere: two posterior cingulate regions (BA 23 and BA 29/30), the hippocampus (as a
positive control) and the anterior cingulate (as a negative control). BA 23 and BA 29/30 were both significantly atrophic and this atrophy was
comparable to that found in the hippocampus, in the absence of anterior cingulate cortex (ACC) atrophy. Contrary to previous reports, there was
no evidence that posterior cingulate atrophy is specifically associated with early-onset AD. The results indicate that posterior cingulate cortex
atrophy is present from the earliest clinical stage of sporadic AD and that this region is as vulnerable to neurodegeneration as the hippocampus.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

A large body of structural imaging research in Alzheimer’s
disease (AD) has been devoted to the mesial temporal lobe
(MTL). There is good reason for this—focal hippocampal
lesions cause episodic memory impairment (Zola-Morgan et
al., 1986), episodic memory impairment is the earliest clinical
deficit in AD and the hippocampus and adjacent entorhinal
cortex are the sites of earliest tau deposition in AD (Braak
and Braak, 1991). Numerous volumetric magnetic resonance
imaging (MRI) studies have confirmed that the hippocampus
is atrophic in AD cohorts (e.g. Jack et al., 1997a; Wahlund et
al., 2000; Chan et al., 2001; Galton et al., 2001) and this is
also true of groups with incipient disease (i.e. when scanned
at the amnesic mild cognitive impairment (MCI) stage) (Jack
et al., 1999).
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(18)F-fluorodeoxyglucose positron emission tomography
(FDG-PET) imaging in AD has highlighted a different lesion.
The advent of voxel-based image analysis led to the discovery
that the earliest hypometabolic region in AD is the posterior
cingulate cortex (Minoshima et al., 1997). This FDG-PET
lesion is also evident at the MCI stage of AD (Nestor et al.,
2003). Mesial temporal structures are also hypometabolic in
incipient AD (De Santi et al., 2001; Nestor et al., 2003),
however when the metabolic rate of the MTL and posterior
cingulate was calculated in the same cohort, it was notable
that the posterior cingulate lesion was considerably more
significant (Nestor et al., 2003).

Posterior cingulate hypometabolism in incipient AD
was initially interpreted as representing physiological de-
afferentation from the MTL (Minoshima et al., 1997; Nestor
et al., 2003). However, in semantic dementia (SD), a variant
of frontotemporal dementia with predominant temporal lobe
atrophy, patients were found to have at least as severe MTL
atrophy and hypometabolism as that seen in AD, yet did not
display posterior cingulate hypometabolism (Nestor et al.,
2006). This finding challenged the de-afferentation hypothe-
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sis in AD; the alternative explanation is that rather than being
predominantly a physiological phenomenon, focal posterior
cingulate hypometabolism in incipient AD is, to a significant
degree, a consequence of local, and specific, neurodegener-
ation. Our aim was to test the hypothesis that this region is
focally atrophic in very early disease by studying AD patients
at the MClI stage, and, if so, to determine whether the amount
of atrophy was comparable to that of the hippocampus.

Voxel-based morphometry (VBM) studies in MCI have
produced mixed results, both in terms of posterior cingulate
(absent, unilateral or bilateral) as well as hippocampal (uni-
lateral or bilateral) involvement (Karas et al., 2004; Chetelat
etal., 2005; Pennanen et al., 2005; Bozzali et al., 2006; Shiino
et al., 2006; Whitwell et al., 2007). The reasons for this vari-
ability may include methodological differences and subject
selection.

Therefore, a manual volumetric approach was adopted.
Two posterior cingulate regions — Brodmann area (BA) 29/30
(retrosplenial cortex) and BA 23 — were sampled in an incip-
ient AD cohort (i.e. patients scanned at the amnesic MCI
stage but who subsequently declined to AD with longitudi-
nal follow-up). This approach to case selection meant that we
could assess atrophy in patients with the earliest form of AD,
without diluting our sample with non-AD pathology, as can
happen in studies of MCI groups without longitudinal confir-
mation of AD. The results were contrasted, within subjects,
to hippocampal volumes to assess whether the magnitude of
any identified atrophy would be comparable. Furthermore, to
ensure that posterior cingulate atrophy, if found, was specific
(rather than merely reflecting a sampling of general cortical
atrophy), the anterior cingulate (BA 24 and 33) was mea-
sured as a negative control region (Callen et al., 2001). While
other manual volumetric studies have examined the relative
amounts of atrophy in subdivisions of the posterior cingulate,
with, (Callen et al., 2001; Barnes et al., 2007), and without
comparison to the hippocampus (Jones et al., 2006), these
were all performed in patients with established AD. To our
knowledge, this is the first study that has directly compared
the relative atrophy of hippocampal and cingulate structures
at the MCl-stage, in patients destined to fulfil probable AD
criteria. Finally, some authors have proposed that posterior
cingulate degeneration is more marked in early-onset AD,
while hippocampal degeneration predominates in late-onset
AD (Kemp et al., 2003; Frisoni et al., 2005; Shiino et al.,
2006). The effect of age of disease onset on hippocampal
and posterior cingulate atrophy was therefore assessed.

2. Methods
2.1. Subjects

Twenty-four subjects who met criteria for amnestic MCI
were recruited from the Cambridge longitudinal MCI cohort

study (Alladi et al., 2006). These criteria were (1) subjec-
tive memory symptoms corroborated by an informant; (2)

Table 1
Demographic data

Incipient AD Controls p
Gender (M:F) 9:15 17:11 NS (x2=2.8)
Age at imaging (years) 68.6 (6.9) 64.8 (8.6) NS
Education (years) 12.6 (3.3) 10.8 (1.4) 0.044
MMSE at imaging/30 26.7 (1.4) 29.3 (0.8) <0.0001
ACE at imaging/100 83.2(5.1) 94.1 (3.6) <0.0001

Key: M, male; F, female; MMSE, Mini Mental State Examination; ACE,
Addenbrooke’s Cognitive Examination; AD, Alzheimer’s disease; NS, non-
significant (standard deviation).

objective memory impairment (lower than 1.5 standard devia-
tions relative to controls on measures of delayed recall) based
on the Rey Auditory Verbal Learning Test; (3) preserved
Activities of Daily Living as ascertained by the Cambridge
Behavioural Inventory (Nagahama et al., 2006); and (4) no
evidence of dementia (based on Mini Mental State Examina-
tion (MMSE) (Folstein et al., 1975) score >24) and Clinical
Dementia Rating (Morris, 1993) score of 0.5. The selection
criteria were that they had been scanned at baseline, the scans
did not have significant motion artefact, and that they sub-
sequently declined with longitudinal follow-up to probable
AD, according to NINCDS-ADRDA criteria (McKhann et
al., 1984), indicating that their original MCI status repre-
sented incipient AD. The mean time between the MRI and
fulfilling the diagnostic criteria for probable AD was 1.75
(£0.9) years.

Twenty-eight age- and sex-matched controls were
recruited. All controls were screened to exclude neurological
or major psychiatric illness and performed normally on the
Addenbrooke’s Cognitive Examination (ACE) (Mathuranath
et al., 2000). Written informed consent was obtained from all
participants. The study was approved by the Local Regional
Ethics Committee. See Table 1 for the subjects’ demographic
details.

2.2. Image acquisition

MR images were acquired with a 1.5 T GE Signa MRI
scanner (GE Medical Systems, Milwaukee, WI). Volumetric
T1-weighted images were coronally acquired using a spoiled
gradient-echo technique (pixel dimension 0.86 mm?, slice
thickness 1.8 mm). In addition, proton density (PD) and T2-
weighted axial dual-echo sequence images were acquired for
TIV measurement. All patients were scanned within an aver-
age of 2.8 (£1.9) months from an assessment confirming
MCT status.

2.3. Image analysis

All manual measurements were performed with the Ana-
lyze version 7.0 software package (Biomedical Imaging
Resource, Mayo Clinic, Rochester, MN, USA). The MRI
images were first interpolated using the cubic spline function
to give cubic voxels (i.e. 0.86 mm x 0.86 mm x 0.86 mm). To
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standardise orientation, the acquired images were manually
re-aligned (using Analyze) so that the anterior—posterior axis
was parallel to the anterior commissure—posterior commis-
sure line and the inter-hemispheric fissure was aligned on the
other two axes. The threshold intensity was set to maximise
cortical grey:white matter (GM:WM) differentiation without
reducing the cortical GM thickness.

2.4. Volumetry

Volumetric analysis was performed by a single observer
(GP). All measurements and segmentations were performed
while blinded to subject details and the results of any other
measurements. The Analyze “seed and expand” (Autotrace)
function was used to delineate all ROI along with manual
editing as required.

2.4.1. Hippocampus

The landmarks for the delineation of the hippocampus as
described by Hasboun et al. (1996) were used, with some
modifications, and with the aid of a standard neuroanatomi-
cal atlas (Duvernoy, 1999). The hippocampus proper (CA-1
to CA-4), dentate gyrus, alveus, fimbria and subiculum were
included. The boundaries were outlined in the coronal plane,
atquadruple magnification. The rostral limit of the hippocam-
pal head is known to be difficult to delineate, as the amygdala
can be completely overlying it, especially in subjects with
little or no atrophy. The axial plane was used to accurately
delineate the rostral border of the hippocampal head and the
amygdalohippocampal transition area (AHT). The AHT was
defined in the axial plane as the narrowest, rostral-most point
where the medial part of the hippocampal head merges with
the amygdala. The ventral, lateral and superior borders of the
hippocampus were delineated as described by Hasboun et
al. (1996) (i.e. the GM—WM junction of the entorhinal cor-
tex and subiculum, alveus and temporal horn of the lateral
ventricle).

However, we deviated from this protocol (Hasboun et al.,
1996) on two occasions. Firstly, the entire subiculum was
included, and the border separating the subiculum from the
parahippocampal gyrus was defined as the angle formed by
the most medial extent of these structures (Watson et al.,
1997). Secondly, the posterior limit of the hippocampus was
defined as the most rostral coronal slice intersecting the pos-
terior commissure (Jack et al., 1989).

2.4.2. Cingulate gyrus

This gyrus is divided into anterior and posterior cingulate
regions. The posterior cingulate can be further subdivided by
cytoarchitectonic means into Brodmann areas (BA) 29/30,
and BA 23 (Vogt et al., 1995).

The surface features of the human cingulate cortex are
variable, including the presence of a deep single cingulate
sulcus, or shallower double parallel sulci, either of which
may be anatomically discontinuous (Vogt et al., 1995). Fur-
thermore, BA23 and retrosplenial areas do not completely

surround the splenium: immediately ventral to the sple-
nium, area 27 and the parasubiculum take the place of the
retrosplenial cortex (Vogt et al., 2001). Finally, as the pos-
terior cingulate cortex curves inferior to the splenium, it
also moves laterally away from the midline. This means
that coronal and sagittal slices become tangential which,
in turn, creates difficulties in delineation of a consistent
and reproducible limit between subjects. For these reasons,
we adopted sampling protocols for BA 23 and BA 29/30,
choosing to measure the more rostral (above the splenium)
parts of these areas (see Section 2.4.2.1 below) where the
mesial pial surface lies flat against the inter-hemispheric
fissure.

2.4.2.1. Posterior cingulate.

2.4.2.1.1. Brodmann areas 29/30 (retrosplenial cortex).
Area 29/30 (Vogt et al., 1995) was traced in the sagittal plane,
at quadruple magnification. The rostral border was defined
as the most rostral coronal slice intersecting the posterior
commissure (Fig. 1A) (Jones et al., 2006). The caudal limit
was set in the mid-sagittal view as a coronal plane at the
caudal-most point of the splenium of the corpus callosum.
The inferior border of BA 29/30 is the corpus callosum and
the superior border is the cingulum bundle. Area 29/30 does
not appear on the medial surface of the cingulate gyrus (Vogt
et al., 2001); its medial border was the most medial sagittal
slice which did not include BA 23, i.e. in which BA 29/30
was still bordered superiorly by the cingulum bundle. The
delineation of BA 29/30 was verified in the coronal plane
(Fig. 1B).

2.4.2.1.2. BA23. BA23wastraced in the coronal plane,
at eight times magnification. The rostral limit was taken to be
the most rostral coronal slice intersecting the posterior com-
missure. The caudal limit was defined as 10 coronal slices
(inclusive) caudal to the posterior commissure. The inferior
limit was the corpus callosum. Medially, BA 23 was delin-
eated by CSF in the inter-hemispheric fissure and laterally,
by the GM—-WM border, as well as BA 29/30.

Due to the variability of the cingulate and splenial sulci
(Vogt et al., 1995; Jones et al., 2006), a fixed cortical length
was used as the superior limit of the cortex in coronal views.
The limit was arbitrarily set at 20 mm of cortical ribbon
length, measured from the most infero-medial voxel (border-
ing CSF), along the WM:GM edge of BA 23, but excluding
BA 29/30. This was measured using the Border Tool in Ana-
lyze. The superior limit of the 20 mm-long cortical ribbon was
manually drawn to be perpendicular to the cortical surface
(Fig. 1B).

2.4.2.2. Anterior cingulate cortex (ACC). The ACC was
traced in the axial plane, at eight times magnification. The
inferior limit was set in the mid-sagittal view as the most infe-
rior transverse plane perpendicular to the rostral-most point
of the genu of the corpus callosum. The caudal limit was the
genu of the corpus callosum. The superior limit was defined
as 10 axial slices (inclusive) superior to the inferior limit.
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Fig. 1. Cingulate regions of interest. (A) Sagittal section of MRI scan (left hemisphere) indicating the sampled ROIs of the cingulate gyrus. (B) Coronal section
demonstrating posterior cingulate gyrus subdivisions (left and right BA 23 and BA 29/30). (C) Axial section demonstrating the sampled anterior cingulate
cortex (BA 24 and 33). Note the 20 mm cortical ribbon length for BA 23 and ACC. Key: a, anterior; ACC, anterior cingulate cortex; d, dorsal; p, posterior; pc,

posterior commissure; v, ventral.

The rostral limit was set at 20 mm of cortical ribbon length
as described for BA 23 (Fig. 1C). Effectively, the pre-genual
ACC was sampled (BA 24 and 33).

2.4.3. Total intracranial volume (TIV) estimation

Based on the results of a previous methodological study
of TIV estimation methods (Pengas et al., in press), the mid-
cranial PD method was used to estimate TIV. This involved
manually tracing the intracranial boundary for each subject
in 10 contiguous axial supratentorial slices and multiplying
by the slice thickness.

2.5. Reproducibility

A repeat measurement of each region of interest (ROI) was
performed for the first 10 subjects, at least 1 week after the
original measurements. Two methods of assessing intra-rater
reliability for each method were used.

2.5.1. Coefficient of variation (CV)

This was calculated as CV =(standard deviation of the
ROI differences between two time points/mean of the ROI
differences between two time points) x 100% (Rudick et al.,
1999).

2.5.2. Mean absolute percentage difference (MAPD)

This was calculated as the absolute difference between
two measurements of the ROI divided by the average ROI
volume of the two measurements, multiplied by 100%.

2.6. Statistical analysis

2.6.1. Matching for TIV

The analysis of covariance method described for normal-
isation of ROIs using TIV (Jack et al., 1989), was used to
correct all volumes. All subsequent analyses were performed
based on volumes corrected for TIV.

2.6.2. Atrophy in incipient AD

Unpaired two-tailed Student’s f-tests were performed
between groups for each ROI volume. To further charac-
terise the extent of atrophy in each region, the percentage
reduction in volume compared to controls was estimated
as % atrophy;=((mean control volume; — mean patient
volume;)/mean control volume;) x 100%, where i is the same
ROL. In addition, the degree of correlation between atrophic
regional volumes in patients was assessed using Pearson’s
product-moment correlation coefficients.

Given that hippocampal atrophy is an established finding
in incipient AD, our main aim was to determine whether BA
29/30 and BA 23 atrophy, if present, was comparable to the
amount of hippocampal volume loss. As shown in Table 4,
however, the raw volumes of the ROIs, were not of compara-
ble size. Volumes for each ROI were therefore converted to
z-scores relative to the control mean. Furthermore, because
the central issue was how BA 29/30 and BA 23 compared
to the hippocampus, and not any hemispheric differences, a
mean for each ROI pair (right and left hippocampus, right
and left BA 29/30, etc.) was taken to limit the number of
statistical tests. These scores were then entered as a within-
subjects factor into a two-way repeated-measures ANOVA
with group entered as a between-subjects factor, using Sidak
for correction of multiple pairwise comparisons. Planned a
priori comparisons to test the following null hypotheses were
carried out in the patient group: (a) that the ACC (negative
control) was not significantly different from the hippocampus
(positive control), BA 23 and BA 29/30 and (b) that the hip-
pocampus (positive control) was not significantly different
from BA 23 and BA 29/30.

2.6.3. Age of onset

It has been proposed that posterior cingulate involvement
is more significant in early-onset AD (Shiino et al., 2006),
whereas the hippocampus is more affected in late-onset AD
(Kemp et al., 2003; Frisoni et al., 2005). To address this
question of differential involvement of the posterior cingulate
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Table 2
Demographics by age group

Early-onset AD

Late-onset AD Young controls Old controls

Gender (M:F) 4:6

Years to AD diagnosis from symptom onset (o) 5.9 (3.5)
Age at symptom onset (range) 57.8 (53-63)
Age at scan (range) 61.7 (57-65)
MMSE at scan (o) 26.9 (1.4)

5:9 8:6 9:5

5.3(1.8) - -

70.5 (66-77) - -

73.5 (69-80) 58.1 (50-64) 71.7 (66-83)
26.8 (1.4) 29.6 (0.7) 29.0 (0.9)

cortex and the hippocampus with respect to age of onset, Pear-
son’s correlation coefficients were calculated for the mean
(left and right hemisphere) corrected volumes and age of
onset in patients and age in controls.

Furthermore, to examine the specific hypothesis that
patients with onset before age 65 show more severe poste-
rior cingulate atrophy than late-onset patients (Shiino et al.,
2006), we subdivided our patient group into early- (age at
onset <65, n=10) and late-onset (age at onset >65, n=14)
subgroups. The control group was also subdivided into young
and old subjects with the same age criteria (see Table 2).
Z-Scores were then recalculated based on the age-matched
control subgroups and differences between the two age sub-
groups were examined by unpaired Student’s #-tests for each
ROIL. The use of z-scores in this way, is, in effect, compar-
ing the difference in standard deviations between the patient
mean and the control (aged matched) mean.

3. Results
3.1. Reproducibility

The reproducibility results are summarised in Table 3.

3.2. Focal atrophy in incipient AD

The raw and TIV corrected volumes are presented in
Table 4. Between group comparisons (unpaired Student’s
t-tests) of volumes corrected for TIV show significant reduc-
tion in patients vs. controls in the hippocampus, BA 29/30 and
BA 23 (p<0.001 in all). There was no significant atrophy in
the ACC. Furthermore, significant percentage volume reduc-
tions were found in the hippocampus (19.4%), BA 29/30
(19.4%) and BA 23 (18.2%) (Fig. 2). It can be seen that the
amount of atrophy is very similar between the hippocampus
and posterior cingulate regions.

The results of the pairwise correlations of atrophic regions
(hippocampus, BA 29/30 and BA 23) in patients are presented
in Table 5.

The two-way repeated-measures ANOVA of the mean
regional (left and right hemisphere) z-scores found a statisti-
cally significant group-by-region interaction (F(3,150) = 14,
p<0.001). This means that the regions, as expected, showed
different profiles in patients and controls, and therefore
planned comparisons of regions were carried out only in
patients.

Pairwise comparisons, in patients, with the hippocampus
as the reference region, showed that there was no signifi-
cant difference in the magnitude of volume loss between the
hippocampal and BA 29/30 z-scores (mean difference hip-
pocampus — BA 29/30: z=—0.45, p>0.3), nor between the
hippocampal and BA 23 z-scores (mean difference hippocam-
pus —BA 23: z=—0.07, p>0.9). There was a significant
difference between the hippocampal and anterior cingulate
z-scores (mean difference hippocampus — ACC: z=—1.83,
p<0.001) (Fig. 3). Furthermore, the null hypothesis that
there is no difference in atrophy between the ACC and the
other three regions was rejected (F(1,23)=58.1, p<0.001),
while the null hypothesis of no difference in atrophy between
the hippocampus and BA 23 and BA 29/30 was not refuted
(F(1,23)=0.97, p>0.3).

3.3. The effect of age of onset

The TIV corrected volumes per ROI in early- and late-
onset patients and young and old controls are presented in
Table 6. The results of correlations of TIV corrected volumes
with age of onset for each ROI in patients and controls are
presented in Table 7. These analyses showed a significant
negative correlation between the hippocampal volume and
increasing age in patients and healthy controls. BA 23 was
negatively correlated to age in controls.

Unpaired Student’s #-tests, comparing early- with late-
onset patient groups by region, using z-scores derived from

Table 3
Reproducibility data
Hippocampus BA 29/30 BA 23 ACC TIV
Rt Lt Rt Lt Rt Lt Rt Lt
CV (%) 1.83 3.17 4.82 4.30 435 3.50 2.33 227 0.21
MAPD (%) 2.68 5.44 7.48 5.16 7.70 6.25 4.44 3.92 0.40

Key: CV, coefficient of variance; MAPD, mean absolute percentage difference; ACC, anterior cingulate cortex; TIV, total intracranial volume.
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Table 4

ROI volumes

Region Incipient AD Controls

Raw volumes
Hippocampus 1308 (302) 1690 (304)
BA 29/30 180(54) 228(59)
BA 23 424(76) 514(83)
ACC 530(75) 498 (58)

TIV corrected volumes
Hippocampus 1340(318) 1663 (266)
BA 29/30 182(53) 226(58)
BA 23 422(77) 516(82)
ACC 531(74) 496 (57)

Key: all values are mean volumes in mm? (standard deviation).

30 4
25 A
20 4
15 1

10 -

.5 - Hippocampus BA 29/30 BA 23

% atrophy compared to controls
w

=10 -

5 -

Fig. 2. Percentage volume loss in incipient AD vs. controls. Key: Rt, right;
Lt, left, BA 29/30, Brodmann area 29/30; BA23, Brodmann area 23; ACC,
anterior cingulate cortex; HC, hippocampus; *, unpaired #-test p < 0.05. Error
bars represent the 95%Cl.

Table 5

Correlations between atrophic regional volumes in patients

Comparison P R R? Slope
HC vs. BA 29/30 0.2 0.19 0.04 0.03
HC vs. BA 23 0.86 0.03 0.001 0.06
BA 29/30 vs. BA 23 0.001* 0.46 0.21 0.67

Key: HC, hippocampus, *significant (p <0.05).

age-matched control subgroups, revealed no significant dif-
ferences for the hippocampus, BA 23 or ACC (see Fig. 4).
There was a significant difference between early- and late-
onset AD patients for BA 29/30 (p <0.01) but this showed
that late-onset patients had more atrophy in BA 29/30 than
early-onset patients.

4. Discussion

To our knowledge, this is the first study that has directly
compared the relative atrophy of hippocampal and cingulate
structures at the MCI-stage, in patients who have all subse-
quently fulfilled the criteria for probable (sporadic) AD. The
results confirmed the prior hypothesis that posterior cingu-
late (BA 29/30 and BA 23) atrophy is present in incipient

15 7
1
0.5 A
2
g o i ] i
ﬂ ‘ J. T T T l
= g5 4 Hippocampus BA 29/30 BA 23 ACC
= !
=
A % %
-1.5 1

-2 -

Fig. 3. Mean z-scores by region. Error bars represent the 95%CI.

AD. Furthermore, posterior cingulate atrophy was specific,
in that it was found in the absence of anterior cingulate cor-
tex atrophy, indicating that it is not merely a marker of global
cortical atrophy.

The magnitude of atrophy in BA 29/30 and BA 23 was
strongly correlated. This is not surprising given that these
ROIs lie adjacent to each other. However, there was no sig-
nificant correlation between the hippocampus and either of
the two posterior cingulate ROIs, even though posterior cin-
gulate atrophy (19% in BA 29/30 and 18% in BA 23) was as
marked as that of the hippocampus (19%). Taken together,
these results suggest that, although by symptom onset, both
parts of the limbic system have atrophied to a similar degree in
incipient AD, the two areas are not necessarily degenerating
in concert in individual patients.

A pathological study of BA 23 in control subjects showed
that neurodegeneration was not present over four decades of
normal aging (Vogt et al., 1998); in contrast, patients with
confirmed AD (n="72), showed five qualitatively different
laminar patterns of BA 23 neurodegeneration. Importantly,
each pattern was present early in the disease and was indepen-
dent of disease duration (disease duration range 1-25 years)
(Vogt et al., 1998), although no cognitive data were supplied.
The present results indicate that posterior cingulate degener-
ation is already established when AD patients are only at the
MCI stage. This finding, in a substantial sporadic cohort, is
concordant with MRI results in four pre-symptomatic sub-
jects that were gene positive for autosomal dominant AD
(Scahill et al., 2002). Using a fluid-registration technique on
longitudinal MRI data, the study found that only two sites
(the hippocampus and the posterior cingulate) were subject
to accelerated atrophy before symptom onset.

Previous volumetric MRI studies have reported poste-
rior cingulate cortex atrophy in established AD. Jones et al.
(2006) studied ten patients with familial AD at an advanced
stage (mean MMSE 10.5) and found 44% atrophy in BA 23
and 22% atrophy in BA 29/30. Similarly, Barnes et al. (2007)
reported increased rates of atrophy in the posterior cingulate
(and hippocampus) in 19 patients (mean MMSE =20). Both
of these studies, however, also found anterior cingulate atro-
phy. One study (Callen et al., 2001), found posterior cingulate
and hippocampal atrophy (effect sizes 1.12 and 1.77, respec-
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Table 6
TIV corrected volumes and percentage atrophy by ROI according to age of onset
Hippocampus BA 29/30 BA 23 ACC
Incipient AD
Early-onset: volume 1448 (246) 202 (55) 447 (52) 542 (66)
Early-onset: % reduction 144 9.0 15.3 —6.7
Late-onset: volume 1262 (344) 168 (48) 404 (88) 524 (81)
Late-onset: % reduction 22.7 27.0 19.7 —83
Controls
Young: volume 1692 (255) 222(58) 528 (66) 508 (71)
Old: volume 1633 (279) 230(58) 503 (96) 484 (36)

Key: all values are means, volumes are in mm? (standard deviation).

Table 7
Correlations with age of onset using corrected volumes
p R R? Slope
Controls
Hippocampus vs. age at scan 0.03* 0.29 0.08 —0.01
BA 29/30 vs. age at scan 0.9 0.01 0 0
BA 23 vs. age at scan 0.02* 0.31 0.1 —0.05
ACC vs. age at scan 0.23 0.16 0.03 —0.02
Incipient AD
Hippocampus vs. age at onset 0.01* 0.36 0.13  —0.008
BA 29/30 vs. age at onset 0.16 0.21 0.04 —-0.03
BA 23 vs. age at onset 0.72 0.05 0 0
ACC vs. age at onset 0.83 0.03 0 0

Key: *significant correlation p <0.05.

tively) in the absence of anterior cingulate atrophy, but as all
the subjects had established AD (mean MMSE = 19.5), it was
impossible to know whether posterior cingulate involvement
was an early, or a later, feature.

VBM studies in MCI have reported mixed results with
respect to the posterior cingulate. Some found posterior
cingulate volume loss in the absence of anterior cingulate
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Fig. 4. Age of onset analysis. Mean z-scores by region in patients with incip-
ient AD, subdivided into late- (circles) and early-onset (squares) subgroups.
Late- and early-onset AD z-scores were calculated based on age-matched
control subgroups. Error bars represent the 95%CI.

changes (Chetelat et al., 2002; Karas et al., 2004; Shiino et
al., 2006), others found combined posterior and anterior cin-
gulate atrophy (Bozzali et al., 2006), while some reported no
posterior cingulate changes (Chetelat et al., 2005; Pennanen
et al., 2005). Some of this inconsistency probably relates
to diagnostic uncertainty and heterogeneity in cases desig-
nated MCI—not all studies included longitudinal outcome
(Chetelat et al., 2002; Karas et al., 2004; Pennanen et al.,
2005) and, of those that did report findings for patients that
subsequently “converted” to AD, numbers were very small
for VBM (Chetelat et al., 2005; Bozzali et al., 2006; Shiino
et al.,, 2006). Finally, some directly contrasted cases des-
ignated “converters” and “non-converters” (Chetelat et al.,
2005; Bozzali et al., 2006). This approach introduces the
potential confound that a “non-converter” group might har-
bour AD cases that have been followed-up for an insufficient
period to establish their true fate.

In common with this study’s design, one recent VBM
study did specifically focus on MClI cases (n = 33) that all sub-
sequently progressed to fulfil probable AD criteria (Whitwell
et al., 2007). The authors found bilateral hippocampal, but
not posterior cingulate involvement both at baseline and at
the probable AD stage and speculated that this may have been
because their cases were over 65 years old. This hypothesis
is based on earlier studies using **™Tc-HMPAO single pho-
ton emission computed tomography (Kemp et al., 2003) and
VBM (Ishii et al., 2005; Shiino et al., 2006) which suggested
that posterior cingulate involvement was specifically associ-
ated with onset of AD before 65 years. The present study
directly addressed this hypothesis and found no supportive
evidence for differential posterior cingulate and hippocam-
pal atrophy according to age of onset. Consistent with earlier
findings (Jack et al., 1997b) there was a significant negative
correlation between hippocampal volumes and age in patients
and healthy controls. The same correlation was found for BA
23 in healthy controls. There was, however, no evidence for
greater posterior cingulate atrophy in early-onset AD when
subgroups (early- and late-onset) were contrasted with age-
matched control subgroups. In fact, if anything, there was
evidence that the magnitude of atrophy in BA 29/30 was
greater in late-onset disease. Failure to demonstrate an associ-
ation between early-onset AD and disproportionate posterior
cingulate atrophy is consistent with evidence from FDG-PET
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(Grady et al., 1987) and neuropathology (Armstrong et al.,
2000) that also failed to find these age-related subtypes.

Despite the present study’s design advantages over some
VBM reports for studying incipient AD, certain limitations
warrant mention. BA 29/30 is a particularly small structure
with quite large inter-individual variability (volume range:
137-412 mm?3, standard deviation: 61 mm? in controls). All
measurements were performed by a single rater and therefore
only intra-rater reliability could be assessed. Assessing inter-
rater reliability would be an important aspect of future work.
Only the rostral parts of BA 23 and BA 29/30 were sampled,
even though voxel-based analyses suggest that the posterior
cingulate gyrus slightly caudal to this ROl is the area of max-
imal damage, both in terms of hypometabolism (Nestor et
al., 2003) and atrophy (Scahill et al., 2002). This could mean
that the area of most significant posterior cingulate atrophy
was not sampled. Although this may have underestimated the
magnitude of regional atrophy, the present protocol was pre-
ferred in order to maintain consistent landmarks and enhance
reproducibility.

It is possible that posterior cingulate degeneration is a
contributor to the clinical phenotype in AD. Patients with
isolated retrosplenial lesions have relatively pure topograph-
ical disorientation: they can recognise landmarks, yet they
cannot orient using them; they do not know which direction
to take and are unable to find their way in familiar envi-
ronments or learn new routes. These deficits arise in the
context of intact MTLs, e.g. Takahashi et al. (1997); for a
review see Maguire (2001). In addition, anterograde and ret-
rograde episodic amnesia secondary to a relatively isolated
retrosplenial cortex lesion, termed “retrosplenial amnesia”
(Valenstein et al., 1987), has been reported. AD patients most
prominently suffer from episodic amnesia and they almost
universally develop topographical disorientation as the dis-
ease progresses (Monacelli et al., 2003). The relevance of
the present study findings, of focal posterior cingulate atro-
phy in incipient AD, to the cognitive profile of the earliest
presentation of the disease is an important subject for further
research.

In conclusion, this study found significant atrophy in the
posterior cingulate (BA 23 and BA 29/30) in incipient AD,
comparable to that found in the hippocampus. Sparing of
the ACC highlights that this finding is not simply a conse-
quence of global cortical atrophy. Furthermore, the results are
consistent with the prior hypothesis that focal posterior cin-
gulate hypometabolism, previously demonstrated in incipient
AD, may, to a significant degree, be a consequence of local
pathology. Nevertheless, these findings do not exclude the
possibility that de-afferentation from the MTL may also con-
tribute to posterior cingulate hypometabolism. It is unclear
why the MTL and posterior cingulate are selectively vulnera-
blein AD. Interestingly, in the posterior cingulate, the atrophy
involves archicortex (BA 29/30) and adjacent isocortex (BA
23). This is analogous to the MTL, where archicortex (hip-
pocampus) and adjacent isocortex (parahippocampal gyrus)
are both atrophic. Whether the observation that posterior cin-

gulate, and hippocampal, atrophy are comparable in incipient
disease can shed light on the neurobiology of AD, remains
to be seen.
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