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Prior studies reported that the hippocampal volume is smaller in Alzheimer's disease patients carrying the
Apolipoprotein E ε4 allele (APOE4) versus patients who are non-carriers of this allele. This effect however has
not been detected consistently, possibly because of the regionally-specific involvement of the hippocampal
formation in Alzheimer's disease. The aim of this study was to analyze the local effect of APOE4 on
hippocampal atrophy in Alzheimer's disease patients. Using high-resolution T1-weighted images we
investigated 14 patients heterozygous for the ε4 allele (age 72±8 SD years; MMSE 20±4 SD) and 14
patients not carrying the ε4 allele (age 71±10; MMSE 20±5 SD), and 28 age-, sex-, and education-matched
controls (age 71±8; MMSE 29±1 SD). The hippocampal formation was outlined with manual tracing and 3D
parametric surface models were created for each subject. Radial atrophy was assessed on the whole
hippocampal surface using the UCLA mapping technique. E4 carriers and non-carriers did not differ in their
level of impairment in global cognition (p=0.91, Mann–Whitney test) or memory (pN0.29). Hippocampal
surface analysis showed the typical pattern of CA1 and subicular tissue atrophy in both ε4-carriers and non-
carriers compared with controls (e4 carriers: pb0.0002; ε4 non-carriers: pb0.01, permutation test). The left
hippocampal volume was significantly smaller in ε4-carriers than non-carriers (p=0.044, Mann–Whitney
test), the effect of APOE4 mapping to the subicular/CA1 region (p=0.041, permutation test). Differences were
not statistically significant in the right hippocampus (pN0.20, permutation test). These findings show that
hippocampal atrophy is greater in APOE4 carriers in regions typically affected by pathology. APOE4 may affect
the structural expression of Alzheimer's disease.
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Introduction

The hippocampal formation is located in the ventromedial
temporal lobe and includes the dentate gyrus, the hippocampus
proper (CA1, CA2, CA3 and CA4 fields) and the subiculum. This
structure is involved in the encoding and retrieval of new information
and plays a critical role in episodicmemory and learning. The integrity
of the CA1 and subicular regions is crucial for episodic memory. These
regions receive their input from the entorhinal cortex and then
project to the cortex through the subiculum (Duvernoy, 1998; Squire
et al., 2004). The selective vulnerability of these regions is thought to
be responsible for the memory deficits that characterize Alzheimer's
disease (AD) patients (Braak and Braak, 1995; Schonheit et al., 2004;
Hyman et al., 1984; Simic et al., 1997).

Structural MRI is widely recognized as the most reliable and valid
tool to measure hippocampal neurodegeneration in vivo (Bobinski et
al., 2000). Recently, the research criteria for the diagnosis of AD have
been extended to include hippocampal atrophy as a diagnostic feature
(Dubois et al., 2007). The close clinical/anatomic correlation between
hippocampal atrophy and memory deficits (Petersen et al., 2000)
moreover makes hippocampal volumetry a candidate marker to
monitor disease progression in clinical trials. According to a recent
meta-analysis of MRI studies, the hippocampal formation is overall
reduced by 23/24% at disease onset, and a significant volume
reduction by about 12% can be detected even in the preclinical stage
(Shi et al., 2009). There is however large variability among subjects in
the hippocampal formation in Alzheimer's disease,
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hippocampal reduction, with losses ranging from 10% to 40% (Frisoni
et al., 2010). Several clinical and genetic factors may modulate AD
pathology, such as age at onset, gender, the Apolipoprotein E (ApoE)
gene, or education (Frisoni et al., 2007; Juottonen et al., 1998; Bennett
et al., 2003).

Among these factors, the ε4 allele of ApolipoproteinE gene
(APOE4) is of special interest as it is the major genetic risk factor for
AD (Poirier et al., 1993; Strittmatter et al., 1993). This allele is present
with greater frequency in AD patients than in normal elderly persons
and is associated with a younger age of disease onset (Strittmatter et
al., 1993; Poirier et al., 1993; Corder et al., 1993; Blacker et al., 1997;
Meyer et al., 1998). APOE4 may also influence cognitive phenotype in
AD as it has been associated with a more amnestic presentation
(Snowden et al., 2007). On neuroimaging, MRI studies have shown
that the ε4 allele is associated with greater hippocampal atrophy
(Lehtovirta et al., 1995; Geroldi et al., 1999; Hashimoto et al., 2001;
Agosta et al., 2009) and one reported also a significant correlation
between hippocampal loss and memory deficits (Lehtovirta et al.,
1995). However, these findings have not been replicated by all the
studies (Basso et al., 2006; Jack et al., 1998), and evidence for an
association between structural damage and memory deficits is
especially conflicting (Hashimoto et al., 2001; Agosta et al., 2009).
Given the regional specialization of memory processing, local (rather
than global) hippocampal analysis may be more sensitive for
detecting regional changes.

Recently, several MRI studies have investigated the hippocampal
formation at the regional level. These findings showed a close
correspondence with pathological studies, showing greater vulnera-
bility in specific regions (subicular and CA1 fields) and relatively
spared CA2–3 fields (Frisoni et al., 2007;Wang et al., 2006; Apostolova
et al., 2010). Only a few studies (Morra et al., 2009; Mueller and
Weiner, 2009) have investigated the local effect of APOE4 on
hippocampal atrophy in AD patients. A large ADNI study carried out
on AD and MCI subjects did not detect any significant effect of APOE4
on atrophy (Morra et al., 2009). Another study, carried out on a small
sample of patients, detected a significant APOE4 effect on the dentate
gyrus and CA3 field, regions that however are thought to be less
affected by the AD process (Mueller and Weiner, 2009).

In a previous study we investigated the APOE4 effect on cortical
atrophy in a sample of AD patients. We found an interaction between
APOE (carriers vs non-carriers) and regional atrophy (temporal vs
frontal–parietal), suggesting a region-specific effect of APOE4 on
atrophy (Pievani et al., 2009). The technique employed in that study
however was not designed to assess the atrophy of subcortical
structures such as the hippocampus. The aim of this study was
therefore to specifically assess the APOE4 effect on atrophy of the
hippocampal formation. To this aim, we used a manual tracing
technique to delineate the hippocampi and an automated method for
the reconstruction and analysis of the hippocampal surface. Secondly,
to resolve inconsistencies between the previous studies we investi-
gated the association between hippocampal atrophy and memory.
Third, we extended previous analyses by incorporating measures of
cortical atrophy and relating them to regional APOE4 effects.

Materials and methods

Participants, clinical and neuropsychological assessment

Patients were recruited among outpatients seen at the IRCCS
Centro San Giovanni di Dio Fatebenefratelli (National Center for
Alzheimer's Disease), Brescia, Italy, as described previously (Pievani et
al., 2009). Briefly, all patients underwent a standardized protocol
including a clinical, physical, neurological and neuropsychological
evaluation, and MRI scan. Laboratory exams comprised complete
blood count, chemistry profile, thyroid function, B12 and folic acid,
and EKG. History was takenwith a structured interview from patients'
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relatives and was focused on those symptoms that might help in the
differential diagnosis of the dementias (hallucinations, gait, language,
and behavioural disturbances; Cummings et al., 1994). The clinical
diagnosis of AD was made according to the NINCDS–ADRDA criteria
(McKhann et al., 1984). All AD patients had a history of progressive
cognitive decline and presented cognitive impairment affecting
primarily episodic memory. Cognitive impairment was defined as a
2SD score below the normative Italian population mean on one or
more memory tests. Cognition was assessed with a comprehensive
battery assessing (i) global cognitive deficits with the Mini Mental
State Examination (MMSE) (Folstein et al., 1975), (i) memory
function with the Babcock Story recall (Immediate and Delayed
recall) (Barigazzi, 1987), Rey's Auditory Verbal List Test, both
immediate and delayed recall (Carlesimo et al., 1996) and Rey figure
copy delayed recall test (Caffarra et al., 2002), (iii) visuo-spatial
abilities with the Rey figure copy test (Caffarra et al., 2002), (iv)
language with the Phonological and Semantic fluency (Novelli et al.,
1986) and Token (De Renzi and Vignolo, 1962; Spinnler and Tognoni,
1987) tests, (v) attention and executive functions with the Trail
Making Test (Reitan, 1958; Amodio et al., 2002). Genomic DNA was
extracted from whole-blood samples of subjects according to
standard procedures. APOE genotyping was carried out by PCR
amplification and HhaI restriction enzyme digestion. The genotype
was resolved on 4% Metaphor Gel (BioSpa, Italy) and visualized by
ethidium bromide staining (Hixson and Vernier, 1990). The exclusion
criteria for the patients were: abnormal laboratory tests, evidence of
depression or disthymia, substance abuse that could interfere with
cognitive functioning, or any other major systemic, psychiatric, or
neurological illnesses.

Subjects included in this work overlap to a great extent with the
group investigated in our previous study (Pievani et al., 2009). Given
that the former patient groups differed for sex and education, and
APOE4 carriers were on average three years older than non-carriers,
an additional group of newly admitted AD patients was included so as
to obtain a closer matching with regard to these variables. Thirty-four
subjects with APOE genotyping (19 carrying and 15 not-carrying the
ε4 allele) were eligible for the study andmatched 1:1 according to age
(±3 years); when multiple subjects were available, patients were
matched also for sex and education. All of the APOE4 carrier patients
were heterozygous (ε3ε4) whereas APOE4 non-carrier patients were
homozygous for the ε3 allele (ε3ε3) except for a subject who carried
one ε2 allele.

Controls were recruited from outpatients of the Città di Brescia
clinic who underwent MR examination between May 2002 and
November 2004 for reasons other than cognitive impairment or
neurological disorders (Galluzzi et al., 2009). The inclusion and
exclusion criteria, as well as the clinical and cognitive assessments, are
detailed elsewhere (Galluzzi et al., 2009). Twenty-eight subjects were
selected from this population and 1:1 age-, sex- and education-
matched to AD patients. APOE genotype data were available on 21 of
the 28 controls (75%). Four subjects carried one ε4 allele and the
remaining 17 carried one or two ε3 alleles.

Written informed consent was obtained from all the subjects. No
compensation was provided for study participation. The local ethics
committee approved the study.
MRI scans
MR imageswere acquired on a Philips Gyroscan 1.0T scanner at the

Neuroradiology Unit of the Città di Brescia Hospital, Brescia. High-
resolution T1-weighted sagittal 3D sequences were acquired with a
fast field echo sequence by using the following parameters: TR 20 ms,
TE 5 ms, flip angle 30°, field of view 220 mm, acquisition matrix
256×256 and contiguous 1.3 mm thick slices covering the entire
brain. FLAIR sequences (TR 5000 ms, TE 100 ms, flip angle 90°, field of
view 230 mm, acquisition matrix 256×256, slice thickness 5 mm)
eater atrophy of the hippocampal formation in Alzheimer's disease,
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were acquired to assess subcortical cerebrovascular disease with the
age-related white matter changes scale (Wahlund et al., 2001).

Image processing
MR images were reoriented along the AC-PC line with MRIcro

(http://www.cabiatl.com/mricro/mricro/mricro.html) and normal-
ized to standard space by affine (12 parameter) transformation with
Statistical Parametric Mapping (SPM99) software (http://www.fil.ion.
ucl.ac.uk/spm). The hippocampi were manually delineated by a single
tracer blind to diagnosis and APOE status using the software program
SEG, an interactive image volume segmentation tool developed at the
LONI (Laboratory of NeuroImaging) at the University of California, Los
Angeles. This program allows the user to draw the region of interest
contours by viewing images in all three orthogonal planes simulta-
neously. Hippocampi were traced on 1 mm contiguous coronal brain
sections following a standardized and validated protocol (Laakso et
al., 1996). Tracings included the hippocampus proper, subiculum
(subiculum proper and presubiculum), part of the fimbria where it
cannot be discriminated from the body of the hippocampus, and the
gyri of Retzius (CA1 field of the cornu Ammonis in the tail). Each
hippocampus is comprised of approximately 30 to 40 consecutive
slices, and tracing takes about 40 min for both hippocampi of each
individual. Normalized hippocampal volumes were obtained from the
tracings on the normalized images, which account for variations in
head size between subjects, and retained for statistical analysis. The
intraclass correlation coefficients for test–retest reliability, which was
performed on 20 subjects (10 patients and 10 controls assessed 3 days
apart), were 0.89 for the left and 0.88 for the right hippocampus. This
level of agreement is comparable to that reported by several previous
studies (Frisoni et al., 2007; Jack et al., 2004; Kaye et al., 2005).

Mapping radial atrophy
Three-dimensional parametric surface mesh models were gener-

ated from the manually segmented hippocampal tracings (Thompson
et al., 2004). Slices were resampled and resliced into uniformly spaced
levels in order to obtain correspondence across brain slices. At the
slice level, the points lying on the hippocampal contour were
uniformly spaced into 100 homologous points. The correspondence
between 3D individual parametric mesh models was therefore
automatically obtained by matching, for each level, the homologous
uniformly spaced points on the surface contour. Each hippocampal
contour was then separated into dorsal and ventral components. A
medial curve was automatically defined as the 3D curve traced out by
the centroid of the hippocampal boundary in each image slice. For
each boundary point, the radial 3D distance from the surface points to
the medial curve of the hippocampus was measured automatically
and defined as the radial size. Shorter radial distances were used as an
index of hippocampal atrophy (Thompson et al., 2004). This
procedure allows then to perform statistical comparisons between
groups at corresponding surface locations. To help in distinguishing
between cytoarchitectural subfields, a standard atlas where the
subregions are shown together with the corresponding MRI sections
was consulted (Duvernoy, 1998; Frisoni et al., 2006).

Mapping cortical atrophy
The detailed procedure for the measurement of the cortical gray

matter (GM) atrophy has been described in detail previously (Pievani
et al., 2009). Normalized images were segmented into GM, white
matter and cerebrospinal fluid using an algorithm that employs
partial volume correction and bias field correction (Shattuck et al.,
2001). A 3D parametric model of the hemispherical cortical surfaces
was then extracted (MacDonald et al., 1994). Sulcal lines were traced
on the cortical surfaces according to a previously validated anatomical
delineation protocol (http://www.loni.ucla.edu/~khayashi/Public/
medial_surface, http://www.loni.ucla.edu/~esowell/new_sulcvar.
html). The values for reliability of manual outlining have been
Please cite this article as: Pievani, M., et al., APOE4 is associated with gr
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reported elsewhere (Pievani et al., 2009). Sulcal curves were used as
landmarks to warp each subject's anatomy into a reference template.
The same deformation was applied to the segmented images, thus
allowing the measurement of GM at homologous cortical locations.
Gray matter density (GMD) was computed at each cortical point as
the proportion of the GM tissue classified as GM in a sphere centered
at that point, with a radius of 15 mm, and then averaged within each
group to obtain the GMD mean. The percentage GM reduction was
computed at each cortical point in AD patients by assessing the ratio
between the mean GMD value at that point in the patient and the
GMD mean of the healthy controls.

Cortical atrophy in the Brodmann areas. A deformable Brodmann area
(BA) atlas (Rasser et al., 2005) was applied to the left and right
hemisphere average models. Briefly, this involved the extraction of a
three-dimensional model of the right cerebral hemisphere (MacDonald
et al., 1994) of the Colin27 single-subject average brain MRI template
(Holmes et al., 1998) followed by labeling with BA as delineated by the
Caret software package (Van Essen, 2002). BAs were then deformed to
the average right and left hemisphere templates using cortical pattern
matching, followed by the tabulation of each subject's averageGM loss in
each BA. As in our previous study, we defined two regions of interest on
the BA atlas: (1) the temporal cortex, including the medial and lateral
temporal lobes (superior,middle and inferior temporal gyrus, entorhinal,
perirhinal and presubicular cortex, anterior temporal pole, and the
fusiform gyrus), and (2) the frontal and parietal neocortex (dorsolateral
frontal and parietal cortex, orbitofrontal and subgenual cortex, anterior
and posterior cingulate, and retrosplenial cortex).

Statistical analysis

Clinical and cognitive variables. Neuropsychological scores were age-,
sex- and education corrected by using normative values taken from
the Italian population (Amodio et al., 2002; Caffarra et al., 2002;
Carlesimo et al., 1996; De Renzi and Vignolo, 1962; Novelli et al., 1986;
Spinnler and Tognoni, 1987). Clinical, neuropsychological and
volumetric data were compared among groups by using the Mann–
Whitney U-test for continuous variables, and the chi-squared test for
dichotomous variables.

Radial atrophy maps. Radial atrophy was visualized on 3D models of
the ventral and dorsal hippocampal formations and statistically
compared between groups at each surface location, by running a
correlation between groups (coded as 0 or 1) and radial atrophy. The
following statistical comparisons were carried out: APOE4 carrier
patients vs healthy controls, APOE4 non-carrier patients vs healthy
controls, and APOE4 carrier patients vs APOE4 non-carrier patients.
The p-values representing the significance of the group effect were
mapped to the whole hippocampal surface, after setting a significance
threshold of p=0.05. For each comparison, the corresponding
percent change in radial size was plotted onto the model surface
using a color code. Percent changes were assessed by using the mean
radial size of the control group as the reference value.

Significance maps were then corrected for multiple comparisons
by running permutation test at a threshold of p=0.01. This test runs
n=10,000 permutations of the variable of interest (the diagnosis, or
APOE) producing a corrected overall p-value for the uncorrected
statistical maps (Thompson et al., 2003). Briefly, permutation tests
measure the probability that the observed effect occurred by chance,
by randomly assigning subjects to groups and by computing how
many times the random assignment beat the real experimental effect
(Thompson et al., 2003). The effects in the random permutations was
classified as being greater or smaller than that of the real experiment
based on the area of the surface that was significant at a threshold of
p=0.01.
eater atrophy of the hippocampal formation in Alzheimer's disease,

http://www.cabiatl.com/mricro/mricro/mricro.html
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://www.loni.ucla.edu/~khayashi/Public/medial_surface
http://www.loni.ucla.edu/~khayashi/Public/medial_surface
http://www.loni.ucla.edu/~esowell/new_sulcvar.html
http://www.loni.ucla.edu/~esowell/new_sulcvar.html
http://dx.doi.org/10.1016/j.neuroimage.2010.12.081


Table 2
Neuropsychological scores of the groups included in the study. Values are adjusted for
age, sex, and education.

Controls AD p

n=28 ε4− ε4+

n=14 n=14

Memory
Rey list immediate recall 46 (8)°,* 26 (9) 22 (7) 0.285
Rey list delayed recall 11 (3)°,* 2.9 (1.8) 2.7 (1.4) 0.667
Rey figure recall 19 (6)°,* 7 (5) 7 (2) 0.352

Visuo-spatial abilities
Rey figure copy 35 (4)°,* 16 (15) 15 (13) 0.769

Language
Token test 32 (3) 28 (8) 28 (6) 0.734
Letter 34 (7)* 29 (10) 23 (9) 0.178
Category 41 (6)°,* 26 (10) 24 (8) 0.458

Attention, executive functions
Trail Making Test A 26 (15)°,* 164 (124) 183 (108) 0.769
Trail Making Test B 68 (61)°,* 305 (150) 335 (142) 0.999
Trail Making Test B–A 42 (53)°,* 141 (94) 145 (104) 0.943

Values denotes mean (standard deviation).
p denotes significant differences between groups on Mann–Whitney U-test.
°,* denote significant difference (pb0.05) between healthy controls and AD patient
APOE4 carriers (*), or AD patient non-carriers (°) on Mann–Whitney U-test.
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Correlations with cognition. Correlations between hippocampal atro-
phy (radial size and volume) and cognitive variables (MMSE and
memory) were assessed separately for carriers and non-carriers by
entering each variable as a covariate in the model. Correlations
between atrophy and memory were assessed for Rey's Auditory
Immediate and Delayed Verbal List Tests (verbal memory), and for
Rey Figure Copy delayed Test (spatial memory).

APOE and regional atrophy. The main effect of APOE and region on
atrophy was investigated using an analysis of variance (ANOVA)
model, where APOE (ε4 carriers vs non-carriers) was the between-
subjects factor, region (hippocampus vs temporal cortex vs fronto-
parietal cortex) was the within-subject factor, and the percentage GM
reduction was the dependent variable. In addition, we repeated the
analysis by entering the frontal and parietal cortices into two separate
models in order to ensure that the choice of the region did not
influence the results.

Results

Clinical and neuropsychological variables

Clinical, neuropsychological and vascular scores of AD patients and
controls are shown in Tables 1 and 2. AD patient APOE4 carriers and
healthy controls differed in educational level, which was lower in the
former group (Table 1), whereas differences were not significant
between AD patients not carrying the ε4 allele and healthy controls. As
expected, AD patients (both APOE4 carriers and non-carriers) showed
significant cognitive impairment relative to controls in all domains
(pb0.005. Mann–Whitney U-test; Table 2). More specifically, cognitive
deficits were severe (pb0.001) for memory (z-score ≥4.5 in both AD
patient groups; all APOE4 carriers and non-carriers being below the 5%
percentile in at least one test between verbal and non-verbal memory),
visuo-spatial abilities (z-score=4.1 and 3.5 in AD APOE4 carriers and
non-carriers), language (verbal fluency: z-score=4.6 and 4.1), and
frontal executive functions (z-score=3.9 and 4.1). No significant
difference was detected between AD patient APOE4 carriers and non-
carriers in memory (pN0.05; Table 2) or other cognitive domains
(pN0.05; Table 2). AD patient APOE4 carriers vs AD patient non-carriers
Table 1
Socio-demographic, clinical and volumetric data from the Alzheimer's disease patients
who were carriers (ε4+) and non carriers (ε4−) of the APOE ε4 allele, and from the
group of elderly controls.

Controls AD p

n=28 ε4− ε4+

n=14 n=14

Age (years) 70.8 (8.1) 71.2 (9.5) 71.7 (8.2) 0.874
Sex (females) 18 (64%) 8 (57%) 12 (86%) 0.094
Education (years) 9 (4)* 7 (4) 5 (2) 0.094
Mini-Mental State Exam 28.5 (0.8)°,* 19.8 (4.7) 20.1 (4.4) 0.910
Disease duration (years) – 3.3 (1.7) 3.8 (1.4) 0.325

Volumetry
Hippocampus (mm3) L 3456 (473)°,* 3009 (633) 2638 (516) 0.044

% loss – −13% −24%
R 3378 (547)°,* 2654 (580) 2499 (431) 0.482
% loss – −21% −26%

Vascular load 2.8 (2.8) 2.4 (2.3) 4.5 (5.4) 0.482

Values denote mean (standard deviation) or number (percentage). Vascular load was
assessed with the Age-Related White Matter Changes scale; scale range: 0–30
(Wahlund et al., 2001).
p denotes statistical differences between ε4+ and ε4− on χ2 test for dichotomous, and
Mann–Whitney U-test for continuous variables.
p-value in bold indicates a significant (pb0.05) difference.
°,* denote significant difference (pb0.05) between healthy controls and AD patient
APOE4 carriers (*), or AD patient non-carriers (°) on Mann–Whitney U-test.
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did not differ in their socio-demographic variables, although a non-
significantly higher prevalence of women was present in the former
group and education was about 2 years lower in this group (Table 1). In
order to assess whether these variables may have influenced the
analysis, we additionally investigated the association between sex,
education and hippocampal radial size in AD patients.
Hippocampal volumetry

Relative to healthy controls, hippocampal volumes were 24–26%
smaller on the left and right, respectively, in AD patient APOE4
carriers (pb0.001; Mann–Whitney U-test; Table 1) and 13–21%
smaller in AD patient APOE4 non-carriers (pb0.007; Table 1). The
left hippocampus was smaller in AD patient APOE4 carriers than non-
carriers (p=0.044; Mann–Whitney U-test, Table 1), whereas the
right hippocampi did not differ significantly (p=0.48; Mann–
Whitney U-test, Table 1). Hippocampal volumes were not associated
with memory deficits (pN0.05, Spearman's rho correlation).
Hippocampal surface analyses

AD patients vs healthy controls
AD patient APOE4 carriers showed significant hippocampal radial

size atrophy in the head and tail of the CA1 field and in the anterior
section of the ventral hippocampus compared to healthy controls
(Fig. 1, top left), with up to 25% smaller radial size (Fig. 1, bottom left).
AD patient APOE4 non-carriers showed a similar pattern of atrophy
(Fig. 1, top right) with less pronounced radial size atrophy in the same
regions (up to 20% smaller radial size; Fig. 1, bottom right). The
anterior portion of the ventral hippocampus was generally spared in
APOE4 non-carrier patients (Fig. 1, top right). Statistical maps were
highly significant after correction for multiple comparisons
(pb0.0002 for the left and right hippocampus in AD APOE4 carriers
vs healthy controls; p≤0.01 and p≤0.0009 in the left and right of AD
APOE4 non-carriers vs healthy controls; permutation test; Fig. 1).
Small regions of greater radial size atrophy in controls than either AD
patient carrying or non-carrying the ε4 allele were detected in the
eater atrophy of the hippocampal formation in Alzheimer's disease,
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CA2–3 fields, however they were not significant on post-hoc analysis
(pN0.15 on one-tailed permutation test).

AD patient APOE4 carriers vs AD non-carriers
Significantly greater radial size atrophy in patients carrying the ε4

allele than those with no ε4 allele was detected in the left ventral
hippocampal region (p=0.041, permutation test; Fig. 2, top left), with
differences up to 25% (Fig. 2, bottom left). The dorsal left hippocampus
showed a trend (p=0.069, permutation test) for smaller radial size in
ε4 carrier patients than ε4 non-carrier patients (Fig. 2, left). In the
right hippocampus, the differences were not significant (pN0.20,
permutation test) albeit the pattern was similar (Fig. 2, left). Smaller
radial size in ε4 non-carrier patients was detected in small regions of
the CA2–3 field and at the border between the CA1/subicular region
ventrally in the right hemisphere, but were not significant on post-hoc
analysis (pN0.50, one-tailed permutation test; Fig. 2, right). The effect
of sex and education on hippocampal radial size in AD patient APOE4
carriers or AD non-carriers was not significant (pN0.15 for sex, and
pN0.33 for education, permutation test; data not shown).
Fig. 1. Patterns of hippocampal atrophy in Alzheimer disease patients carrying and non-c
controls. AD patient APOE4 carriers are shown on the left, AD patient non-carriers on the rig
pb0.05. Comparisons were highly significant after correction for multiple comparisons by
(pb0.01, permutation test). Bottom: percentage hippocampal differences. Values are color-c
controls. Values greater than 15% (yellow to red regions) denote statistically significant
(differences greater than 25%). (For interpretation of the references to colour in this figure
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Correlations with cognition
MMSE and memory (both verbal and visual) were not associated

with hippocampal radial size in AD patient APOE4 carriers or in AD
patients APOE4 non-carriers (pN0.05, permutation test; data not
shown). Pearson's correlation coefficients (adjusted for age, sex and
education) for the relation between hippocampal volume and
cognitive deficits were rb0.108 in APOE4 carriers and rb0.289 in
APOE4 non-carriers.
APOE and regional atrophy

When cortical atrophy was added into an ANOVA model, APOE4
still showed a borderline effect on GM atrophy in the left hemisphere
(p=0.053), and a significant interaction between APOE and region
(p=0.04; Fig. 3A). In the right hemisphere, no significant APOE4
effect was detected (p=0.23; Fig. 3A). When left and right hemi-
spheres were averaged together, the analysis showed a trend for an
APOE4 effect (p=0.09) and a significant interaction (p=0.03,
arrying the APOE ε4 allele compared with age-, sex-, and education-matched healthy
ht side. Top: statistical maps. White regions correspond to an uncorrected threshold of
permutation testing, both in the ventral and dorsal hippocampal portions, bilaterally
oded to express the percentage difference in radial size between patients and healthy
atrophic areas and red regions correspond to areas of severe hippocampal atrophy
legend, the reader is referred to the web version of this article.)
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Fig. 3A). Similar effects were observed when the frontal and parietal
cortices were entered into two separate models (Figs. 3B–C).

Discussion

This is the first study, to our knowledge, which found a disease-
specific effect of APOE4 on subregional hippocampal atrophy in AD.
Both ε4+ and ε4− AD patients showed a similar pattern of atrophy
relative to controls, with selective involvement of the CA1 field and
subiculum. The greater vulnerability of these regions to AD pathology
has been largely demonstrated by both pathological and in vivo MRI
studies (Braak and Braak, 1995; Schonheit et al., 2004; Wang et al.,
2006; Frisoni et al., 2008), whereas the CA2–3 fields are relatively
spared. Our results are confirmatory in this respect and, in addition,
suggest that the pathological substrate of these changes is the same
independently of APOE. Secondly, we showed that the hippocampal
volumes were smaller in ε4+ compared to ε4−, a finding that agrees
with most prior MRI studies (Lehtovirta et al., 1995; Geroldi et al.,
Fig. 2. APOE-related regional effect on hippocampal atrophy in AD patients. Top: statistical m
panels on the left show regions of greater hippocampal atrophy in APOE4 carriers than non-c
uncorrected threshold of p=0.05. Group differences remained significant after correction f
whereas in the dorsal left hippocampus a trend for significance was detected (p=0.069).
(colours from light-blue to red) and opposite comparison (colours from violet to white). (Fo
the web version of this article.)
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1999; Hashimoto et al., 2001). As a novel finding, we showed that
these differences were due to greater involvement of the CA1 and
subicular regions, supporting the hypothesis that the APOE4 effect is
local in the disease-specific regions (Boccardi et al., 2004; Agosta et al.,
2009).

There is increasing evidence from molecular, cellular, animal
research that APOE4 has a detrimental impact on AD pathology: the
ε4 allele is associated with reduced effectiveness in clearance of A-beta
(beta-amyloid protein), modulation of tau phosphorylation, and in
neuronal repair compared to other isoforms (Mahley, 1988; Poirier et
al., 1993; Teter et al., 2002; Deane et al., 2008; He et al., 2007; Ye et al.,
2005). More specifically, cell and animal models have observed this
detrimental effect in the hippocampus (Holtzman et al., 2000; Buttini et
al., 2002; Schmechel et al., 1993; Brecht et al., 2004; Harris et al., 2003;
Tesseur et al., 2000). The results of the present study support previous
investigations, including our own previous report, in showing that the
regions most affected by AD pathology are more atrophic in carriers of
the ε4 allele. In our previous study, however, the effect of APOE4 on the
aps for the comparison of AD patient APOE4 carriers and AD APOE4 non-carriers. The
arriers, the panels on the right show the opposite contrast. Themaps are threshold at the
or multiple comparisons in the ventral left hippocampus (p=0.041, permutation test),
Bottom: maps of percentage hippocampal difference in APOE4 carriers vs non-carriers
r interpretation of the references to colour in this figure legend, the reader is referred to
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temporal cortexwas not statistically significant: the differencewith the
present study may indicate either that APOE4 effect is stronger in
the hippocampus than in the temporal cortex or that the assessment of
the cortical atrophymay be less sensitive due to methodological issues.
The results shown in Fig. 3 support this hypothesis, as the hippocampal
atrophy generally outperformed temporal cortex atrophy.

A few studies to date have investigated APOE4 effect on the
hippocampal atrophy at the subregional level (Morra et al., 2009;
Mueller and Weiner, 2009). These studies either failed to detect an
Fig. 3. Relationship between APOE and regional atrophy. Bars represent the percentage GM
The hippocampus is shown in black, the temporal cortex in gray, the non-temporal region (fr
(C)) in light gray. P values resulting from the ANOVAmodel for APOE effect and the interactio
interpretation of the references to colour in this figure legend, the reader is referred to the
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effect (Morra et al., 2009) or found an effect in regions not involved by
the pathology (Mueller and Weiner, 2009). A possible explanation for
the different results may rely on the methodological and sample
differences. The study by Morra et al. (2009) used an automated
method to examine a large dataset of hippocampi, whereas we used
manual tracing to investigate our smaller sample. Albeit less
reproducible, manual tracing is regarded as the gold standard for
hippocampal measurement, and possibly it is more sensitive to small
changes than the automated methods. The study by Mueller and
difference in AD patient APOE4 carriers and non-carriers compared to healthy controls.
ontal–parietal cortex in model (A), parietal cortex in model (B), frontal cortex in model
n between APOE genotype and region are reported. * indicates a significant p-value. (For
web version of this article.)
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Weiner (2009), conversely, investigated a rather small ε4− sample
(n=5 patients) and this might explain the lack of an effect in the CA1
and subicular regions in that study.

In spite of greater hippocampal atrophy, ε4+ did not show more
pronounced memory deficits than ε4−, nor did we find a significant
association between regional atrophy and memory deficits. These
results agree with previous negative findings (Hashimoto et al., 2001;
Agosta et al., 2009), which however investigated only the hippocampal
volume or did not correlate atrophy with memory performance. Our
regional analysis, conversely, should have been more specific and
thereforemore accurate. A possible explanation for this negativefinding
may be that APOE4 effect on cognition depends on the severity of the
disease. A large population and clinic-based study has recently shown
that APOE4 affects cognitive decline in the mildest stages of AD, i.e.
when patients are not yet severely impaired, but that this effect is not
detected when including moderately to severely affected patients
(Cosentino et al., 2008). Another possible explanation for this negative
finding may be that memory tests could be less sensitive than the MRI
indexes due to floor effect, as memory scores largely fell below the 5%
percentile in our sample. Overall, the strength of the correlation
between cognitive deficits and atrophy was quite low. Nevertheless, a
direct comparison between our data and previous works is difficult to
perform given that very few studies have examined this association.
Lehtovirta et al. (1995) reported a significant association between
memory deficits and hippocampal atrophy in the whole population but
not in the AD patients, whereas other studies did not investigate this
association (Juottonen et al., 1998; Geroldi et al., 1999; Agosta et al.,
2009). A recent study (Wolk et al., 2010) used a stepwise regression
model to investigate the association between memory deficits and
hippocampal atrophy in APOE4 and reported a significant regression
beta coefficient of β=0.42. The lack of an association between atrophy
and cognitive deficits in our study may be explained by at least two
factors: the small sample size and the lack of patients carrying two ε4
alleles. Indeed, the association between APOE4 and atrophy is dose-
dependent and the inclusion of patients homozygous for the ε4 allele, as
in the abovementioned studies, is likely to increase the power to detect
an association.

The hypothesis of a severity-dependent effect of APOE4 is
interesting in that it may help explaining an apparently inconsistent
finding of the present study, i.e. that APOE4 effect was detected in the
less affected hemisphere (left hippocampus). Indeed we found that
atrophywas relatively greater in the right vs left hippocampus in both
groups (26 vs 24% smaller volume in AD patient APOE4 carriers, 21 vs
13% in APOE4 non-carriers), but APOE4 effect was detected in the left
Fig. 4. Hypothesized model of hippocampal atrophy in AD patients according to APOE geno
presence of APOE4 (Hashimoto et al., 2001; Agosta et al., 2009; Boccardi et al., 2004). We h
reduce as atrophy reaches a plateau. Secondly, genetic studies have shown that APOE4 exerts
carriers and non-carriers would be greater at younger ages and, conversely, smaller in olde
(Geroldi et al., 1999; Lehtovirta et al., 1995; Agosta et al., 2009) and older patients (Morra et
the left, but some studies support a left-greater-than right involvement (ThomCpson et al., 2
and might explain why not all the studies detected an APOE4 effect.
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hippocampus only. Wemight explain this finding with the hypothesis
that atrophy reaches a plateau and therefore differences might be
detectable only when atrophy is below a given threshold. The
hypothesis of a plateau effect is well supported by cross-sectional
and longitudinal MRI studies, which have shown that the hippocam-
pus and medial temporal lobe are affected in mild disease stages and
relatively spared with advancing disease stages (Frisoni et al., 2009;
Scahill et al., 2002). Alternatively, another possible explanation might
be that, over a given threshold, other disease-related factors become
more prominent than APOE4.

The above model implicitly assumes that there is an asymmetry in
the hippocampal atrophy, specifically that the right hemisphere is
more involved than the left. This assumption is not straightforward to
demonstrate, as studies did not provide unique findings (Laakso et al.,
2000; Apostolova et al., 2007; Thompson et al., 2003; Scahill et al.,
2002). To date there is little evidence from pathology that damage is
asymmetric (Moossy et al., 1989; Arendt et al., 1985; Wilcock and
Esiri, 1987). Pathological studies however may lack sensitivity to
detect differences because atrophy may have progressed and
plateaued at the time of autopsy. Asymmetric brain involvement
may be related to the differences in the patients cognitive profile:
language and verbal-memory deficits are predominantly associated
with the left hemisphere damage, whereas visual–spatial and non-
verbal-memory deficits are associated with the greater right involve-
ment (Haxby et al., 1985). In our patients, however, we did not
observe right-greater-than-left cognitive deficits, therefore we can
only speculate that this asymmetry represents population-related
variability. Fig. 4 summarises this hypothesizedmodel of hippocampal
atrophy according to APOE genotype, assuming that there is a plateau
effect and an asymmetric behaviour. Given the above mentioned
variability, this asymmetry should be considered a non-invariant
factor.

Age might also explain the apparent inconsistencies among this
and previous studies, which either detected a significant effect of
APOE4 in the right hippocampal volume (Lehtovirta et al., 1995;
Geroldi et al., 1999; Agosta et al., 2009) or failed to detect an effect
(Jack et al., 1998; Morra et al., 2009). Of note, the former studies
(Lehtovirta et al., 1995; Geroldi et al., 1999; Agosta et al., 2009)
investigated patients at a younger age (on average less than 70 years
old) and the latter older patients (on average 75 years old) than our
own (71 years). Genetic studies have shown that APOE4 exerts its
maximal effect before the ages of 65–70 (Blacker et al., 1997), so
differences between ε4+ and ε4− may therefore be greater at
younger ages and, conversely, smaller in older patients.
type (carriers and non carriers). Hippocampal atrophy in AD may be worsened by the
ypothesize that this effect would be greater in earliest disease-stages and subsequently
its maximal effect before the ages of 65–70 (Blacker et al., 1997), so differences between
r patients. This could explain the differences between studies which included younger
al., 2009; Jack et al., 1998). In this example, the right hippocampus is more affected than
003; Scahill et al., 2002). This variability may be due to population-specific differences
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Limitations

Some limitations of the present study should be mentioned. The
technique used to assess the atrophy of the hippocampal formation
does not allow us to discriminate among subicular subfields (pre-,
pro- and para-subiculum), between the CA1 field and the subiculum,
and between the CA1 and CA2 fields. To overcome this uncertainty,
we used a well-established histological atlas to aid in the recognition
of hippocampal subregions (Duvernoy, 1998). The subregional
boundaries we used were similar to those proposed by other
investigators (Apostolova et al., 2010; Wang et al., 2006). Further-
more, the procedure used to align hippocampal surfaces across
subjects allows to compare homologous points and should have
reduced inter-subjects variability. This procedure however does not
guarantee that points from corresponding cytoarchitectonic regions
will be aligned accordingly. Therefore, without pathological confir-
mation the location of the subfields involved can only be indirectly
inferred. Even so, as subfield mapping is not yet a standard procedure,
the definition of homology via 3D surface mesh modelling is probably
the most feasible method to allow multi-subject mapping in typical
clinical scans. Another limitation is the small sample size of the
groups. Previous studies have indeed investigated APOE4 effect on
larger AD samples (Agosta et al., 2009; Morra et al., 2009) by using
automated methods of hippocampal segmentation. Such methods are
fast and suitable to investigate large datasets, but generally less
accurate than manual segmentation. The usage of manual tracings in
our study should then be considered an advantage in terms of
accuracy, a benefit that comes at the expenses of smaller samples as
the manual tracing of large datasets is hardly feasible. Among the
other limitations of the study is the lack of pathological confirmation
of AD diagnosis, as well as of amyloid markers. Patients with
frontotemporal dementia can sometimes be misclassified with AD,
and this diagnostic inaccuracy might affect hippocampal results. In
our study, however, a well-established questionnaire was used to aid
in differentiating symptoms. Secondly, the majority of AD patients
(86%) received at least one follow-up evaluation in the subsequent
years which confirmed the diagnosis. Finally, the hypothetical model
proposed in Fig. 4 needs to be evaluated with specific prospective
studies on samples stratified by age and APOE genotype.

Another known risk factor for ADwhichmay have influenced brain
atrophy is a familial history of AD (Honea et al., 2010). In our sample,
25% of patients reported a family history of AD, in line with values
reported in the literature. However, as our aim was to investigate
APOE4 effect and we did not systematically assess familial history, we
can't speculate about its possible effect on brain atrophy. Further-
more, although it has been reported that APOE4 and familial AD may
additively contribute to hippocampal atrophy in the healthy elderly
(Donix et al., 2010), it is not known whether their co-occurrence may
affect disease expression in patients.

Conclusion

Our findings confirm and strengthen previous observations that
APOE4 is associated with greater hippocampal atrophy in AD. The
analysis of regional atrophy revealed that this effect is due to a more
pronounced atrophy in subregions selectively vulnerable to AD
pathology. The lack of a detectable association with memory and
the asymmetric effect of APOE4 suggest that this effect may be
severity-dependent, either because atrophy reaches a plateau or
because other disease-related factors may become more prominent
than APOE4. These results, together with the preliminary results of
immunotherapy trials which have shown potential treatment differ-
ences on cognitive endpoints according to the APOE status, highlight
the need to account for this factor in clinical trials, either for sample
selection or for the usage of hippocampal volume as a surrogate
marker.
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