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In vivo neuropathology of the hippocampal formation in AD:
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Early involvement of the hippocampal formation is the biological basis
of the typical learning deficit in Alzheimer’s disease (AD). However, the
hippocampal formation is unevenly affected by AD pathology, deposits
of plaques and tangles being particularly dense in the CA1 field and
subiculum. The aim of the study was to locate in vivo the structural
changes within the hippocampal formation in AD patients of mild to
moderate severity. A group of 28 AD patients and 40 cognitively intact
persons (age 74 T 9 and 71 T 7 years) underwent T1-weighted highresolution MR scans. The hippocampal formation was isolated by
manually tracing on 35 coronal slices the outlines of the hippocampus
proper and subiculum after registration to a common stereotactic
space. Group differences were assessed with algorithms developed ad
hoc that make use of three-dimensional parametric surface mesh
models. In AD patients, significant atrophic changes amounting to
tissue loss of 20% or more were found in regions of the hippocampal
formation corresponding to the CA1 field and part of the subiculum.
Regions corresponding to the CA2 – 3 fields were remarkably spared.
We conclude that the regions of the hippocampal formation that we
found atrophic in AD patients are those known to be affected from
pathological studies. This study supports the possibility of carrying out
in vivo macroscopic neuropathology of the hippocampus with MR
imaging in the neurodegenerative dementias.
D 2006 Elsevier Inc. All rights reserved.

Introduction
The hippocampus is the key structure in the development of
Alzheimer’s disease. It allows encoding of new information
through incoming and outgoing pathways with relatively little
redundancy such that lesions to strategic though restricted regions
can isolate the hippocampal formation from connected cortical and

subcortical structures. The main input to the hippocampal
formation comes from the entorhinal cortex, and the major output
arises from the subicular region. In AD, the entorhinal cortex, the
CA1 field, and the subicular region are all heavily affected by cell
loss, plaques, and tangles (Hyman et al., 1984; Van Hoesen and
Hyman, 1990), thus giving rise to functional isolation of the
hippocampal formation. On the contrary, the CA2 and CA3 fields
are relatively spared (Hyman et al., 1984; Van Hoesen and Hyman,
1990).
A number of studies have addressed tissue loss in the
hippocampus with the use of MR imaging with a number of
assessment tools ranging from visual rating scales to region-ofinterest-based volumetry to computational neuronatomy methods
(Ashburner et al., 2003; Frisoni et al., 2003). The vast majority
have found hippocampal atrophy in AD patients when compared to
elderly controls (Scheltens et al., 2002), but all have been unable to
accurately localize where atrophy occurs in the hippocampus—
except grossly in the head, body, and tail (Frisoni et al., 2002;
Laakso et al., 2000a; Pitkanen et al., 1996).
Locating in vivo the structural changes in the hippocampal
formation of patients with AD is of interest in that this might reflect
pathological involvement and might allow to better investigate the
biological basis of functional disruption. We applied a recently
developed algorithm sensitive to local surface changes of closed
structures – such as the hippocampal formation – to the segmented
hippocampi of 28 patients with mild to moderate AD and
compared them to 40 elderly controls in order to study the fine
topography of the structural changes of the hippocampal formation.

Methods
Subjects
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This study included 28 persons with mild to moderate probable
AD (McKhann et al., 1984) recruited among outpatients seen at the
‘‘Centro San Giovanni di Dio Fatebenefratelli – The National
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Center for Alzheimer’s Disease’’, in Brescia, Italy – between
November 2002 and January 2005. Disease severity was assessed
with the Mini Mental State Examination (Magni et al., 1996), and
only patients achieving a score of 12 or higher out of a maximum
of 30 were included in the present study. History was taken with a
structured interview from a knowledgeable informant (usually the
patient’s spouse) and was particularly focused on those symptoms
that might help in the differential diagnosis of the dementias
(hallucinations, gait, language, and behavioral disturbances) in
order to avoid contamination of non-AD dementias in the study
group. Laboratory examinations included complete blood count,
chemistry profile, thyroid function, B12 and folic acid, and EKG.
Structured neurologic examination (including primitive reflexes
such as grasping, sucking, palmomental, and snout) was performed
by a neurologist, and physical examination by a geriatrician. A
comprehensive neuropsychological battery was administered including the trail making (Amodio et al., 2002), token (De Renzi
and Vignolo, 1962; Spinnler and Rognoni, 1987), clock drawing
(Shulman et al., 1993), letter and category fluency (Novelli et al.,
1986), Rey auditory verbal learning (Carlesimo et al., 1996), Rey
figure copy, and Rey figure delayed recall tests (Caffarra et al.,
2002; Taylor, 1969). Behavior was assessed with the NeuroPsychiatric Inventory (Cummings et al., 1994) assessing delusions,
hallucinations, agitation, depression, anxiety, euphoria, apathy,
disinhibition, irritability, abnormal motor behavior, sleep disorders,
eating disorders, and expanded to assess development and
remittance of symptoms throughout the whole disease course.
Controls were 40 persons taken from an ongoing study of the
structural features of normal aging (http://www.centroalzheimer.it/
arcprog_eng.htm) whose age and gender composition was comparable to that of patients with dementia coming for observation in
our hospital. This study recruits outpatients attending the Neuroradiology Unit of the ‘‘Città di Brescia’’ hospital, Brescia, aged 40
and older and undergoing brain MR scan for reasons other than
cognitive impairment (usually headache and vertigo) whose scan is
negative for major stroke, tumor, aneurysm, or other focal lesions
(Riello et al., 2005). Incidental atrophy, white matter disease, and
lacunes are not exclusionary criteria. Normality of cognitive
functions is ascertained through the Mini Mental State Examination (Magni et al., 1996) and a structured interview. Twenty
controls agreed to undergo neuropsychological testing. The clinical
assessment and neuropsychological testing forms for patients and
controls may be downloaded at: http://www.centroalzheimer.it/
Prot%20Clin _ esteso.doc and http://www.centroalzheimer.it/
ProtNPS.BS.doc.

normalization algorithm, and images were normalized by linear (12
parameter) transformation to a customized template using the
Statistical Parametric Mapping (SPM99) software (www.fil.ion.
ucl.ac.uk/spm). The hippocampi were manually traced on contiguous coronal brain sections by a single individual (FS) blind to
diagnosis and following a standardized and validated protocol
(Laakso et al., 1996). Hippocampi were delineated using an
interactive software program developed at the LONI (Laboratory
of NeuroImaging) at the University of California at Los Angeles
(http://www.loni.ucla.edu/ICBM/ICBM_ResSoftware.html#seg3).
Programs for performing the hippocampal surface analyses and
visualizations are available to interested investigators by contacting
one of the authors (PT). This program allows the user to make use of
anatomical landmarks by viewing images in all three orthogonal
planes simultaneously (Thompson et al., 2004a,b).
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) (Fig.
1). Each hippocampus is comprised of approximately 30 to 40
consecutive slices, and tracing takes about 40 min for both
hippocampi of each individual. An example of a full sequence of
tracings can be found on http://www.centroalzheimer.it/public/
ADHM2005.doc.
Normalized hippocampal volumes were obtained and retained
for statistical analysis. Test – retest reliability was assessed by one
of the authors (FS) on the hippocampal formation volumes of 10
patients and 10 controls assessed 3 days apart and gave good
reliability figures (intraclass correlation coefficient = 0.88, 95%
C.I. 0.73 to 0.95, for the right and 0.89, 95% C.I. 0.75 to 0.96, for
the left hippocampus). This level of agreement is comparable to
that obtained in prior studies (Laakso et al., 2000b; Pruessner et al.,
2000).
White matter changes were assessed with the rating scale for
age-related white matter changes (Wahlund et al., 2001).
Mapping radial atrophy

High-resolution MRI images were acquired on a Philips
Gyroscan 1.0 T scanner. Three-dimensional (3D) T1-weighted
sagittal images were acquired using fast field echo. The following
acquisition parameters were used: 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.

Three-dimensional parametric surface mesh models were
generated from the manually segmented hippocampal tracings
(Narr et al., 2004; Thompson et al., 2004a). These procedures
allow measurements to be made at corresponding surface locations
in each subject that may be compared statistically in 3D
(Thompson et al., 1996). The 3D parametric mesh models of each
individual’s hippocampi were analyzed to estimate the regional
specificity of hippocampal volume loss in AD compared to
controls. To assess hippocampal morphology, a medial curve was
automatically defined as the 3D curve traced out by the centroid of
the hippocampal boundary in each image slice. The radial size of
each hippocampus at each boundary point was assessed by
automatically measuring the radial 3D distance from the surface
points to the medial curve defined for individual’s hippocampal
surface model. Shorter radial distances were used as an index of
atrophy (Thompson et al., 2004a).

Image processing

Statistical maps and permutation testing

MR images were reoriented along the AC – PC line, voxels below
the cerebellum were removed with MRIcro (www.psychology.
nottingham.ac.uk/staff/cr1/mricro.html), the anterior commissure
was manually set as the origin of the spatial coordinates for the

Atrophy maps were visualized on 3D models of the hippocampal formation where the dorsal and ventral surfaces can be
appreciated indicating local group differences in radial hippocampal distance. Neuropathologic areas were mapped onto the models

MRI scans
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Fig. 1. Correspondence of the manual tracing of the hippocampal formation (left) to pathology (right). Selected slices are shown at the level of the head (upper),
body (mid), and tail (lower row).

based on an atlas where these are shown together with the
corresponding MR sections (Duvernoy, 1998) (Fig. 2A). The
percent change relative to control and the associated P value
describing the significance of group differences were plotted onto
the model surface at each point of the hippocampus using a color
code to produce statistical maps. Overall P values were computed
for the maps of the left and right hippocampal formation using a
permutation testing approach. Permutation methods measure the
distribution of features in statistical maps that would be observed
by accident if the subjects were randomly assigned to groups
(Thompson et al., 2003) and provide a P value for the observed
effects that is corrected for multiple comparisons.

Results
Table 1 shows that AD patients and control were similar in their
sociodemographic features. The left and right hippocampal
volumes in AD were 32% and 36% smaller than controls. Table
2 shows that the neuropsychological performance of patients was
as expected for mild to moderate patients.
Fig. 2 shows that hippocampal volume loss in AD of 15% or
greater (Fig. 2B) corresponded generally to a P value < 0.05 (Fig.
2C) and mapped mainly to regions corresponding to the CA1

sector and part of the subiculum (Fig. 2A). In the head of the
hippocampus, the CA1 field is located on the superior, medial, and
lateral aspects, in the body on the superior – lateral and inferior –
lateral aspects, and in the tail virtually in all its aspects (Fig. 2A).
These regions were atrophic in our AD patients except for the
medial part of the dorsal surface of the head on both sides.
The CA2 and CA3 fields are located on the dorsal surface of the
hippocampal formation in a strip stretching from medial to lateral
between the most posterior head region and the most anterior tail
region (Fig. 2A). The regions corresponding to the CA2 – 3 fields
were relatively spared in our AD patients. Only one restricted patch
of atrophy was present on both sides located on the superior –
mesial aspect of the dorsal surface, just medial to the fimbria.
A large strip located on the medial and lateral part of the
ventral surface of the body and tail and approximately
corresponding to the presubicular and subicular regions was also
spared. In the head, the ventral subicular region was more heavily
affected than in the body and tail, mainly to the right. Patches
where no atrophy was detected were present on both sides and
located medially and laterally, in the region corresponding to the
presubiculum.
The permutation test was highly significant (P = 0.0001 on both
sides) indicating that the overall maps are very unlikely to have
been obtained by chance.

ARTICLE IN PRESS
4

G.B. Frisoni et al. / NeuroImage xx (2006) xxx – xxx

Discussion
In this study, we mapped tissue loss in the hippocampal
formation of patients with mild to moderate AD. We used a

procedure based on manual tracing of the hippocampal boundaries
and computer-assisted mathematical post-processing that reveals
tissue loss occurring on the hippocampal surface, e.g., in regions
corresponding to the CA1 – 3 fields and subiculum/presubiculum.

Fig. 2. (A) Topographic correspondence of pathology on blank MR-based models of the hippocampal formation of normal controls. Based on Duvernoy
(1998), where neuropathologic areas are shown in 7 equally spaced coronal slices spanning the entire length of the hippocampus. CA: cornu Ammonis. (B and
C) Topographic distribution of atrophy in the hippocampal formation of 28 patients with Alzheimer’s disease compared to 40 elderly controls.
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Fig. 2 (continued).

The procedure was able to visualize the profile of atrophy in
regions corresponding to the CA1 fields and part of the subiculum/
presubiculum and has shown that those corresponding to the
CA2 – 3 fields were not significantly atrophic. This atrophy
distribution largely corresponds to the known selective involvement of hippocampal regions by AD pathology.
Hippocampal afferents from association cortices converge on
the entorhinal cortex and, via the perforant pathway, project to the
dentate gyrus (Van Hoesen and Hyman, 1990). A set of intrinsic
connections proceeds from the dentate gyrus to the CA3 field and

hence to the CA1 field (Van Hoesen and Hyman, 1990). The major
efferent connections of the hippocampal formation to the cortex
arise from the pyramidal cells of the CA1 field and project directly
or via the subiculum to the cortex (Van Hoesen and Hyman, 1990).
Table 2
Neuropsychological features of patients and control subjects

Memory
Rey’s list immediate recall
Table 1
Sociodemographic and clinical features of patients and control subjects
AD (n = 28)
73.8 T 9.4
[53.9 – 90.7]
Sex, female
22 (79%)
Education, years
6.5 T 4.7
[0 – 23]
Disease duration, months
42 T 20
[12 – 96]
MMSE
20.0 T 3.8
[12 – 28]
Hippocampal
L 2728 T 590
volume (mm3)
[1632 – 4390]
R 2580 T 570
[1360 – 3621]
White matter
4.5 T 4.4
changes
[0 – 17]
Age

Rey’s list delayed recall

Controls (n = 40) P
71.2 T 6.8
[55.7 – 85.5]
28 (70%)
8.5 T 5.1
[3 – 18]
–

n.s.
n.s.
–

Verbal fluency
Letter

–

–

Category

3521 T 480
[2425 – 4664]
3497 T 568
[1341 – 4150]
3.7 T 4.3
[0 – 18]

<0.0005

Visuospatial function
Rey copy

n.s.

<0.0005

Psychomotor speed
Trail making test A

AD
(n = 28)

Controls
(n = 20)

P

18.0 T 6.2
[3 – 32]
0.9 T 1.6
[0 – 6]

39.2 T 8.8
[20 – 55]
9.1 T 3.6
[3 – 15]

<0.0005

13.0 T 13.2
[0 – 36]

31.3 T 6.3
[10 – 36]

<0.0005

17.0 T 8.9
[5 – 46]
15.5 T 6.0
[5 – 30]

30.0 T 8.0
[17 – 50]
35.3 T 8.3
[23 – 50]

<0.0005

144 T 72
[53 – 337]

49 T 17
[28 – 87]

<0.0005

216 T 132
[30 – 490]

86 T 44
[24 – 178]

0.003

27.5 T 5.7
[17 – 36]

31.9 T 3.0
[24 – 35]

0.005

<0.0005

<0.0005

n.s.
2

Figures denote means T SD [range]. P denotes significance on t test or v .
MMSE: Mini Mental State Examination.
White matter changes were assessed with the rating scale for age-related
white matter changes. Hippocampal volumes were normalized to the cranial
size of a common template (see Methods), and volumes are therefore
reported in cubic millimeters after normalization to the standard template.

Executive functions
Trail making test B – A

Comprehension
Token test
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Pathology affecting the CA1 field and subiculum in Alzheimer’s
disease results in the hippocampus becoming functionally disconnected from its target areas. The dentate gyrus, CA4, CA3, and
CA2 fields are generally relatively spared by AD pathology.
The topographic distribution of the cornu Ammonis’ fields,
dentate gyrus, and subiculum is such that the CA1, CA2, and CA3
fields and subiculum lie on the surface of the hippocampal
formation (Fig. 2A). On the contrary, the dentate gyrus is located
in the central core, and the CA4 folds itself into the dentate gyrus
such that they both lie distant from the surface. Thus, atrophy of
the CA1, CA2, and CA3 fields and subiculum can be appreciated
by our technique while atrophy of the CA4 field and dentate gyrus
cannot be appreciated (only a tiny portion of the CA4 field is
located on the dorsal surface of the tail of the hippocampus proper
that can hardly be appreciated with the resolution of conventional
MR scanners) (Duvernoy, 1998).
In our AD patients, we found atrophy in the hippocampal
formation in regions corresponding to the CA1 field except for
the medial part of the dorsal surface of the hippocampal head on
both sides. We do not know why this area is relatively spared,
although it may be hypothesized that it might be functionally
connected to structures unaffected by the disease. Albeit small,
the hippocampus is a highly differentiated structure. With an
fMRI paradigm, Strange et al. (1999) provided evidence for
functional segregation within the human hippocampus during
learning by showing that the anterior hippocampus processes
novel stimuli, whereas the posterior hippocampus processes
familiar stimuli. Zeineh et al. (2003) have found that regions
corresponding to the CA2 – 3 fields are activated during storage,
while those corresponding to the subiculum to retrieval of newly
learned information. Further studies will need to investigate the
relationship between functional and structural changes of the
hippocampus in patients with AD.
We found no sign of atrophy in the regions corresponding to
CA2 and CA3 fields. This is in line with the notion that these are
relatively spared by AD pathology (Van Hoesen and Hyman,
1990). The CA4 sector is also known to show generally relatively
little AD pathology (Van Hoesen and Hyman, 1990), but it cannot
be visualized conveniently in the present study due to its deep
location inside the core of the hippocampal formation.
The interpretation of the findings in the subicular region is
less straightforward. The subicular region is divided into four
subregions from medial to lateral: parasubiculum (adjacent to the
CA1 field), presubiculum, subiculum proper, and prosubiculum.
All subregions are affected by AD pathology except the
presubiculum and parasubiculum that are relatively spared (Van
Hoesen and Hyman, 1990; Hyman et al., 1984). We found
atrophy affecting most of the subicular region in the area of the
head of the hippocampus and less widespread atrophy in the body
and tail regions. It would be tempting to hypothesize that the
non-atrophic regions correspond to the presubiculum and parasubiculum, but while this might be the case at most in the head
(where patches unaffected by atrophy can be seen in a medial
region that might roughly correspond to the presubiculum), this
can hardly be the case elsewhere. Of course, the lack of
correspondence between the present in vivo findings and
pathological data in the literature might also be ascribed to
imperfect localization of the subicular subregions in our material.
Higher-resolution studies will be required to address the
topographic distribution of atrophy and its functional meaning
in the subicular area in AD.

Thompson et al. (2004a) used the same algorithms to map
structural changes of the hippocampus and temporal horn at
baseline and over a 2-year period in 12 patients with AD.
Interestingly, they also have found that atrophy in the head of the
hippocampus spared the medial dorsal region. However, the
small sample size in that study may have limited the power to
detect subtle atrophy in other hippocampal areas. Csernansky et
al. (2000) used a related hippocampal surface modeling approach
to map differences in 18 patients with Alzheimer’s disease. In
their approach, the 3D shape of the hippocampus is examined
and can be averaged across subjects within a group, as in our
study. They found atrophy mainly located on the lateral aspect of
head, body, and tail, and to the dorsal and lateral surface of the
head. Notably, this pattern is similar to that found in the present
study. At variance with the present findings, however, in
Csernansky et al.’s (2000) study, the medial aspect of the tail
was spared and atrophy was relatively greater in the left
hippocampus. Although the approaches agree on the major
regions of atrophy in AD, the two methods may differ in their
power to detect more subtle or diffuse atrophy, especially with
small sample sizes.
Some caveats should be underlined. First, the use of hippocampal surface models relies on manual tracing, and systematic
bias due to changes in the anatomy of the hippocampus of patients
might adversely affect its reliability. In any given subject, there will
be minor errors in assessing the distance between the central line
threading down the center of the structure and the hippocampal
surface. Some of the error derives from the resolution of the
scanner, in that the voxel size is of the order of 1 mm. Other
sources of error derive from the manual tracing method, although
the reliability for the method has been shown to be high
(Thompson et al., 2004a). If these errors in the estimation of the
hippocampal boundary are random, the efforts of digitization error
on the hippocampal shape should be substantially reduced (in
proportion to the inverse square of the number of subjects when the
surface models are averaged together). The technique will therefore
pick up atrophy and should assess it accurately, even if the manual
tracing does not consistently hit the actual boundary of a structure.
However, it is possible that there is a systematic bias in these
tracings that is correlated with diagnosis. Although the tracings are
made by raters blind to diagnosis, any difference in image contrast
between AD and healthy elderly subjects could, in principle, alter
the boundary. These effects are likely to be minor, if present at all,
as the major boundaries used are high contrast interfaces between
CSF and gray or white matter; moreover, even a disease-related
reduction in contrast would not necessarily imply a change in the
position of the trace. In addition, any errors that are correlated with
diagnosis would impair the absolute anatomical validity of the
technique but would only serve to reinforce its clinical utility as
they should err on the side of better differentiating patients from
controls.
Second, the spatial resolution of the images we used is around 2
mm, and some neuroanatomical regions might be simply too small
for the effect of AD pathology to be appreciated. Finally, the
localization of neuroanatomical regions on our MR-based reconstructed model of the hippocampal formation is far from perfect
due to interindividual variations of neuroanatomy and variability of
image quality. In the future, more automated methods, once
validated, might allow the study of local hippocampal changes in
large groups of patients with AD, mild cognitive impairment, and
other dementias.
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