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Abstract

Hippocampal injury in the Alzheimer’s disease (AD) pathological process is region-specific and magnetic resonance imaging (MRI)-
based measures of localized hippocampus (HP) atrophy are known to detect region-specific changes associated with clinical AD, but it is
unclear whether these measures provide information that is independent of that already provided by measures of total HP volume. Therefore,
this study assessed the strength of association between localized HP atrophy measures and AD-related measures including cerebrospinal
fluid (CSF) amyloid beta and tau concentrations, and cognitive performance, in statistical models that also included total HP volume as a
covariate. A computational technique termed localized components analysis (LoCA) was used to identify 7 independent patterns of HP
atrophy among 390 semiautomatically delineated HP from baseline magnetic resonance imaging of participants in the Alzheimer’s Disease
Neuroimaging Initiative (ADNI). Among cognitively normal participants, multiple measures of localized HP atrophy were significantly
associated with CSF amyloid concentration, while total HP volume was not. In addition, among all participants, localized HP atrophy
measures and total HP volume were both independently and additively associated with CSF tau concentration, performance on numerous
neuropsychological tests, and discrimination between normal, mild cognitive impairment (MCI), and AD clinical diagnostic groups.
Together, these results suggest that regional measures of hippocampal atrophy provided by localized components analysis may be more
sensitive than total HP volume to the effects of AD pathology burden among cognitively normal individuals and may provide information
about HP regions whose deficits may have especially profound cognitive consequences throughout the AD clinical course.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

The Alzheimer’s disease (AD) pathological process is
hypothesized to begin with the overproduction and aggre-
gation of amyloid beta in the brain, followed by the devel-
opment of neurofibrillary tau pathology in a stereotypical
chronological and spatial progression (Braak and Braak,
1991; Hardy and Selkoe, 2002). According to this schema,
neurofibrillary pathology appears first in the transentorhinal

* Corresponding author at: Center For Neuroscience, 1544 Newton
Court, Davis, CA, 95618, USA. Tel.: �1 530 754 9657; fax: �1 530 754
5036.
E-mail address: ocarmichael@ucdavis.edu (O. Carmichael).

0197-4580/$ – see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.neurobiolaging.2011.08.016
region, followed by entorhinal cortex and the CA1 subfield
of the hippocampus (HP), finally extending into the CA4
and subiculum HP subfields. It is hypothesized that neuro-
fibrillary pathology in these regions eventually causes neu-
ronal dysfunction and death that leads to impaired memory
function, which is the cognitive hallmark of early disease.
Measures of medial temporal atrophy from structural mag-
netic resonance imaging (MRI), including total HP volume,
are therefore believed to be sensitive to early AD pathology
and the cognitive decline that presumably results from it
(Barkhof et al., 2007; Bobinski et al., 1996, 2000; Bourgeat
et al., 2010; Csernansky et al., 2004; deToledo-Morrell et
al., 2007; Gosche et al., 2002; Jack et al., 2002; Jagust et al.,

2008; Silbert et al., 2003; Whitwell et al., 2008).
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Total HP volume, however, is limited in its ability to
account for the complex organization of the HP as a col-
lection of functionally interconnected subfields; most inves-
tigators combine the contributions of CA1–4, subiculum,
dentate gyrus, and possibly other subfields into an overall
HP volume measure. Because these regions are damaged
differentially by AD-related neurofibrillary pathology, total
HP volume may reflect a mix of damaged and healthy
subregions early in the AD course.

Partly for this reason, a number of methods for measur-
ing localized HP subregions have been developed. Early
efforts measured areas of slices oriented perpendicular to
the longitudinal HP axis (Laakso et al., 2000). Another
approach measured, at thousands of HP surface points, the
“thickness” of the HP in terms of distance from the surface
to a central HP axis (Frisoni et al., 2008). Another method
performed high-dimensional warping of HP to a common
anatomical template, followed by statistical analysis of the
warping using principal components analysis (PCA) (Cser-
nansky et al., 2005). By relating spatially variable HP mea-
sures to clinical diagnosis of AD, AD risk factors, and other
markers, these methods have suggested that a characteristic
spatial progression of HP neuronal loss may be detectable in
vivo from structural MRI (Csernansky et al., 2005; Laakso
et al., 2000; Morra et al., 2009; Thompson et al., 2004;
Wang et al., 2009; Xie et al., 2009).

These methods for localized HP structure measurement
have been limited, however, in their ability to provide mea-
sures that integrate HP surface measurements over local
neighborhoods, while at the same time being concise and
sensitive to AD-related changes. The HP slicing approach
loses information about the possibly complex spatial pattern
of HP change by collapsing all of the information in an
entire slice down to single measurement of surface area. The
thickness approach conversely provides the user with thou-
sands of highly localized measurements that do not reduce
to a concise set of numbers summarizing broader patterns.
The PCA approach does summarize the subject-to-template
deformation into a concise set of spatial patterns, but these
patterns are not anatomically constrained and therefore typ-
ically cover multiple disconnected regions. The biological
information contained within each spatial pattern can there-
fore be difficult to interpret (Alcantara et al., 2007).

Conversely, localized components analysis (LoCA) pro-
vides anatomically constrained information related to struc-
ture of the HP (Alcantara et al., 2007, 2009). Like the PCA
approach, it attempts to condense HP shape characteristics
into a small number of measurements, each of which de-
scribe the structure of a set of HP surface points. Unlike the
PCA approach, however, each of the LoCA measurements
describes a single, spatially localized neighborhood. We
have previously shown that this method can provide sensi-
tive measurements of biologically relevant subregional
changes to a variety of brain structures, including the HP

(Harris et al., 2008; Xie et al., 2009).
The purpose of this study is to evaluate whether anatom-
ically constrained subregional HP shape measurements may
add additional information beyond total HP volume to iden-
tify aspects of hippocampal structure that are associated
with AD pathology and late-life cognitive performance. To
accomplish this, we used data from the Alzheimer’s Disease
Neuroimaging Initiative (www.loni.ucla.edu/ADNI) to re-
late MRI-based HP measures to cerebrospinal fluid (CSF)-
based AD pathology measures, clinical neuropsychological
instruments, and clinical diagnosis of mild cognitive impair-
ment (MCI) and AD. According to the recently described
temporal sequence of biomarker changes in AD (Jack et al.,
2010), changes in CSF amyloid precede changes in total HP
volume among cognitively normal individuals possibly by
years, and yet pathologic studies have shown that HP injury
is already occurring among those with abnormal CSF am-
yloid concentration (Braak and Braak, 1991; Gómez-Isla et
al., 1996). Because a marker of such mild and early HP
damage could play an important role in early detection and
quantification of AD pathological effects, we focused on
cognitively normal participants, while additionally extend-
ing the analyses to mildly impaired and demented groups.

2. Methods

2.1. Subjects

Data were obtained from the Alzheimer’s Disease Neu-
roimaging Initiative (ADNI) (www.loni.ucla.edu/ADNI).
The ADNI was a 5-year study with a primary goal of testing
whether serial MRI, positron emission tomography (PET),
other biological markers, and clinical and neuropsycholog-
ical assessment can be combined to measure the progression
of MCI and early AD. Subjects were recruited from over 50
sites across the USA and Canada. The initial goal of ADNI
was to recruit 800 adults, ages 55 to 90, including approx-
imately 200 cognitively normal older individuals to be fol-
lowed for 3 years, 400 people with MCI to be followed for
3 years, and 200 people with early AD to be followed for 2
years.

This study includes data from 390 Caucasian ADNI
subjects who completed cognitive and clinical evaluations,
along with MRI scans, at their baseline visit; 219 of them
completed a lumbar puncture for measurement of CSF lev-
els of amyloid and tau. Summary data are shown in Table 1.

2.2. Clinical diagnosis and cognitive evaluation

The clinical assessment and cognitive testing of ADNI
subjects followed a standardized protocol that was de-
scribed previously (Petersen et al., 2010). At each evalua-
tion, all participants underwent a standardized clinical eval-
uation and cognitive tests. Inclusion criteria for the normal
group included Mini Mental State Examination (MMSE)
scores between 24 and 30, a Clinical Dementia Rating Scale
(CDR) sum of boxes score of 0, and no evidence of major

depression, MCI, or dementia. Participants were included in

http://www.loni.ucla.edu/ADNI
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the MCI group if they had a subjective memory complaint,
objective memory loss measured by education-adjusted
Wechsler Memory Scale-Revised Logical Memory II
scores, a CDR sum of 0.5, absence of significant impairment
in other cognitive domains, preserved activities of daily
living, and an absence of dementia. AD participants met the
National Institute of Neurological and Communicative Dis-
orders and Stroke and Alzheimer’s Disease and Related
Disorders Association (NINCDS/ADRDA) criteria for
probable AD, had an MMSE between 18 and 26, and a CDR
sum of 0.5 to 1.0. Exclusion criteria included history of
structural brain lesions or head trauma, significant neuro-
logical disease other than incipient Alzheimer’s disease, use
of psychotropic medications that could affect memory, and
a Hachinski Ischemic Scale score of 4 or greater. MRI
findings that served as exclusionary criteria included major
hemispheric infarction, or structural abnormalities that se-
verely distort normal brain anatomy such as tumor, or prior
resective surgery.

2.3. Magnetic resonance imaging

Acquisition of 1.5 T MRI data at each performance site
followed a previously described standardized protocol that
was rigorously validated across sites (Jack et al., 2008). The
protocol included a high-resolution T1-weighted sagittal
volumetric magnetization prepared rapid gradient echo
(MP-RAGE) sequence. The ADNI MRI core optimized the
acquisition parameters of these sequences for each make
and model of scanner included in the study. Before being
allowed to scan ADNI participants, all performance sites
were required to pass a strict scanner validation test, includ-

Table 1
Subject characteristics

Variable Baseline-normal

With MRI With MRI
and CSF

Number of subjects 105 55
Age (mean � SD) 77.03 � 4.94 76.79 � 5.
Years of education (mean � SD)2 16.01 � 2.76 15.69 � 3.
Gender (n male; % male) 56; 53 29; 53
APOE genotype (% 2–3 or 2–4; 3–3;

3–4; 4–4)
9.5; 64; 25; 1.9 15; 65; 20;

MMSE (mean � SD)1,2,3 29.3 � 0.75 29.33 � 0.
ADAS-Cog (mean � SD)1,2,3 8.841 � 4.3 9.43 � 4.
CDR sum of boxes (mean � SD)1,2,3 0.06 � 0.23 0.07 � 0.
Left HP volume (mean cc � SD)1,2,3 2.1 � .31 2.1 � .2
Amyloid beta 1–42 (mean pg/mL �

SD)1,2
210 � 55

otal tau (mean pg/mL � DS)1,2,3 72 � 32

eneral characteristics of subjects who had MRI measures, and MRI and C
orresponding groups that had the same baseline clinical diagnosis but w
uperscript numbers indicate variables that differed significantly in t tests
nd baseline MCI1, baseline normal and baseline AD2, and baseline MCI
ey: AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s Disease Assessm
ating; CSF, cerebrospinal fluid; HP, hippocampal; MCI, mild cognitive

maging.
ing magnetization prepared rapid gradient echo scans of
human subjects and a spherical fluid-filled phantom. Addi-
tionally, each scan of ADNI participants included a scan of
the phantom, which was required to pass strict validation
tests. All vetted raw scan data were transferred to the Uni-
versity of California, San Francisco for semiautomated HP
volumetry.

2.4. HP delineation

Semiautomated HP volumetry was carried out using a
commercially available high dimensional brain mapping
tool (Medtronic Surgical Navigation Technologies, Louis-
ville, CO, USA), that has previously been validated and
compared with manual tracing of the HP (Hsu et al., 2002).
Measurement of HP volume is achieved first by placing
manually 22 control points as local landmarks for the HP on
the individual brain MRI data: 1 landmark at the HP head,
1 at the tail, and 4 per image (i.e., at the superior, inferior,
medial, and lateral boundaries) on 5 equally spaced images
perpendicular to the long axis of the HP. Second, fluid
image transformation is used to match the individual brains
to a template brain (Christensen et al., 1997). The fluid
transformation is used to label HP pixels in the native space
of the subject scan, resulting in a binary image representa-
tion of the HP structure. The number of HP voxels in this
space is counted to obtain the total HP volume. This method
of measuring HP volume agrees strongly with fully-manual
delineations, with a documented intraclass correlation coef-
ficient between semiautomated and manual volumes of 0.94
(Hsu et al., 2002). Binary images for each HP were up-
loaded to the ADNI database at the UCLA Laboratory for

Baseline-MCI Baseline-AD

With MRI With MRI and
CSF

With MRI With MRI
and CSF

200 110 85 54
75.86 � 7.19 75.15 � 7.23 76.48 � 7.19 76.08 � 7.54
15.74 � 3.02 15.65 � 3.12 15.07 � 3.15 15.44 � 3.24
125; 62 71; 65 44; 52 30; 56

8; 40; 40;
13

6.4; 41; 37; 15 4.7; 28; 45; 22 3.7; 24; 44; 28

27 � 1.8 27 � 1.8 23.26 � 1.8 23.26 � 1.9
18.88 � 6.4 19.1 � 6.4 27.46 � 6.9 27 � 6.9
3.18 � 1.8 3.15 � 1.8 8.3 � 3.1 8.3 � 3.1
1.8 � .36 1.78 � .34 1.58 � .35 1.57 � .36

160 � 53 140 � 43

100 � 46 120 � 57

sures, broken down by baseline clinical diagnosis. No differences between
MRI versus both MRI and CSF, were significant at the p � 0.05 level.
sts at a p � 0.05 level between corresponding groups of baseline normal
seline AD3 subjects.
le-cognitive subscale; APOE, apolipoprotein E; CDR, Clinical Dementia
ent; MMSE, Mini Mental State Examination; MRI, magnetic resonance
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California, Davis, Imaging of Dementia and Aging Labo-
ratory (IDeA Lab) for further analysis.

2.5. Localized components analysis

Each HP region of interest (ROI) mask was converted to
a 3-D geometric mesh representation, and LoCA was used
to quantify localized HP deficits (Alcantara et al., 2007,
2009; Xie et al., 2009). We first created 1-to-1 correspon-
dence between subjects at 300 homologous HP surface
points using a radial surface mapping approach (Thompson
et al., 2004). Briefly, medial curves were threaded down the
central anterior-posterior axis of each HP. For each HP, 15
HP slices were then generated by intersecting the HP with
15 planes that cut the HP perpendicular to the medial curve.
Within each slice, rays were then cast along a set of 20
evenly spaced outward directions from the medial curve
toward the HP surface. Correspondences were then estab-
lished across HP between cast rays that had analogous slice
position and casting direction, and HP surface points at
which corresponding rays intersected the surface were as-
sumed to be in correspondence. The resulting HP surfaces,
each containing the 300 corresponding surface points, were
then globally aligned to a common space using Generalized
Procrustes Alignment (Gower, 1975). PCA was then ap-
plied to the set of aligned HP, resulting in a set of shape
components: each shape component can be interpreted as a
mode of deformation that linearly deforms the population
mean HP. When a set of shape components are determined,
each subject HP can be described by a set of shape compo-
nent coefficients: these quantify the degrees to which each
of the shape component deformations must be applied to the
population mean HP to produce an HP shape that matches
that of the subject. The LoCA method iteratively modifies
the PCA shape components to force each one to cover a
spatially localized HP subregion, while simultaneously try-
ing to obtain the best fit of all subject HP using the smallest
number of shape component deformations possible. The
result is a small set of shape components, each of which
represents a prominent mode of localized HP shape vari-
ability across the population (Xie et al., 2009). Coefficients
for the shape components that accounted for at least 3% of
HP shape variability were analyzed.

2.6. Biomarker measurement

CSF samples were obtained by the individual centers,
then banked and batch-processed using a standardized pro-
tocol, under the direction of Drs. Leslie Shaw and John
Trojanowski of the ADNI Biomarker Core at the University
of Pennsylvania School of Medicine (Shaw, 2008). CSF
measures at baseline included amyloid �1–42 and total tau
protein as previously described (Shaw et al., 2009).

2.7. Statistical analysis

For each LoCA shape component, general linear models

were constructed that used that shape component’s coeffi-
cients, total HP volume, age, and gender as simultaneous
predictor variables. For each such shape component, sepa-
rate models were estimated that had CSF measures of am-
yloid and tau, clinical neuropsychological test instrument
scores (see Table 2 for list) and clinical diagnosis (normal
vs. MCI vs. AD) as outcome variables. For each fitted
model, the independent effect of the LoCA coefficient was
assessed, and this was compared with the effect of HP
volume in a model lacking LoCA variables, to assess the
relative strengths of association between the outcome mea-
sure, and total HP volume and localized HP atrophy respec-
tively.

Among neuropsychological instruments, scores for clock
drawing, cube copying, digit spans forward and backward,
MMSE, Boston naming, CDR sum of boxes, and delayed
story recall had skewed distributions across the population
of subjects who received an MRI. Therefore, the scores on
these tests were treated as integer values, and Poisson re-
gression was used to determine whether predictor values
were associated with a greater or smaller number of test
points (CDR sum of boxes scores were rescaled to account
for the presence of 0.5 and 1.5 scores). Scores on the
remaining test instruments, as well as the CSF measures of
tau and amyloid, were reasonably normally distributed, so
linear regression was used to relate predictor variables to
outcome variables.

We fitted separate models among those clinically diag-
nosed as cognitively normal at baseline, those diagnosed
with MCI at baseline, and those diagnosed with AD at
baseline. Then, for comparison, we fitted combined models
including individuals across all 3 baseline diagnostic cate-
gories.

Finally, logistic regression models were used to deter-
mine the degree to which the predictor variables increased
or decreased the probability of being diagnosed as MCI at
baseline, compared with cognitively normal; and the degree
to which the predictors increased or decreased the proba-
bility of being diagnosed as AD at baseline, compared with
MCI. These models were estimated across the entire popu-
lation of individuals who received an MRI.

In each of these models, appropriate statistical tests were
used to assess the independent predictive power contributed
by each of the predictors. To correct for multiple compari-
sons, we ran permutations tests with 1000 permutations on
each fitted statistical model, and report the p values for these
permutation tests (Werft and Benner, 2010). Whenever
there was a significant effect of total HP volume on an
outcome variable, we report the number of units difference
in the outcome measure that was associated with a 0.1 mL
difference in total HP volume. Linear change in each local
HP atrophy measurement was associated with a linear
change in the local HP thickness: that is, the distance be-
tween the central HP axis and the HP surface point that
atrophied the most severely in response to a change in this

measurement. Whenever there was a significant effect of a
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local atrophy measurement on an outcome variable, we
report the number of units difference in the outcome mea-
sure that was associated with a 1 mm difference in local HP
thickness.

3. Results

General characteristics of all study participants are
shown in Table 1. The subgroup of individuals who re-
ceived both MRI and CSF measurements was broadly sim-
ilar to the overall sample of those who received an MRI. As
expected, the groups indicate stepwise differences in cog-
nitive measures, HP volume, tau pathology, and CSF amy-
loid beta, with those in the MCI group displaying higher
pathology burden and cognitive impairment compared with
the normal group, and the AD group displaying higher
pathology burden and cognitive impairment compared with
the MCI group. However, the difference in CSF amyloid
beta burden between MCI and AD groups was not statisti-
cally significant.

Seven independent measures of regional HP atrophy,
each of which accounted for greater than 3% of HP struc-
tural variability across the population, were derived from
our LoCA method. Together, the measures accounted for
46% of the variability in HP surface point positions
across the cohort. These 7 measures summarized atrophy
to the anterior and posterior portions of the inferior head,
the superior portion of the medial head and superior,
inferior, and lateral portions of the body (Fig. 1). Of the

Table 2
Associations between localized hippocampus measures and cognition

Cognitive variable Hippocampal volume Su

nimal category < 0.001, 0.39
egetable category < 0.001, 0.38
igit score < 0.001, 0.701
VLT delayed < 0.001, 0.38
DAS-Cog < 0.001, �1.301
rails A 0.147
rails B < 0.001, �3.565

mmediate Story < 0.001, 0.632 <
lock score 0.001, 0.608 0.
opy score 0.004, 0.01 0.
igit Span
Forward

0.002, 0.006 0.

igit Span
Backward

0.002, 0.007 0.

MSE < 0.001, 0.01 <
oston Naming < 0.001, 0.012 0.
DR sum of boxes < 0.001, 0.011 <
elayed Story < 0.001, �0.135

ermutation-corrected p values and regression coefficients for the total HP
odels of cognitive outcome measures. The hippocampal volume column

olume. Other columns show values for models in which predictors wer
egression coefficients are shown for p � 0.05, and these entries are show
umber of test score units decrease that were associated with a 1 mm d
egression coefficients quantify the number of test score units decrease th
ey: ADAS-Cog, ; AVLT, ; CDR, Cognitive Dementia Rating; HP, hipp
2 measures accounting for atrophy to the lateral body, the
first represented focal deficits to only a limited portion of
the lateral body, along with slight deformation of the
posterior aspect of the body in the superior-inferior di-
rection. The second represented substantial atrophy to a
broader extent of the lateral body, along with lesser
degrees of reduction to the superior, medial, and inferior
aspects of the tail. These measures accounted for 11.5%,
7.9%, 7.5%, 6.9%, 4.6%, 4.2%, and 3.2% of hippocam-
pus variability respectively. The magnitudes of Pearson
correlations between pairs of the measures were all less
than 0.3. The magnitudes of Pearson correlations be-
tween HP volume and the measures summarizing atrophy
to the inferior head regions were less than 0.5, and all
other correlations between HP volume and LoCA mea-
sures were less than 0.25. Therefore we concluded that
the LoCA measures and total HP volume were not en-
tirely redundant with each other.

3.1. Associations between LoCA and CSF measures

The association between HP volume and CSF mea-
sures of amyloid beta and tau were highly significant
when all subjects were included in the same model.
Repeated analyses restricted to individual diagnostic cat-
egories, however, revealed that HP volume was not sig-
nificantly associated with either variable within any di-
agnostic category.

Conversely, LoCA measures that quantified atrophy to
the inferior-anterior HP head and the superior and inferior

body Lateral body (1) Inferior body

0.317 0.014, 0.515 0.046, 0.462
0.283 0.029, 0.322 0.021, 0.375
1.166 < 0.001, 1.752 0.363
0.287 0.529 0.002, 0.544
b�0.788 0.009, �0.731 0.001, �1.043
�1.606 0.213 0.116
�2.893 < 0.001, �7.01 0.903
0.42 0.112 0.064

0.001, 0.029 0.758
0.029, 0.013 0.723

0.123 0.533

0.012, 0.025 0.4

0.009 0.006, 0.008 0.07
0.658 0.011, 0.017

0.096 0.01, 0.084 0.01, 0.094
0.051 0.243 0.373

and localized HP atrophy measures as predictors in multivariate statistical
alues for models in which predictors were age, gender, and hippocampus
gender, hippocampus volume, and 1 of the localized atrophy measures.
d. For the localized atrophy measures, regression coefficients quantify the
in local HP thickness in the localized HP region. For total HP volume,
associated with a 0.1 mL decrease in HP volume.
s; MMSE, Mini Mental State Examination.
perior

0.042,
0.006,
0.001,
0.007,
0.001,
0.003,
0.041,
0.001,

576
773
38

907

0.001,
216
0.001,
0.012,

volume
shows v
e age,
n in bol
ecrease
at were
body were significantly associated with a CSF measure of
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total amyloid beta 1–42 among cognitively normal individ-
uals (Table 3). In these models, each millimeter decrease in
local HP thickness was associated with an amyloid beta
decrease between 9.9 and 12.4 pg/mL. In addition, the
LoCA measure of atrophy to the superior body was also
significantly related to CSF amyloid burden among individ-
uals diagnosed with MCI at baseline, but no LoCA measure
was associated with CSF amyloid burden among those di-
agnosed with AD at baseline. In the MCI model, a 1 mm
decrease in local superior HP body thickness was associated
with a 6.18 pg/mL decrease in CSF amyloid concentration.
In each such model relating LoCA measures to CSF amy-

Fig. 1. Graphical depiction of the 7 local hippocampus structural measure
measure that describes atrophy to the hippocampal region shown in blue
population average hippocampus, with anterior (posterior) oriented toward
and lateral-inferior aspects with anterior (posterior) oriented toward the to
loid burden, HP volume was an independent predictor that s
was not statistically significant. No LoCA atrophy measure
was significantly associated with total tau burden in any
model that was restricted to 1 of the 3 baseline diagnostic
groups individually. Similar to total hippocampal volume,
however, in a model containing individuals from all 3
groups together, a significant association between CSF tau
and an LoCA measure of the superior HP body was ob-
served (p � 0.012). HP volume remained a statistically
significant independent predictor in this model (p � 0.001).
n this model, a 0.1 mL decrease in total HP volume was
ssociated with a 3.37 pg/mL increase in CSF tau, and a 1
m decrease in local superior HP body thickness was as-

ed by localized components analysis (LoCA). Each row depicts a LoCA
rst two oblique viewpoints show the inferior and superior aspects of the
om (top) of the image. The second 2 viewpoints show the medial-superior
om) of the image.
s provid
. The fi
the bott
ociated with a 4.1 pg/mL increase in CSF tau.
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Figs. 2, 3, and 4 provide renderings of the degree of local
HP deformation that corresponds to hypothetical partici-
pants with varying levels of amyloid and tau. For Fig. 2, we
considered a hypothetical male participant in the cognitively
normal group whose age (77.0) and total HP volume (2.1
cc) were exactly at the cognitively normal average. Given a
prescribed level of amyloid burden, we determined the
degree of local HP deformation that is required by the
statistical model in combination with the provided age,
gender, and total HP volume to predict that level of amyloid
burden. We then deformed the population mean HP by the
requisite degree of local deformation to generate the ren-
dering. The renderings show the local HP deformations
corresponding to the median, first quartile, and third quartile
of amyloid values among the normal group. The renderings
suggest an increasing degree of atrophy to the medial HP
head and body as one moves from right to left in the figure,
corresponding to increasing amyloid burden (i.e., decreas-
ing concentration of amyloid in the CSF). For Fig. 3, we
generated analogous renderings showing the local HP de-
formation for a hypothetical average male MCI participant
associated with amyloid levels at the MCI median, first
quartile, and third quartile. The renderings suggest that in
this group, a focal deficit to the medial HP body is associ-

Table 3
Associations between localized hippocampus atrophy and CSF amyloid

Diagnostic group Hippocampal volume Inferio

ormal 0.759 0.014,
CI 0.438 0.465
D 0.158 0.085

ermutation-corrected p values and regression coefficients for HP volume
re derived from multivariate regression models with age and gender as
egression models with age, gender, and HP volume as additional predict
he number of units of amyloid beta concentration decrease that were ass
ey: AD, Alzheimer’s disease; CSF, cerebrospinal fluid; HP, hippocampa

Fig. 2. Local hippocampus atrophy corresponding to a hypothetical cognit
the cognitively-normal mean, and whose amyloid burden was set to the firs
Results text for details. Red, yellow, and green axes correspond to medial,

image.
ated with increasing amyloid burden (moving from right to
left in the figure). For Fig. 4 we show the local HP defor-
mation for a hypothetical average participant from the over-
all sample whose tau burden is at levels corresponding to
the mean values of the normal, MCI, and AD groups. The
renderings suggest progressive deficits to the medial body in
association with increasing levels of tau burden correspond-
ing to typical normal, MCI, and AD levels.

3.2. Correlations between LoCA measures and cognitive
performance

In addition, 3 LoCA measures were strongly associated
with cognitive function across the entire cohort as measured
by a battery of standardized neuropsychological test instru-
ments (Table 2), in models that simultaneously adjusted for
total HP volume. In these models, total HP volume was also
independently associated with performance. The magni-
tudes of effect of 0.1 mL difference in total HP volume and
1 mm difference in local HP thickness were similar in these
models; for example, a 0.1 cc decrease in total HP volume
was associated with a 1.3 point increase in ADAS-Cog total
score, while 1 mm decrease in local HP thickness in the
superior, lateral, and inferior body were independently as-
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sociated with ADAS-Cog total score increases of 0.79, 0.73,
and 1.0 points. Analysis of either total hippocampal volume
or the LoCA measures did not show significant associations
with cognition when subjects within each diagnostic cate-
gory were examined separately.

3.3. Diagnostic group differences in LoCA measures

In a logistic regression model that also included total HP
volume, LoCA measures of atrophy to the superior and
lateral body significantly discriminated individuals who
were cognitively normal at baseline from those who were
MCI at baseline (p � � 0.001 and p � 0.033). In a second
model that also included total HP volume, measures of
atrophy to the superior and lateral body discriminated those
who were diagnosed with MCI at baseline from those di-
agnosed with AD at baseline (p � 0.021 and p � 0.043). In
these models, total HP volume was also a significant and
independent discriminator between the clinical diagnostic
groups (p � 0.001 and p � 0.001). A decrease of 0.1 cc in
otal HP volume was associated with an increase of 1.19 in
he odds of receiving a clinical diagnosis of AD relative to

CI. Decreases of 1 mm in local superior body and lateral
ody thickness were independently associated with in-
reases of 1.19 and 1.22 in odds of diagnosis of AD com-

Fig. 3. Local hippocampus atrophy corresponding to a hypothetical male
volume were set to the MCI mean, and whose amyloid burden was set to t
text for details. Red, yellow, and green axes correspond to medial, anterio

Fig. 4. Local hippocampus atrophy corresponding to a hypothetical male su
study population and whose tau burden was set to the mean values for norm
See Results text for details. Red, yellow, and green axes correspond to m

color image.
ared with MCI. A decrease of 0.1 cc in total HP volume
as associated with an increase of 1.41 in the odds of

eceiving a diagnosis of MCI relative to a lack of clinical
iagnosis of either MCI or AD. Decreases of 1 mm in local
uperior body and lateral body thickness were indepen-
ently associated with increases of 1.32 and 1.32 in odds of
iagnosis of MCI relative to a lack of clinical diagnosis of
ither MCI or AD.

. Discussion

The first key finding of this study is that LoCA measures
f regional HP atrophy may add significant additional in-
ormation to the understanding of associations between HP
trophy and CSF measures of AD pathology. In particular,
e show that LoCA measures may be sensitive to early
acroscopic HP changes in the AD cascade by identifying

ignificant associations between LoCA measures and CSF
myloid concentration among cognitively normal individu-
ls, while analogous associations were not found with total
P volume. In light of growing evidence for a temporal

equence of biomarker changes that mark the progression of
he AD pathological cascade, this finding supports the no-
ion that our localized HP measures may detect HP subre-
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gions particularly vulnerable to AD pathology early in the
pathological course of the disease (Gómez-Isla et al., 1996).
According to the amyloid cascade hypothesis, in vivo mark-
ers of amyloid beta, tau, neuronal death, and cognitive
function are believed to become sequentially abnormal in
response to a cascade of biochemical events initiated by
excessive brain amyloid beta production and accumulation
(Hardy and Selkoe, 2002; Jack et al., 2010). In this schema,
an increase in amyloid burden precedes the release of tau
into the CSF and atrophy to medial temporal structures
before clinically significant cognitive decline is evident
(Sluimer et al., 2008). Because HP atrophy is known to
follow a characteristic spatial pattern during this patholog-
ical progression, it is plausible that changes in localized HP
measures may precede changes in total HP volume as HP
injury follows amyloid and tau accumulation. The finding
that our LoCA measures of regional HP atrophy were as-
sociated with CSF amyloid concentration among cogni-
tively normal individuals, while total HP volume was not,
supports this notion and therefore suggests that LoCA may
be sensitive to the earliest phase of the amyloid cascade.
Localized HP measures may thus be useful in imaging
studies that probe the earliest stages of AD-related brain
changes.

The localized HP measures were significantly associated
with CSF amyloid, but not CSF tau, in the cognitively
normal group, suggesting that the LoCA measures may be
sensitive to HP injury in the AD cascade that is not directly
mediated by tau pathology. The reduced dendritic arboriza-
tion and spine counts observed in HP subregions in patho-
logically confirmed AD may account for such HP injury
(Falke et al., 2003; Ferrer and Gullotta, 1990). Reports of
dendritic spine loss or altered dendritic morphology in the
HP of AD transgenic mice that overproduce amyloid, yet
generally do not accumulate tau, support the hypothesis that
tau accumulation is not a prerequisite for such dendritic
injury (Knafo et al., 2009; Wu et al., 2004). Given these
reports, we speculate that our HP measures may have been
associated with amyloid concentration among the cogni-
tively normal group due to HP injury not directly due to tau
pathology, such as degeneration of dendritic processes,
while the LoCA measures did not associate with tau in this
group because tau levels had largely not yet risen to abnor-
mal levels in these individuals. The LoCA measures asso-
ciated significantly with CSF tau burden across the entire
cohort, supporting the notion that tau changes impacting
macroscopic HP structure may occur relatively later in the
pathological progression. Confirmatory studies, however,
will be needed to show how sensitive LoCA measures are to
the earliest HP changes related to AD brain pathology.

The second key finding of the study is that localized HP
atrophy measures were significantly associated with a CSF-
based measure of tau pathology burden, performance on an
array of clinical neuropsychological instruments, and dis-

crimination between clinical diagnostic groups, even after
controlling for total HP volume. Again following the hy-
pothesized chronology of changes to markers of amyloid,
tau, neuronal death, and cognition, this finding may suggest
that even after the accumulation of amyloid and tau have led
to pronounced HP neuronal death and markedly reduced HP
volume, the localized atrophy measures continue to provide
independent information about the spatial pattern of HP
losses associated with tau accumulation. Significant associ-
ations between LoCA measures and cognition suggest that
MRI measures of hippocampal subregions may be more
specifically associated with the cognitive systems affected
by AD pathology. Indeed, the LoCA measure associated
with tau appears to correlate with elements of both CA1 and
subiculum (Frisoni et al., 2008), HP regions known to be
affected early in the AD process. This LoCA measure is also
strongly associated with cognition, even after correcting for
total hippocampal atrophy, suggesting that deficits in spe-
cific subregions may have especially profound cognitive
consequences. This finding underscores the importance of
understanding the functional organization of the HP as a
network of distinct subunits that contribute differentially to
common cognitive tasks (Amaral, 1993). On a practical
level, this finding suggests that localized HP measures may
provide value above and beyond that already provided by
HP volume for modeling the effects of AD pathology on the
brain and cognition.

The key limitation of the study is the lack of multiple
measurements of amyloid, tau, HP structure, and cognition
per individual over time. Lacking these measurements, this
study used cross-sectional measurements together with the
hypothesized temporal sequence of AD-related changes to
draw inferences about relationships between changes in HP
measures and longitudinal changes in amyloid, tau, and
cognition. Further establishing the utility of the localized
HP measures as early AD markers requires analysis of
relationships between longitudinal HP change measures,
based on multiple MRI scans per individual and longitudi-
nal changes in the other markers. The raw longitudinal data
for this analysis is available from ADNI, but a longitudinal
analog of LoCA needs to be developed; that is, a method for
concise measurement of per-individual longitudinal changes
to localized HP regions over time based on multiple MRI
scans. Future work should involve development of such a
method and application to longitudinal data such as that
provided by ADNI.

Another important limitation is the lack of ethnic diver-
sity among participants. This study excluded the small num-
ber of ADNI participants from non-Caucasian ethnic groups
due to their heterogeneity and the confounding effects eth-
nicity may have on brain structure. However, accumulating
evidence suggests that the natural history of structural and
cognitive changes leading to dementia may differ between
ethnic groups (Brickman et al., 2008; DeCarli et al., 2008;
Stavitsky et al., 2010). While an earlier study suggested that

LoCA is able to identify biologically plausible relationships
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between hippocampal and cognitive changes suggestive of
clinical AD in an ethnically-diverse cohort (Xie et al.,
2009), the current findings relating AD pathology burden to
LoCA measures need to be replicated in an ethnically di-
verse cohort to clarify their generalizability.
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