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Alzheimer’s disease (AD) is associated with functional and structural alterations in a distributed network of brain regions supporting
memory and other cognitive domains. Functional abnormalities are present in mild cognitive impairment (MCI) with evidence of early
hyperactivity in medial temporal lobe regions, followed by failure of hippocampal activation as dementia develops. Atrophy in a consistent set of cortical regions, the “cortical signature of AD,” has been reported at the stage of dementia, MCI, and even in clinically normal
(CN) older individuals predicted to develop AD. Despite multiple lines of evidence for each of these findings, the relationship between this
structural marker of AD-related neurodegeneration and this functional marker of the integrity of the episodic memory system has not yet
been elucidated. We investigated this relationship in 34 nondemented older humans (CN, N ⫽ 18; MCI, N ⫽ 16). Consistent with previous
studies, we found evidence of hippocampal hyperactivation in MCI compared with CN. Additionally, within this MCI group, increased
hippocampal activation correlated with cortical thinning in AD-signature regions. Even within the CN group, increased hippocampal
activity was negatively correlated with cortical thinning in a subset of regions, including the superior parietal lobule (r ⫽ ⫺0.66; p ⬍
0.01). These findings, across a continuum of nondemented and mildly impaired older adults, support the hypothesis that paradoxically
increased hippocampal activity may be an early indicator of AD-related neurodegeneration in a distributed network.

Introduction
The most salient clinical feature of early Alzheimer’s disease (AD) is
failure of episodic memory. Recent neuroimaging studies have indicated that early AD is associated with both functional abnormalities
of the hippocampus and cortical atrophy in a distributed memory
network (Nestor et al., 2004; Ries et al., 2008). Converging evidence
suggests that the neurodegenerative process begins well before clinical manifestations of AD pathology become apparent, and likely
continues to evolve over the course of mild cognitive impairment
(MCI) (Holland et al., 2009). The nature of the relationship between
early hippocampal dysfunction and early neurodegeneration in a
distributed cortical memory network remains largely unknown.
The functional magnetic resonance imaging (fMRI) studies in
MCI published to date have yielded variable results. Several
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groups have demonstrated evidence of decreased activity, or hypoactivation, in MCI similar to that reported in AD dementia
(Machulda et al., 2003; Johnson et al., 2006; Petrella et al., 2006),
while other groups have reported increased activation, or hyperactivation, in MCI subjects compared with age-matched controls
(Dickerson et al., 2004, 2005; Celone et al., 2006; Hämäläinen et
al., 2007; Kircher et al., 2007; Yassa et al., 2010). There is also
evidence of medial temporal lobe (MTL) hyperactivity in individuals at genetic or familial risk for AD (Bookheimer et al., 2000;
Bondi et al., 2005; Bassett et al., 2006; Filippini et al., 2009; Quiroz
et al., 2010). Our group has also observed hippocampal hyperactivity in low-performing, clinically normal (CN) adults (Miller et
al., 2008b) and amyloid-positive, mildly impaired older adults
(Sperling et al., 2009). Given this controversy in the literature, the
present study aimed to determine whether increased hippocampal activity is an early marker of memory dysfunction in the
setting of more widespread neurodegeneration.
Several cortical regions, including the inferior temporal gyrus
and areas of the medial and lateral parietal cortices, form an AD
signature pattern of cortical thinning (Buckner et al., 2005; Du et
al., 2007; Dickerson et al., 2009). Greater atrophy of these cortical
regions in MCI is associated with greater likelihood of further
cognitive decline toward AD dementia (Bakkour et al., 2009), and
even in CN adults destined to develop AD dementia many years
later (Dickerson et al., 2011). Similarly, hippocampal hyperactivity has been reported to predict cognitive decline in MCI subjects
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(Miller et al., 2008a; O’Brien et al., 2010). However, the relationship between cortical atrophy and hippocampal function
across a continuum of nondemented older adults remains to
be elucidated.
The present study aimed to investigate whether hippocampal
hyperactivation is an indicator of early neurodegeneration in a
distributed memory network thought to be vulnerable to AD
pathology. Since the AD-signature pattern of multifocal cortical
thinning is thought to be a sensitive and specific marker of AD
neurodegeneration, we sought here to directly link hippocampal
hyperactivation to the expression of this marker. Specifically, we
hypothesized that across a range of nondemented older adults,
greater hippocampal activation would be associated with greater
thinning in AD signature cortical regions and with worse memory performance.

Materials and Methods
Subjects. Thirty-four nondemented right-handed older adults (16 males;
mean age, 74.2 years; age range, 61– 83 years) participated in this study
and provided informed consent in accordance with the Human Research
Committee guidelines of Brigham and Women’s Hospital and Massachusetts General Hospital. All subjects were screened for neurological
and psychiatric illness. Subjects were recruited from on-going longitudinal studies of aging and from neurology clinics and were screened for
contraindications to MRI. At study entry, the Mini-Mental State Examination (MMSE) was administered and every subject scored between 26
and 30. Upon entering the study, subjects were classified based on the
Clinical Dementia Rating (CDR) scale (Morris, 1993) as well as the
Wechsler Memory Scale Logical Memory IIa. The CDR score was based
on an interview with the subject and the subject’s healthy study partner
with whom the subject had daily contact. Eighteen subjects were classified as “cognitively normal” with a global CDR of 0, and 16 subjects were
classified as having “mild cognitive impairment” with a global CDR of
0.5. The subjects selected for this study were classified as CDR 0.5 based
on reports of subjective memory complaints, corroborated by study partners. These individuals were classified as MCI as per the new Alzheimer’s
Disease Neuroimaging Initiative criteria for early and late MCI. None of
the subjects met clinical criteria for dementia.
Neuroimaging procedure. Each scanning session was performed in the
mid-morning hours and included 25 min of structural imaging sequences followed by the functional cognitive paradigm. The fMRI paradigm used was a mixed block and event-related design adapted from a
previously published fMRI block design paradigm (Celone et al., 2006),
and a subsequent memory event-related design (Miller et al., 2008b).
Subjects were scanned during encoding runs consisting of alternating
blocks of novel and repeated face–name pairs, interspersed with visual
fixation on a white crosshair. There were six runs in total. In each run,
there were two novel blocks with seven novel face–name pairs each and
two repeated blocks with two alternating repeated face–name pairs (one
male and one female) each, resulting in a total of 84 presentations of
novel face–name pairs and 84 presentations of the repeated face–name
pairs (42 repetitions of each). The stimulus duration of the novel and
repeated faces within each block were jittered, with optimal timings derived from OptSeq (Dale, 1999). Faces were each displayed for 4.5 s
against a black background with a fictional first name printed in white
letters underneath. During the presentation of each face–name pair, subjects were asked to press a button indicating whether they thought the
name was a “good” name for the face or not, a purely subjective task
designed to enhance associative encoding (Sperling et al., 2003). Before
each run, subjects were explicitly instructed to try to remember the name
that was associated with each face. Face–name stimuli were randomly
intermixed with trails of visual fixation varying in duration from 0.3 to
2.2 s. Between each block of novel and repeated face–name pairs, visual
fixation was presented for 25 s. Visual stimuli were presented using MacStim 2.5 software (WhiteAnt Occasional Publishing). Images were projected through a collimating lens onto a mirrored screen attached to the
head coil. Task responses were collected using a fiber-optic response box
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held in the right hand. Cushions were in place to help minimize subject
movement, and headphones were used to communicate with the subjects
during the scan and to help dampen scanner noise.
Postscan memory testing. After the scanning session, subjects underwent a forced-choice recognition memory test in which the 84 novel faces
and two repeated faces seen during the scan session were presented on a
computer screen. Each face was paired with two names underneath in a
counter-balanced design: one name was correctly paired with the face
and the other had been paired with a different face during the scan
session. Subjects were asked to indicate which of the two names was
correctly paired with each face and to indicate whether they felt high or
low confidence about their answer.
Image acquisition. Subjects were scanned using a Siemens Trio 3T
scanner (Siemens Medical Systems). T1-weighted structural images were
acquired using a magnetization prepared-rapid acquisition gradient
echo (MP-RAGE) sequence [repetition time (TR), 2300 ms; echo time
(TE), 2.98 ms; inversion time, 900 ms; flip angle (FA), 9°; field of view
(FOV), 256 mm; matrix, 240 ⫻ 256; slice thickness, 1.20 mm; 160 sagittal
slices (right to left)]. In addition, blood oxygen level-dependent (BOLD)
fMRI data were acquired using a T2*-weighted gradient-echo echoplanar imaging (EPI) sequence [TR, 2000 ms; TE, 30 ms; FA, 90°; FOV,
200 mm; matrix, 64 ⫻ 64 (in-plane resolution 3.1 ⫻ 3.1 mm 2)]. Thirty
oblique coronal (anterior to posterior) slices with a thickness of 5.0 mm
and an interslice gap of 1.0 mm were acquired and oriented perpendicular to the anterior commissural–posterior commissural (AC-PC) line. A
total of six functional runs per scan session were acquired, each consisting of 127 whole-brain acquisitions with five TR discarded for T1 stabilization. The total functional scanning time was 25.44 min, with the
acquisition time of each run being 4.24 min.
Image processing and analysis. MP-RAGE images were processed
through the FreeSurfer (version 4.5.0) pipeline (http://surfer.nmr.mgh.
harvard.edu). As part of this semiautomated pipeline, preprocessing of
structural volumes included an affine registration to Talairach space, bias
field correction, and removal of skull and dura surrounding the brain.
Each volume underwent minimal manual editing (e.g., manual deletion
of strips of skull that were erroneously included in the pial surface) to
ensure that the white matter and pial surfaces were properly reconstructed. A single individual, blinded to the diagnosis, completed these
edits. A second individual completed a visual inspection of the edits to
ensure proper segmentation but no additional edits were made. All other
processing steps followed the default parameters and were fully automated. fMRI data were preprocessed using Statistical Parametric Mapping (SPM2; Wellcome Department of Cognitive Neurology, London,
UK) for MatLab (Mathworks). Functional data were reoriented to the
AC-PC line, then realigned using INRIAlign, a motion-correction algorithm unbiased by local signal changes. The data were then normalized to
the standard SPM2 EPI template and resampled into a 3 mm isotropic
resolution in MNI305 space. Data were smoothed using a 8 mm Gaussian
kernel. No scaling was implemented for global effects. A high-pass filter
of 260 s was used to remove low-frequency signal (e.g., drifts across an
entire fMRI run). The data were then modeled by convolving a canonical
hemodynamic response function with the onsets from encoded face–
name pairs.
Trials were analyzed in an event-related design format and were categorized based on responses on the postscan memory test. A trial was
classified as a high-confidence hit (HCH) if the subject chose the correct
name and reported high confidence, a high-confidence miss if the subject
chose the incorrect name but reported high confidence, a low-confidence
hit if the subject chose the correct name but reported low confidence, or
a low-confidence miss if the subject chose the incorrect name and reported low confidence. The activation contrast of interest was defined as
HCH versus a fixation cross (HCHvF). These event-related analyses were
based on a mixed-effects general linear model in SPM2. We chose this
contrast because of our own previous work and that of others documenting robust hippocampal activation during successful encoding compared
with a fixation cross (Kircher et al., 2007; Miller et al., 2008b). We did not
use a Hits-versus-Misses contrast to define hippocampal activation for
this study because this mixed block and event-related design did not yield
robust hippocampal activation for this contrast at either time point, even
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Figure 1. AD signature of cortical thinning. A, Medial temporal lobe; B, inferior temporal gyrus; C, temporal pole; D, angular gyrus; E, superior frontal gyrus; F, superior parietal lobule; G,
supramarginal gyrus; H, precuneus; I, inferior frontal sulcus.
with young subjects. This is likely due to the limited jitter possible within
the block timing constraints, as well as the relatively small number of
stimuli in the miss trials in normal subjects.
Functional and structural measures. Both functional activation measures and structural measures of cortical thickness were defined within
the individual’s own neuroanatomy. Structural MRI data (MP-RAGE)
were processed through FreeSurfer and were used to generate individual
hippocampus regions of interest (ROIs) that were anatomically specific
for each subject. Each subject’s fMRI data were then coregistered to that
subject’s structural MRI data. Magnitude of activation, defined as percentage signal change (PSC), was then extracted from each individual’s
anatomically defined bilateral hippocampi. The hippocampus ROIs were
furthermore functionally defined, as we extracted PSC only from those
voxels within each individual’s hippocampus that were activating at a
threshold of p ⬍ 0.05, with an extent threshold of five contiguous voxels.
FreeSurfer software was also used to delineate the thickness of the gray
matter cortical ribbon (Fischl et al., 2001). This was accomplished by
deriving one surface between the gray and white matter and a second
surface between the gray matter and CSF. The cortical thickness for a
given region was the average of distances between the two surfaces (in
millimeters). An Alzheimer’s disease set of regions was investigated based
on prior studies in independent samples indicating where there is consistent cortical thinning in AD dementia patients compared with controls
(Bakkour et al., 2009; Dickerson et al., 2009). We obtained cortical thickness measures from nine ROIs, including the medial temporal lobe, angular gyrus, inferior temporal gyrus, superior parietal lobule, the
precuneus cortex, the temporal pole, the superior frontal gyrus, supramarginal gyrus, and middle frontal gyrus (Fig. 1). Hemisphere-averaged
regions of interest were calculated for analysis. Additionally, the AD
signature of cortical thinning was calculated as the overall raw (nonweighted) average of all nine ROIs. Details of this procedure have been
described in prior publications (Bakkour et al., 2009; Dickerson et al.,
2009).
We sought to test whether signal measured from the hippocampus
during successful face–name pair encoding was related to cortical thickness measurements from areas that are susceptible to atrophy early in the
progression of AD. All measures of cortical thickness, hippocampal volume, and hippocampal activation were extracted from hemisphereaveraged ROIs, as the values for left and right hemisphere were highly
correlated with each other. We used the memory performance measure
of percentage correct with high confidence (%HCH) instead of percentage correct to be consistent with our contrast of HCHvF, which defined
hippocampal activation. The behavioral performance measures of
%HCH and percentage total correct were highly correlated with each

Table 1. Subject demographics
N
Male/Female
Age (years)
CDR SOB
Education (years)
MMSE
RAVLT

All

CDR 0

CDR 0.5

34
16/18
74.2 ⫾ 7.1
—
17.5 ⫾ 2.9
29.0 ⫾ 1.0
8.2 ⫾ 4.6

18
4/14
73.5 ⫾ 6.0
0⫾0
17.4 ⫾ 3.0
29.4 ⫾ 0.8
11.0 ⫾ 3.6

16
12/4
75.0 ⫾ 8.2
1.6 ⫾ 1.09**
17.6 ⫾ 2.8
28.4 ⫾ 1.1*
4.9 ⫾ 3.6**

Values presented in the table are means ⫾ SD. RAVLT, Rey auditory verbal learning task; SOB, Sum of Boxes.
*p ⬍ 0.05, **p ⬍ 0.005.

other. First, two-sample t tests were conducted to assess whether there
was a group difference between the CN (CDR 0) and MCI (CDR 0.5)
groups in measures of cortical thickness, hippocampal volume, and hippocampal activation, or memory performance. Next, we used Pearson
correlation analyses to examine relationships between behavioral performance on the fMRI task (%HCH), and a summary measure of cortical
thickness from the AD signature regions to determine whether there was
a relationship between behavioral performance and cortical thickness in
an AD phenotypic pattern. We also correlated performance with a measure of hippocampal activation (HCHvF) to determine whether dysfunctional hippocampal activation was associated with better or
worse memory performance. We then used linear regressions to investigate the relationship between hippocampal activation and cortical thickness measures, controlling for age. These regressions were
examined in the whole group as well as within the CDR subgroups.

Results
Subjects
The MCI subjects exhibited a range of mild functional impairment, with CDR sum-of-boxes scores ranging from 0.5 to 4.0.
The average MMSE score in the MCI group was slightly lower
(28.4 of 30) than that of the CN group (29.4; t ⫽ 2.88, p ⫽ 0.007).
The average Rey auditory verbal learning task 30 min delayed
recall memory score over the whole sample was 8.2 (of 15.0), with
the average of the MCI group being lower (4.9) than the CN
group (11.0; t ⫽ 5.19, p ⬍ 0.001). Although there were differences
in the gender ratio between the CN and MCI groups, there were
no statistically significant gender differences in any variable of
interest. Demographic data are presented in Table 1.
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Table 2. Behavioral performance
Percentage of trials (SE) in each bin

Hits, high confidence
Hits, low confidence
Miss, high confidence
Miss, low confidence

All

CDR 0

CDR 0.5

34.4 (3.2)
28.6 (2.2)
12.3 (1.5)
22.6 (2.05)

43.1 (3.5)
24.4 (2.5)
13.7 (1.8)
18.2 (2.0)

25.6 (4.5)
33.4 (3.4)
11.8 (2.4)
27.6 (3.4)

Values presented are means (SEs) for each trial.

longer predicted hippocampal activation (␤ ⫽ ⫺0.229, p ⫽ 0.185),
reflecting that ICV-adjusted hippocampal volume is colinear with
memory performance (r ⫽ 0.34, p ⫽ 0.05).
We next analyzed memory performance on the postscan
memory test in relation to a summary AD signature cortical
thickness measure. In the full sample, AD signature cortical
thickness was directly correlated with memory performance during the postscan task for percentage high confidence hits (r ⫽
0.38, p ⫽ 0.03). Again, this effect was
driven by the MCI group such that there
was no relationship with the memory performance variable in the CN group (r ⫽
0.25, p ⬎ 0.3) and a strong relationship in
the MCI group (r ⫽ 0.53, p ⫽ 0.03; Fig. 2).

Hippocampal hyperactivation is
associated with MTL atrophy in MCI
The MCI group showed hippocampal hyperactivation compared with the CN
group (t ⫽ 2.05, p ⫽ 0.04; Fig. 3). The two
groups did not differ in hippocampal volume. The average hippocampal volume
for the CN group was 3405.33 ⫾ 88.2
(mean ⫾ SE, in cubic millimeters) and the
MCI group was 3491.62 ⫾ 145.7, which
was not significantly different (t ⫽
⫺0.520, p ⬎ 0.5). Likewise, there was no
statistical difference between left and right
hippocampal volumes either within or between groups ( p ⬎ 0.5). Furthermore,
when ICV was accounted for, the CN and
MCI groups still showed no differences in
hippocampal volume (t ⫽ 1.08, p ⬎ 0.2).
Within the MCI group alone, however,
there was a strong inverse relationship between hippocampal volume and activation (r ⫽ ⫺0.53, p ⫽ 0.04; Fig. 2), such
Figure 2. In MCI, memory test performance (percentage high confidence hits) is (a) negatively related to hippocampal acti- that, paradoxically, a smaller hippocamvation (r ⫽ ⫺0.43, p ⫽ 0.09) and (b) positively related to AD signature cortical thickness (r ⫽ 0.38, p ⫽ 0.03). Additionally, (c), pus was related to greater hippocampal
Hippocampal activation is negatively related to hippocampal volume (r ⫽ ⫺0.53, p ⫽ 0.04).
activation. There was no relationship between hippocampal activation and hipfMRI task memory test performance
pocampal volume in the combined sample or in the CN group
A summary of performance on the postscan forced-choice recogalone (all p ⬎ 0.1). When correcting hippocampal volumes for
nition memory test is presented in Table 2. The MCI group
ICV, however, this effect is made more dramatic. Within the MCI
(59.0% correct) performed worse than the CN group (67.5%
group alone, there is an even stronger inverse relationship becorrect) on successfully remembering face–name pairs (t ⫽ 2.77,
tween hippocampal volume and activation (r ⫽ ⫺0.71, p ⫽
p ⫽ 0.009) and on successfully remembering face–name pairs
0.002), which drives this relationship to be significant in the overwith high confidence (t ⫽ 3.27, p ⫽ 0.003). We first analyzed
all sample (r ⫽ ⫺0.41, p ⫽ 0.015), yet within the CN group alone,
memory performance (percentage high confidence hits) on the
this relationship is still nonsignificant (r ⫽ 0.12, p ⬎ 0.5).
postscan memory task in relation to hippocampal fMRI activaAnalyses of the cortical thickness data indicated that this reltion. In the full sample of subjects, there was a negative relationatively early MCI group exhibited very early neurodegenerative
ship such that greater hippocampal activity was paradoxically
change consistent with AD, particularly in the medial temporal
related to worse task performance (r ⫽ ⫺0.341, p ⫽ 0.048). Imlobe where there was an indication of thinning compared with
portantly, this relationship was not present in the CN group (r ⫽
the CN group ( p ⬎ 0.1; Fig. 3). With the exception of the
0.12, p ⬎ 0.5), but was present at a trend level in the MCI group
precuneus cortex (t ⫽ 2.11, p ⫽ 0.04), where the MCI group
(r ⫽ ⫺0.43, p ⫽ 0.09; Fig. 2). Furthermore, we conducted sepa(mean, ⬃2.58 mm) had thicker cortex than the CN group (mean,
rate linear regression analyses to determine whether memory per⬃2.47 mm), there were no other significant group differences in
formance predicted hippocampal activation when hippocampal
thickness.
volume was controlled for. When raw hippocampal volume was
entered into the regression model, memory performance was
Hippocampal hyperactivation is associated with AD signature
still related to hippocampal activation (␤ ⫽ ⫺0.335, p ⫽ 0.048).
cortical atrophy
However, if intracranial volume (ICV) was controlled for in the
Over the full continuum of nondemented older adults, increased
measure of hippocampal volume, then memory performance no
hippocampal activity was significantly related to reduced cortical
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Figure 3. CN (CDR 0) versus MCI (CDR 0.5) describing (a) hippocampal activation percentage
signal change (t ⫽ 2.05, p ⫽ 0.04) and (b) medial temporal lobe cortical thickness in millimeters (b). * indicates a significant difference between the means.

thickness in the summary AD signature ROI measure (r ⫽ ⫺0.54,
p ⫽ 0.001; Fig. 4). Within the component ROIs that make up the
AD signature, we observed an inverse relationship between hippocampal signal change and cortical thickness in the medial temporal lobe (r ⫽ ⫺0.42, p ⫽ 0.01), as well as in multiple other
cortical regions (Table 3). There was also a trend level association
in the precuneus cortex (r ⫽ ⫺0.30, p ⫽ 0.08). Controlling for
age did not change these relationships significantly, suggesting
that age does not mediate the relationship between hippocampal activity and cortical thinning. Exploratory whole-brain
analyses confirmed that greater hippocampal activation was
correlated with thinner cortex in several regions that are part
of the distributed memory network within the cortical signature of AD (Fig. 5).
Interestingly, we observed different patterns of cortical thinning related to hippocampal activation across the two clinical
subgroups. Supporting the hypothesis of this study, we observed
an inverse relationship between hippocampal activity and cortical thickness in the summary AD signature measure within the
MCI group specifically (r ⫽ ⫺0.67, p ⫽ 0.004; Table 3); the CN
group did not show this relationship ( p ⬎ 0.1). That is, MCI
patients, in whom we observed a greater degree of structural
atrophy suggestive of AD-related neurodegeneration, also dem-

Figure 4. Relationships by clinical subgroup between average hippocampal activation (percentage signal change) and cortical thickness in the (a) AD signature region summary measure
(in millimeters) and (b) superior parietal lobule cortical thickness (in millimeters).
Table 3. Correlation values (Pearson’s R) of average task-related hippocampal
activation correlated with each structural region of interest
ROIs

All (N ⫽ 34)

CDR 0 (N ⫽ 18)

CDR 0.5 (N ⫽ 16)

AD summary region
Medial temporal lobe
Angular gyrus
Inferior temporal gyrus
Superior parietal lobule
Precuneus
Temporal pole
Superior frontal gyrus
Supramarginal gyrus
Middle frontal gyrus

⫺0.544**
⫺0.422*
⫺0.427*
⫺0.468**
⫺0.502**
⫺0.302
⫺0.005
⫺0.214
⫺0.415*
⫺0.154

⫺0.313
⫺0.342
⫺0.465*
⫺0.446
⫺0.657**
⫺0.298
0.516*
0.184
⫺0.227
0.142

⫺0.671**
⫺0.397
⫺0.509*
⫺0.561*
⫺0.625*
⫺0.552*
⫺0.139
⫺0.660**
⫺0.519*
⫺0.532*

*p ⬍ 0.05, **p ⬍ 0.005.

onstrated increased hippocampal activation during successful
memory encoding. In examining this relationship within the specific ROIs in MCI, we found similar inverse correlations between
hippocampal activation and cortical thickness of the superior
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Figure 5. ROI-restricted vertex-based thickness correlation map of hippocampal activation and cortical thickness ( p ⬍ 0.01, uncorrected) with an AD signature mask applied in the whole sample.

frontal gyrus (r ⫽ ⫺0.66, p ⫽ 0.005), inferior temporal gyrus (r ⫽
⫺0.56, p ⫽ 0.024), and precuneus (r ⫽ ⫺0.552, p ⫽ 0.027),
among other regions. There was also an indication of a relationship in the same direction with medial temporal lobe cortical
thickness, though it was not significant (r ⫽ ⫺0.34, p ⬎ 0.1). The
CN group demonstrated a significant relationship between hippocampal activation and cortical thinning in only a subset of the
regions observed in MCI. In particular, a strong inverse relationship
was observed between thinning in the superior parietal lobule cortical region and hippocampal activation (r ⫽ ⫺0.657, p ⫽ 0.003; Fig.
4). While the MCI group showed a negative relationship between
hippocampal activation and cortical thickness in every ROI examined, the CN group demonstrated a positive relationship between
cortical thickness in the temporal pole and hippocampal activation
(r ⫽ 0.52, p ⫽ 0.03).
Last, to estimate effect sizes for both functional and structural
measures, we calculated Cohen’s d for our measure of hippocampal activation as well as for all measures of cortical thickness. Our
calculations revealed that effect size for hippocampal activation
was 0.65, with variable estimates for cortical thickness ranging
from superior parietal lobule (0.46) to medial temporal lobe
(0.52) to temporal pole (0.54) to precuneus thinning (0.73),
which demonstrated the largest effect size.

Discussion
Based on human neuroimaging data (Dickerson et al., 2009; Seeley et al., 2009; Sperling et al., 2009) and studies with transgenic
mouse models (Palop et al., 2007; Palop and Mucke, 2010), a
memory network hypothesis has been articulated to elucidate the
pattern of neurodegeneration in AD. This hypothesis posits that
as large-scale memory circuits begin to undergo neurodegenerative
change early in the course of AD, both functional and structural
abnormalities occur that disrupt episodic memory processes. The
present investigation directly tested this hypothesis in a group of
nondemented older individuals across a range of memory impairment. We demonstrated that within this group, more prominent
expression of the signature marker of AD-related neurodegenerative
structural change in the cerebral cortex is related to overactivation of
the hippocampus.
Confirming our previous studies with non-overlapping
groups of subjects (Dickerson et al., 2005; Celone et al., 2006;

O’Brien et al., 2010), we found that early MCI individuals demonstrated increased hippocampal activity specifically during successful memory encoding compared with CN older adults.
Although the literature in young subjects suggests that increased
MTL activity is generally related to better performance on memory tasks (Brewer et al., 1998; Morcom et al., 2003), in this mixed
sample of older CN and MCI individuals, we observed an overall
negative relationship between hippocampal activation and performance on the memory task.
Recent laboratory evidence suggests that at intermediate levels
of A␤ pathology, presynaptic facilitation leads to synaptic potentiation and excitation, whereas at higher levels of A␤, postsynaptic depression is observed (Palop and Mucke, 2010). This animal
work is consistent with our current findings in humans and previous reports suggesting that the hippocampus hyperactivates
early in MCI, but then demonstrates diminished signal response
during episodic memory tasks in late MCI and AD dementia
when considerable memory deficits are present (Celone et al.,
2006). Additionally, in mouse models of AD, hyperactive neurons were found specifically in the vicinity of A␤ plaques, the
presence of which correlated with a decreased ability to learn
successfully (Busche et al., 2008). We have previously speculated
that hyperactivity could be due to a decrease in synaptic inhibition, potentially modifying the functional properties of the neurons themselves, rendering them hyperactive (Sperling et al.,
2009). More recently, high-resolution fMRI has demonstrated
that this hyperactivity occurs in the CA3 and dentate gyrus subfields of the hippocampus and is reflective of inefficient encoding
processes (Yassa et al., 2010). Although our early work suggested
that hippocampal hyperactivity might represent a compensatory
response (Dickerson et al., 2004), more recent data suggest that
hippocampal hyperactivity might represent evidence of neuronal
excitotoxicity, and are consistent with our work suggesting that
this hyperactivity may represent impending synaptic failure and
incipient cognitive decline (Miller et al., 2008a; O’Brien et al.,
2010). Nevertheless, it is also possible that the observed hyperactivity reflects evidence of attempted compensatory responses, a
framework suggested by other studies of successful episodic
memory in the aging population (Rossi et al., 2004; Duverne et
al., 2009; de Chastelaine et al., 2011).
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Hippocampal hyperactivity showed a significant association
with thinner cortex, specifically in the posteromedial and lateral
temporoparietal cortices. This cortical pattern of thinning has
been observed in AD dementia (Dickerson et al., 2009), prodromal AD (Singh et al., 2006), and in presymptomatic amyloidpositive individuals (Fjell et al., 2010; Becker et al., 2011; Sabuncu
et al., 2011). There is evidence from functional and anatomical
connectivity work linking the MTL to these regions of the neocortex (Kobayashi and Amaral, 2003; Vincent et al., 2006; Kahn et
al., 2008; Greicius et al., 2009). Furthermore, this specific network has been implicated in playing a crucial role in episodic
memory formation (Buckner et al., 2005; Sperling et al., 2010)
and has been implicated as being targeted by the neurodegenerative process of AD (Seeley et al., 2009). Our findings suggest that
aberrant hippocampal activity in the MTL is linked to signs of
overall disrupted network health, supporting the notion of a
large-scale pattern of neurodegeneration reflective of AD pathology. There is evidence that amyloid deposition is only moderately
elevated in the MTL of AD patients (Klunk et al., 2004), and that
tau-based tangle pathology is more strongly associated with hippocampal atrophy than with amyloid levels (Csernansky et al.,
2004). This study adds to the literature by suggesting that these
pathologies co-occur as part of a large distributed network.
Interestingly, the CN group specifically showed an inverse
relationship between hippocampal activation and cortical thickness in lateral parietal regions. This result is consistent with findings that network dysfunction is first observed in parietal cortical
regions before it is detected in temporal lobe aspects of the memory system (Desikan et al., 2010; Mormino et al., 2011). Furthermore, we noted a positive relationship between hippocampal
activation and temporal pole thickness in these CN individuals,
suggestive of “brain reserve,” which may allow maintenance of
memory performance. A similar pattern of enlarged temporopolar cortex was recently reported in cognitively normal elderly
individuals with high amyloid burden (Chételat et al., 2010).
Converging evidence suggests that amyloid deposition in the
neocortex is associated with widespread network dysfunction in
preclinical and prodromal stages of AD. Drzezga et al. (2011)
recently found disruptions of functional whole-brain connectivity in cortical hub regions, such as the posterior cingulate, precuneus, and temporoparietal regions, in amyloid-positive MCI
subjects. At an even earlier stage, decreases in functional connectivity between these cortical areas, as well as the angular gyrus and
ventral medial prefrontal cortex, have been observed in CN individuals with high levels of amyloid deposition (Hedden et al.,
2009; Mormino et al., 2011). Our previous work with a similar
face–name task in amyloid-positive individuals demonstrated
hyperactivity in the default network, manifesting as failure to
deactivate appropriately during encoding (Sperling et al., 2009;
Vannini et al., 2011). Similarly, amyloid-positive CN have demonstrated evidence of cortical thinning primarily in neocortical
regions that are key hubs in the default network (Fjell et al., 2010;
Becker et al., 2011; Sabuncu et al., 2011). Consistent with the
pattern of thinning in preclinical AD, our current results suggest
that hippocampal hyperactivity is associated with parietal thinning in CN. Thus, it is possible that dysfunction and neurodegeneration are more evident in the neocortices while individuals are
still cognitively normal, and that MTL involvement is concurrent
with the emergence of memory impairment. One recent paper
from our group, however, did find evidence of MTL thinning, as
well as thinning of other AD signature regions, in CN individuals
who were destined to progress to dementia within a few years
(Dickerson et al., 2011), suggesting that CN individuals with

MTL thinning are more likely to demonstrate imminent memory
failure. Ongoing multimodal longitudinal imaging studies
should serve to elucidate the temporal ordering of regionally specific neurodegeneration in the stage of preclinical AD (Sperling et
al., 2011).
Despite observing hippocampal hyperactivity in the MCI
group compared with the CN group, we did not observe significant hippocampal volume loss in the MCI group, perhaps because our MCI group is still in a relatively early stage of disease
progression. Several other studies suggest that cortical thinning
of the MTL structures is observed before hippocampal volume
loss is evident (Bobinski et al., 1999; Dickerson et al., 2001; Killiany et al., 2002; Bakkour et al., 2009). We are actively pursuing
longitudinal studies designed to determine whether both cortical
thinning and hippocampal hyperactivation precede and presage
neuronal loss in the hippocampus.
It is important to consider some limitations to our study. We
are relying on BOLD signal as an indirect measure of hippocampal activity that may reflect other physiological properties of the
aging brain, such as changes in cerebral blood volume and flow,
oxygen consumption, and baseline perfusion (Logothetis and
Wandell, 2004). As our sample size is relatively small, many of
our tests would not survive a correction for multiple comparisons, highlighting the importance of restricting the number of
ROIs examined. We chose to use AD signature ROIs in lieu of
standard anatomically defined ROIs to probe regions that are
particularly vulnerable to early neurodegeneration. As this was a
preliminary exploration, we will continue to work toward replicating these findings in a larger sample. Lastly, longitudinal
follow-up is necessary to track our participants into AD dementia
to determine whether further neurodegeneration occurs in these
distributed cortical regions.
This study provides evidence that hippocampal hyperactivity
may be a sensitive indicator of early AD-related neurodegeneration in a functionally connected distributed cortical network
known to demonstrate cortical thinning in AD dementia. Nondemented individuals who demonstrate hippocampal hyperactivity, one marker of impending memory decline, also show
evidence of another phenotypic marker of cognitive decline, a
signature of cortical thinning representative of neurodegeneration specific to AD. Although volumetric measurements may be
more feasible for large-scale use as a biomarker, this study begins
to elucidate the relationship between early functional alterations
in the memory system and network degeneration. Longitudinal
studies are ongoing to determine whether hippocampal hyperactivity is a harbinger of future widespread network deterioration
and progression to AD dementia.
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