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Normal aging is often difficult to distinguish from the earliest stages of Alzheimer’s disease. Years before clinical memory deficits
manifest, amyloid-� deposits in the cortex in many older individuals. Neuroimaging studies indicate that a set of densely connected
neocortical regions, referred to as the default network, is especially vulnerable to amyloid-� deposition. Yet, the impact of amyloid-� on
age-related changes within the medial temporal lobe (MTL) memory system is less clear. Here we demonstrate that cognitively normal
older humans, compared with young adults, show reduced ability to modulate hippocampal activations and entorhinal deactivations
during an episodic memory task. Among older adults, amyloid-� deposition was associated with failure to modulate activity in entorhinal
cortex, but not hippocampus. Furthermore, we show that entorhinal regions demonstrating amyloid-�-related dysfunction are directly
connected to the neocortical regions of the default network. Together these findings link neocortical amyloid-� deposition to neuronal
dysfunction specifically in entorhinal cortex, while aging is associated with more widespread functional changes across the MTL.

Key words: amyloid; default network; entorhinal cortex; fMRI; memory; preclinical Alzheimer’s disease

Introduction
Advanced aging is associated with functional decline in the me-
dial temporal lobe (MTL) and episodic memory (Park et al.,
2002; Du et al., 2003; Small et al., 2011). Assessments of normal
aging may be confounded by occult Alzheimer’s disease (AD)
pathology, as the pathology of AD begins decades before clinical
memory deficits manifest (Braak and Braak, 1991; Price et al.,
2009; Nelson et al., 2012). Approximately 30% of cognitively
normal older adults over age 65 harbor elevated levels of
amyloid-� deposition, as estimated by positron emission tomog-
raphy (PET) (Mintun et al., 2006; Aizenstein et al., 2008; Jagust et

al., 2010; Rowe et al., 2010; Resnick and Sojkova, 2011). Current
models suggest that these older adults are at increased risk of
developing AD dementia (Sperling et al., 2011; Jack et al., 2013;
Knopman et al., 2013b; Roe et al., 2013; Villemagne et al., 2013).

Neuroimaging studies using PET and fMRI indicate that a set
of densely connected and metabolically active brain regions—the
default network—is especially vulnerable to early amyloid-� de-
position (Lustig et al., 2003; Buckner et al., 2005). Amyloid-�
deposition is associated with aberrant default-network activity in
neocortical regions during memory encoding (Sperling et al.,
2009; Kennedy et al., 2012) and at rest (Hedden et al., 2009;
Sheline et al., 2010; Mormino et al., 2011). However, the relation-
ship between neocortical amyloid-� deposition and dysfunction
of the MTL memory system remains to be elucidated.

The hippocampus and entorhinal cortex support episodic
memory and are vulnerable to both normal aging and AD pro-
cesses (Fernández et al., 1999; Petersen et al., 2000; Rodrigue and
Raz, 2004; Small et al., 2011). Tau-aggregation is thought to occur
in entorhinal cortex before amyloid-� deposits in neocortex
(Braak and Braak, 1991; Nelson et al., 2012), whereas models of
AD suggest that damage to hippocampus occurs downstream of
amyloid-� deposition (Becker et al., 2011; Serrano-Pozo et al.,
2011; Jack et al., 2013). Thus, many cognitively older adults might
show dysfunction in entorhinal cortex in the absence of hip-
pocampal dysfunction. Furthermore, functional connectivity
studies indicate that the default network is more strongly con-
nected to entorhinal cortex than to hippocampus (Kahn et al.,
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2008; Lacy and Stark, 2012; Libby et al., 2012; Ward et al., 2014).
Therefore, entorhinal cortex might be especially vulnerable to
amyloid-�-related dysfunction of the default network.

Here, we test the hypothesis that amyloid-� deposition is as-
sociated with specific functional changes within entorhinal cor-
tex among clinically normal older adults. First, we identify MTL
regions that show task-induced activations and deactivations in
young and older adults during an episodic memory task, and
investigate the effect of aging on the ability to modulate MTL
activity. Second, we examine the influence of amyloid-� deposi-
tion on hippocampus and entorhinal activity among older adults.
Finally, we examine age- and amyloid-�-related changes in ento-
rhinal connectivity to the default network, to test the postulate
that entorhinal dysfunction and disconnection is associated with
amyloid-� deposition in older individuals, even in the absence of
clinically detectable memory impairment.

Materials and Methods
Sixty-nine healthy adults (21 young adults: 6 male/15 female; 48 older
adults: 24 male/24 female) were recruited from the Harvard Aging Brain
Study. All were native English speakers, had normal or corrected-to-
normal vision, and were right-handed (Table 1). None had a history of
psychiatric or neurological disorders or reported taking medications that
affect the CNS. Written informed consent was obtained from every adult
before experimental procedures and the study was approved by, and
conducted in accordance with, the Partners Human Research Commit-
tee at the Brigham and Women Hospital and Massachusetts General
Hospital (Boston, MA). Structural MRI, resting-state fMRI, and task-
related fMRI data were collected on each subject. These data have not
been previously published in any form. Without consideration to the
fMRI data, equal numbers of older adults with high and low amounts of
amyloid-� deposition were selected to ensure a similar age range in both
groups.

PET acquisition and analysis. We estimated amyloid-� deposition of
the older adults using PET with Pittsburg compound-B (PiB; N-methyl-
[ 11C]-2(4-methylaminophenyl)-6-hydroxybenzothiazole). The tracer
was prepared and implemented as described previously (Mathis et al.,
2002; Johnson et al., 2007). 11C-PiB (10 –15 mCi) was injected as a bolus,
followed by 60 min of dynamic PET acquisition. PET images were ac-
quired using an HR� PET camera (Siemens) operating in three-
dimensional mode (63 image planes; 15.2 cm axial field of view; 5.6 mm
transaxial resolution; 2.4 mm slice interval; 69 frames: 12 � 15 s, 57 �
60 s). PET data were reconstructed and corrected for attenuation with
vendor-provided software. Each frame was evaluated for head motion
and adequate count statistics. Using Logan’s graphical analysis method,
we calculated PiB retention expressed as the distribution volume ratio,
using a gray matter cerebellum reference region from the AAL atlas (Price
et al., 2005). Each subject’s amyloid-� status was calculated using a global
distribution volume ratio from a set of neocortical regions that com-
prised most of the association cortex, including frontal, lateral parietal,
lateral temporal, and retrosplenial cortex. Subjects were classified as ei-
ther low (A��) or high (A��) amyloid-� groups, based on a prior mean
cortical threshold of 1.15 (Hedden et al., 2009; Vannini et al., 2013).

We also evaluated local PiB retention within the entorhinal cortex by
extracting the average PiB retention from left and right medial temporal

regions. Consistent with multiple previous amyloid-imaging studies
(Mathis et al., 2002; Johnson et al., 2007), the entorhinal regions showed
relatively lower PiB retention and smaller differences between A�� (en-
torhinal � 1.10) and A�� (entorhinal � 1.18) compared with the neo-
cortex A�� (neocortex � 1.09) and A�� (neocortex � 1.33; interaction
p � 0.0011). We used the cortical aggregate of neocortical regions to
identify clinically normal older adults, as this is commonly used to define
individuals who may be in the preclinical stages of AD, at a threshold that
corresponds to sufficient plaque burden to meet CERAD plaque criteria
for neuropathological Alzheimer’s disease (Clark et al., 2011). However,
it is likely that neocortical amyloid levels are also reflective of MTL am-
yloid burden, as entorhinal PiB retention was strongly correlated with the
estimate from neocortical regions (r � 0.88).

MRI data acquisition. MRI data were collected on a Siemens TrioTim
3.0 tesla scanner (Siemens Medical Systems) equipped with a 12-channel
phased-array head coil. High-resolution T1-weighted anatomical images
were acquired using an MPRAGE with the following parameters: 256
sagittal slices, repetition time (TR) � 2300 ms, echo time (TE) � 2.95 ms,
inversion time � 900 ms, flip angle (FA) � 9°, FOV � 270 � 253 mm,
matrix � 256 � 240, voxel size � 1.05 � 1.05 � 1.2 mm. Task-related
BOLD data were acquired using a T2*-weighted gradient-echo planar
imaging (EPI) sequence. We acquired 6 time series of 180 volumes, ex-
cluding 4 dummies. Each volume consisted of 33 axial slices, 3 mm
thickness, with a skip of 0.8 mm; TR � 2000 ms; TE � 30 ms; FA � 90°,
FOV � 192 � 192 mm, matrix � 64 � 64, effective voxel size � 3 � 3 �
3.8 mm. After the event-related task, we acquired a resting-state time
series of 120 volumes, 47 axial slices in interleaved order, with TR � 3000
ms; TE � 30 ms; FA � 85°, FOV � 216 � 216 mm, matrix � 72 � 72,
voxel size � 3 � 3 � 3 mm.

During the event-related fMRI task, participants learned novel and
remembered previously seen face/name pairs, in a design identical to that
of Huijbers et al. (2013). While inside the fMRI scanner, adults observed
300 faces with an emotionally neutral expression paired with fictional
first names. A total of 50% of face/name pairs were novel, 40% of face/
name pairs were studied before scanning, and 10% of face/name pairs
were studied but presented in a different combination (re-paired). Mem-
ory for novel faces presented during scanning was tested following the
scan session. The paradigm was designed and generated using the Psy-
chophysics Toolbox (Brainard, 1997) and MATLAB (MathWorks). Vi-
sual stimuli were projected to a screen positioned at the head of the
magnet bore and reflected onto a mirror attached to the head coil. Re-
sponses were made via an MRI-compatible key press device held in the
subject’s right hand. Head motion was restrained with foam-padded
clamps. Earplugs and noise-reduction headphones were used to reduce
scanner noise. The task consisted of six runs. In each run, 50 stimuli were
shown for 3750 ms, each with an intertrial interval between 250 and
10,250 ms (average 3300 ms), during which a fixation cross was pre-
sented at the center of the screen. The fixation times and trial order were
optimized using optseq2 (Dale et al., 1999).

MRI data analysis. The functional MRI images were preprocessed and
analyzed using SPM8 (University College London, http://www.fil.ion.
ucl.ac.uk/spm). Functional MRI data were slice time-corrected, re-
aligned, normalized to the MNI152 EPI template, resampled to 3 � 3 �
3 mm voxels, and smoothed with 8 mm full-width half-maximum
Gaussian kernel. For the task-based fMRI analysis, we used the general
linear model (GLM) as implemented in SPM8. Face/name pairs were
modeled based on performance: retrieval hit, retrieval miss, re-paired hit,
re-paired miss, correct rejection, and false alarm. To quantify memory
performance, we calculated a d� score using Z(retrieval hit/[retrieval hit
� retrieval miss]) � Z(false alarm/[false alarm � correct rejection];
MacMillan and Creelman, 2005). The correct rejection and false alarms
were further modeled based on postscan subsequent memory perfor-
mance (tested following the scan) as encoding hit, encoding miss, or
re-paired. Omissions were coded as separate events, resulting in a total of
11 unique trial types. The onsets for these events were convolved with the
canonical hemodynamic response function using response times, col-
lected during the scan-phase, as duration. Additionally, the models in-
cluded regressors for the motion parameters, bad-volume regressors, and
a high-pass filter (1/128 Hz). Scans were coded as bad-volumes when

Table 1. Demographics of young and older adults included in the fMRI study

Label Young adults Older adults

n 21 48
Age (years) 25.3 � 0.59 75.6 � 0.86
Gender 6� / 15� 24� / 24�
Years of education 16.4 � 0.31 16.9 � 0.37
Memory (d�) 1.98 � 0.11 1.08 � 0.05
Hippocampal volume (mm 3) 8707 � 146 7522 � 200
Entorhinal thickness (mm) 3.78 � 0.06 3.58 � 0.06

n, Number of subjects. Memory performance (d�) was defined by the memory task inside the fMRI scanner.
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movement to the previous scans exceeded 0.75 mm or 1.5 degrees in one
direction. Individual �-maps were calculated by contrasting all task
events versus fixation. Thus, task-induced activations and deactivations
were identified regardless of the memory condition or task performance.

We used SPM8 in combination with in-house developed MATLAB
scripts to analyze the group-level data (GLM-Flex, Harvard Aging
Brain Study, Martinos Center, MGH, Boston, MA, http://nmr.mgh.
harvard.edu/harvardagingbrain/People/AaronSchultz/Aarons_Scripts).
These GLM scripts allow modeling of the within- and between-group
effects using a single model. Group analyses included a between-groups
ANOVA of young versus older adults and a between-groups ANOVA of
A�� versus A�� older adults. Statistical group maps were projected to
the cortical surface using FreeSurfer 5.1 via a standard MNI to the Free-
Surfer average template transformation (http://surfer.nmr.mgh.harvard.
edu) or were resliced to 2 � 2 � 2 mm voxels and overlaid on the
standard SPM8 individual T1-weighted volume.

The anatomical T1-weighted images (MPRAGE) were analyzed using
FreeSurfer v5.1 (http://surfer.nmr.mgh.harvard.edu). We performed
minimal manual editing for quality control to ensure that non-brain
structures were excluded from the pial surface by a single rater (A.M.W.).
Subsequent processing steps used default parameters without manual
intervention, including estimation of hippocampal volume and entorhi-
nal cortical thickness.

The resting-state fMRI analysis was processed using SPM8 and in-
house developed MATLAB scripts. The first four volumes were dropped
to reach signal equilibrium. The data were bandpass filtered between 0.01
and 0.08 Hz, and nuisance regressors (and their first derivatives) for
mean signal from the white matter, lateral ventricles, and global brain
signals, and motion parameters were applied (Van Dijk et al., 2010). For
each subject, we created seed-based correlation maps using an 8-mm-
diameter spherical seed, located on the maxima of activation or deacti-
vation identified by the between-subjects ANOVA. We used the peaks of
the hippocampal activations and entorhinal deactivations in each age
group (see Results) to define the seed locations. The correlation maps
were transformed to a Z-score map using Fisher’s r-to-Z transform. Next,
we used GLM-Flex to calculate connectivity maps in a 2 � 2 ANOVA
with factors for the seeds in each hemisphere (left/right) and seeds in each
MTL-region (hippocampus/entorhinal) and the main effects of connec-
tivity across age groups [p � 0.05, false discovery rate (FDR) corrected,
minimum cluster size 10 voxels].

To quantify hippocampus/default-network and entorhinal/default-
network connectivity, we extracted the connectivity values from the
whole-brain connectivity maps described above. We extracted the values
from 8 mm spherical a priori regions of interest (ROIs) within the neo-
cortical nodes of the default-network, including the medial prefrontal
cortex (MNIx,y,z � 0, 52, �6), posteromedial cortex (MNIx,y,z � 0, �53,
26), and the average from both left (MNIx,y,z � �48, �62, 36) and right
(MNIx,y,z � 46, �62, 32) angular gyrus (Hedden et al., 2009; Van Dijk et
al., 2010). For each adult, we averaged the ROI values and obtained a

single value that represented hippocampus/default-network or entorhinal/
default-network connectivity.

Results
On average, young adults correctly recognized 63 � 4.3% of the
previously seen face/name pairs and correctly rejected 92 � 1.5%
of the novel pairs. Older adults correctly recognized 57 � 2.6% of
the previously seen face/name pairs and correctly rejected
77 � 2.0% of the novel pairs [see Table 1 for memory perfor-
mance (d�)]. A between-groups t test confirmed that younger
adults showed better memory performance compared with older
adults (p � 0.001). Young adults had larger hippocampal vol-
umes (p � 0.001) and thicker entorhinal cortices (p � 0.015)
compared with older adults.

Task-induced activations and deactivations
We first investigated task-induced activations and deactivations
common to young and older adults at the whole-brain level. In
both age groups, we found task-induced activations (task 	 fix-
ation) in the dorsolateral prefrontal cortex, supramarginal gyrus,
supplementary and primary motor cortex, visual cortex, and hip-
pocampus (Fig. 1, p � 0.05, FDR-corrected), a set of regions
oftentimes described as a “task-positive network” (Fox et al.,
2005). Within the MTL, the young adults showed activations in
the left (MNIx,y,z � �22, �28, �7) and right hippocampus
(MNIx,y,z � 23, �28, �4). Similarly, the older adults showed
activation in the left (MNIx,y,z � �16, �28, �7) and right
(MNIx,y,z � 23, �28, �4) hippocampus. In both age groups, we
found task-induced deactivations (fixation 	 task) in the medial
prefrontal cortex, posteromedial cortex, angular gyrus, and para-
hippocampus/entorhinal cortex (Fig. 1, p � 0.05, FDR-
corrected), a set of regions often described as the default network
(Raichle et al., 2001). Within the MTL, the young adults showed
deactivations in the left (MNIx,y,z � �28, �13, �25) and right
(MNIx,y,z � 29, �25, �19) entorhinal cortex. Similarly, the older
adults showed deactivations in the left (MNIx,y,z � �33, �31,
�16) and right (MNIx,y,z � 32, �22, �19) entorhinal cortex.

Age-related changes in medial temporal lobe
functional activity
Next, we examined the difference in MTL activity between young
and older adults. To determine whether aging reduces task-
induced hippocampal activations and entorhinal cortex deacti-
vations, we isolated the patterns of activity within the MTL by

Figure 1. Task-induced activations and deactivations in young (A) and older (B) adults. Task-induced activations (task 	 fixation) in red/yellow and task-induced deactivations (fixation 	 task)
in blue. Statistical values are thresholded at p � 0.05 (FDR-corrected, minimum cluster extent 10 voxels) projected on the cortical surface of the left and right hemisphere. In the middle, a coronal
slice to show hippocampal activations (red/yellow) and entorhinal deactivations (blue). Top shows a statistical activation map from 21 young subjects. Bottom shows activation map from 48 older
subjects.
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masking the whole-brain statistical maps (p � 0.05, FDR-
corrected) with an anatomical ROI comprising the bilateral hip-
pocampus and parahippocampus (see description of localization
of entorhinal cortex below; Maldjian et al., 2003). Within hip-
pocampus (Figs. 1 and 2), we found activations in both age
groups. When comparing the older and young adults, we found
an age-related reduction of activation in both the left (MNIx,y,z �
�25, �31, �4/Tmax � 3.95) and right (MNIx,y,z � 20, �28,
�4/Tmax � 4.45) hippocampus. Within the parahippocampus
region (Fig. 2), we found an age-related reduction of deactiva-
tions localized to the left (MNIx,y,z � �25, �25, �25/Tmax �
4.40) and right (MNIx,y,z � 26, �25, �22/Tmax � 4.68) entorhi-

nal cortex. Within hippocampus we found no age-related in-
creases in activation (older adults 	 young adults), and within
entorhinal cortex we did not find age-related increases in
deactivations.

Localization of age-related changes in functional activity
To anatomically localize the MTL activity clusters in relation to
the anatomical structure, we used the SPM anatomy toolbox
(v1.8) (Eickhoff et al., 2007). Here, we list the primary region of
overlap for each cluster (the largest unlisted region had 19.5%
overlap with the thalamus). The left hippocampal cluster
(MNIx,y,z � �25, �31, �4) had an overlap of 49.8% with the

Figure 2. Age- and amyloid-�-related difference in MTL activity. Task-induced activations (task 	 fixation) in bilateral hippocampus (red/yellow) and task-induced deactivations (fixation 	
task) in the bilateral entorhinal cortex (blue) as defined by the difference between young and older adults ( p � 0.05, FDR-corrected, minimum cluster extent 10 voxels). Bar graphs show average
activation plotted separately in young (YNG) and older adults with low (A��) and high (A��) amounts of amyloid-� deposition. Top, Activations in the left and right hippocampus showed no
significant difference between A�� and A�� older adults. Bottom, Deactivations in the left ( p � 0.032) and right ( p � 0.026) entorhinal cortex were significantly reduced in A�� older adults.
Comparisons involving young adults indicate the difference between young and the average of all older adults.
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subiculum, whereas the right hippocampal cluster (MNIx,y,z �
20, �28, �4) had an overlap of 47.0% with the subiculum. The
left parahippocampal cluster (MNIx,y,z � �25, �25, �25) had an
overlap of 53.0% with entorhinal cortex, whereas the right para-
hippocampal cluster (MNIx,y,z � 26, �25, �22) had an overlap of
44.4% with entorhinal cortex. Thus, the age-related differences in
activations were predominantly located in hippocampus,
whereas age-related differences in deactivations were predomi-
nantly located in entorhinal cortex.

Amyloid-� augments age-related changes in
entorhinal cortex
Based on the amyloid-� imaging data, we classified older adults
into groups with low (A��) and high (A��) amounts of
amyloid-� deposition (Hedden et al., 2009; Sperling et al., 2009).
These groups did not differ across examined neuropsychological
data, memory performance (d�) on the fMRI task, and
FreeSurfer-based estimates of hippocampal volume and entorhi-
nal thickness (Table 2).

First, we examined the effect of aging in the absence of amy-
loid deposition. Using the same MTL clusters that showed re-
duced activity when comparing young adults versus all older
adults, we now compared young adults versus A�� older adults.
Both left (p � 0.004) and right (p � 0.001) hippocampus showed
reduced activity with aging in the absence of amyloid deposition,
indicating an effect of age. Similarly, both the left (p � 0.004) and
right (p � 0.002) entorhinal cortex showed reduced deactivation
in the absence of amyloid deposition, indicating that age influ-
ences hippocampal and entorhinal activity.

To identify whether deposition of amyloid-� is associated
with the age-related changes in MTL activity, we again examined
the same MTL clusters. The average �-weights within these MTL
clusters were extracted for older adults and separated into A��
and A�� groups. One-sample t tests confirmed that within all
older adults, the left (p � 0.013) and right (p � 0.001) hip-
pocampi were activated and that the left (p � 0.001) and right
(p � 0.001) entorhinal cortices were deactivated. However,
between-groups t tests indicated no significant difference be-
tween A�� and A�� groups for activation in the left (p � 0.44)
or right hippocampus (p � 0.71). In contrast, both the left (p �
0.032) and right entorhinal cortex (p � 0.026) showed reduced
deactivations in A�� compared with A�� older adults (Fig. 2).

Age- and amyloid-�-associated alterations across
memory processes
We then conducted an analysis to examine whether age- and
amyloid-related effects were similar across memory encoding
and retrieval processes and performance. Therefore, we separated
events based on memory phase (encoding/retrieval) and memory
performance (hit/miss). Next, we again used the same MTL clus-
ters that showed reduced levels of activity in older compared with
young adults and extracted the average �-weights for encoding
hit, encoding miss, retrieval hit, and retrieval miss within the
MTL clusters (Fig. 3). For illustrative purposes, we averaged
across the cluster in the left and right hemispheres. To further
examine the effect of amyloid, we used an ANOVA, including the
factors amyloid-� status (A��/A��), memory phase (encod-
ing/retrieval), memory performance (hit/miss), and hemisphere
(left/right). The ANOVA indicated a main effect (p � 0.0044) of
amyloid-� status and a main effect of task performance (p �
0.0051) for entorhinal activity. Critically, the ANOVA indicated
no interaction between amyloid-� status, memory phase, mem-
ory performance, or hemisphere.

Post hoc t tests, using the average of left and right hemisphere,
indicated that hippocampal activations were reduced by aging
across all memory phase and performance conditions (young vs
older: encoding hit, p � 0.001, encoding miss, p � 0.003, retrieval
hit, p � 0.001, retrieval miss, p � 0.001). A second series of post
hoc t tests examined whether the effect of aging was also present in
the absence of amyloid-� deposition (young vs A�� older adults:
encoding hit, p � 0.001, encoding miss, p � 0.002, retrieval hit,
p � 0.001, retrieval miss, p � 0.001). Hippocampal activity was
not significantly different between A�� and A�� older adults
across any conditions. Aging also reduced entorhinal deactiva-
tions across memory phase and performance conditions (young
vs older adults: encoding hit, p � 0.014, encoding miss, p �
0.001, retrieval hit, p � 0.001, retrieval miss, p � 0.001). Again, a
second series of post hoc tests demonstrated that the effect of
aging was also present in the absence of amyloid-� deposition
(young vs A�� older adults: encoding hit, p � 0.34, encoding
miss, p � 0.003, retrieval hit, p � 0.001, retrieval miss, p � 0.001).
We also observed an influence of amyloid-� on entorhinal deac-
tivations during encoding hit and retrieval hit conditions (A��
vs A��: encoding hit, p � 0.006, encoding miss, p � 0.16,
retrieval hit, p � 0.052, retrieval miss, p � 0.43). However, as
mentioned, the ANOVA indicated no significant interaction be-
tween amyloid-� status, memory phase, memory performance,
or hemisphere. Thus, although individual follow-up compari-
sons reach significance, these analyses suggest a similar pattern of
MTL activity across memory processes, where aging has a general
effect on activity in both hippocampal and entorhinal cortex, but
amyloid-� deposition demonstrated a specific effect on entorhi-
nal deactivations.

Functional activity after controlling for apolipoprotein E4
status, age, gender, d’ and gray matter
We conducted several analyses to clarify whether age-related dif-
ferences in MTL activity can be explained by memory perfor-
mance (d�) or gray matter (hippocampal volume or entorhinal
thickness). d� accounted for age-related changes in fMRI activity
in the left (p � 0.009) but not the right (p � 0.20) hippocampus,
and the left (p � 0.019) and right (p � 0.079) entorhinal cortex.
Hippocampal volume did show a significant relation with age-
related changes in hippocampal activity. In contrast, entorhinal
thickness showed an effect in the left (p � 0.015) and right (p �
0.058) entorhinal cortex. However, when simultaneously con-

Table 2. Demographics of A�� and A�� older adults

Label A�� A�� p values

n 24 24
Age (years) 74.4 � 1.15 76.8 � 1.27 p � 0.18
Gender 10 � / 14 � 14 � / 10 � p � 0.25
APOE4 status 20 �4� /3 �4� 10 �4�/13 �4� p � 0.002
Years of education 16.8 � 0.59 16.9 � 0.47 p � 0.91
VIQ 123.2 � 1.54 123.4 � 1.16 p � 0.93
CDR 0 0
MMSE 29 � 0.16 29.3 � 0.18 p � 0.30
BNT 28.3 � 0.47 27.9 � 0.47 p � 0.52
Memory (d�) 1.14 � 0.37 1.02 � 0.27 p � 0.27
Hippocampal volume (mm 3) 7526 � 161 7518 � 213 p � 0.98
Entorhinal thickness (mm) 3.62 � 0.06 3.55 � 0.06 p � 0.48
PiB (neocortex) 1.09 � 0.01 1.33 � 0.04 p � 0.001

Brain measures include FreeSurfer-calculated hippocampal volume, entorhinal thickness, and Pittsburgh
compound-B (PiB) amyloid retention within the neocortical regions of interest. Note that APOE4 status was identi-
fied for 46 of 48 older adults, and p values reflect two-samples t test between A�� and A�� older adults. n,
Number of subjects; VIQ, verbal intelligence quotient; CDR, clinical dementia rating; MMSE, mini-mental state exam;
BNT, Boston Naming Test.
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trolling for these variables and the interactions, we still observed
age-related differences in the left (p � 0.001) and right (p �
0.001) hippocampus, as well as the left (p � 0.001) and right (p �
0.001) entorhinal cortex. Thus, these analyses suggest that d� and
regional gray matter only account for a portion of the age-related
differences in MTL activity.

Next, we conducted an analysis to clarify whether the
amyloid-�-related difference in entorhinal fMRI activity could
be explained by apolipoprotein E4 (APOE4) status, age, gender,
d�, or entorhinal thickness (Table 3). For simplicity we averaged
the activity in left and right hemisphere for both hippocampus
and entorhinal cortex. When we simultaneously controlled for
APOE4 status, age, gender, d�, and entorhinal thickness, we still
found amyloid-related difference in deactivations in the entorhi-
nal cortex (p � 0.032), but not in the hippocampus (p � 0.26).
Thus, amyloid-�-related functional changes in entorhinal cortex
of older adults are evident, even accounting for APOE4 status,
age, gender, d�, and entorhinal thickness.

Functional connectivity of hippocampus and
entorhinal cortex
To determine whether task-induced deactivations in entorhinal
cortex occur in regions functionally connected to the default net-
work, we analyzed resting-state fMRI data collected in the same
scanning session. First, we calculated whole-brain functional

connectivity maps based on seeds located in the peak activation in
hippocampus and peak deactivation in entorhinal cortex for each
age group. Next, we used repeated-measures ANOVA with a fac-
tor for seed-region (hippocampal/entorhinal) and hemisphere
(left/right) to visualize hippocampal and entorhinal connectivity
across both age groups (Fig. 4, p � 0.05, FDR-corrected). These
maps demonstrate that entorhinal cortex is connected to neocor-
tical regions of the default network, including the medial pre-
frontal cortex (MNIx,y,z � 2, 44, �10), posteromedial cortex
(MNIx,y,z � �1, �46, 29), and left (MNIx,y,z � �40, �73, �35)
and right (MNIx,y,z � 50, �70, 38) lateral parietal cortex. In
contrast, hippocampus showed strong connectivity within the
MTL including entorhinal cortex, the ventral stream including
the left (MNIx,y,z � �30, �67, �7) and right (MNIx,y,z � 33,
�58, �10) fusiform gyrus, left (MNIx,y,z � �9, �88, 2) and right
(MNIx,y,z � 9, �55,11) calcarine fissure, and left (MNIx,y,z � �9,
�49, 2) and right (MNIx,y,z � 9, �61, 2) lingual gyrus.

Young adults showed an average connectivity of value of
�0.020 � 0.03 between hippocampus/default network (p �
0.55) and 0.14 � 0.03 between entorhinal/default network (p �
0.001), using a one-sample t test. Older adults showed an average
connectivity value of 0.0035 � 0.01 between hippocampus/de-
fault network (p � 0.79) and 0.084 � 0.02 with entorhinal cor-
tex/default network (p � 0.001), using a one-sample t test. A
one-tailed t test showed a trend for reduced entorhinal/default-

Figure 3. MTL activity separated by task condition. Task-induced activity in hippocampus (red/yellow) and task-induced deactivations (blue) in entorhinal cortex separated by task-condition. Bar
graphs show averaged activity for encoding hit, encoding miss, retrieval hit, and retrieval miss in young (YNG) and older adults with low (A��) and high (A��) amounts of amyloid-� deposition.
Top shows activations averaged across the left and right hippocampus and demonstrated no significant differences between A�� and A�� older adults. Bottom shows deactivations, averaged
across the left and right entorhinal cortex. Note that the pattern was similar across all task-conditions and an ANOVA revealed no significant interactions between amyloid-� status and
encoding/retrieval or hit/miss. Middle panel is reproduced from Figure 2.
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network connectivity in older adults, when compared with young
(p � 0.056). A�� older adults showed an average connectivity
value of �0.003 � 0.02 between hippocampus/default network
(p � 0.88) and 0.11 � 0.02 between entorhinal/default network
(p � 0.001). A�� older adults showed an average connectivity
value of 0.01 � 0.02 between hippocampus/default network
(p � 0.52) and 0.060 � 0.02 with entorhinal cortex/default net-
work (p � 0.015). A one-tailed t test showed a trend for reduced
entorhinal/default-network connectivity in A�� when com-
pared with A�� older adults (p � 0.063). Next, we conducted a
connectivity analysis controlling for APOE4 status, age, d�,
gender, and gray matter (hippocampal volume or entorhinal
thickness; Table 3). Originally, we observed a trending con-
nectivity difference ( p � 0.063) between A�� and A�� older
adults (Table 3). When simultaneously controlling for each of
these variables, the significance dropped ( p � 0.14), presum-
ably due to decreased power. These analyses confirm that
entorhinal cortex— but not hippocampus—is functionally
connected to the default network. Furthermore, these analyses
suggest that amyloid-�-related changes in the entorhinal cor-
tex are more clearly detected by task-evoked fMRI than
resting-state connectivity.

Discussion
This study provides evidence that neocortical amyloid-� deposi-
tion in cognitively normal older adults is associated with func-
tional alterations in the MTL. Aging is associated with reduced
ability to modulate MTL activity more generally; that is, hip-
pocampus showed age-related loss of activation and entorhinal
cortex showed age-related loss of deactivation during an episodic
memory task. Furthermore, among older adults, amyloid-� de-
position was associated with reduced deactivations in entorhinal
regions functionally connected with the default network. Both
age and amyloid-� deposition contribute to disrupted activity
and connectivity between entorhinal cortex and neocortical re-
gions of the default network, but our findings suggest that age-
related failure to deactivate entorhinal cortex is in part due to
AD-related pathology.

We found that aging reduced hippocampal activations and
entorhinal deactivations when comparing young and older
adults. These age-related changes are consistent with fMRI stud-
ies that reported reduced MTL activity in older adults during
encoding and retrieval (Daselaar et al., 2003; Gutchess et al., 2005;
Spreng et al., 2010). The dissociation between hippocampal acti-
vations and entorhinal deactivations is consistent with the view
that distinct MTL subregions support specific memory functions
(Daselaar et al., 2006; Ranganath and Ritchey, 2012). Age-related
changes in both hippocampus and entorhinal cortex were also
detectable in the absence of amyloid deposition. In line with pre-
vious aging studies, young adults showed better memory perfor-
mance and more gray matter compared with older adults
(Salthouse et al., 2000; Park et al., 2002; Rodrigue and Raz, 2004).
Thus, age-related decline of memory might in part be explained
by a reduced ability to modulate MTL activity and age-related
loss of gray matter that is detectable in A�� older adults.

A handful of fMRI studies have reported an influence of am-
yloid deposition on encoding-related activity in the default net-
work (Sperling et al., 2009; Kennedy et al., 2012; Mormino et al.,
2012; Oh and Jagust, 2013; Vannini et al., 2013b). Recently, our
group reported amyloid-related alterations in posteromedial cor-
tex during encoding and retrieval, but not in hippocampus (Van-
nini et al., 2012, 2013a). Using a novel paradigm (Huijbers et al.,
2013) and an independent group of young and older adults, we
observed here an amyloid-related dissociation between hip-
pocampus and entorhinal cortex. Interestingly, entorhinal cortex
showed deactivations during both encoding and retrieval, sug-
gesting it performs a similar function in both memory phases,
distinct from posteromedial cortex (Huijbers et al., 2012). To-
gether, these findings suggest that neocortical amyloid deposition
is associated with functional alterations within the MTL. Never-
theless, it remains possible that low levels of amyloid deposition
in the MTL or oligomeric forms, not detectable on PET imaging,
contribute to these functional alterations.

The amyloid-�-related loss of deactivation in entorhinal cor-
tex was similar across both encoding and retrieval phases of the
fMRI memory task. Aberrant activity in the cortical regions of the
default network has repeatedly been observed in A�� cognitively
normal older adults and in early AD, using either task-based
activity (Sperling et al., 2009; Kennedy et al., 2012; Schwindt et al.,
2013; Vannini et al., 2013) or resting-state connectivity (Rom-
bouts et al., 2005; Hedden et al., 2009; Mormino et al., 2011). We
also found aberrant entorhinal activity and trending changes in
default-network connectivity associated with amyloid-� deposi-
tion. This subtle loss in default-network connectivity supports
the supposition that default-network connectivity changes before
clinical symptoms of AD manifest (Sperling, 2011; Chhatwal et
al., 2013; Sheline and Raichle, 2013). Our results further suggest
that in clinically normal older adults, amyloid-� impacts ento-
rhinal activity and connectivity, while previous fMRI studies have
primarily found amyloid-related changes in the neocortex.

Importantly, we found a main effect amyloid-� status, but no
interaction with a specific component of the memory task. It
remains possible that we have insufficient power to detect an
interaction, and thus, that in preclinical AD, encoding-related
activity is impacted to a greater degree (Braskie et al., 2009; Van-
nini et al., 2013). Alternatively, some neocortical regions, such as
posteromedial cortex, are more strongly modulated during a spe-
cific memory phase and might signal aberrant activity more
clearly during encoding (Huijbers et al., 2012). Yet, the consistent
pattern across different components of the memory task suggests
that amyloid-�-related dysfunction in the entorhinal cortex re-

Table 3. Control analyses of A�� and A�� older adults

Model Hippocampus EC

Task-based fMRI activity: A�� vs A�� older adults
Model 1 Amyloid (A��/A��) p � 0.91 p � 0.024

Covariates None
Model 2 Amyloid (A��/A��) p � 0.26 p � 0.032

Covariates APOE4 status p � 0.23 p � 0.61
Age p � 0.025 p � 0.86
Gender p � 0.19 p � 0.25
Memory (d�) p � 0.076 p � 0.80
Gray matter p � 0.068 p � 0.88

Resting-state connectivity: A�� vs A�� older adults
Model 1 Amyloid (A��/A��) p � 0.31 p � 0.063

Covariates None
Model 2 Amyloid (A��/A��) p � 0.24 p � 0.14

Covariates APOE4 status p � 0.20 p � 0.30
Age p � 0.25 p � 0.11
Gender p � 0.32 p � 0.49
Memory (d�) p � 0.26 p � 0.26
Gray matter p � 0.21 p � 0.27

The top half of the table shows control analyses of hippocampal and entorhinal activity (EC) in older adults with low
(A��) and high (A��) amounts of amyloid-� deposition without covariates (Model 1) and controlling for APOE4
status, age, gender, memory performance (d�), and gray matter using hippocampal volume/entorhinal thickness
(Model 2). The bottom half shows two similar models using default-network connectivity as the dependent variable
and comparing hippocampal and entorhinal seeds.
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flects a general dysfunction of the default network, which has
been linked to multiple cognitive functions (Buckner et al., 2008;
Andrews-Hanna, 2012; Anticevic et al., 2012). This latter inter-
pretation fits with non-mnemonic studies that found age- and
AD-related change in default-network activity (Lustig et al., 2003;
Park et al., 2010). In the absence of evidence for a specific detri-
ment to memory encoding or retrieval, we interpret these find-
ings as a common detrimental influence of amyloid-� on the
entorhinal cortex and default network.

A�� and A�� cognitively normal older adults were similar in
terms of demographics, except APOE4 status. APOE4 status, age,
gender, d�, and gray matter did not account for amyloid-related
dysfunction of the entorhinal cortex (Table 3). Amyloid-� ac-
counts for approximately a third of the difference between young
and older adults. Yet, the majority of age-related functional
alteration in entorhinal cortex (and in hippocampus) remains
unaccounted for. Other age-related factors, such as vascular
disease, inflammation, tau aggregation, and oligomeric forms
of amyloid-�, may explain these age-related changes in MTL
activity (D’Esposito et al., 2003; Hedden and Gabrieli, 2004; Fo-
tuhi et al., 2012; Jagust, 2013). Furthermore, levels of amyloid
deposition below the threshold of detection might co-occur with
these other age-related factors and together explain age-related
functional alterations within the MTL.

Amyloid deposition precedes the manifestation of clinical
symptom by a decade or more (Jack et al., 2013). Previous reports
suggest that the influence of amyloid-� deposition on cross-
sectional memory performance among clinically normal adults is
subtle (Rentz et al., 2011; Hedden et al., 2012, 2013; Rodrigue et
al., 2012; Lim et al., 2013). We found that hippocampal activity
was not different between A�� and A�� older adults. Thus, it is
possible that amyloid-related hippocampal dysfunction is not
present until memory impairment is clearly detectable, at the
stage of early mild cognitive impairment (MCI; Sperling et al.,
2009; O’Brien et al., 2010). Several recent longitudinal studies
have demonstrated that amyloid deposition in cognitively
normal older adults is related to gray matter atrophy, and
higher rates of cognitive decline (Chételat et al., 2012; Lim et
al., 2012; Knopman et al., 2013a; Villemagne et al., 2013).
Longitudinal studies need to examine amyloid-related dys-
function in both hippocampus and entorhinal cortex to clarify
why some A�� older adults progress to MCI while others
remain cognitively normal.

Together, amyloid-� and tau deposition are the hallmarks of
AD pathology (Braak and Braak, 1991; Gómez-Isla et al., 1996;

Tiraboschi et al., 2004). Our finding that neocortical amyloid-�
deposition is associated with entorhinal dysfunction may have
implications for our understanding of these two pathological
processes. CSF markers and postmortem data from the entorhi-
nal cortex indicate that tau aggregates begin in mid-life, years
before amyloid-� deposits in the neocortex (Forsberg et al., 2008;
Fagan et al., 2009; Nelson et al., 2012). Based on the consistency
between PET amyloid imaging and postmortem counts of
plaques and tangles, it is likely that many A�� older adults also
harbor tau in entorhinal cortex (Braak and Braak, 1991; Ikono-
movic et al., 2008; Sperling et al., 2011). Thus, the link between
neocortical amyloid-� and aberrant entorhinal activity could be
mediated by tau aggregation or reflect the convergence of
amyloid-� and tau-mediated pathways (Mesulam, 1999; Desikan
et al., 2012).

Our connectivity analyses confirm that entorhinal cortex is
preferentially connected to the default network (Ward et al.,
2014). The default network is also vulnerable to amyloid-� accu-
mulation, perhaps due to high levels of neuronal activity (Gus-
nard and Raichle, 2001; Buckner et al., 2005; Bero et al., 2011;
Jagust and Mormino, 2011). It remains contested whether the
vulnerability of the default network is due to high levels of activ-
ity, or strong connectivity, and whether other regions outside of
the default network are similarly vulnerable to amyloid-� accu-
mulation. Interestingly, tau has recently been shown to propagate
via synaptic connections (Liu et al., 2012; de Calignon et al.,
2012). The vulnerability of the default network in AD could re-
flect the convergence of amyloid-�- and tau-mediated dysfunc-
tion driven by the combination of active neurons and entorhinal
connectivity. Thus, although current models of AD progression
propose that amyloid-� deposition precedes functional abnor-
mality (Jack et al., 2013), aberrant function of the entorhinal
cortex and default network might facilitate deposition of
amyloid-�. Therefore, it remains unclear whether amyloid-� re-
sults in functional alterations or vice versa. The recent advent of
PET tau imaging in humans, in combination with PET amyloid
imaging, may identify tau propagation from the entorhinal cor-
tex as a key factor and clarify the role of functional alterations in
default network in the setting of early amyloid-� deposition.

In summary, aging in the absence of amyloid deposition has a
detrimental influence on activity in both hippocampus and en-
torhinal cortex. Cognitively normal older adults with elevated
amyloid-� deposition in the neocortex display additional func-
tional abnormalities in entorhinal cortex and its connections to
the default network. In contrast, hippocampal activity is affected

Figure 4. Resting-state functional connectivity of hippocampus and entorhinal cortex. On the left, in yellow, statistical maps showing regions functionally connected with hippocampus ( p �
0.05, FDR-corrected, minimum cluster extent 10 voxels). On the right, in blue, statistical maps showing regions functionally connected with entorhinal cortex ( p � 0.05, FDR-corrected, minimum
cluster extent 10 voxels). In the middle, quantified functional connectivity between hippocampus/default network in yellow and entorhinal cortex/default network in blue, plotted separately for
young (YNG) and older adults with low (A��) and high (A��) amounts of amyloid-� deposition. Comparisons involving young adults indicate a trend between young and the average of all older
adults.
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by aging, but does not show a detrimental association with
amyloid-�. The association between neocortical amyloid-� and
subtle dysfunction within the MTL memory system may provide
an important link between amyloid-� pathology and the emer-
gence of episodic memory impairment during the later stages of
preclinical AD.
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Kövari E, et al. (2012) Correlation of Alzheimer disease neuropathologic
changes with cognitive status: a review of the literature. J Neuropathol
Exp Neurol 71:362–381. CrossRef Medline

O’Brien JL, O’Keefe KM, LaViolette PS, DeLuca AN, Blacker D, Dickerson
BC, Sperling RA (2010) Longitudinal fMRI in elderly reveals loss of hip-
pocampal activation with clinical decline. Neurology 74:1969 –1976.
CrossRef Medline

Oh H, Jagust WJ (2013) Frontotemporal network connectivity during mem-
ory encoding is increased with aging and disrupted by beta-amyloid.
J Neurosci 33:18425–18437. CrossRef Medline

Park DC, Lautenschlager G, Hedden T, Davidson NS, Smith AD, Smith PK
(2002) Models of visuospatial and verbal memory across the adult life
span. Psychol Aging 17:299 –320. CrossRef Medline

Park DC, Polk TA, Hebrank AC, Jenkins LJ (2010) Age differences in default
mode activity on easy and difficult spatial judgment tasks. Front Hum
Neurosci 3:75. Medline

Petersen RC, Jack CR Jr, Xu YC, Waring SC, O’Brien PC, Smith GE, Ivnik RJ,
Tangalos EG, Boeve BF, Kokmen E (2000) Memory and MRI-based hip-
pocampal volumes in aging and AD. Neurology 54:581–587. CrossRef
Medline

Price JC, Klunk WE, Lopresti BJ, Lu X, Hoge JA, Ziolko SK, Holt DP, Meltzer
CC, DeKosky ST, Mathis CA (2005) Kinetic modeling of amyloid bind-
ing in humans using PET imaging and Pittsburgh Compound-B. J Cereb
Blood Flow Metab 25:1528 –1547. CrossRef Medline

Price JL, McKeel DW Jr, Buckles VD, Roe CM, Xiong C, Grundman M,
Hansen LA, Petersen RC, Parisi JE, Dickson DW, Smith CD, Davis DG,
Schmitt FA, Markesbery WR, Kaye J, Kurlan R, Hulette C, Kurland BF,
Higdon R, Kukull W, et al. (2009) Neuropathology of nondemented
aging: presumptive evidence for preclinical Alzheimer disease. Neurobiol
Aging 30:1026 –1036. CrossRef Medline

Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman
GL (2001) A default mode of brain function. Proc Natl Acad Sci U S A
98:676 – 682. CrossRef Medline

Ranganath C, Ritchey M (2012) Two cortical systems for memory-guided
behaviour. Nat Rev Neurosci 13:713–726. CrossRef Medline

Rentz DM, Amariglio RE, Becker JA, Frey M, Olson LE, Frishe K, Carmasin J,
Maye JE, Johnson KA, Sperling RA (2011) Face-name associative mem-
ory performance is related to amyloid burden in normal elderly. Neuro-
psychologia 49:2776 –2783. CrossRef Medline

Resnick SM, Sojkova J (2011) Amyloid imaging and memory change for
prediction of cognitive impairment. Alzheimers Res Ther 3:3. CrossRef
Medline

Rodrigue KM, Raz N (2004) Shrinkage of the entorhinal cortex over five
years predicts memory performance in healthy adults. J Neurosci 24:956 –
963. CrossRef Medline

Rodrigue KM, Kennedy KM, Devous MD Sr, Rieck JR, Hebrank AC, Diaz-
Arrastia R, Mathews D, Park DC (2012) beta-Amyloid burden in
healthy aging: regional distribution and cognitive consequences. Neurol-
ogy 78:387–395. CrossRef Medline

Roe CM, Fagan AM, Grant EA, Hassenstab J, Moulder KL, Maue Dreyfus D,
Sutphen CL, Benzinger TLS, Mintun MA, Holtzman DM, Morris JC
(2013) Amyloid imaging and CSF biomarkers in predicting cognitive
impairment up to 7.5 years later. Neurology 80:1784 –1791. CrossRef
Medline

Rombouts SA, Barkhof F, Goekoop R, Stam CJ, Scheltens P (2005) Altered
resting state networks in mild cognitive impairment and mild Alzheimer’s
disease: an fMRI study. Hum Brain Mapp 26:231–239. CrossRef Medline

Rowe CC, Ellis KA, Rimajova M, Bourgeat P, Pike KE, Jones G, Fripp J,

Huijbers et al. • Amyloid and Aberrant Entorhinal Activity J. Neurosci., April 9, 2014 • 34(15):5200 –5210 • 5209

http://dx.doi.org/10.1016/S1474-4422(12)70291-0
http://www.ncbi.nlm.nih.gov/pubmed/23332364
http://dx.doi.org/10.1016/j.neuron.2013.01.002
http://www.ncbi.nlm.nih.gov/pubmed/23352159
http://dx.doi.org/10.1016/j.tics.2011.09.004
http://www.ncbi.nlm.nih.gov/pubmed/21983147
http://dx.doi.org/10.1016/j.jalz.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20451870
http://dx.doi.org/10.1002/ana.21164
http://www.ncbi.nlm.nih.gov/pubmed/17683091
http://dx.doi.org/10.1152/jn.00077.2008
http://www.ncbi.nlm.nih.gov/pubmed/18385483
http://dx.doi.org/10.1016/j.neuroimage.2012.03.077
http://www.ncbi.nlm.nih.gov/pubmed/22569063
http://dx.doi.org/10.1001/jamaneurol.2013.182
http://www.ncbi.nlm.nih.gov/pubmed/23797806
http://dx.doi.org/10.1002/ana.23816
http://www.ncbi.nlm.nih.gov/pubmed/23424032
http://dx.doi.org/10.1002/hipo.22047
http://www.ncbi.nlm.nih.gov/pubmed/22736526
http://dx.doi.org/10.1523/JNEUROSCI.3711-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22573677
http://dx.doi.org/10.1212/WNL.0b013e31826e9ae6
http://www.ncbi.nlm.nih.gov/pubmed/23071163
http://dx.doi.org/10.3233/JAD-2012-121516
http://www.ncbi.nlm.nih.gov/pubmed/23001710
http://dx.doi.org/10.1371/journal.pone.0031302
http://www.ncbi.nlm.nih.gov/pubmed/22312444
http://dx.doi.org/10.1073/pnas.2235925100
http://www.ncbi.nlm.nih.gov/pubmed/14608034
http://dx.doi.org/10.1016/S1053-8119(03)00169-1
http://www.ncbi.nlm.nih.gov/pubmed/12880848
http://dx.doi.org/10.1016/S0960-894X(01)00734-X
http://www.ncbi.nlm.nih.gov/pubmed/11814781
http://dx.doi.org/10.1016/S0896-6273(00)81109-5
http://www.ncbi.nlm.nih.gov/pubmed/10595506
http://dx.doi.org/10.1212/01.wnl.0000228230.26044.a4
http://www.ncbi.nlm.nih.gov/pubmed/16894106
http://dx.doi.org/10.1093/cercor/bhr025
http://www.ncbi.nlm.nih.gov/pubmed/21383234
http://dx.doi.org/10.1093/cercor/bhr255
http://www.ncbi.nlm.nih.gov/pubmed/21945849
http://dx.doi.org/10.1097/NEN.0b013e31825018f7
http://www.ncbi.nlm.nih.gov/pubmed/22487856
http://dx.doi.org/10.1212/WNL.0b013e3181e3966e
http://www.ncbi.nlm.nih.gov/pubmed/20463288
http://dx.doi.org/10.1523/JNEUROSCI.2775-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24259567
http://dx.doi.org/10.1037/0882-7974.17.2.299
http://www.ncbi.nlm.nih.gov/pubmed/12061414
http://www.ncbi.nlm.nih.gov/pubmed/20126437
http://dx.doi.org/10.1212/WNL.54.3.581
http://www.ncbi.nlm.nih.gov/pubmed/10680786
http://dx.doi.org/10.1038/sj.jcbfm.9600146
http://www.ncbi.nlm.nih.gov/pubmed/15944649
http://dx.doi.org/10.1016/j.neurobiolaging.2009.04.002
http://www.ncbi.nlm.nih.gov/pubmed/19376612
http://dx.doi.org/10.1073/pnas.98.2.676
http://www.ncbi.nlm.nih.gov/pubmed/11209064
http://dx.doi.org/10.1038/nrn3338
http://www.ncbi.nlm.nih.gov/pubmed/22992647
http://dx.doi.org/10.1016/j.neuropsychologia.2011.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21689670
http://dx.doi.org/10.1186/alzrt62
http://www.ncbi.nlm.nih.gov/pubmed/21345176
http://dx.doi.org/10.1523/JNEUROSCI.4166-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/14749440
http://dx.doi.org/10.1212/WNL.0b013e318245d295
http://www.ncbi.nlm.nih.gov/pubmed/22302550
http://dx.doi.org/10.1212/WNL.0b013e3182918ca6
http://www.ncbi.nlm.nih.gov/pubmed/23576620
http://dx.doi.org/10.1002/hbm.20160
http://www.ncbi.nlm.nih.gov/pubmed/15954139


Tochon-Danguy H, Morandeau L, O’Keefe G, Price R, Raniga P, Robins
P, Acosta O, Lenzo N, Szoeke C, Salvado O, Head R, Martins R, Masters
CL, et al. (2010) Amyloid imaging results from the Australian Imaging,
Biomarkers and Lifestyle (AIBL) study of aging. Neurobiol Aging 31:
1275–1283. CrossRef Medline

Salthouse TA, Toth J, Daniels K, Parks C, Pak R, Wolbrette M, Hocking KJ
(2000) Effects of aging on efficiency of task switching in a variant of the
trail making test. Neuropsychology 14:102–111. CrossRef Medline

Schwindt GC, Chaudhary S, Crane D, Ganda A, Masellis M, Grady CL, Ste-
fanovic B, Black SE (2013) Modulation of the default-mode network
between rest and task in Alzheimer’s disease. Cereb Cortex 23:1685–1694.
CrossRef Medline

Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT (2011) Neuropatholog-
ical alterations in Alzheimer disease. Cold Spring Harb Perspect Med
1:a006189. CrossRef Medline

Sheline YI, Raichle ME (2013) Resting state functional connectivity in pre-
clinical Alzheimer’s disease. Biol Psychiatry 74:340 –347. CrossRef
Medline

Sheline YI, Raichle ME, Snyder AZ, Morris JC, Head D, Wang S, Mintun MA
(2010) Amyloid plaques disrupt resting state default mode network con-
nectivity in cognitively normal elderly. Biol Psychiatry 67:584 –587.
CrossRef Medline

Small SA, Schobel SA, Buxton RB, Witter MP, Barnes CA (2011) A patho-
physiological framework of hippocampal dysfunction in ageing and dis-
ease. Nat Rev Neurosci 12:585– 601. CrossRef Medline

Sperling R (2011) Potential of functional MRI as a biomarker in early Alz-
heimer’s disease. Neurobiol Aging 32 [Suppl 1]:S37–S43.

Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, Iwatsubo
T, Jack CR Jr, Kaye J, Montine TJ, Park DC, Reiman EM, Rowe CC,
Siemers E, Stern Y, Yaffe K, Carrillo MC, Thies B, Morrison-Bogorad M,
Wagster MV, et al. (2011) Toward defining the preclinical stages of Alz-
heimer’s disease: recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic guidelines for
Alzheimer’s disease. Alzheimer’s Dement 7:280 –292. CrossRef Medline

Sperling RA, Laviolette PS, O’Keefe K, O’Brien J, Rentz DM, Pihlajamaki M,
Marshall G, Hyman BT, Selkoe DJ, Hedden T, Buckner RL, Becker JA,
Johnson KA (2009) Amyloid deposition is associated with impaired de-

fault network function in older persons without dementia. Neuron 63:
178 –188. CrossRef Medline

Spreng RN, Wojtowicz M, Grady CL (2010) Reliable differences in brain
activity between young and old adults: a quantitative meta-analysis across
multiple cognitive domains. Neurosci Biobehav Rev 34:1178 –1194.
CrossRef Medline

Tiraboschi P, Hansen LA, Thal LJ, Corey-Bloom J (2004) The importance of
neuritic plaques and tangles to the development and evolution of AD.
Neurology 62:1984 –1989. CrossRef Medline

Van Dijk KR, Hedden T, Venkataraman A, Evans KC, Lazar SW, Buckner RL
(2010) Intrinsic functional connectivity as a tool for human connecto-
mics: theory, properties, and optimization. J Neurophysiol 103:297–321.
CrossRef Medline

Vannini P, Hedden T, Becker JA, Sullivan C, Putcha D, Rents D, Johnson KA,
Sperling RA (2012) Age and amyloid-related alterations in default net-
work habituation to stimulus repetition. Neurobiol Aging 33:1237–1252.
CrossRef Medline

Vannini P, Hedden T, Huijbers W, Ward A, Johnson KA, Sperling RA
(2013a) The ups and downs of the posteromedial cortex: age- and
amyloid-related functional alterations of the encoding/retrieval flip in
cognitively normal older adults. Cereb Cortex 23:1317–1328. CrossRef
Medline

Vannini, P, Hedden T, Sullivan C, Sperling RA (2013b) Differential func-
tional response in the posteromedial cortices and hippocampus to stim-
ulus repetition during successful memory encoding. Hum Brain Mapp
34:1568 –1578. CrossRef Medline

Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis KA, Salvado O, Szoeke
C, Macaulay SL, Martins R, Maruff P, Ames D, Rowe CC, Masters CL,
Australian Imaging B, Lifestyle Research G (2013) Amyloid beta depo-
sition, neurodegeneration, and cognitive decline in sporadic Alzheimer’s
disease: a prospective cohort study. Lancet Neurol 12:357–367. CrossRef
Medline

Ward AM, Schultz AP, Huijbers W, Van Dijk KR, Hedden T, Sperling RA
(2014) The parahippocampal gyrus links the default-mode cortical net-
work with the medial temporal lobe memory system. Hum Brain Mapp
35:1061–1073. CrossRef Medline

5210 • J. Neurosci., April 9, 2014 • 34(15):5200 –5210 Huijbers et al. • Amyloid and Aberrant Entorhinal Activity

http://dx.doi.org/10.1016/j.neurobiolaging.2010.04.007
http://www.ncbi.nlm.nih.gov/pubmed/20472326
http://dx.doi.org/10.1037/0894-4105.14.1.102
http://www.ncbi.nlm.nih.gov/pubmed/10674802
http://dx.doi.org/10.1093/cercor/bhs160
http://www.ncbi.nlm.nih.gov/pubmed/22693345
http://dx.doi.org/10.1101/cshperspect.a006189
http://www.ncbi.nlm.nih.gov/pubmed/22229116
http://dx.doi.org/10.1016/j.biopsych.2012.11.028
http://www.ncbi.nlm.nih.gov/pubmed/23290495
http://dx.doi.org/10.1016/j.biopsych.2009.08.024
http://www.ncbi.nlm.nih.gov/pubmed/19833321
http://dx.doi.org/10.1038/nrn3085
http://www.ncbi.nlm.nih.gov/pubmed/21897434
http://dx.doi.org/10.1016/j.jalz.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21514248
http://dx.doi.org/10.1016/j.neuron.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19640477
http://dx.doi.org/10.1016/j.neubiorev.2010.01.009
http://www.ncbi.nlm.nih.gov/pubmed/20109489
http://dx.doi.org/10.1212/01.WNL.0000129697.01779.0A
http://www.ncbi.nlm.nih.gov/pubmed/15184601
http://dx.doi.org/10.1152/jn.00783.2009
http://www.ncbi.nlm.nih.gov/pubmed/19889849
http://dx.doi.org/10.1016/j.neurobiolaging.2011.01.003
http://www.ncbi.nlm.nih.gov/pubmed/21334099
http://dx.doi.org/10.1093/cercor/bhs108
http://www.ncbi.nlm.nih.gov/pubmed/22586140
http://dx.doi.org/10.1002/hbm.22011
http://www.ncbi.nlm.nih.gov/pubmed/22344847
http://dx.doi.org/10.1016/S1474-4422(13)70044-9
http://www.ncbi.nlm.nih.gov/pubmed/23477989
http://dx.doi.org/10.1002/hbm.22234
http://www.ncbi.nlm.nih.gov/pubmed/23404748

	Amyloid Deposition Is Linked to Aberrant Entorhinal Activity among Cognitively Normal Older Adults
	Introduction
	Materials and Methods
	Results
	Task-induced activations and deactivations
	Age-related changes in medial temporal lobe functional activity
	Localization of age-related changes in functional activity
	Amyloid- augments age-related changes in entorhinal cortex
	Age- and amyloid--associated alterations across memory processes

	Functional connectivity of hippocampus and entorhinal cortex
	Discussion
	References

