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Abstract: Entorhinal cortex (ERC) volume in adults with mild cognitive impairment has been shown to
predict prodromal Alzheimer’s disease (AD). Likewise, neuronal loss in ERC has been associated with AD,
but not with normal aging. Because ERC is part of a major pathway modulating input to the hippocampus,
structural changes there may result in changes to cognitive performance and functional brain activity dur-
ing memory tasks. In 32 cognitively intact older adults, we examined the relationship between left ERC
thickness and functional magnetic resonance imaging (fMRI) activity during an associative verbal memory
task. This task has been shown previously to activate regions that are sensitive to aging and AD risk. ERC
was manually defined on native space, high resolution, oblique coronal MRI scans. Subjects having thicker
left ERC showed greater activation in anterior cingulate and medial frontal regions during memory re-
trieval, but not encoding. This result was independent of hippocampal volume. Anterior cingulate cortex is
directly connected to ERC, and is, along with medial frontal cortex, implicated in error detection, which is
impaired in AD. Our results suggest that in healthy older adults, processes that engage frontal regions during
memory retrieval are related to ERC structure. Hum Brain Mapp 30:3981–3992, 2009. VC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Entorhinal cortex (ERC) plays a critical role in communi-
cations between the hippocampus and cortical association
and limbic areas. As shown in studies of non-human prima-
tes, ERC receives afferents from widespread cortical regions
[Insausti et al., 1987]. It projects to other cortical regions,
including anterior cingulate cortex (Brodmann areas (BAs)
24 and 32), orbitofrontal regions, and parts of the medial
temporal lobe [Munoz and Insausti, 2005]. Additionally,
because projections from layers II and III of ERC give rise to
a major pathway into the hippocampus [Witter and Amaral,
1991], damage to this region may have a profound impact
on memory [Gomez-Isla et al., 1996].

Alzheimer’s disease (AD), which ultimately results in
severe memory and executive function deficits [American
Psychiatric Association, 2000], is characterized by accumu-
lations of amyloid plaques and neurofibrillary tangles in
the brain [Braak and Braak, 1991]. These accumulations
may occur in cognitively intact adults years before clinical
symptoms of AD are evident [Bouras et al., 1994; Braak
and Braak, 1991, 1997; Price and Morris, 1999]. By the time
adults are between 56 and 60 years old, 67% have neurofi-
brillary tangles in at least the entorhinal/transentorhinal
region of the brain [Braak and Braak, 1997], where the tan-
gles are deposited first [Braak and Braak, 1995].

Many studies of neuronal loss have found ERC degenera-
tion with AD, but not with normal aging [Fukutani et al.,
2000; Giannakopoulos et al., 2003; Gomez-Isla et al., 1996;
Hof et al., 2003; Kordower et al., 2001; von Gunten et al.,
2006]. Additionally, low ERC volume has been shown in a
number of studies to be a good predictor of future AD onset
or cognitive decline [deToledo-Morrell et al., 2004; Dicker-
son et al., 2001; Killiany et al., 2002; Stoub et al., 2005]. In
contrast, hippocampal volume decreases with age, and that
decrease becomes greater with the onset of AD [Jack et al.,
1998, 2000]. Despite the known relationship between these
brain structures and memory, few studies have examined
the relationship between structure size and fMRI activity
during memory performance. The current study accom-
plishes this in older, cognitively intact adults by investigat-
ing the relationships between left ERC thickness, left
hippocampal volume, and fMRI activity during a verbal
paired associates task shown previously to activate regions
sensitive to AD risk [Bookheimer et al., 2000]. We focused
on left hemisphere structures because several prior studies
have emphasized the role that left medial temporal lobe
plays in performance of verbal memory tasks [Rosen et al.,
2003; Tranel, 1991], including in early AD [deToledo-Mor-
rell et al., 2000; Eustache et al., 2001].

One study to date has examined the relationship between
ERC structure and fMRI activation during memory encod-
ing. Rosen et al. [2005] used an incidental memory encoding
task in older adults, and found that larger ERC volumes
were associated with greater fMRI activity in frontal lobe.
Our study instead measured ERC cortical thickness, which
may be a more sensitive measure of ERC integrity than vol-

ume is [Burggren et al., 2008], and is unrelated to head size,
precluding a need to adjust for intracranial volume. Addi-
tionally, in the present study, we examined both memory
encoding and retrieval, using a verbal task that required
explicit associative memory encoding; in contrast, the previ-
ous study’s task required incidental encoding of individual
items [Rosen et al., 2005]. In normal aging and amnestic mild
cognitive impairment, performance on tests of associative
memory have been shown to be affected [Wolk et al., 2008],
sometimes even more than single item recall [Naveh-Benja-
min, 2000; Troyer et al., 2008; Westerberg et al., 2006]. There-
fore, exploring contributions to brain function during an
associative memory task is important to understanding cog-
nitive aging. Although some past studies suggest that the
hippocampus mediates associative memory more than does
the neighboring cortex in medial temporal lobe [Davachi
and Wagner, 2002], the dichotomy of functions may not be
complete. The hippocampus has been implicated in recogni-
tion and single-item memory [Squire et al., 2007; Stark and
Squire, 2001, 2003], while entorhinal and perirhinal cortices
both have been shown to be recruited during tests of associa-
tive memory [Ekstrom et al., 2007; Jackson and Schacter,
2004; Kirwan and Stark, 2004; Klingberg et al., 1994]. In order
to further explore the relative contributions of the hippocam-
pus and ERC to functional brain activity during associative
memory, we compared measures of their structural integrity
with fMRI activity during a task that required the encoding
and retrieval of verbal paired associates.

Past fMRI connectivity research collected during perform-
ance of a verbal recognition task indicated that, compared
with younger adults, older adults showed a more closely
related pattern of activity between rhinal regions and pre-
frontal cortex [Daselaar et al., 2006]. Those results suggested
a compensatory reliance on the ERC-frontal lobe network,
possibly in response to age-related deficits elsewhere in the
brain. In keeping with previous research, we hypothesized
that, for our associative memory task, thicker left ERC
would be related to greater fMRI activity in frontal regions,
specifically in medial frontal or orbitofrontal regions, which
receive efferents from ERC [Munoz and Insausti, 2005]. This
hypothesis is consistent with a model in which those having
atrophied ERC are less able to engage ERC-frontal lobe cir-
cuits. Because hippocampal volume is known to decrease
with increased age [Jack et al., 1998, 2000], and because hip-
pocampal activity has been implicated in many previous
studies of associative memory, we further hypothesized
that the relationship between ERC thickness and fMRI activ-
ity would be modulated by hippocampal volume. Specifi-
cally, we hypothesized that the relationship would be
stronger in those having a smaller hippocampal volume.

MATERIALS AND METHODS

Subjects

Participants were 32 cognitively intact older volunteers
(mean age, 60; range, 42–77) selected from a larger pool of
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62 adults. Participants were recruited through advertise-
ments and seminars, and selected without regard to eth-
nicity or race. Volunteers were given neurological and
neuropsychological testing and underwent structural and
functional MRI scanning. From the larger pool of 62 sub-
jects, 4 were excluded for left-handedness, 9 were
excluded for cholinergic drug use, 8 were excluded for
neurological or psychological diseases or disorders that
could affect cognition, and 9 were excluded for technologi-
cal problems, including failure of the stimulus presenta-
tion software and excessive subject motion (functional
scans in which total subject motion was >2 mm or signifi-
cantly correlated with task paradigm) (Table I).

The research was completed in accordance with the Hel-
sinki Declaration. We obtained informed written consent
from all subjects, and the study was approved by the Insti-
tutional Review Board of the University of California, Los
Angeles (UCLA).

Memory Activation Task

Participants were tested using a verbal paired associates
task known to preferentially activate prefrontal, superior
temporal, and parietal regions in those with a genetic risk
for AD [Bookheimer et al., 2000]. This task required sub-
jects to learn pairs of words, and to recall the second
words in the pairs given the first as cues.

We created alternate forms of the task using established
normative data [Nelson et al., 2004] to match for average
word frequency, length, and concreteness, with the excep-
tion that no concreteness norms were available for two
words in each list. Each list contained 4 two-syllable
words and 10 one-syllable words combined into 7 word
pairs. Eleven of the 14 words in each list were nouns and
3 were adjectives. No word in any list was a common
associate of any other word in that list, based on word
association norms [Nelson et al., 2004]. To obtain behav-
ioral data for each subject, one version of the task was

administered verbally as a pretest prior to scanning. Total
correct retrievals for each subject were summed across
their 6 trials to arrive at a total score out of a possible 42.

During the scan, subjects encoded seven pairs of unre-
lated words presented one at a time both visually and
auditorily using MacStim presentation software (WhiteAnt
Occasional Publishing). Each encoding block was followed
by a distracter task (control task), included to discourage
rehearsal. In the control task, participants pressed a button
any time a symbol on the screen changed between a fixa-
tion cross and a circle. During recall blocks, participants
saw and heard the first word of each pair presented
briefly, and attempted to recall the second word silently.
Subjects pressed buttons to indicate perceived success or
failure at recalling the second word, and responses were
recorded. After completion of the scan, subjects received a
verbal posttest to assess learning of the stimuli. Word pair
order was counterbalanced across trials. Score on the
verbal paired associates pretest significantly correlated
with raw score on the widely used Wechsler Memory
Scale Verbal Paired Associates test [Wechsler, 1987] raw
score (R2 ¼ 0.48; P ¼ 0.00002) (Fig. 1).

Imaging Procedures

We performed whole brain structural Magnetization
Prepared RApid Gradient Echo (MPRAGE) T1 weighted
volumetric scans (TR ¼ 2300 ms; TE ¼ 2.93 ms; 1 mm sli-
ces/0.5 mm gap; 256 � 256 [1.3 � 1.3 mm] in-plane resolu-
tion) for use in calculating hippocampal volumes, and
proton density/T2-weighted double-echo structural scans
(Siemens Allegra 3T) to aid in assessing general brain
health. Fast spin echo structural scans were administered
with 19 oblique coronal slices cut perpendicular to the
long axis of the hippocampus to aid in viewing ERC cross-
sections (TR ¼ 5200 ms; TE ¼ 105 ms; 3 mm slices/0 mm

TABLE I. Demographic characteristics of participants

No. of participants 32
Males/females 10/22
Agea 60 (42–77)
Education (years)a 16 (12–24)
No. with family history of ADb 18
Mini Mental State Exam (MMSE)a

[Folstein et al., 1975]
29 (27–30)

National adult reading test—Revised
full IQa [Nelson and Willison, 1991]

113 (93–123)

Verbal paired associates pretest (max ¼ 42)a 30 (13–42)
Left ERC thickness (mm)a 2.7 (2.2–3.3)
Left hippocampal volume (% of

intracranial volume)a
0.24% (0.15–0.32%)

aDemographic and clinical features are listed as mean (range).
bFamily history is defined as parent, grandparent, or sibling
known to be afflicted with AD.

Figure 1.

Verbal paired associates paradigm. During encoding, each printed

word was presented visually for 0.18 sec, followed by 0.82 sec

of blank screen. An additional 2 sec separated the 7 word pairs

from one another. A distracter task followed each 30-sec encod-

ing block. During retrieval blocks, the first word of each word

pair was presented visually for 0.18 sec. During the 3.82 sec of

blank screen that followed, subjects attempted to recall the sec-

ond word. All visual word presentations were accompanied by

simultaneous auditory presentations.
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gap; 512 � 512 [0.39 � 0.39] in-plane resolution; FOV ¼
200 � 200; flip angle ¼ 139�; averages ¼ 2). Functional
MRI was performed using a gradient echo, echo-planar
scan sequence while the subjects performed a verbal
paired associates task (TR ¼ 2500 ms; TE ¼ 35 ms; 3 mm
slices/1 mm gap; 64 � 64 [3.1 � 3.1 mm] in-plane resolu-
tion; FOV ¼ 200 � 200; flip angle ¼ 90�). We acquired
high resolution spin echo scans (TR ¼ 5000 ms; TE ¼
33 ms; 128 � 128 [1.6 � 1.6 mm] in-plane resolution;
FOV ¼ 200 � 200; flip angle ¼ 90�; averages ¼ 4) coplanar
to the functional scans to aid in registration to a standard
Montreal Neurologic Institute (MNI) brain, allowing fMRI
analysis to take place in standard space.

Functional Data Analysis

We performed all functional data analyses using the
‘‘Analysis Group at the Oxford Centre for Functional MRI
of the Brain’’ (FMRIB) software library (FSL) tools. Skulls
were first stripped automatically from each high resolution
spin echo coplanar scan using FSL ‘‘Brain Extraction Tool’’
(BET) [Smith, 2002]. Next we used FSL ‘‘FMRI Expert
Analysis Tool’’ (FEAT) for individual fMRI scan prepro-
cessing and for individual and group statistical analyses.
Preprocessing of functional scans included brain extraction
using BET, and motion correction with FSL’s ‘‘Motion Cor-
rection using FMRIB’s Linear Image Registration Tool’’
(MCFLIRT) [Jenkinson et al., 2002]. Each functional scan
was coregistered to its corresponding coplanar high reso-
lution image (using rigid body transformations) and to the
MNI standard brain. We applied high-pass temporal
filtering of 120 sec to the fMRI images, and images were
spatially smoothed using a Gaussian smoothing kernel of
6 mm.

Statistical Comparisons

We performed statistical analyses on individual scans
within FEAT using ‘‘FMRIB’s Improved Linear Model’’
(FILM) [Woolrich et al., 2001]. For each individual, we
contrasted regional blood oxygenation levels during the
control task with levels during both encoding and retrieval
of verbal paired associates.

We next performed group analysis using FSL ‘‘FMRIB’s
Local Analysis of Mixed Effects’’ (FLAME) [Beckmann
et al., 2003] to generate Z statistic images (Z > 2.3, with
cluster threshold of 765 voxels to adjust the imagewise
threshold to P < 0.01) of the combined individual fMRI
activation results across subjects for encoding versus con-
trol and retrieval versus control. Next, in order to test our
primary hypothesis that functional activity during the
memory task would be significantly correlated with left
ERC thicknesses, we used those values as covariates in the
group analysis. Lastly, because we hypothesized that
decreased hippocampal volume would result in a func-
tional deficit that may be compensated for through

increased activity in an ERC-frontal lobe network, we used
hippocampal volume as a covariate in a separate fMRI
analysis.

Secondary Analyses

To generate plots of fMRI activity versus ERC thickness,
we created a mask of regions showing preferential fMRI
activation in subjects having thicker ERC. We then sepa-
rated that mask into anatomic components (anterior cingu-
late and medial frontal cortices). Anterior cingulate was
identified on the MNI brain based on guidelines described
previously although, unlike in the previous paper, our
analysis did not separate anterior cingulate into subregions
[Zetzsche et al., 2007]. Medial frontal cortex was anterior
to anterior cingulate and inferior to the Talairach coordi-
nate z ¼ 28 mm. We then applied each component mask
to individual fMRI scans and used FSL FEAT query to
calculate percent signal change in each region.

We found that ERC thickness correlated with fMRI
activity during retrieval, but not during encoding. In order
to determine whether our results were truly specific to
retrieval or were simply subthreshold during encoding,
we contrasted retrieval blocks with encoding blocks and
again added ERC thickness as a covariate of interest. We
limited this analysis to regions that during retrieval were
significantly correlated with ERC thickness.

Structural Data Analysis

We used ‘‘FSL view’’ to manually outline left ERC on
each high resolution oblique coronal scan using detailed
guidelines derived from Amaral and Insausti’s histologic
anatomic atlas [Amaral and Insausti, 1990]. Specifically,
the most anterior slice on which ERC was delineated was
the first in which both the alveus was visible and the uncal
fissure cut through the hippocampus. The most posterior
slice was the slice immediately anterior to the one in
which the cerebral spinal fluid fully separated the hippo-
campus from the remainder of the brain medially. On the
most anterior slices in which the subiculum tilted superi-
orly at its medial aspect rather than curving inferiorly into
ERC, the superior ERC boundary was the continuation of
the subiculum medially at the angle followed by subicular
cortex on that slice. On the more posterior slices, the supe-
rior ERC boundary was set perpendicular to the cortical
strip two voxels inferior to the lowest, most medial point
of the horizontal portion of the subicular cortical strip. In
all slices containing ERC, the inferior ERC boundary was
drawn from the gray matter point nearest the center of
base of the collateral sulcus to the deepest curve of the
white matter immediately superior to it. Visible cerebral
spinal fluid was excluded from the region of interest (ROI)
(Fig. 2A).

In order to determine the cortical thickness for left ERC,
we next created a 1-voxel thick border along each length
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of the ROI (Fig. 2B). We calculated the volume of left ERC
using FSL. We then divided that volume by an average
length of the 1-voxel thick borders on each side (which,
within each coronal slice, approximates the length through
the center of the entorhinal cortical strip). This calculation
yields an average left ERC thickness (in voxels). Because
the borders are 1-voxel thick lines, they are one-dimen-
sional. Therefore, the volume of the borders will be equal
to the length of the lines. Finally, we multiplied the result-
ing thickness by 0.39 mm (in-plane resolution) to deter-
mine thickness in mm. This method assumes that MRI
slices are taken perpendicular to the ERC cortical strip. If
not, thickness will be overestimated by tan y, where y is
the angle the cortical sheet makes with the slices. Previ-
ously in our lab, we compared ERC thickness in a sample
of 14 young (average age ¼ 29), cognitively normal adults
with their intracranial volume. ERC thickness was not sig-
nificantly correlated with intracranial volume (R2 ¼ 0.03; P
¼ 0.58).

We also calculated hippocampal volume as a percentage
of intracranial volume. To do this, we automatically cre-
ated a brain matter mask of the MPRAGE using FSL BET
[Smith, 2002]. The masks were then manually refined
using ‘‘FSL view,’’ and the completed masks were applied
to exclude non-brain matter. Hippocampal ROIs were
defined by a single rater in native space, using a modifica-
tion of guidelines outlined previously [Pruessner et al.,
2000]. Specifically, we included hippocampal head, body,
and tail in one ROI. Also, because our subjects were older
and the size of their lateral ventricles varied considerably,
we did not use the lateral ventricles as a landmark to
exclude the Andreas-Retzius gyrus as described previously

[Pruessner et al., 2000]. Instead, in the sagittal slice we
excluded the apparent hippocampal tail on all slices
medial to the last one in which the parahippocampal
gyrus inferior to the hippocampus was unbroken. Volumes
were determined using FSL.

Reliability

All ERC thickness measures in the current study were
performed by one rater. We tested the reliability of our
measures by re-tracing and calculating ERC thickness and
hippocampal volume in older adults, randomly selected
from our sample. The researcher was blind to the previous
measures of thickness and volume when performing the
re-testing. Reliability was high for both measures. The
intraclass correlation (ICC) for ERC thicknesses was 0.87,
with an average percent error of 2.2%. The ICC for hippo-
campal volumes was 0.93, with an average percent error
of 2.5%.

RESULTS

In simple separate comparisons of encoding and
retrieval versus control, participants displayed increased
fMRI signal during both encoding and retrieval. Activa-
tions occurred throughout the brain, including in sensory
input areas, anterior and posterior language areas, epi-
sodic memory regions such as the hippocampus and para-
hippocampal gyrus, and working memory and executive
function regions including anterior cingulate cortex, dorsal
lateral prefrontal cortex, and parietal cortex (Table II).

Figure 2.

Image (A) is of one anterior slice of the fast spin echo high resolution scan displaying left ERC

(red). Image (B) shows the left ERC drawn in Figure 2A. Blue lines 1-voxel thick border the ROI

on either side. Their area is averaged to approximate region length.
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We next included left ERC thickness as a covariate in
the fMRI analysis. During retrieval, those having thicker
left ERC showed greater fMRI activity in anterior cingulate
and medial frontal (BAs 9 and 10) cortices compared with
those having thinner left ERC (Table III; Fig. 3). There was
no significant relationship between left ERC thickness and
fMRI activity during encoding.

We likewise covaried left hippocampal volume with
fMRI activity. During attempted retrieval, those having
larger hippocampi as a percentage of intracranial volume

TABLE II. Functional MRI activations during encoding and

retrieval compared to control blocks

Sample MNI
coordinates
encodinga

Maximum
Z scores
encoding

Sample MNI
coordinates
retrievala

Maximum
Z scores
retrieval

Cingulate
Anterior cingulate cortex �6, 18, 40 5.16 �4, 18, 40 6.48
Posterior cingulate cortex �2, �34, 28 3.41 �2, �32, 26 5.22

Parietal
Precuneus �24, �74, 34 7.30 �28, �64, 36 6.75
Inferior parietal lobule �28, �56, 42 6.76 �28, �60, 34 6.38
Superior parietal lobe �26, �62, 46 6.80 �30, �64, 48 6.45

Temporal
Superior temporal gyrus �64, �22, 2 12.02 60, �18, 2 6.79
Middle temporal gyrus �64, �32, 8 8.72 �62, �32, 0 7.54
Parahippocampal gyrus �30, �30, �22 5.46 �28, �28, �28 5.64
Hippocampus �30, �22, �16 4.35 �18, �28, �10 5.29

Frontal
DLPFC �44, 6, 34 7.57 �46, 12, 22 8.19
Inferior frontal gyrus �46, 32, 0 6.58 �34, 26, �4 6.67
Precentral gyrus �50, �6, 50 7.47 �50, �8, 52 6.88

Occipital lobe 0, �76, 8 4.46 2, �84, 32 6.62
Brainstem �8, �26, �14 6.47
Striatum �10, 0, 18 6.11
Thalamus �6, �20, 12 5.95
Cerebellum �8, �60, �14 6.12

aCoordinates for statistically significant activations were identified based on the MNI atlas (Z ¼ 2.3;
cluster thresholding corrected for multiple comparisons to adjust the imagewise threshold to P <

0.01). The sample coordinates represent the voxel with the highest Z value in each anatomical
region listed.

TABLE III. Correlations with left ERC thickness

Brodmann
areas

Sample MNI
coordinatesa

Maximum
Z scores

Anterior cingulate 24, 32 6, 26, 30 3.89
Medial frontal cortex 9, 10 �10, 66, 14 3.75

aMNI coordinates represent regions in which activation was
greater during retrieval in those with thicker left ERC (Z ¼ 2.3;
cluster thresholding adjusted the imagewise threshold to P <

0.01). All activations were bilateral. The sample coordinates repre-
sent the voxel with the highest Z value in each anatomical region
listed.

Figure 3.

Older adults with thicker left ERC showed greater fMRI activa-

tion during retrieval in anterior cingulate and medial frontal cor-

tices compared with those having thinner left ERC (Z ¼ 2.3;

cluster thresholding corrected for multiple comparisons to

adjust the imagewise threshold to P < 0.01).
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had greater fMRI activation in bilateral retrosplenial cortex
(BA 30) and occipital cortex (BA 17). However, hippocam-
pal volume was significantly correlated with age. When
age was added as a covariate of no interest to the fMRI
analysis, no region showed a significant correlation
between fMRI activity and left hippocampal volume.

In order to determine whether the relationship between
left ERC thickness and fMRI activity in these regions was
similar in those having thinner or thicker ERC, and was
not being driven by outlying data points, we plotted per-
cent signal change versus left ERC thickness in only the
areas preferentially activated in those with thicker ERC.
The relationships between left ERC thickness and fMRI
activity in anterior cingulate (R2 ¼ 0.26; P ¼ 0.0029) and
medial frontal cortex (R2 ¼ 0.36; P ¼ 0.0003) were signi-
ficant and consistent throughout the range of values
(Fig. 4A,B).

ERC thickness was not significantly correlated with age,
sex, score on the memory task, hippocampal volume,
MMSE score, family history of AD, or education level.
Likewise, preferential fMRI activation in anterior cingulate
and medial frontal cortices was not significantly associated
with any of these measures. In order to test the hypothesis
that the relationships between ERC thickness and fMRI
activity in anterior cingulate and medial frontal cortices
were modulated by hippocampal volume, we separated

the data into those having large or small hippocampal vol-
umes (as a percentage of intracranial volume) based on a
simple median split (0.24%). Using ANCOVA, we deter-
mined that in those with large versus small hippocampal
volumes, there was no significant difference in the rela-
tionship between ERC thickness and preferential fMRI ac-
tivity in anterior cingulate (P ¼ 0.98) or medial frontal
(P ¼ 0.14) cortices.

To determine the extent to which our results were spe-
cific to processes used during retrieval, but not encoding,
we next covaried fMRI activity with ERC thickness in a
contrast that explored where retrieval activity was signifi-
cantly greater than encoding activity. The resulting prefer-
ential activity overlapped 35% with the original functional
region (where ERC thickness was significantly correlated
with activation during retrieval alone) and included por-
tions of both anterior cingulate and medial frontal cortices.
These results suggest that the relationship between ERC
thickness and fMRI activity was at least partly specific to
retrieval.

As expected, hippocampal volume, but not ERC thick-
ness, was significantly smaller with increasing age (R2 ¼
0.22; P ¼ 0.007). Although the verbal paired associates
scores were also significantly lower with increased age
(R2 ¼ 0.19; P ¼ 0.01), hippocampal volume was not signifi-
cantly correlated with task score.

Figure 4.

Graphs represent percent signal change versus cortical thickness in left ERC in regions of (A)

medial frontal cortex (BAs 9 and 10) and (B) anterior cingulate cortex (BAs 24 and 32) that

were preferentially activated during memory retrieval in those having thicker left ERC. Percent

signal change in the same regions during memory encoding is shown versus left ERC thickness in

(C) and (D) for comparison purposes. R2 values are for Pearson’s correlations.
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DISCUSSION

Reduced ERC volume has been shown in numerous
studies to be associated with AD [Pennanen et al., 2004;
Xu et al., 2000] and risk for AD [deToledo-Morrell et al.,
2004; Dickerson et al., 2001; Killiany et al., 2002; Stoub et
al., 2005]. In the current study, we used left ERC thickness
as an indicator of increased AD risk, and examined its
relationship with fMRI activity during encoding and
retrieval in an associative memory task. During attempted
memory retrieval, older adults having thicker left ERC
showed greater fMRI activity in anterior cingulate (BAs 24
and 32) and medial frontal (BAs 9 and 10) cortices than
those having thinner left ERC. These results were inde-
pendent of age, task performance, and hippocampal vol-
ume. Our results suggest that there are functional
consequences to structural thinning of ERC and that proc-
esses specific to attempted memory retrieval are particu-
larly sensitive to ERC integrity.

Layers V and VI of ERC are strongly connected to ante-
rior cingulate cortex in non-human primates [Arikuni
et al., 1994; Munoz and Insausti, 2005]. Furthermore, in the
rhesus monkey there are direct connections between ante-
rior cingulate (BAs 24 and 32) and medial frontal (BAs 9
and 10) cortices [Barbas and Pandya, 1989]. Therefore, the
significant correlation between ERC structure and activity
in anterior cingulate and medial frontal cortices is consist-
ent with the known anatomical connectivity of these
regions.

On average, across subjects, anterior cingulate cortex
showed increased activation during attempted memory
retrieval, which is consistent with several past studies
[Buckner et al., 1996; Cabeza et al., 2003; Gould et al.,
2003]. The portion of medial frontal cortex that was prefer-
entially activated in those with thicker left ERC was not
active on average during memory retrieval, however,
because approximately half of the participants showed a
negative percent signal change in that region, diluting the
overall percent signal change across the group. During
both episodic memory encoding and recognition, previous
researchers found that compared with younger adults,
older adults showed less task-induced deactivation in
medial frontal cortex [Grady et al., 2006]. The question
arises then, if older adults with thicker ERC (in the current
study) are presumably more like younger adults, why do
they have greater activation during task, while young
adults previously showed greater deactivation during
task? One possible explanation for our results is that those
older adults having thicker ERC were better able to recruit
medial frontal cortex to compensate for unspecified age-
related deficits in the brain (such as changes in neurotrans-
mitter systems). Because we included only cognitively
intact older adults in this study, all subjects must be suc-
cessfully compensating in some way for any age-related
cognitive deficits that they may have, so it is not surpris-
ing that the behavioral effect of such compensation is not
evident in our sample. Our results are consistent with

those of a recent study finding that during an episodic rec-
ognition task, cognitively intact middle-aged adults with
lower AD risk showed greater fMRI activation in anterior
cingulate and medial frontal cortices compared with those
having increased AD risk [Xu et al., 2008].

Many past studies of cognitively intact older adults
have examined the relationship between increased AD risk
and fMRI activity during a memory or novelty encoding
task, primarily using increased genetic risk for AD [Bondi
et al., 2005; Bookheimer et al., 2000; Dickerson et al., 2005;
Fleisher et al., 2005; Han et al., 2006; Trivedi et al., 2006;
Wishart et al., 2006] or family history of AD [Bassett et al.,
2006] as indicators of increased AD risk. Most of these
studies did not report the individual relationship during
memory retrieval (versus control period) between
increased AD risk and whole brain fMRI activation. As in
our study, one study by Bassett et al. [2006] reported that
during retrieval of word pairs, those who had lower risk
for AD activated more in regions that included anterior
cingulate cortex (BAs 24 and 32) and middle frontal gyrus
(BA 9) (although more laterally than in the current study).

In a study similar to ours, Rosen et al. [2005] examined
the relationship in older adults between left ERC volume
and functional activity during incidental encoding of indi-
vidual words. They found that frontal activity during
encoding was greater in those with greater left ERC vol-
ume, but this increased activation was in right BA 47/
insula rather than in anterior cingulate and medial frontal
cortices as in our study. Additionally, we found a signifi-
cant relationship between ERC thickness and fMRI activity
during attempted retrieval, but not encoding. However,
our studies differ methodologically in several ways,
including task, measure of ERC atrophy, age, and sample
size. Specifically, during scanning, subjects in the study by
Rosen et al. [2005] were instructed to make semantic judg-
ments about words presented to them, but were not
instructed to remember those words. They were later
tested on their memory for the words outside the scanner.
In contrast, our subjects were instructed to encode pairs of
words and were later scanned while being cued with the
first word in order to recall its mate. It is therefore not sur-
prising that such different tasks resulted in variations of
activation. Additionally, our subjects were on average
nearly 10 years younger and spanned a wider age range
than in the Rosen and colleagues study. Finally, the previ-
ous study contained only 13 subjects, while ours examined
32; some of the differences between our study and theirs
may be due to normal variations associated with subject
selection for a small sample size [Rosen et al., 2005].

As in our study, previous research using a verbal paired
associates task found a more pronounced relationship
between fMRI activity and AD risk during retrieval than
during encoding [Bookheimer et al., 2000]. This is to be
expected because, although recollection shares many
attributes of memory encoding (including encoding itself),
it also involves additional processes that memory encod-
ing lacks, such as using a cue to derive the associated
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word, response selection and monitoring, and blocking of
distracting information in order to arrive at the correct
answer.

Our data provide evidence that the structural integrity
of ERC contributes to functional brain activity during an
associative recollection task. The same words were pre-
sented six times throughout the encoding task, but we did
not see a significant correlation between ERC thickness
and fMRI activity during encoding. This suggests that our
results were not solely due to the familiarity of the cue
words presented at retrieval. Our results support our
hypothesis that even during an associative task, retrieval
attempts in older adults were mediated by a circuit that
includes ERC and frontal lobe, and that ERC integrity
played a role in this relationship.

Anterior cingulate cortex is believed to be associated
with response monitoring, in particular for evaluating pos-
sible errors. Such monitoring may be beneficial in updat-
ing memory strategies [Rushworth, 2008]. Functional
activity in anterior cingulate cortex and in BAs 9 and 10
has been implicated in recognition success [Konishi et al.,
2000; Rugg et al., 1996]. Additionally, activity in anterior
prefrontal regions during recognition (success and failure)
has a late onset and sustained duration, suggesting that
like anterior cingulate cortex, this region is involved in
post-retrieval monitoring [Schacter et al., 1997]. The fact
that both anterior cingulate cortex and BA 10 have been
shown to activate more during memory retrieval when a
participant is less confident in his or her response offers
further support for their role in response monitoring [Fleck
et al., 2006]. Although response monitoring is important
for adjusting strategy to meet the needs of a given task, it
is only one aspect of the processes involved in encoding
and recalling information. Additionally, in older adults,
factors other than ERC thickness (such as education or
age-related deficits in neurotransmitter systems) may affect
memory ability [Volkow et al., 1998]. This may explain
why ERC thickness and fMRI function were not related to
score on the paired associates memory task. Had we not
limited our study to cognitively intact adults, which limits
the range of cognition to those who are by definition suc-
cessfully compensating for cognitive stressors, the relation-
ship between ERC thickness and cognition may have been
detectable.

Although ERC provides major inputs to the hippocam-
pus, we did not find a significant relationship between
ERC thickness and hippocampal fMRI activity. However,
the hippocampus is composed of subregions that may be
recruited differently during a given memory task [Zeineh
et al., 2003], and that are differently susceptible to AD-
related pathology [Braak and Braak, 1991] and degenera-
tion [Bobinski et al., 1998]. Accurate identification and
coregistration of these small subregions across subjects is
difficult with standard fMRI scans. Using scans optimized
for detecting fMRI activity in specific hippocampal subre-
gions may have facilitated exposing such a relationship, if
one existed.

The brain’s response to error detection has been shown
to change with aging [Falkenstein et al., 2001], and error
detection is impaired with AD [Bettcher et al., 2008]. The
current study provides a mechanism by which changes to
medial temporal lobe may be linked to changes in frontal
lobe function in older adults at risk for AD. Specifically,
ERC thickness in older adults appears to modify the abil-
ity to engage anterior cingulate and frontal regions
believed to be important in error detection and other post-
retrieval processing. ERC volume is smaller in those
having AD, but not in those who are aging normally
[Fukutani et al., 2000; Giannakopoulos et al., 2003; Gomez-
Isla et al., 1996; Hof et al., 2003; Kordower et al., 2001; von
Gunten et al., 2006]. However, AD risk also increases with
age. Therefore, particularly in older adults, thinner ERC
may suggest cortical degeneration even in some cogni-
tively intact adults. We do not suggest that all people hav-
ing thin ERC are preclinical for AD, but rather that thin
ERC in older adults increases the likelihood of preclinical
AD, including in some older adults believed to be aging
normally. This study is cross-sectional rather than longitu-
dinal, so we do not know which of the subjects in this
study will eventually develop AD. Because those parti-
cipants with thinner ERC are at higher risk for AD,
however, these data provide a framework with which to
examine current and future studies of AD risk.

The relationship between ERC thickness and fMRI activ-
ity was not different in those having larger versus smaller
hippocampal volumes. Additionally, after adjusting for
age, hippocampal volume was not significantly associated
with fMRI activity during encoding or retrieval. This sug-
gests that if the greater fMRI activity we saw in those with
thicker ERC was in compensation for deficits elsewhere in
the brain, those deficits were not related to age-associated
overall hippocampal atrophy. It is possible that measure-
ments of selected hippocampal regions would be a more
sensitive grouping mechanism when evaluating these rela-
tionships. It is also possible that the increased fMRI activ-
ity in those with thicker ERC instead compensates for
deficits in frontal lobe function, which is known to decline
with age [Cohen et al., 1987; De Luca et al., 2003; Gazzaley
et al., 2005]. Such changes may relate to changes in neuro-
transmitter synthesis and processing, which are believed
to occur in older adults [Adolfsson et al., 1979; Cruz-
Muros et al., 2007; Goldberg et al., 2004].

CONCLUSION

During attempted memory retrieval, older adults having
thicker left ERC showed more fMRI activation in anterior
cingulate and medial frontal cortices compared with those
having thinner left ERC, independent of hippocampal vol-
ume. Our results suggest that structural atrophy of ERC
was associated with functional changes during memory
performance in regions distal but connected to ERC. Thus,
the data provide evidence linking ERC structure to the
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cognitive and functional deficits seen in aging generally
and with AD risk in particular.
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