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Abstract
Background/Aims—Previous functional MRI studies in individuals with amnestic mild cognitive
impairment (AMCI), a putative, prodromal form of Alzheimer’s disease, reveal substantial regional
changes in brain activation during episodic memory function.

Methods—Functional MRI was applied to examine changes in brain activation during different
stages of episodic memory function using a subsequent memory task in individuals with AMCI
relative to older normal controls.

Results—We found that the AMCI group displayed greater activation in the right hippocampus but
less activation in the frontal cortex relative to the older normal control group during intentional
encoding of items that were subsequently recognized. We observed nearly the opposite pattern of
results for successful recognition. The AMCI group displayed less activation in the medial temporal
cortex but greater activation in the frontal cortex. In addition, the AMCI group showed reduced
activation in the medial temporal and frontal cortices during incidental encoding of novel information
during recognition.

Conclusion—The results of the present study suggest that brain activation differences in
individuals with AMCI are modulated by the stage of episodic memory examined (i.e. intentional
vs. incidental encoding vs. recognition). These observations may help to clarify some of the
conflicting findings regarding brain activation changes in AMCI.
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Introduction
Amnestic mild cognitive impairment (AMCI) is a term used to describe a transitional state
between normal aging and neurodegenerative dementias such as Alzheimer’s disease (AD)
[1]. Individuals with AMCI display isolated episodic memory impairment relative to age-
matched normal individuals but do not meet the clinical criteria for probable AD. Petersen
[1] reported that approximately 12% of individuals diagnosed as having AMCI using published
criteria developed AD over a 1-year period, and approximately 80% of AMCI patients
developed AD over a 6-year period.

Impairment in the encoding and retrieval of episodic memories in AMCI and AD is thought
to be caused by neuropathological changes in brain regions important for episodic memory
function such as the medial temporal cortex [2], frontal cortex (FC) [3] and posterior cingulate
and inferior parietal cortices [4,5]. Several structural MRI studies have reported that individuals
with AMCI and AD display greater atrophy in the medial temporal cortex relative to age-
matched controls [see 6 for review]. Longitudinal, volumetric MRI studies have also found
that hippocampal and entorhinal cortex volume reductions over time predicted individuals with
AMCI who developed AD from those who did not [7,8]. Furthermore, amyloid imaging studies
have observed substantial β-amyloid deposition in the frontal, posterior cingulate and inferior
parietal cortices [4,9–12]. An important question is whether neuropathological changes result
in identifiable functional variation in these brain regions as well.

Blood oxygenation level-dependent (BOLD), functional MRI (fMRI) studies of episodic
memory have revealed robust activation in several regions involved in episodic memory
function such as the medial temporal and frontal cortices [see 13 for review], and posterior
cingulate and inferior parietal cortices [see 14 for review]. These same regions have also been
shown to undergo pathophysiological changes during the AD neurodegenerative process [4,
12,15,16] . Indeed, fMRI activation changes during episodic memory function have been
observed in these same regions in individuals with AMCI. However, the results from these
studies have been equivocal. Increased activation in brain regions critical for episodic memory
function has been reported in individuals with AMCI using paired-associate encoding and/or
recognition paradigms [17–19] and during the encoding of words that were subsequently
recognized [20,21].

By contrast, other studies have found reduced activation in individuals with AMCI using other
episodic memory paradigms including novel/familiar picture recognition [22–24] , adaptation
to repeated presentation of the same visual stimuli [25] and encoding of complex visual stimuli
(e.g. scenes, faces) [26,27]. Still, other studies have reported both increased, as well as
decreased fMRI activation in the same group of individuals with AMCI during episodic
memory function. For example, Petrella et al. [28], using a face-name paired associate task
very similar to the paradigm employed by the studies that have shown increased activation in
AMCI [17–19], found that individuals with AMCI displayed reduced activation bilaterally in
the FC during encoding and retrieval of face-name pairs and the left hippocampus during
retrieval only. By contrast, these same individuals with AMCI had increased activation in the
posterior frontal lobes during retrieval.

The exact reasons for these conflicting findings are unknown. All of the previous fMRI studies
of episodic memory function in AMCI have varied along several experimental and clinical
factors including, but not limited to: the behavioral paradigm employed, statistical
methodology used, criterion for AMCI diagnosis or differing degrees of functional impairment
on the continuum of deterioration from AMCI to AD. The clinical and experimental
heterogeneity across these studies is likely to have been a significant contributing factor to the
discrepant findings [29].
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The purpose of the present study was to use BOLD fMRI to further examine regional changes
in brain activation during successful episodic encoding and recognition to help clarify some
of the reasons for such discrepant reports in individuals with AMCI relative to healthy older
normal controls (ONC). We used a variant of an episodic subsequent memory encoding and
recognition paradigm that has previously been shown to result in robust activation in the medial
temporal cortex [e.g. 30] and prefrontal cortex [e.g. 31 ]. Based on the findings from some of
the previous fMRI studies in AMCI (see above), we hypothesized that individuals with AMCI
would display changes in fMRI activation relative to the ONC group during the intentional
encoding of subsequently recognized items, during successful recognition, and during
incidental encoding that can occur in recognition tasks [20,21,30,32] in brain regions critical
for episodic memory that are also affected by AD-related neuropathology (see above).

Participants and Methods
Participants

A total of 39 older adults participated in the study. The ONC group consisted of 23 cognitively
healthy ONC and 16 individuals who met the criteria for AMCI [33,34]. All participants were
right-handed as determined by the Edinburgh Inventory [35] and provided informed consent
as approved by the Rush University Medical Center Institutional Review Board.

Participants were recruited from 2 sources: the Rush Alzheimer’s Disease Center and the
Memory and Aging Project [36]. The Rush Alzheimer’s Disease Center is a diagnostic
treatment and referral center examining individuals with cognitive complaints. The Memory
and Aging Project is a longitudinal clinical-pathologic study of aging and AD. All participants
in this investigation received a detailed clinical evaluation including medical history,
neurological and neuropsychological examinations, informant interview and laboratory tests
[37,38]. The evaluation incorporated the procedures recommended by the Consortium to
Establish a Registry for AD [39]. The specific assessments that comprised the
neuropsychological test battery have previously been described in detail [37]. Briefly, they
examine a broad range of cognitive domains including semantic memory, working memory/
attention, perceptual speed and visual-spatial ability. The measures used to assess episodic
memory were immediate and delayed recall of the East Boston Story [40], the Consortium to
Establish a Registry for AD 10-word list immediate recall, delayed recall and recognition
[39] , and immediate and delayed recall of Story A from the Wechsler Memory Scale Logical
Memory test [41].

The classification of ONC required normal neurological examination, normal cognition
relative to the normative data for each of the neuropsychological test measures listed above
and a score of ≥ 27 on the Mini-Mental State Examination [42]. The diagnostic criteria for
AMCI were essentially those recommended by Petersen and Morris [33] and included: (1)
presence of memory complaints by the patient that was preferably corroborated by an
informant; (2) normal cognition relative to test normative data in all cognitive domains except
episodic memory as measured by neuropsychological examination; (3) essentially intact
activities of daily living, and (4) cognitive and functional status not consistent with a diagnosis
of dementia. The exclusion criteria for all participants were evidence of any other neurological,
psychiatric or systemic disorder that could cause cognitive impairment (e.g. stroke, Parkinson’s
disease, major depression, substance abuse) and the presence of contraindications for MRI
scanning (e.g. cardiac pacemakers, claustrophobia).

fMRI Procedures
Imaging was performed on a 1.5-tesla General Electric scanner with an LX Horizon high-speed
gradient upgrade (General Electric Medical Systems Signa, Waukesha, Wisc., USA) with a
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standard quadrature head coil for signal acquisition. Head movement was minimized using
foam pillows around the participant’s head, as well as a securing tape across the forehead.
Magnet-compatible vision correction lenses were used when appropriate. Functional images
(repetition time = 2,250 ms; echo time = 40 ms; 24-cm field of view; 84° flip angle; slice
thickness = 6 mm with 0-mm gap; inplane resolution = 3.75 mm) were obtained using a T2*-
weighted 2-dimensional gradient-echo spiral pulse sequence with higher order shimming
[43] which is relatively insensitive to motion artifacts [44].

A total of 300 functional volumes were acquired for each participant for the encoding condition
and 400 functional volumes for the recognition condition. Each condition included 2 discarded
volumes that were acquired at the beginning of each run to allow for stabilization of the
magnetic field. The total scanning time was 11 min and 20 s for the encoding condition and
15 min and 5 s for the recognition condition including 2 discarded functional volumes that
were acquired at the beginning of each task to stabilize the magnetic field. A 3-dimensional
Fourier transform spoiled gradient recalled pulse sequence scan (repetition time = 34 ms; echo
time = 7 ms; 22-cm field of view; 35° flip angle; slice thickness = 1.6 mm; inplane resolution
= 0.9375 mm) was acquired for all sections that received functional scans. These images were
used to correlate functional activation with anatomical structures, i.e. voxels that are found to
be significantly activated during the functional scan are overlaid on these structural images.

fMRI Task
The fMRI task consisted of serial presentations of black and white line drawings of nameable
objects from the Snodgrass and Vanderwart training set [45] . Visual stimuli were presented
to the participants using a magnet-compatible projector (Resonance Technology, Inc., Van
Nuys, Calif., USA), which back-projected the visual images onto a screen that was mounted
in the bore of the magnet. The participants viewed the projected image via a mirror-mounted
head coil. A Macintosh Powerbook G4 (Cupertino, Calif., USA) computer was used to generate
visual stimuli and control experimental parameters written in PsyScope software [46].
Behavioral responses were recorded via a magnet-compatible button-press device.

fMRI activation was evaluated for both the encoding and recognition phases of the experiment.
Each phase consisted of 1 scanning series. During the encoding portion of the fMRI paradigm,
the participants were asked to determine whether the image presented represented a man-made
or a naturally occurring object and respond as quickly as possible. The items were presented
at 5,000-ms intervals, and each picture was shown for 4,500 ms with a 500-ms interstimulus
interval using an event-related design. Naturally occurring pictures (n = 50) were randomly
intermixed with man-made ones (n = 50), with the requirement that no event type could be
repeated >3 times, consecutively. Null events of the word ‘push’ (n = 50) were also randomly
intermixed with the natural and man-made objects with the same display time and interstimulus
interval. Behavioral responses to man-made and naturally occurring items and the null events
were recorded by button presses in the left, right or both hands, respectively. There were a total
of 150 events during the encoding task. Therefore, no 2 subjects received identical forms of
the encoding task.

The participants were also asked to remember the items for the recognition phase of the fMRI
experimental paradigm during which they would distinguish between items that had been
previously presented during the encoding portion of the experiment and novel items that had
not been shown. During recognition, the participants were asked to do the best they could, and
to try and respond to every item as quickly as possible. There were no specific instructions
given to the participants to encode the novel items that were presented during recognition. The
previously presented and novel items were randomly intermixed with null events of the word
‘push’ such that every subject received a different form of the recognition task.
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There were an average of 52 novel items intermixed with an average of 104 previously
presented items (all 100 presented during encoding) and 44 null events of the word ‘push’ for
every subject, with the restriction that there were no more than 3 sequential presentations of
the same event type. For the recognition phase of the experiment, each of the stimuli was
presented for 4,500 ms with a 500-ms interstimulus interval. Behavioral responses were
recorded in a method similar to the encoding phase of the fMRI experiment. That is, responses
to previously presented, novel and null events were recorded by button presses in the left, right
or both hands, respectively. This approach to the recording of behavioral responses in which
button presses in each hand were used to respond to the stimuli was done to insure that the
instructions for the task and the task itself were fairly simple so that the memory-impaired
individuals with AMCI were able to understand and perform the task adequately.

Statistical Analysis of Demographic and fMRI Task Performance Data
The demographic variables, fMRI behavioral performance data and the reaction times to the
stimuli were analyzed using 2-sample between-group t tests or χ2 tests for the dichotomous
variables of gender and APOE genotype with an α-level set at p < 0.05.

fMRI Data Image Processing
Image reconstruction was performed off-line by transferring the data to a Sun SparcStation
(Sun Microsystems, Cupertino, Calif., USA). A gridding algorithm was employed to resample
the raw data into a Cartesian matrix. Once individual images had been reconstructed, all T2*-
weighted images were realigned to correct for within-scan motion using SPM2 (Wellcome
Department of Cognitive Neurology, London, UK). The data were visually inspected and
examined for signal artifacts and excessive motion using a custom software package
(http://web.mit.edu/swg/software.htm) interfaced with SPM2. The individual subject data were
excluded from further analysis if motion exceeded 3 mm in any direction (absolute maximum).
Images with excessive signal intensity (>3 SD above the overall whole-brain mean signal
intensity) were also excluded from each subjects functional volumes [see also 47].

To facilitate group comparisons, the structural T1-weighted 3-dimensional spoiled gradient
recalled volumes were spatially normalized to a standard brain template provided by SPM2
using a 12-parameter affine normalization and nonlinear adjustments with 7 × 8 × 7 basis
functions [48]. The spatial transformation parameters derived from normalizing the structural
volume were applied to the realigned T2*-weighted images. The resultant realigned and
normalized T2* volumes were then smoothed with a 8-mm full width at half maximum isotropic
Gaussian kernel to compensate for residual between-subject variability after spatial
normalization and to permit application of Gaussian random field theory to provide for
corrected statistical inference [49]. The time series at each voxel were regressed on a reference
waveform, and the significance of this regression was assessed with a t-statistic at each voxel
to construct a SPM (T) map. The reference waveform was calculated by convolving a square
wave representing the event (man-made/natural/push for encoding condition; old/new/push for
recognition condition) with an estimated he-modynamic response function template [50].

Low-frequency drifts in the fMRI signal were removed from the data set by using a high-pass
filter with an upper cutoff period of 128. Statistical analyses of the time series data were
performed using the general linear model in SPM2. Temporal autocorrelation was estimated
according to the first-order autoregressive method on suprathreshold voxels. A customized
general linear model masking procedure (http://web.mit.edu/swg/software.htm) was employed
to insure that signals from all voxels were represented within each participant’s functional
volumes obtained for both the encoding and recognition phases of the fMRI experiment.
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The data from 6 subjects were excluded from the second-level statistical analyses (3
participants from each group) to arrive at the final number of subjects (i.e., 23 and 16, for the
ONC and AMCI groups, respectively). The data from 1 subject in the ONC group were
excluded because of excessive motion during scanning, 2 subjects (both AMCI) were removed
for poor performance during the encoding phase of the experiment, and the data from 3 subjects
were not considered due to scanner/equipment malfunction (2 subjects from the ONC group
and 1 from the AMCI group).

fMRI Data Statistical Analysis
Statistical analysis of the fMRI data included examination of brain regions displaying
significant differences in the magnitude of activation between the AMCI and ONC groups for
each of the contrasts examined. The performance data obtained during recognition were used
to separate the fMRI volumes obtained during both encoding and recognition for the fMRI data
analysis. The 4 trial types included [32,51,52] : ‘hits’ (i.e., items previously presented during
encoding that were correctly identified as being presented during encoding) and
‘misses’ (previously presented items that were incorrectly identified as novel), ‘correct
rejections’ (i.e., novel items correctly identified as novel) and ‘false alarms’ (i.e., novel items
identified as being previously presented during encoding). Items that the participants failed to
respond to were not included in the statistical analyses. The behavioral performance and
reaction times during the encoding and recognition phases for each group can be seen in table
1.

The statistical analysis of the contrasts of interest for both encoding and recognition would
allow us to determine differences in the magnitude of brain activation during 3 separate stages
of episodic memory function (i.e., intentional encoding, successful recognition and incidental
encoding during recognition) in individuals with AMCI relative to ONC. First, we conducted
a conjunction analysis of the encoding data in which we used the ONC group activation as an
inclusive mask to determine brain regions where the AMCI group displayed similar activation
as the ONC group. This was done to insure that both groups had similar activation in visual
areas that would be critical for task performance. Second, we evaluated group differences in
fMRI activation for each contrast of interest using a 2-group, between-subjects t test. Group
differences in brain activation during both encoding and recognition were first evaluated across
the entire brain with a False Discovery Rate (FDR) correction for multiple comparisons (p
value of 0.05, cluster size of 10 contiguous voxels).

We then conducted follow-up region of interest (ROI) analyses that were restricted to the 4 a
priori hypothesized regions, including the FC (consisting of inferior and medial FC), the medial
temporal cortex (including the hippocampus and parahippocampal cortex), the posterior
cingulate cortex (consisting of the posterior cingulate and retrosplenial cortices) and the inferior
parietal cortex. These 4 ROIs were chosen because previous imaging studies indicate that these
regions are not only critical for normal episodic memory function but also undergo
pathophysiological changes prior to the onset of clinical AD (see ‘Introduction’). The ROIs
were developed using the Wake Forest Pick Atlas software [53] . All ROI analyses were
conducted at a statistical threshold of p < 0.01, uncorrected (cluster size = 10 contiguous
voxels).

Encoding and Subsequent Memory Contrasts
The 2 contrasts that were generated from the functional volumes obtained during the encoding
phase of the experiment were identical to those reported in several previous studies with similar
episodic memory tasks (e.g. [32]). For the first encoding contrast, the functional volumes
obtained during the encoding phase of the experiment were divided into 2 trial types: volumes
acquired during the presentation of the line drawings (irrespective of whether they were man-
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made or naturally occurring items), and volumes that were obtained during presentation of the
baseline ‘push’ condition. This resulted in the contrast of ‘encoding versus push’, and was used
to determine differences in brain activation during encoding between the AMCI and ONC
groups irrespective of whether or not these items were correctly identified as PPE during the
recognition phase of the experiment.

Although this was not our primary contrast of interest, it was used to determine if the AMCI
group displayed reduced or increased activation in lower-order visual processing areas that
might limit the interpretation of the subsequent analyses of the fMRI data that are discussed
below. We chose not to use the ‘push’ condition as a baseline for the subsequent analyses
discussed below because prior studies [54,55] suggest that individuals with AMCI and AD
display reduced deactivation to low-level baseline conditions relative to active conditions in
similar brain regions as those that are the focus of this paper.

For the second contrast of the encoding data, the functional volumes obtained during the
encoding phase of the experiment were divided into 2 trial types based on recognition
performance: the items seen during encoding that were correctly recognized during the
recognition phase of the experiment (‘hits’) and those that were not correctly recognized
(‘misses’). This contrast was identical to that used in numerous previous studies [32,51,52]
and corresponded to the examination of subsequent memory. It served to determine similarities
and differences between the 2 groups that occurred during the intentional encoding of correctly
recognized (hits) versus incorrectly recognized (misses) items based on behavioral
performance during the recognition phase of the experiment.

Recognition Contrasts
The analysis of group differences in brain activation between the AMCI and ONC groups
during the recognition phase of the fMRI session consisted of 3 contrasts that were based on
the 4 trial types outlined in the ‘fMRI Data Analysis’ section above (e.g. hits, misses, correct
rejections and false alarms). The first contrast was ‘hits versus misses’ and was identical to the
subsequent memory analysis of the encoding data except that the functional volumes were
acquired during the recognition phase of the experiment. This contrast was used to evaluate
group differences during recognition for items that had been previously presented during
encoding.

The final 2 contrasts were done to evaluate differences between the 2 groups for encoding of
the novel items (i.e. incidental encoding) that were presented during recognition [32]. The
contrast of ‘correct rejections versus false alarms’ was used to evaluate group differences
during the successful discrimination of the novel items that were first presented during
recognition and were not shown during encoding. The contrast of ‘correct rejections versus
hits’ was applied to evaluate incidental encoding of the novel items first presented during
recognition, using a more traditional novel versus previously presented contrast [22,56,57] for
items that were correctly classified as being either novel or previously shown. Although there
was no postscan recognition test, the incidental encoding of the novel items during recognition
would provide additional information about episodic encoding when there were no explicit
instructions to encode the novel items. This would allow us to determine differences between
the ONC and AMCI groups during intentional (i.e. when explicit instructions were given to
try and remember the items presented) versus incidental (i.e. encoding when no explicit
instructions to remember were given).
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Results
Demographics and fMRI Task Performance

The demographic and performance data and the results of the statistical analysis can be seen
in table 1. As expected, the AMCI group had significantly lower Mini-Mental State
Examination scores relative to the ONC group (p < 0.001). The 2-sample t tests failed to reveal
significant differences between the AMCI and ONC groups in terms of age (p = 0.09) and
education (p = 0.22). The χ2 analyses of the dichotomous variables of APOE genotype and
gender did not yield any significant differences between the 2 groups either (p > 0.30). Since
there were no significant differences between the groups in terms of education, gender and
APOE genotype, these genetic and demographic variables were not included as covariates in
the fMRI data group analyses. However, because there was a trend toward older age in the
AMCI group, follow-up analyses were conducted using age as a covariate to determine if age
was significantly influencing the group differences in fMRI activation.

The analyses of behavioral performance indicated that the AMCI and ONC groups were not
significantly different for accuracy in determining whether the line drawings were man-made
or naturally occurring during encoding (p = 0.29). However, the AMCI group performed
significantly poorer than the ONC group during recognition for both novel (p = 0.04) and
previously presented (p < 0.001) items. Furthermore, the AMCI group had significantly longer
reaction times during encoding (p = 0.001) and during recognition for both novel (p = 0.008)
and previously presented (p = 0.02) items. These results indicate that the AMCI group had
significantly poorer episodic recognition and were slower to respond to items during both
encoding and recognition.

Group Differences in fMRI Activation
Encoding Contrasts
Perceptual Processing: Conjunction Analysis – Encoding versus Push: The conjunction
analysis for the contrast of encoding versus push was used to determine similarities in the
patterns of brain activation in the ONC and AMCI groups during basic perceptual processing
(see fig. 1a). Both the ONC and AMCI groups displayed activation in several overlapping brain
regions including the right occipital lobe, left cerebellum, right hippocampus, right inferior
parietal cortex, and bilaterally in specific regions within the medial and inferior FC. Since there
was a nonsignificant trend for the AMCI group to be older than the ONC group, we conducted
a follow-up analysis that included age as a covariate. The results were nearly identical,
suggesting that differences in age between the 2 groups did not significantly influence the
findings. This indicates that both the AMCI and ONC groups displayed similar activation in
brain regions that are important for visual processing and episodic memory function. Table 2
displays the results of the conjunction analysis.

Intentional Encoding: Group Difference Analysis – Encoding versus Push: The statistical
analysis of group differences in fMRI activation for the contrast of encoding versus push (fig.
1b) during intentional encoding revealed that the ONC group displayed significantly greater
activation than the AMCI group in different brain regions than those observed in the
conjunction analysis. These included the right parahippocampal gyrus, right inferior parietal
cortex, and bilaterally in specific regions of the inferior FC. There were no brain regions in
which the AMCI group displayed greater fMRI activation than the ONC group for this contrast.
These results were essentially the same after including age as a covariate. This indicates that
the ONC group displayed greater fMRI activation during encoding (irrespective of whether or
not the items were successfully recognized during recognition). Table 2 displays the
coordinates of the local maxima and the results of the statistical analyses for all significant
clusters for this analysis.
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Subsequent Memory: Intentional Encoding Contrast – Hits versus Misses: Group
differences in fMRI activation during the encoding of items that were subsequently
successfully recognized (hits versus misses) were not significant after whole-brain FDR
correction for multiple comparisons. The follow-up ROI analysis revealed that the AMCI group
displayed significantly greater activation in the right hippocampus ( fig. 2a). By contrast, the
ONC group had significantly greater activation in the left inferior FC (fig. 2b). These results
were nearly identical after including age as a covariate in the statistical model. Table 2 displays
the coordinates of the local maxima for all significant clusters for the subsequent memory ROI
analyses. These results indicate that the AMCI group displays hypoactivation in the medial
and inferior FC but hyper-activation in the medial temporal cortex during intentional encoding
of items that were recognized successfully.

Recognition Contrasts
Recognition Success – Hits versus Misses: The whole-brain analyses of recognition success
for the contrast of ‘hits versus misses’ failed to reveal any brain regions displaying group
differences after FDR correction for multiple comparisons. The follow-up ROI analysis
showed that the AMCI group had significantly greater activation than the ONC group in the
left inferior FC [Brodmann area (BA) 47; fig. 3a]. By contrast, the ONC group displayed
significantly greater activation than the AMCI group bilaterally in the medial prefrontal cortex
(BA11; fig. 3b) and the left parahippocampal cortex (fig. 3c). The results of the statistical
analyses were nearly identical after including age as a covariate in the statistical model. These
findings indicate that the AMCI group displays hyperactivation in the medial FC but
hypoactivation in the inferior frontal and medial temporal cortices during successful
recognition. Table 3 presents the results of the statistical analysis and the coordinates of the
local maxima for all significant clusters for the ROI analyses.

Incidental Encoding during Recognition – Correct Rejections versus False Alarms: The
novel items that were first presented during the recognition phase of the experiment were used
to examine group differences in fMRI activation during incidental encoding, because there
were no instructions given to try and remember these novel stimuli. The whole-brain analyses
for the recognition contrast of incidental encoding (correct rejections vs. false alarms) failed
to reveal any brain regions displaying group differences after FDR correction for multiple
comparisons.

The follow-up ROI analysis indicated that the ONC group displayed significantly greater
activation than the AMCI group (see fig. 4) in the right posterior cingulate cortex (BA30), the
left inferior parietal cortex (BA2), bilaterally in the hippocampus, and several clusters
bilaterally in the medial (BA9 and 10) and inferior (BA10, 44, and 46) FC. By contrast, there
were no brain regions in which the AMCI group displayed significantly greater activation than
the ONC. The results of the statistical analyses were nearly identical after including age as a
covariate in the statistical model. Table 3 displays the findings of the statistical analysis and
the coordinates of all local maxima for all significant clusters for the ROI analyses. These
results indicate that the AMCI group dis-played hypoactivation in all ROIs, including the
hippocampus, whereas there were no regions in which the AMCI group showed
hyperactivation for incidental encoding during recognition.

Incidental Encoding during Recognition: Correct Rejections versus Hits: In a second
comparison of incidental encoding during recognition we examined group differences in brain
activation during the presentation of items correctly classified as being novel (correct
rejections) relative to items correctly classified as being previously presented during encoding
(hits). The whole-brain analyses of this incidental encoding during recognition contrast (correct
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rejections vs. false alarms) failed to reveal any brain regions displaying group differences after
FDR correction for multiple comparisons.

The follow-up ROI analysis indicated that the ONC group displayed significantly greater
activation than the AMCI group in the right hippocampus, right parahippocampal cortex
(BA28), left inferior parietal cortex (BA40) and several additional clusters bilaterally in the
inferior (BA13 and 47) and medial (BA6, 8–10) FC. By contrast, there were no brain regions
in which the AMCI group showed significantly greater activation than the ONC. The results
of the statistical analyses were nearly identical after including age as a covariate in the statistical
model. These findings are consistent with those of the previous contrast used to examine
incidental encoding during recognition. That is, the AMCI group displayed hypoactivation in
nearly all of the ROIs examined, including the hippocampus. Table 3 gives the results of the
statistical analysis and the coordinates of all local maxima for all significant clusters for the
ROI analyses.

Discussion
In the present study we used fMRI to examine changes in brain activation during successful,
intentional episodic memory encoding, successful recognition and incidental encoding during
recognition in individuals with AMCI relative to an ONC group. We applied a variant of a
subsequent memory paradigm [20,30,32,51,52] to evaluate fMRI activation changes in brain
regions critical for normal episodic memory function that also undergo pathophysiological
changes early in AD including the medial temporal cortex [38,58,59], parts of the inferior and
medial FC [4, see 13,16 for reviews], and inferior parietal and posterior cingulate cortices [4,
14,16] in individuals with AMCI. We hypothesized that individuals with AMCI would display
changes in brain activation in these structures during both encoding and recognition relative
to an ONC group.

We found that the AMCI group had significantly reduced activation relative to the ONC group
during intentional encoding of subsequently recognized items (i.e. encoding contrast of hits
versus misses) in the left inferior FC. By contrast, individuals with AMCI displayed
significantly greater activation in the right hippocampus for this same contrast. Several
previous fMRI studies have examined brain activation changes during intentional episodic
encoding in individuals with AMCI. For example, Kircher et al. [60] used a very similar
subsequent memory paradigm (employing words instead of line drawings) and found that
individuals with AMCI displayed greater activation in the hippocampus, medial FC and
cingulate gyrus during the encoding of words that were subsequently recognized. Hamalainen
et al. [61] also reported increased activation in the middle and inferior FC, hippocampus/
parahippocampal cortex and fusiform gyrus but reduced activation in the cingulate gyrus during
encoding of novel picture/word paired associates in individuals with AMCI. Petrella et al.
[28] reported reduced activation in the medial and inferior FC during encoding of face/name
paired associates in individuals with AMCI but did not find any brain regions where the AMCI
group displayed greater activation during encoding. However, Machulda et al. [26] reported
that individuals with AMCI showed a reduced extent of activation (i.e. number of contiguous
and noncontiguous voxels) in a manually traced ROI that included the hippocampus, and
parahippocampal and fusiform cortices during the encoding of complex scenes.

In general, these studies of intentional encoding seem to indicate that individuals with AMCI
display increased activation in parts of the medial temporal cortex during intentional encoding,
when the subjects are explicitly given instructions to encode information irrespective of the
behavioral paradigm employed. These findings suggest that individuals with AMCI display
hyperactivation in the medial temporal cortex regions that are critical for normal episodic
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memory function in certain experimental situations that require intentional encoding of
episodic information, at least when measured with BOLD fMRI.

However, recently Xu et al. [24] used quantitative arterial spin labeling perfusion fMRI to
evaluate regional changes in brain perfusion during intentional episodic encoding. These
authors found that an ONC group demonstrated a 22.7% increase in cerebral perfusion in the
right parahippocampal gyrus, whereas no change was observed in the right parahippocampal
gyrus in the AMCI group. These latter results are of interest because arterial spin labeling fMRI
might provide more easily interpretable information about functional changes in specific
components of the hemodynamic BOLD signal, and give a more complete picture of task-
related functional changes in brain regions critical for episodic memory that might be more
useful than BOLD fMRI alone [see 62 for review].

In the present study, we found the opposite pattern of results during successful recognition of
the items previously presented during encoding (i.e., recognition contrast of hits vs. misses).
The AMCI group was found to display significantly reduced activation relative to the ONC
group in the left parahippocampal gyrus and bilaterally in the medial FC, but greater activation
in the left inferior FC, during successful recognition of the previously encoded items. Several
previous studies have reported fMRI activation changes in AMCI during episodic recognition
and/or retrieval. Consistent with the findings of the present study, Petrella et al. [28] reported
reduced activation bilaterally in the FC and the left hippocampus but increased activation in
the posterior frontal lobes in AMCI during retrieval of face/name paired associates that had
been previously presented during encoding.

Johnson et al. [22] found reduced activation in AMCI in the right posterior cingulate cortex
and precuneus during presentation of line drawing that had previously been encoded prior to
scanning. More recently, Mandzia et al. [23] observed that individuals with AMCI displayed
reduced activation in the left hippocampus and in several regions bilaterally throughout the FC
but increased activation in the left fusiform gyrus, right cingulate gyrus and left superior FC
during recognition of photographs of various objects and animals that had been previously
presented during encoding. Heun et al. [20] also reported increased activation in the prefrontal
cortex in AMCI during successful recognition of words previously shown during encoding.
Overall, studies of episodic recognition/retrieval suggest that individuals with AMCI display
reduced activation in parts of the MTL during episodic recognition/retrieval.

Activation changes in the FC in AMCI are more difficult to interpret, since both increased and
decreased activation have been reported. These discrepancies between the various studies
might be due to differences in the stimuli employed (i.e. words, line drawings or photographs)
or possibly the baseline conditions that were used. In the present study, we applied a contrast
that was very similar to the ones used for encoding in which we contrasted successful
recognition of items previously presented during encoding (i.e. hits) relative to unsuccessful
recognition of items that were presented during encoding (i.e. misses). The studies discussed
above used a variety of baseline stimuli for comparison relative to previously presented items
including novel face/name pairs [28], novel line drawings [22] , a complex colored pattern
[23] and words that were not correctly recognized as having been previously presented during
encoding [20] . It is possible that these inconsistencies may have contributed to the
discrepancies with respect to changes in FC activation in AMCI because different baseline
conditions have previously been shown to result in different patterns of activation in the frontal
and medial temporal cortices [63].

Incidental episodic encoding of information is often found to be a secondary processing effect
in many situations [64] including fMRI experiments of recognition/retrieval in which there are
no explicit instructions to encode information [32]. Incidental encoding can be assessed using
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fairly straightforward novel versus previously presented or hits versus misses contrasts [22,
56,57]. We used a method similar to that described by Buckner et al. [32] in which we
essentially treated the recognition phase of the experiment as an encoding task. To examine
brain activation changes in individuals with AMCI during incidental encoding, we created 2
contrasts: a novel versus previously presented contrast (i.e. correct rejections vs. hits) and a
hits versus misses contrast (i.e. correct rejections vs. false alarms), which presumably reflects
incidental encoding of the novel items.

We found that the AMCI group displayed significantly less activation than the ONC group for
both contrasts in the inferior parietal cortex, inferior and medial FC, and in the right
hippocampus/parahippocampal cortex. The AMCI group showed significantly less activation,
additionally, in the right posterior cingulate cortex and left hippocampus/parahippocampal
cortex for the contrast of correct rejections versus hits only. The AMCI group did not display
increased activation relative to the ONC group for either of these contrasts. One caveat to these
latter results is that we did not administer a post-scan recognition test to verify that the novel
items presented during recognition were successfully encoded for obvious reasons (e.g. length
of experimental paradigm and participant fatigue). However, Buckner et al. [32] reported that
young adults displayed good memory during a postscan recognition test for novel items that
were presented during a scanned recognition test.

The results of the incidental encoding analysis are also consistent with previous studies which
have examined encoding of novel information when no explicit instructions were given to
encode the novel information. For example, Johnson et al. [22] used a similar novel versus
previously presented contrast and found that individuals with AMCI displayed reduced
activation in the left superior FC and hippocampus relative to an ONC group. More recently,
Mandzia et al. [23] reported reduced activation in the left parahippocampal cortex, and
bilaterally in the inferior FC and precuneus in AMCI during the encoding of photographs of
objects and animals. Neither study mentioned any regions in which the AMCI group displayed
increased activation during encoding.

The results presented here may help to clarify some of the inconsistent findings from previous
fMRI studies in individuals with AMCI. We demonstrated that, in AMCI, increased activation
in the medial temporal cortex is observed during intentional episodic encoding, whereas
decreased medial temporal cortex activation is found during incidental encoding, recognition
of previously encoded information and during successful discrimination of novel items
presented during encoding.

Although differences in the type of episodic encoding examined may at least partly explain
some of the discrepancies observed between the studies, it is important to note that studies
evaluating functional brain changes during episodic memory function in individuals with
AMCI also vary along several additional clinical and methodological dimensions. These
parameters include (but are not limited to) the behavioral paradigm employed (e.g. encoding
vs. recognition or retrieval), the statistical methodology used, different criterion for the
diagnosis of AMCI or differing degrees of cognitive impairment on the continuum of
deterioration from AMCI to AD [65].

In a series of studies, Dickerson et al. [17,18], Sperling et al. [57] and Celone et al. [65] used
a face-name associative encoding paradigm to examine changes in the magnitude and extent
of activation in the medial temporal cortex in individuals with clinically diagnosed mild AD
and individuals defined as having AMCI based on the clinical dementia ratings scale (although
not all subjects in their AMCI group demonstrated objective memory impairment or met the
clinical criterion for AMCI developed by Petersen and Morris [33] and Winblad et al. [34]).
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These authors manually traced ROIs of the hippocampus and entorhinal cortex from each
participant’s structural MRI and reported an increased extent of activation in these regions
during encoding of novel face-name paired associates in individuals that were classified as
AMCI based on the clinical dementia rating [17,18]. Furthermore, these authors reported that
a greater extent of activation in these medial temporal regions was predictive of later decline
in cognitive status [66]. They suggested that the paradoxical increased medial temporal cortex
activation found in their group of AMCI patients may have been due to differences in the level
of cognitive impairment in their AMCI group versus those in previous studies, which were
discussed above.

To directly test this hypothesis, Celone et al. [65] conducted an elegant study using independent
component analysis to determine if a nonlinear trend of changes in the extent of brain activation
(magnitude was not assessed) could be observed during the formation of face-name
associations along the continuum of AD. Celone et al. [65] found that less impaired individuals
with AMCI displayed an increased extent of activation in the hippocampus relative to controls.
Conversely, more impaired individuals with AMCI and subjects with mild AD were found to
show a reduced extent of activation in the hippocampus relative to controls. Furthermore, the
extents of deactivation in the posterior cingulate, frontal and inferior parietal regions that are
thought to be part of the default network of brain activity [see 67 for review] were found to be
correlated with the extent of activation in the medial temporal cortex during encoding of face-
name associations. The results of these studies suggest that different levels of functional
impairment along the continuum of AD result in a different pattern of changes in brain
activation during episodic memory function.

There are several limitations to the present study. It is likely that not all of the individuals with
AMCI in our investigation were at the same level of functional impairment along the AD
clinical continuum, and thus our findings may have been diluted by more or less successful
performance. Previous studies suggest that the degree of functional impairment in AMCI is an
important variable that influences fMRI activation changes in this population during episodic
memory function [65]. Our sample size is somewhat limited and may not be reflective of the
general populations of ONC and AMCI individuals. Furthermore, the fMRI data analyses
reported here were based on functional scans that were spatially normalized to a standard
template to facilitate the examination of group differences in the magnitude of activation.
However, recent reports suggest that brain atrophy, which is pervasive in AMCI and AD, may
confound the measurement of fMRI activation in the standard space in this population [68,
69] . Alternate approaches based on manual tracings of ROIs in the native space of each
participant [17,18,26,68,69] or acquisition of high-resolution structural scans that highlight the
microstructure of regions such as the medial temporal cortex of each participant [27] may help
to reduce this limitation. However, this would increase the difficulty in examining voxel-wise
group differences in magnitude of activation because of interindividual variation in the
neuroanatomical localization of certain structures.

Despite these limitations, we believe that our results add to the findings of previous fMRI
studies of episodic memory function in AMCI. We suggest that, in addition to the level of
functional impairment and type of functional imaging modality employed (i.e. arterial spin
labeling or BOLD fMRI), another important variable to consider when examining functional
activation changes during episodic memory function in AMCI is the stage of memory examined
(i.e. intentional versus incidental encoding or recognition).
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Fig. 1.
Results of the encoding contrast of encoding versus push. a Results of the conjunction analysis
displayed on a glass brain used to determine regions of common activation between the ONC
and AMCI groups. b Regions where the ONC group displayed significantly greater activation
relative to the AMCI group for this same contrast. The cluster size was 10 contiguous voxels
(p < 0.01, uncorrected).
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Fig. 2.
Results of the subsequent memory intentional encoding contrast of hits versus misses. a Results
of the ROI analysis of medial temporal cortex regions where the AMCI group showed greater
activation relative to the ONC group. The numbers above each slice represent the coordinate
in the y direction moving rostral (left side) to caudal (right side). b Inferior FC regions where
the AMCI group displayed significantly less activation relative to the ONC group. The numbers
above each slice represent the coordinate in the z direction moving dorsal (left side) to ventral
(right side). The cluster size was set at 10 contiguous voxels (p < 0.01, uncorrected). The images
are oriented in standard radiological view in which the right hemisphere is displayed on the
left side of the brain image and the left hemisphere on the right side of the brain image.
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Fig. 3.
Results of the recognition contrast of hits versus misses. a Results of the ROI analysis of inferior
FC regions where the AMCI group showed greater activation relative to the ONC group. The
numbers above each slice represent the coordinate in the z direction moving dorsal (left side)
to ventral (right side). b, c Medial frontal and parahippocampal regions in which the AMCI
group displayed significantly less activation relative to the ONC group. The numbers above
each slice in c represent the coordinate in the y direction moving rostral (left side) to caudal
(right side). The cluster size was set at 10 contiguous voxels (p < 0.01, uncorrected). The images
are oriented in standard radiological view in which the right hemisphere is displayed on the
left side of the brain image and the left hemisphere on the right side of the brain image.
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Fig. 4.
Results of the incidental encoding during the recognition contrast of correct rejections versus
false alarms. a, b Results of the ROI analysis of the hippocampal and inferior parietal regions
where the AMCI group showed significantly less activation relative to the ONC group. c
Frontal and posterior cingulate regions where the AMCI group displayed less activation than
the ONC group. The cluster size was set at 10 contiguous voxels (p < 0.01, uncorrected). The
images are oriented in standard radiological view in which the right hemisphere is displayed
on the left side of the brain image and the left hemisphere on the right side of the brain image.
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Table 1
Demographics and fMRI task performance data

ONC AMCI p value

Demographic variables

Age, years 73.1 (5.5) 77.0 (8.4) 0.09

Education, years 16.2 (3.0) 14.9 (3.3) 0.22

Gender (M/F) 11/12 5/11 0.34

APOE ε4 carriers, % 22 25 >0.90

MMSE 28.8 (1.2) 26.3 (2.3) <0.0011

fMRI task performance

Encoding – total correct, % 88.2 (14.1) 83.0 (16.1) 0.29

Encoding RT – total, ms 1,194.7 (213.4) 1,456.0 (255.0) 0.0011

Recognition, %

 Novel correct 77.2 (14.2) 65.9 (19.0) 0.041

 Previously presented correct 79.8 (12.9) 59.0 (18.1) 0.0002

Recognition RT, ms

 Novel only 1,583.6 (314.6) 1,881.7 (351.7) <0.0011

 Previously presented only 1,588.4 (274.6) 1,829.3 (366.5) 0.021

MMSE = Mini-Mental Status Exam; APOE ε4 = apolipoprotein e4 allele; RT = reaction time. The p values represent the results of the 2-group t tests.

1
Comparisons where the ONC group was significantly better relative to the AMCI group.
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