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Abstract
Functional MRI holds significant potential to aid in the development of early interventions to
improve memory function, and to assess longitudinal change in memory systems in aging and
early Alzheimer's disease. However, the test-retest reliability of hippocampal activation and of
“beneficial” deactivation in the precuneus has yet to be fully established during memory encoding
tasks in older subjects. Using a mixed block and event-related face-name associative encoding
paradigm, the reliability of hippocampal activation and default network deactivation was
assessed over a four-to-six week inter-scan interval in 27 older individuals who were cognitively
normal (Clinical Dementia Rating Scale= 0; n=18) or very mildly impaired (CDR=0.5; n=9).
Reliability was assessed in whole brain maps and regions-of-interest using both a full task
paradigm of six functional runs as well as an abbreviated paradigm of the first two functional runs,
which would be advantageous for use in clinical trials. We found reliable hippocampal signal
response across both block and event-related designs in the right hippocampus. Comparable
reliability in hippocampal activation was found in the full and the abbreviated paradigm. Similar
reliability in hippocampal activation was observed across both CDR groups overall, but the CDR
0.5 group was more variable in left hippocampal activity. Task-related deactivation in the
precuneus demonstrated much greater variability than hippocampal activation in all analyses.
Overall, these results are encouraging for the utility of fMRI in “Proof of Concept” clinical trials
investigating the efficacy of potentially therapeutic agents for treatment of age-related memory
changes, cognitive impairment, and early Alzheimer's disease.
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INTRODUCTION
Functional MRI (fMRI) has become an important research tool in studying the neural
correlates of cognitive processes in normal and diseased brains. Specifically, task-related
blood oxygen level dependent (BOLD) fMRI has been instrumental in elucidating the neural
systems involved in episodic memory, but thus far remains primarily a tool for cognitive
neuroscience research. fMRI has great potential for utility in pharmacological trials,
particularly for candidate cognitive-enhancing therapeutics targeted at age-related memory
impairment and early Alzheimer's disease (AD). An essential step in validating the use of
fMRI for “proof of concept” AD clinical trials is the quantitative assessment of test-retest
reliability.

Of particular interest in the older population is the reproducibility of hippocampal activation
during episodic memory tasks. A number of imaging studies in young subjects have
demonstrated greater activity in the hippocampus and other structures of the medial
temporal lobe, as well as in pre-frontal cortices, during the encoding of stimuli that are later
successfully remembered (Brewer, et al. 1998; Sperling, et al. 2003b; Wagner, et al. 1998).
The hippocampus is also specifically implicated in episodic encoding across a range of
impairment in older subjects. Alterations in fMRI activity in the hippocampus and related
structures in the medial temporal lobe have been observed in low performing “normal” older
adults (Daselaar, et al. 2003; Miller, et al. 2008a), subjects at genetic risk for AD (Bondi, et
al. 2005; Bookheimer, et al. 2000; Han, et al. 2007; Trivedi, et al. 2006), across the
continuum of MCI (Celone, et al. 2006; Dickerson, et al. 2004; Johnson, et al. 2006;
Machulda, et al. 2003; Mandzia, et al. 2009; Miller, et al. 2008b), and in mild AD
(Dickerson, et al. 2005; Golby, et al. 2005; Machulda, et al. 2003; Remy, et al. 2005;
Sperling, et al. 2003b).

There is additional evidence to suggest that successful memory formation necessitates not
only hippocampal engagement, but also coordinated activation and deactivation of various
structures in a distributed memory network that is altered in the process of aging.
Deactivation is defined here as decreases in signal during the task as compared with a
fixation baseline or another control condition. Regions that typically demonstrate
deactivation during the encoding of novel information, as well as other cognitive tasks
requiring attention to external stimuli, have been characterized as the “default network”
(Buckner, et al. 2008; Fransson 2006; Raichle, et al. 2001). Recent fMRI studies suggest that
deactivation in key nodes of the default network, in particular precuneus/posterior cingulate
regions, may be beneficial to successful encoding (Daselaar, et al. 2004), and that this
process may be altered in the process of aging (Duverne, et al. 2009; Miller, et al. 2008a)
and early Alzheimer's disease (Celone, et al. 2006; Pihlajamaki, et al. 2009). The
relationship between functional activity in the hippocampus and the precuneus/posterior
cingulate continues to be studied in an attempt to elucidate the neural underpinnings of
cognitive impairment in early Alzheimer's disease.

It is important to establish an accurate assessment of test-retest reliability of functional
activity in these regions in order to carry out meaningful longitudinal fMRI studies, as well
as to quantify change in neural activity associated with pharmacological treatments that may
impact memory function. Relatively few studies have assessed test-retest reliability in
functional imaging. Many of these studies examined reliability within a single scan session,
or are limited to simple sensorimotor or visual tasks. The inter-scan intervals that have been
studied extensively are also either on the order of a few days or weeks (Kong, et al. 2006;
Rombouts, et al. 1997), or a year or more (Aron, et al. 2006). Little is known about
reproducibility over a middle range inter-scan interval that might be used in early phase
clinical trials. Reproducibility studies have also focused mainly on younger, healthy subjects
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over a range of various sensorimotor (Kiehl and Liddle 2003; Machielsen, et al. 2000;
Rombouts, et al. 1997; Specht, et al. 2003), language (Eaton, et al. 2008; Rutten, et al.
2002), or memory tasks (Sperling, et al. 2002). The literature assessing the reliability of
functional activity in the hippocampus and other medial temporal lobe structures related to
associative memory, as well as deactivations in the precuneus region in elderly non-
demented subjects along a spectrum of cognitive impairment, is still nascent. A recent study
by Clement and Belleville (2009) evaluated the test-retest reliability of fMRI activation in
cognitively normal subjects and individuals with mild cognitive impairment (MCI) six
weeks apart during both a phonological processing task and verbal episodic memory
encoding and retrieval. They found that MCI subjects showed comparable reproducibility
measures to that of normal older controls in the average of activity in multiple regions,
including Broca's area, bilateral prefrontal cortex, precuneus, posterior cingulate cortex, and
the hippocampus. However, they did observe some variability in the hippocampal response
across conditions and clinical group. Reproducibility of fMRI activity in working memory
tasks has also been explored in other patient populations, such as schizophrenia (Manoach,
et al. 2001), producing variable estimates depending on brain region.

Reliability of task-related signal also depends on a number of variables, including but not
limited to: transient environmental and physiological fluctuations, behavioral performance
of the subjects, and the inter-scan interval (Liou, et al. 2003). Increased intra-individual
variability, reflecting within-person fluctuations in behavioral performance, is commonly
observed in aging and in cognitively impaired subjects (MacDonald, et al. 2009), and may
contribute to lower test-retest reliability measures in older subjects than in younger subjects.
It is therefore essential to quantify fMRI test-retest reliability to aid in optimal design and
interpretation of fMRI experiments in older populations.

Studies assessing reliability have employed various techniques, including but not limited to
the Dice spatial overlap coefficient (as adapted by Rombouts et al., 1997), and the intra-class
correlation coefficient (ICC). Previous studies have suggested that spatial overlap ratios are
higher in sensorimotor tasks than in higher level cognitive tasks (Clement and Belleville,
2009). Additionally, the ICC values reported by these studies appear to vary greatly
depending on which region of the brain is being studied.

Our primary objective in this study was to evaluate the test-retest reliability of memory
related fMRI activity, with a specific focus on the hippocampus and the posteromedial
regions of the default network, as these regions have emerged as being both the most critical
in memory formation and greatly affected by aging and early AD. We examined test-retest
reliability of activity at the whole brain map level, as well as within these a priori regions of
interest (ROIs). We utilized a clinically relevant, cross-modal associative memory paradigm
that compares the encoding of novel face-name pairs to viewing highly familiarized repeated
face-name pairs, as difficulty remembering proper names remains the most common
complaint of older individuals (Zelinski and Gilewski 1988). Our previous work with this
paradigm in young subjects has indicated robust hippocampal activation with good
reliability over short term intervals (Sperling, et al. 2002).

One of our ultimate goals is to validate fMRI for use in short “Proof of Concept” clinical
trials involving potentially therapeutic agents for treatment of age-related memory
impairment and very early Alzheimer's disease. We chose an inter-scan interval of four-to-
six weeks because this interval is typical of early phase clinical trials utilizing cognitive
enhancing agents, and avoids the confound of potential disease progression in prodromal
AD over a longer time interval. Older subjects with cognitive impairment who are recruited
for such trials may have limited tolerance for lengthy scans, particularly accounting for
multiple other MR sequences that are required for safety evaluations and volumetric
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analyses. We therefore investigated the reproducibility of an abbreviated version of this
fMRI paradigm that could be easily integrated into a standard safety and volumetric imaging
protocol. Additionally, we investigate the contribution of behavioral performance to the
reproducibility of fMRI activity by comparing a block design with an event-related design
that assesses successful memory encoding. We evaluated reproducibility across whole brain
maps and within specific anatomic ROIs defined from each individual's structural MRI data
to determine the reliability of fMRI activity at both regional and whole brain network levels
in these older subjects.

MATERIALS AND METHODS
Participants

Twenty-seven right-handed non-demented older adults (10 males, 17 females; mean age
72.4 years, range: 61–83) consented to participate in this study (Table I). All subjects were
screened for neurological and psychiatric illness. Subjects were recruited from on-going
longitudinal studies of aging and from neurology clinics and were screened for
contraindications to MRI. At study entry, the Mini-Mental State Examination (MMSE) was
administered and each subject scored between 27–30. Upon entering the study, subjects
were classified based on the Clinical Dementia Rating (CDR) scale. CDR scores were based
on an interview with the subject and the subject's healthy study partner with whom the
subject had daily contact. Eighteen subjects were classified as having a CDR of 0
(cognitively normal), and nine as CDR 0.5 (mildly impaired). The assignment of CDR 0.5 in
this study was based on reports of subjective memory complaints, corroborated on by a
study partner. These subjects did not have significant memory impairment evidenced by
neuropsychological testing, and thus would not meet Petersen criteria for amnestic MCI
(Petersen, 2004). However, the CDR 0.5 subjects might be considered to be “pre-MCI” on
the basis of their subjective memory complaints and mild memory impairment. The Partners
Human Research Committee at Brigham and Women's Hospital and Massachusetts General
Hospital approved all study procedures.

Neuroimaging Procedure
Each subject was scanned twice within an interval of 4–6 weeks (mean inter-scan interval
5.15 +/− 1.5 weeks). Each scanning session was conducted at the same time in the mid-
morning using identical preparation and scanning procedures. Each session included 25
minutes of structural imaging sequences, followed by the fMRI memory paradigm which
was a mixed block and event-related design adapted from a previously published fMRI
block design paradigm (Celone, et al. 2006) and a subsequent memory event-related design
(Miller, et al. 2008a).

Subjects were scanned during encoding runs consisting of alternating blocks of Novel and
Repeated face-name pairs (40 seconds each), interspersed with blocks of visual fixation on a
white crosshair (25 seconds). The stimulus duration for face-name pairs within each block
were also jittered with very brief periods of visual fixation, with optimal timings derived
from OptSeq (Greve, 2002). Faces were each displayed for 4.5 seconds against a black
background with a fictional first name printed in white letters underneath. During the
presentation of each face-name pair, subjects were asked to press a button indicating
whether they thought the name was a “good name for the face” or a “bad name for the face”,
a purely subjective assignment designed to ensure attention to the task and enhance
associative encoding (Sperling, et al. 2001). Before each run, subjects were explicitly
instructed to try to remember which name was associated with which face. Face-name
stimuli were randomly intermixed with trials of visual fixation (a white crosshair centered
on a black background) that varied in duration from 0.3s to 2.2s. Visual fixation was
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presented for 25s between each block of seven Novel and seven Repeated face-name pairs.
We use two different face-name stimulus sets for each imaging session, which are taken
from seven stimulus sets that have been previously validated in both young and older
subjects to show equivalent post-scan memory performance (Sperling et al., 2002; Miller et
al., 2008a). Stimuli were presented using MacStim 2.5 software (WhiteAnt Occasional
Publishing, West Melbourne, Australia). Images were projected through a collimating lens
onto a mirrored screen attached to the head coil. Responses were collected using a fiber-
optic response box held in the right hand. Cushions were in place to help minimize subject
movement, and headphones were used to communicate with the subjects during the scan and
to dampen scanner noise.

Post-scan Memory Testing
After the scanning session, subjects underwent a forced-choice recognition memory test
outside the scanner in which the 84 novel faces and 2 repeated faces seen during the scan
session were presented on a computer screen outside the scanner room. Each face was paired
with two names underneath in a counter-balanced design: one that was correctly paired with
the face during the scan session, and one that was paired with a different face during the
scan session. Subjects were asked to indicate which of the two names was correct and also to
indicate if they had high or low confidence regarding their answer choice.

Image Acquisition
Subjects were scanned using a Siemens Trio 3T scanner (Siemens Medical Systems,
Erlangen, Germany). T1-weighted structural images were acquired using a Magnetization
Prepared- Rapid Acquisition Gradient Echo (MP-RAGE) sequence: repetition time (TR) =
2300 msec, echo time (TE)= 2.98 msec, inversion time (TI) = 900 msec, flip angle (FA) = 9
degrees, field of view (FOV) = 256mm, matrix 240 × 256, slice thickness- 1.20 mm, 160
sagittal slices (right to left). Blood oxygen level dependent (BOLD) fMRI data were
acquired using a T2*-weighted gradient-echo echo-planar imaging (EPI) sequence: TR =
2000ms, TE= 30ms, FA= 90 degrees, FOV = 200mm, matrix = 64 × 64 (in-plane resolution
3.1 × 3.1 mm2). Thirty oblique coronal (anterior to posterior) slices with 5.0 mm thickness
and an interslice gap of 1.0 mm were acquired, oriented perpendicularly to the anterior-
posterior commissural line. A total of six functional runs per scan session were acquired,
each consisting of 127 whole-brain acquisitions with 5 TRs discarded for T1 stabilization.
The total scanning time for all six functional runs was 25.44 minutes, with the acquisition
time of each run being 4.24 minutes.

Image Processing and Analysis
MP-RAGE images were processed through the FreeSurfer pipeline (http://
surfer.nmr.mgh.harvard.edu). As part of this semi-automated pipeline, preprocessing of
structural volumes included an affine registration to Talairach space, bias field correction,
and removal of skull and dural voxels surrounding the brain. Each volume underwent
minimal manual intervention (e.g. manual skull strip, guiding the cortical segmentation
procedure) to ensure that the white matter and the pial surfaces were properly reconstructed.
All other processing steps were fully automated using the default parameters.

Functional MRI data were preprocessed using Statistical Parametric Mapping (SPM2;
Wellcome Department of Cognitive Neurology, London, UK) for Matlab (The Mathworks,
Inc, Natick, Massachusetts, USA). Functional data were realigned using INRIAlign, a
motion correction algorithm unbiased by local signal changes, normalized to the standard
SPM2 EPI template, re-sampled into 3 mm isotropic resolution in MNI305 space, and then
smoothed using an 8 mm Gaussian kernel. No scaling was implemented for global effects. A
high pass filter of 260s was used to remove low frequency signal (e.g. drifts across entire
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fMRI run). The data were then modeled by convolving a canonical haemodynamic response
function with the onsets from encoded face-name pairs.

We measured the technical quality of each scan by calculating the signal-to-noise ratio
(SNR) of each fMRI run, and then calculated an average SNR over all six functional runs for
each subject at each scan session. We conducted a paired-t test to determine if the SNR over
the whole group was comparable between the scan sessions. We also examined head motion
parameters in six directions, to ensure that no scans exceeded three standard deviations in
any direction. We utilized this liberal threshold for movement parameters to emulate a
clinical trial situation in older and cognitively impaired subjects.

For the block design analyses, trials were categorized as either novel (N) or repeated (R)
face-name pairs, and compared to Fixation (F). Activation contrasts of interest defined from
a block design were novel versus repeated face-name pairs (NvR) and novel face-name pairs
versus a fixation cross (NvF). These contrasts were selected on the basis of previous work,
by our group and others, which has elicited robust hippocampal activation when comparing
the encoding of novel stimuli compared to the viewing of repeated stimuli in memory
encoding paradigms (Sperling, et al. 2003a; Stern, et al. 1996). Using an event-related
analysis, encoding trials could also be classified on the basis of whether or not they were
subsequently correctly identified (hit vs. miss), and with high (HC) or low confidence (LC)
on the post-scan recognition memory test (Miller, et al. 2008a). Contrasts of interest defined
from the event-related analyses were high confidence hits versus repeated face-name pairs
(HCHvR) and high confidence hits versus a fixation cross (HCHvF). We did not use a “Hits
vs. Misses” contrast for this study because this mixed block and event-related design did not
yield robust hippocampal activation at either scanning session, even with young subjects.
This is likely due to the limited jitter possible within the block timing constraints, as well as
the relatively small number of stimuli in the miss trials in normal subjects.

Both block and event-related analyses were based on SPM2 mixed-effects linear models. To
assess memory task-related activation, NvR, NvF, HCHvR, and HCHvF contrasts were
created for each subject. To quantify task-related deactivation, fixation versus all novel and
repeated faces (FvALL) and fixation versus high-confidence hits (FvHCH) contrasts were
created on the basis of previous work showing that passive fixation contrasted to active task
involving cognitively engaging external stimuli highlights beneficial deactivation in the
midline parietal region (Daselaar, et al. 2004; Lustig, et al. 2003; McKiernan, et al. 2003;
Pihlajamaki, et al. 2008). We first examined whole-brain voxel-wise activation and
deactivation at the group level. One-sample t-tests were run separately on all of these
contrasts. At the next level, mixed-effects paired t-tests on the whole group were utilized to
determine voxel-by-voxel differences between scanning sessions. Results were considered
to be statistically significant at p<0.001 (uncorrected) with a minimum extent threshold of 5
voxels.

Test-Retest Reliability Analysis Within ROIs
We utilized a priori functionally defined ROIs in the hippocampus and precuneus,
constrained by individually defined anatomic regions. We sought to test whether the signal
measured from these areas during the encoding of novel face-name pairs was reproducible
over a time interval typical of inter-assessment intervals in early phase AD clinical trials.
We examined reliability for both the novel face-name pairs compared to repeated pairs in a
block design, and also specifically for face-name pairs that were subsequently
“successfully” encoded in an event-related design. The functional volumes from each
scanning session were aligned to the structural volume to determine which functional voxels
lay within the FreeSurfer-derived, individual, anatomically defined hippocampus and
precuneus ROIs (see Fig. 1). The ROIs were further constrained with a union mask of
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hippocampal activation and precuneus deactivation present at either scanning session
created from cross-sectional group maps of each specific contrast, thresholded at p<0.001
with an extent of 5 voxels. This process created ROIs that were specific to individual subject
anatomy that were also focused on subregions that were engaged during the task in at least
one of the two sessions. We also performed analyses on lateral parietal deactivation using a
post-hoc ROI to determine if this has any better reliability than observed in the precuneus.

Magnitude of fMRI activation, defined as percent signal change (PSC) in the BOLD signal,
was extracted from each ROI at the individual level to determine the reproducibility of fMRI
activity between scanning sessions. Paired t-tests were again used to analyze significant
differences in activation between Scan Session 1 and Scan Session 2. Intra-class Correlation
Coefficients (ICCs), a statistic that quantifies the consistency or reproducibility of
measurements or raters, were calculated to quantify the test-retest reliability of behavioral
performance as well as fMRI task-related activations and deactivations. The ICC has
numerous variations. We employed the one termed “ICC (2,1)” by Shrout and Fleiss (1979)
computed as:

where

BMS = the mean square (sum of squares/degrees of freedom) for the subjects,

TMS = the mean square for time, or scan session factor here,

EMS = the mean square for error,

k= number of scanning sessions of assessment, and

n= number of subjects.

We chose this definition of ICC because it assumes the scanning sessions of assessment are
randomly selected from a large population of potential assessments, although the same
points of time are used for all subjects. This version is also sensitive to (attenuated by)
undesirable mean change across assessments as well as interaction of subjects with
assessment (essentially lack of correlation between assessments).

Two types of ICCs are reported: single measure (relevant to cross-sectional studies) as well
as average measure (relevant to longitudinal studies). Here, single measure reliability
implies that individual ratings constitute the unit of analysis, whereas average measure
reliability implies that the mean of all ratings is the unit of analysis. That is, average
measure reliability gives the reliability of the average rating.

Another form of assessing reliability is to solely examine the within-subject variability. We
defined within-subject variability as the standard deviation of BOLD signal changes across
scanning sessions (Zandbelt, et al. 2008), which is essentially an index of subject x
assessment interaction effect. The reliability metric reported is the standard deviation of the
change scores (σchange) of all the individuals in the group.

In order to examine main effects and possible interactions between run type (6 runs vs. 2
runs), scanning session (Scan Session 1 vs. Scan Session 2), hemisphere (left vs. right), and
CDR subgroup (CDR 0 vs. CDR 0.5), we calculated two types of three-way mixed between-
within subjects repeated measures ANOVAs on the PSC data: “run x scanning session x
CDR group” as well as “hemisphere x scanning session x CDR group.” All repeated
measures ANOVAs were run separately for each contrast of interest.
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In addition to these reliability measures of magnitude of fMRI activity, we investigated the
reliability of extent of fMRI activity within the ROIs using Dice spatial overlap coefficients.
The Dice coefficient is defined as twice the intersection of the area of Scan Session 1
activation and Scan Session 2 activation all divided by the union of the two areas. This
measure was calculated for each subject individually, from his or her whole anatomic
hippocampus and precuneus, and then averaged for each contrast at a group level. All
analyses were run with the full paradigm (6 functional runs) as well as with an abbreviated
paradigm (2 functional runs).

RESULTS
Participants

Independent samples t-tests were conducted to compare demographic data between the CDR
subgroups, including age, gender, MMSE score, and years of education. None of these
variables differed significantly between groups except for gender (Fischer's exact test, p =
0.039), reflecting a disproportionately high number of females in the CDR 0 group than in
the CDR 0.5 group.

Memory Test Performance
A summary of performance on the post-scan face-name recognition test is presented in
Table II. The CDR 0.5 subjects correctly identified 58% of trials, and correctly recognized
26% of the face-name pairs with high confidence, compared to the CDR 0 group, which
correctly identified 68% of the face-name pairs, and correctly recognized 45% of the stimuli
with high confidence. Notably, independent samples t-tests demonstrated that subjects
classified as CDR 0.5 performed significantly worse than those classified as CDR 0 at both
scanning sessions (Scan Session 1: t= 2.52, p=0.019; Scan Session 2: t= 3.083, p=0.005).
However, within the CDR subgroups, subjects performed comparably between scanning
sessions. ICCs for the percentage of answers reported correctly with high confidence
demonstrate high reproducibility of the scores across groups: individual ICC (mean ICC): all
subjects: 0.76 (0.86); CDR 0: 0.61 (0.76); CDR 0.5: 0.87 (0.93).

We did not find any statistically significant relationships between change in memory test
performance and change in signal in either activation or deactivation across scan sessions.
However, change in signal across sessions was related to baseline behavioral performance
on the task during the HCHvF contrast, such that greater observed change in the BOLD
signal in the hippocampus between scanning sessions was correlated with worse memory
performance (lower percentage of successful recognition with high confidence) during the
first scan session. This was true for the full paradigm (r= −0.427, p=0.026) as well as the
abbreviated paradigm (r=−0.496, p=0.008). There was no significant relationship between
change in signal during deactivation and behavioral performance at either scan session.

Signal-to-Noise Ratio Assessments of fMRI Data
Technical quality in the form of the signal-to-noise ratio (SNR) of each functional run of
each subject's scanning session was calculated. All runs excepting two runs from one subject
at the second scanning session had a SNR above the accepted value (>100). The overall
SNR (averaged over the six functional runs) for each subject at each scanning session was
above threshold. Lastly, paired t-test analyses suggest that the group had comparable SNR
across scanning sessions (t=1.009, p=0.322, N.S).
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Whole-Brain Activation
We first examined whole-brain voxel-by-voxel activation at Scan Session 1 and Scan
Session 2 separately, analyzing group-level activity with both block and event-related
analyses using one-sample t-tests thresholded at p<0.001, uncorrected. In the block design
random effect group analysis one-sample t-test for the NvR contrast, subjects demonstrated
comparable patterns of whole-brain activation at both scanning sessions. Additionally, we
specifically observed activation in the hippocampus bilaterally, as well as in fusiform gyrus
and prefrontal cortices, similar to results in previous experiments with this paradigm (see
Fig. 2). Group-level activation maps for NvF also demonstrated a similar pattern at both
scanning sessions. Interestingly, these results were also observed for NvR and NvF in the
abbreviated cognitive paradigm analyzing just the first two functional runs. Likewise, group
activation contrasting the encoding of HCHvR showed comparable whole brain activation in
both the full paradigm and the abbreviated paradigm between the two scanning sessions (see
Fig. 3). Group maps of the CDR subgroups separately demonstrated very similar results for
each scanning session. In order to capture all task-related activity within the hippocampus,
particularly for the ROI analyses of this small region, we utilized a relatively liberal
threshold of p<0.001 (uncorrected) as our primary analysis. Whole brain activation, and in
particular, hippocampal activation, was still observed with an FDR correction for multiple
comparisons, p<0.05, in all contrasts and run types with the exception of the CDR 0.5
subgroup in the abbreviated paradigm.

We then examined the differences in whole brain activation between scanning sessions with
paired t-tests in SPM2. Thresholded at an uncorrected p-value of 0.001 and extent of 5
voxels, there were no significantly different clusters identified for bidirectional tests of
either Scan Session 1 > Scan Session 2 or Scan Session 2 > Scan Session 1 in any of the
activation contrasts for the full paradigm. In analyses of the abbreviated paradigm, a small
number of voxels demonstrated differential activity at Scan Session 2 greater than Scan
Session 1, but these were located outside of the hippocampal ROI, primarily in regions
around the edge of the brain or the ventricles, which may represent motion artifact due to
head motion or ventricular pulsation. Similar results were observed when analyzing paired t-
tests of the CDR subgroups separately. Overall, in the full paradigm there were no
significant differences for bidirectional tests of Scan Session 1 > Scan Session 2 or Scan
Session 2 > Scan Session 1 in any activation contrast. However, in the abbreviated paradigm
examining NvR, the CDR 0 subgroup showed a few voxels activated at Scan Session 2 that
were not activated at Scan Session 1 in the visual cortex.

In particular, we observed that the hippocampus was activated bilaterally in a similar pattern
at both scanning sessions for both block and event-related analyses, and for the full and
abbreviated paradigm. For NvR, peak MNI coordinates were: Scan Session 1 Left [−24 −18
−18], Right [27 −18 −15] and Scan Session 2 Left [−27 −6 −21], Right [24 −18 −12]. In
event-related analyses, peak MNI coordinates for HCHvR were: Scan Session 1 Left [−30
−27 −9], Right [27 −18 −15] and Scan Session 2 Left [−27 −9 −18], Right [27 −18 −15].

ROI Test-Retest Analysis of Activation in the Hippocampus
In addition to whole-brain analyses, we investigated a priori region specific reproducibility
using functionally defined ROIs constrained by each individual's neuroanatomy. Percent
signal change during the various block- and event-specific contrasts was extracted from each
subject's hippocampus ROI at both scanning sessions. The results from the NvR analysis
from the full paradigm are shown in Fig. 4.

A three-way mixed between-within subjects repeated analysis of variance was conducted to
assess the impact of number of runs (6 vs. 2), scanning sessions (Scan Session 1 vs. Scan
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Session 2), and CDR group status (0 vs. 0.5) on subject's activation measures. There was no
significant interaction between run number and scanning session, Wilks Lambda=0.963, F =
0.956, p= 0.338, partial eta squared = 0.037. Likewise, there were no significant interactions
between run number and CDR subgroup, or scanning session and CDR subgroup, and no
significant three-way interactions between run number, CDR subgroup, and scanning
session. Additionally, there were no significant main effects of scanning session, CDR
subgroup, or run number.

Paired t-tests were then used to more specifically investigate any evidence of difference in
the magnitude of activation for the whole group, and for each CDR subgroup, across time.
None of the paired t-tests indicated a significant difference in magnitude of activation within
the hippocampal ROIs for NvR, NvF, HCHvR, or HCHvF. Intra-class correlation
coefficients (ICCs) were calculated from the values of Scan Session 1 and Scan Session 2
percent signal change as a measure of signal reliability (See Table III). Across the various
contrasts in both block and event-related designs, ICCs for the whole sample were moderate
for the left hippocampus (0.35 - 0.6) and moderate-high (0.6– 0.8) in the right hippocampus.
Importantly, ICCs were comparable for both the full and abbreviated cognitive paradigm.

Dice spatial overlap coefficients were on average 0.37 in left hippocampus and 0.36 in right
hippocampus for NvR. The within-subject variability (σchange) was also calculated. Again, it
was observed that there was less variability in the right hippocampus than the left, with
lower σchange in the right hippocampus observed than in the left across contrasts in the full
paradigm (σchange in NvR : left= 0.25, right= 0.20; in HCHvR: left= 0.31 right= 0.20) as
well as in the abbreviated paradigm (σchange in NvR : left= 0.29, right= 0.22; in HCHvR:
left= 0.28, right= 0.20).

Whole-Brain Deactivation
Although the primary focus of this study was on hippocampal activity, we also investigated
deactivation at Scan Session 1 and Scan Session 2 separately by contrasting fMRI activity
that was greater during the presentation of a fixation cross than during the encoding of all
novel and repeated face-name pairs (FvALL), as well as during the encoding of
subsequently correctly recognized face-name pairs with high confidence (FvHCH).

The FvALL contrast was preferred over an FvN contrast because we saw more evidence of
consistent deactivation in the precuneus at baseline across all older subjects when examining
fixation compared to all novel and repeated face-name pairs as opposed to fixation
compared to just novel face-name pairs. In examining the FvALL contrast, the group
demonstrated deactivation in the precuneus region at Scan Session 1 and Scan Session 2 in
the full paradigm (peak MNI coordinates were: Scan Session 1 Left [−3 −45 45], Right [3
−42 51]; Scan Session 2 Left [−24 −51 9], Right [24 −54 21]), but only in the left precuneus
and only at Scan Session 2 in the abbreviated paradigm (see Figure 5; MNI coordinates
x,y,z:[ −9 −81 36]). There were more voxels deactivating during FvALL at Scan Session 2
as compared to Scan Session 1. To see comparable patterns of deactivation between
scanning sessions, and to be able to compare the full to the abbreviated paradigm at both
scanning sessions, it was necessary to drop the threshold to the level of p<0.01. Areas of the
lateral parietal region were also significantly deactivated within this contrast at the group
level, thus we also extracted signal estimates from a lateral parietal ROI (see Figure 6).
Similar results were observed in group-level activation maps of the contrast FvHCH. Again,
more voxels deactivated at Scan Session 2 than at Scan Session 1. With the abbreviated
paradigm, few voxels appeared to be deactivating at Scan Session 1, and at Scan Session 2,
only the left precuneus showed deactivation.
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Next, we examined whole brain deactivation differences between scanning sessions with
paired t-tests in SPM2. Thresholded at an uncorrected p-value of 0.001 with an extent of 5
voxels, group maps of deactivation at Scan Session 1 versus Scan Session 2, bidirectionally,
did not show significant differences in the precuneus/posterior cingulate area when
contrasting FvALL. However, when analyzed within CDR subgroups, the CDR 0 group
showed evidence of small clusters of greater deactivation in the Scan Session 2 > Scan
Session 1 paired t-tests for both FvALL and FvHCH contrasts.

ROI Test-retest Analysis of Deactivation in the Precuneus
Similar to the analyses of hippocampal activation, percent signal change in the FvALL and
FvHCH contrasts were extracted from each subject's precuneus ROI, and compared using
paired t-tests. Overall, the results demonstrated that the magnitude and location of
deactivation within the precuneus ROI was highly variable. For the FvALL contrast,
deactivation was measurable for most subjects in the full paradigm, but not in the
abbreviated paradigm examining just the first two runs. Likewise, no significant deactivation
was observed for FvHCH in the abbreviated paradigm.

Again, a three-way mixed between-within subjects repeated analysis of variance was
conducted to assess the impact of number of runs (6 vs. 2), scanning sessions (Scan Session
1 vs Scan Session 2), and CDR group status (0 vs. 0.5) on subject's activation measures.
Because of the lack of measurable data for all contrasts and runs, we could only perform
three ANOVAs using deactivation contrasts. In examining a “run x CDR subgroup x
scanning session” interaction for the contrast of FvHCH in the right precuneus, there were
no significant interactions between run number and scanning session. However, both run
number and scanning session had significant main effects, run number: Wilks' Lambda =
0.546, F=21.6, p=0.000; scanning session: Wilks' Lambda = 0.851, F= 4.55, p= 0.043. There
were no significant main effects or interactions in examining a “hemisphere x CDR
subgroup x scanning session” ANOVA for the full paradigm FvALL contrast or for the
abbreviated paradigm FvHCH contrast.

To explicitly investigate any evidence of difference in deactivation, we again conducted
paired t-tests for FvALL and FvHCH contrasts. The full paradigm demonstrated that there
were no significant differences overall between Scan Session 1 and Scan Session 2
deactivation for the whole group. However, deactivation in the right precuneus for just the
CDR 0.5 group in the full paradigm showed a trend for significance (p=0.097). Because both
the intra-subject as well as inter-subject magnitude of deactivation was so variable, ICC
values for precuneus deactivations were low (0.2 – 0.4), signifying poor test-retest
reliability.

Dice spatial overlap coefficients in FvALL also showed less overlap in deactivation
compared to the results for activation in the hippocampus, averaging 0.28 in the left
precuneus and 0.31 in the right precuneus (ranging from 0 to 0.55). Overall within-subject
variability, σchange, was higher for precuneus deactivation than for hippocampal activation
(σchange in FvALL : left = 0.45, right= 0.34; in FvHCH: left= 0.33).

Power Analyses
We conducted a series of power calculations based on hippocampal activation data. Our goal
is to model acute drug effects, as opposed to modeling longitudinal changes in AD related
decline. For proof-of-concept studies of acute pharmacologic effects, we would hope to be
able to detect a moderate effect size of 50% change in fMRI signal. Using block design data
from the right hippocampus, power analyses indicate that in order to detect a 50% difference
in hippocampal activity with a power of 0.8 and two-sided alpha of 0.05, approximately 25
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subjects would be required using the full 6 run paradigm and 35 subjects for the abbreviated
paradigm of just the first two functional runs. Event-related analyses yielded similar power
estimates, with 26 subjects needed for the full paradigm and 29 subjects for the abbreviated
paradigm.

DISCUSSION
This study investigated the test-retest reliability of an fMRI face-name associative encoding
paradigm in cognitively intact and mildly memory-impaired older individuals over a four to
six week inter-scan interval. Importantly, good reliability of activation patterns in whole
brain maps and specifically in the hippocampus was observed over this intermediate inter-
scan interval in elderly non-demented older adults. Furthermore, we observed good
reproducibility of hippocampal activation by using an abbreviated fMRI paradigm that
would be suitable to add on to standard safety and volumetric protocols in a clinical trial.
Substantially more variability was observed in the pattern and magnitude of deactivation
within the medial parietal (precuneus) regions of the default network using the same analytic
methods, suggesting that task-induced deactivation may be less reliable overall than
hippocampal activation, in older and cognitively impaired subjects.

We investigated percent signal change in regions of interest using a method that would
allow us to sample from regions engaged in the task within each individual's anatomy. We
restricted our analyses to voxels that were actually activating or deactivating at either
scanning session. We further defined the ROIs by the regions where these activated areas lay
within each individual's anatomically defined hippocampus and precuneus regions. This was
done to better account for differences in individual anatomy, as older subjects might have
early regional atrophy in the medial temporal lobe and the medial parietal cortices. Notably,
when analyses were repeated using only MNI-based, structurally defined ROIs, we observed
very similar results to those reported here using individual anatomically defined ROIs. Thus
it may not be critical to include individual volumetric information in fMRI analyses when
only normal or mildly impaired subjects are included. However, the need for volumetrically
individualized fMRI analysis may be required when studying more impaired MCI or AD
patients, who likely have greater regional atrophy.

Behavioral performance on the post-scan memory test did not demonstrate any statistical
differences between scanning sessions, and may reflect the fact that most of our subjects
performed fairly well at both scanning sessions. Nevertheless, it is important to note that
event-related contrasts demonstrated similar signal reliability as block design contrasts since
event-related designs may prove more useful in the evaluation of individuals who
demonstrate significant cognitive change over time. However, a disadvantage to event-
related designs is the inherent loss of statistical power as well as insufficient bin sizes for
some contrasts based on inter-subject variability, particularly when utilizing an abbreviated
version of this paradigm.

One important objective of this study was to establish the reliability of hippocampal signal
during an associative memory task, given this region's importance in memory function and
previous concerns about the inter-subject variability of hippocampal activity (Daselaar, et al.
2003; Rombouts, et al. 1997). Similar to results of reliability studies of fMRI paradigms
investigating auditory working memory (Wei, et al. 2004) and fear responses in the
amygdala (Johnstone, et al. 2005), we found that paired-associate encoding-related
hippocampal activation has good reproducibility, based both on ICC values and within-
subject variance measures. ICCs for hippocampal ROIs mostly ranged between 0.4–0.8,
showing moderate to high signal reliability for this associative encoding task. Individual
ICCs from the left hippocampus (~0.5), was generally lower than the ICCs from right

Putcha et al. Page 12

Hum Brain Mapp. Author manuscript; available in PMC 2013 January 22.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



hippocampus (~0.7). These ICCs are in the range of those reported in other imaging
reliability studies (Eaton, et al. 2008; Johnstone, et al. 2005; Manoach, et al. 2001; Wei, et
al. 2004), and are also consistent with results from a recent fMRI study reporting on a
memory paradigm in older subjects (Clement and Belleville 2009). It is perhaps not
surprising that we observed somewhat better signal reliability from the right hippocampus,
as the literature implicates the right hippocampus in playing a crucial role in spatial
encoding (Schacter, et al. 1996; Sperling, et al. 2001; Squire, et al. 1992). Furthermore, our
paradigm may specifically probe the role of the right hippocampus in novel face encoding
(Chua, et al. 2007; Sperling, et al. 2003b). Our recent longitudinal studies in aging and MCI
may implicate the right hippocampus as being predictive of clinical decline (O'Brien, et al.
2010), suggesting that the right (non-dominant) hippocampus may be more vulnerable to the
process of neurodegeneration.

Dice spatial overlap coefficients calculated from each individual's anatomically defined
hippocampus had low to moderate values of 0.3 – 0.5, and were similar to those reported in
other studies (Clement and Belleville 2009; Machielsen, et al. 2000; Rombouts, et al. 1997).
These results are consistent with suggestions in the literature that statistical comparisons of
magnitude of signal in activation contrasts may be more reliable than spatial voxel
comparisons (Clement and Belleville 2009). As spatial overlap is partially determined by
proportion of the region activated, this may have particular implications for the
hippocampus, and more specifically, for our task, which primarily activates the anterior
hippocampal formation. Given the marked inter-subject variability in the morphology of the
hippocampus and the extent of activation, the reproducibility of fMRI signal in this region
may not be best evaluated using spatial overlap methods (Rombouts, et al. 1997).

Establishing hippocampal reliability with this associative memory paradigm in older
cognitively normal and mildly impaired subjects should be informative for future work
investigating and quantifying cognitive decline of older subjects at risk for Alzheimer's
disease. The comparison of reliability between a full associative memory paradigm and an
abbreviated version of the same paradigm suggests that the short version may have sufficient
reliability to be usefully incorporated into clinical trial MRI protocols. Interestingly, after
separating the subjects into two groups based on their Clinical Dementia Rating score, it was
observed that although the groups both showed overall moderately high signal reliability, the
CDR0 group showed higher reliability than the CDR 0.5 group in the left hippocampus.
However, reliability was comparable in the right hippocampus across both block and event-
related designs. Our findings are generally consistent with that of Clement and Belleville
(2009), who also observed overall a similar degree of reproducibility in older controls and
MCI subjects in single-measure ICC across an average of multiple regions, although they
did observe variability in hippocampal activation across conditions and clinical group.

Interestingly, we observed a dissociation between the reliability of behavioral memory
measures and fMRI activity in comparing CDR 0 and CDR 0.5 groups. We observed that
although CDR 0.5 subjects show a higher ICC for behavioral memory performance across
scan sessions than CDR 0 subjects, the CDR 0.5 subjects also show decreased ICC with
respect to right hippocampal activation. We speculate that these results could reflect a high
between-subject variability among CDR 0.5 subjects in objective memory performance, as
these individuals are known to be clinical heterogeneous. However, it is also possible that
CDR 0.5 subjects may demonstrate slightly greater within-subject variability in neural
activity over short time frames, reflecting evidence of early vulnerability of the neural
systems engaged in memory encoding.

A secondary objective of this study was to examine the reproducibility of task-related
deactivation, as the default network has received increasing interest in the aging and
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neurodegenerative disease literature. The precuneus/posterior cingulate area is documented
as exhibiting “beneficial” task-related deactivation, or increase of negative signal (Miller, et
al. 2008a). Some studies further report a left lateralization in the areas deactivating in
response to task (Binder, et al. 1999; Mazoyer, et al. 2001), a finding that was also
demonstrated in the current study. While deactivation was present at both scanning sessions
in the full paradigm, the locations and magnitude of deactivations varied greatly between
subjects, as well as within subjects across time. One potential explanation for this is that
areas of the precuneus involved in task-related deactivations may inherently demonstrate
more individual regional variability in activity than the anatomically smaller and more
reliably activated hippocampal formation.

It is also thought that the normal aging process disrupts coordinated intrinsic activity
between different components of the default network, most prominently seen in the
precuneus/posterior cingulate region of the brain (Andrews-Hanna, et al. 2007; Damoiseaux,
et al. 2007; Grady, et al. 2006; Persson, et al. 2007) as well as task-induced deactivations
(Sambataro, et al. 2010; Lustig, 2003). In particular, recent data suggest that the presence of
amyloid pathology, even in cognitively intact older subjects, may disrupt normal default
network activity during the resting state (Hedden, et al. 2009; Sheline, et al. 2010).
Interestingly, older subjects with high amyloid burden, as well as cognitively normal older
subjects with genetic risk factors for AD demonstrate significant reductions in deactivation
during cognitive tasks, with some subjects even demonstrating paradoxical activation in this
area, similar to reports in MCI and AD (Fleisher, et al. 2009; Lustig, et al. 2003; Petrella, et
al. 2007; Pihlajamaki, et al. 2009; Sperling, et al. 2009). For these reasons, it may not be
surprising that we observed much more variability in patterns of deactivation at each
scanning session than previously seen in younger subjects (Gusnard and Raichle, 2001;
Lustig et al., 2003). The results from the present study suggest that the intra- and inter-
subject variability of default network activity during memory encoding, both in terms of
magnitude as well as spatial extent, is higher than the variability observed in activation of
the “task-positive” network in older subjects. Thus, although the default network may be a
very sensitive indicator of early neural alterations seen in aging and prodromal AD, these
regions may provide less reliable metrics for demonstrating pharmacologic effects.

As a large number of potential treatments for memory impairment are entering clinical trials,
it is important to develop measures which can detect a “signal of efficacy” in a short time
period that may predict subsequent effects over a longer trial. Our power calculations based
on these results indicate that a relatively small number of subjects would be needed to detect
significant pharmacological effects on hippocampal activity within a six-week span. These
results are particularly encouraging for the abbreviated version of the paradigm, which is
more feasible than the full paradigm to add on to early “proof of concept” trials or scans
acquired for safety monitoring. Although a few more subjects would be needed to detect
these effects in the abbreviated version of the paradigm, the relative benefits of adding such
a short cognitive paradigm may outweigh the relative cost. The results of the power analyses
lend further support to the promise of fMRI as a potential biomarker to detect acute efficacy
in proof-of-concept clinical trials. We are currently including an abbreviated version of this
paradigm in ongoing fMRI studies in the context of a placebo-controlled clinical trial in
mild AD patients.

It is important to note the limitations and challenges of this study. One limitation inherent to
fMRI studies is inconsistency in signal intensity due to extensive variability in individual
subject's hemodynamic response and neurovascular coupling, particularly in older subjects
(D'Esposito, et al. 2003; Miller, et al. 2002). We decided to include every subject from the
initial dataset in our study, and did not exclude any subjects based on criteria of motion in
either their functional scans or their structural images. The reason for this was to make it as
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applicable to a clinical trial setting as possible, where it may not be feasible to choose only
the scans that are optimal for analysis. However, because some older subjects had more head
motion than typically accepted in studies of young subjects, our reproducibility analyses
likely suffered by including those data points. Lastly, unlike our previous reliability study in
young subjects (Sperling, et al. 2002), we did not control for over the counter medication
(e.g. antihistamines), alcohol, or caffeine use, as this may not be feasible in a clinical trial.
These factors may have also affected fMRI activity or cognitive performance during scan
sessions. It is also important to note that we only assessed short-term test-retest reliability,
which does not provide information about the utility of fMRI in assessing long-term change
in the context of a potential disease-modifying medication in AD.

Strengths of this study include its focus on examining reliability in an aging and cognitively
declining population, a demographic that is often overlooked in reliability studies.
Additionally, all 27 of these subjects were scanned at the same place and at the same time of
day to reduce potential secondary biases. We also used freely available analysis platforms
that have been shown to be reliable and generalizeable for various types of data. Beyond
demonstrating similar reliability between the hippocampal activations of cognitively normal
and mildly impaired individuals at an inter-scan interval of 4–6 weeks, we also found that a
more practical, abbreviated version of our memory paradigm demonstrated similar reliability
to the full version.

CONCLUSION
In the setting of an aging population at risk for prodromal Alzheimer's disease, we
demonstrated good reliability of hippocampal activity using a clinically relevant associative
memory paradigm, over a time frame typically employed in early stage clinical trials.
Furthermore, we demonstrated adequate reproducibility of hippocampal signal using an
abbreviated form of the paradigm, which could be easily added to a standard clinical trial
imaging session. The same level of reliability was not observed in default network regions,
which typically demonstrate deactivation during encoding using this paradigm, which may
reflect age-related variability in default network activity. These results suggest that fMRI
may prove useful in evaluating the effects of interventions affecting cognitive performance
in aging and early cognitive impairment over short time intervals in “Proof of Concept”
clinical trials.
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Figure 1.
An individual subject's left and right a) hippocampus and b) precuneus, as defined by
FreeSurfer.
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Figure 2. Block analysis- Novel versus Repeated face-name pairs
Whole Brain SPM2 maps of 27 subjects with foci at [24 −18 −15], thresholded at p< 0.001,
extent = 5 contiguous voxels. Similar patterns of whole brain and hippocampal activation
are observed between Scan Session 1 and Scan Session 2, and also between the full and
abbreviated paradigms.
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Figure 3. Event-related analysis- High-confidence Hits versus Repeated face-name pairs
Whole Brain SPM2 maps of 27 subjects with foci at [27 −18 −15], thresholded at p< 0.001,
extent = 5 contiguous voxels. Again, similar patterns of whole brain, and specifically
hippocampal, activation are observed between Scan Session 1 and Scan Session 2. These
patterns also appear consistent between the full and abbreviated paradigms.
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Figure 4. Hippocampal ROI results
Contrast of novel versus repeated face-name pairs extracted from the full memory paradigm.
Percent signal change (PSC) was extracted from individual hippocampi and compared
across scan session. PSC is very similar between scan sessions for both the left and the right
hippocampi at the group level. “Spaghetti” plots (one line for each subject) show individual
magnitudes of activation from Scan Session 1 to Scan Session 2.
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Figure 5. Event-related analysis- Fixation versus All Novel and Repeated face-name pairs
Whole Brain SPM2 maps of 27 subjects with foci at [−9 −81 36], thresholded at p< 0.001,
extent = 5 contiguous voxels. Similar patterns of whole brain deactivation are observed
between Scan Session 1 and Scan Session 2, with subjects showing more deactivation at
Scan Session 2 than at Scan Session 1 in the precuneus. These patterns also appear
comparable between the full and abbreviated paradigm at Scan Session 2, but not so at Scan
Session 1.
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Figure 6. Precuneus and Lateral Parietal ROI results: Event-related analysis-Fixation versus All
Novel and Repeated face-name pairs
Percent signal change was extracted from the full memory paradigm from individual a)
precuneus ROIs and b) lateral parietal ROIs, and compared across scan session. Note that
there is considerable variability in deactivation signal.

Putcha et al. Page 25

Hum Brain Mapp. Author manuscript; available in PMC 2013 January 22.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Putcha et al. Page 26

Table I

Subject Demographics Statistics for numeric variables are mean and standard deviation.

Groups

ALL CDR 0 CDR 0.5

N 27 18 9

M/F 10/17 4/14* 6/3

Age(yrs) 72.4 ± 10.1 73.8 ± 6.2 69.4 ± 15.4

CDR SOB -- 0.0 ± 0.0 1.40 ± 1.42

Education (yrs) 17.6 ± 2.8 16.9 ± 3.17 18.7 ± 1.6

MMSE 29.1 ± 1.0 29.2 ± 1.0 28.8 ± 1.1

*
Fisher's exact test, p<0.05
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Table II

Behavioral Performance

Groups

ALL CDR 0 CDR 0.5

Average Percentage of Trial (SE)

HC- Hits

Scan 1 38.45 (3.33) 44.71 (3.55)** 25.93 (5.06)

Scan 2 37.08 (3.35) 41.79 (3.59)* 27.64 (6.18)

LC - Hits

Scan 1 26.06 (2.30) 23.02 (2.57) 32.14 (4.09)

Scan 2 28.44 (2.87) 27.25 (3.36) 30.82 (5.61)

HC- Miss

Scan 1 13.14 (1.65) 13.94 (1.86) 12.83 (3.46)

Scan 2 13.18 (1.66) 14.15 (2.18) 12.69 (2.57)

LC- Miss

Scan 1 20.63 (2.11) 17.19 (1.97)* 27.51 (4.26)

Scan 2 19.97 (1.74) 16.21 (1.30)** 27.51 (3.41)

Independent samples t-test between CDR groups.

*
p<0.05,

**
p<0.005.
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