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Abstract

Episodic memory function is known to decline in the course of normal aging; however, compensatory techniques can improve performance
significantly in older persons. We investigated the effects of the memory enhancing technique of repetition encoding on brain activation using
event-related functional magnetic resonance imaging (fMRI). Twelve healthy older adults without cognitive impairment were studied with
fMRI during repetitive encoding of face—name pairs. During the first encoding trials of face—name pairs that were subsequently remembered
correctly, activation of the hippocampus and multiple neocortical regions, including prefrontal, parietal and fusiform cortices, was observed.
The second and third encoding trials resulted in continued activation in neocortical regions, but no task-related response within the hippocampus.
Functional imaging of successful memory processes thus permits us to detect regionally specific responses in the aging brain. Our findings
suggest that hippocampal function is preserved in normal aging and that repetition-based memory enhancing techniques may engage primarily
neocortical attentional networks.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction known about how these neurophysiological changes impact
functional activity within the aging brain when individuals
Normal aging is known to be associated with a decline in are performing a memory task. Functional magnetic reso-
episodic memory performance, which is particularly striking nance imaging (fMRI) techniques provide one method for
on delayed recall task4,2,20] Studies comparing young examining this issue.
and elderly healthy adults have suggested that age-related al- Although converging evidence strongly supports the con-
teration in memory is associated with changes in the synap-clusion that the hippocampus and related structures in the
tic function and neurotransmitter levels, rather than neuronal MTL are critical for normal episodic memoif4], recent
loss in the hippocampus its¢l,4,5,12,47,56,59]Thus, al- functional imaging studies suggest that neocortical regions,
terations in the synaptic connections between the medial particularly the prefrontal cortices, also play animportantrole
temporal lobe (MTL) and neocortical regions may underlie in episodic memory performan¢®,61,68] Recent findings
the memory deficits seen in normal aging. However, little is related to differences between young and elderly subjects
in fMRI activity during episodic memory tasks emphasize
* Corresponding author. Tel.: +1 617 732 8085; fax: +1 617 264 5212.  the importance of both MTL and neocortical regions for
E-mail address: rsperling@rics.bwh.harvard.edu (R.A. Sperling). normal memory formatiofirt0,11,24] A number of studies
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have suggested that healthy elderly and young subjects showegions. Specifically, we wanted to investigate the response
similar patterns of hippocampal activation during encoding of the hippocampus and neocortical regions to repetitive en-
[24,42,55,58,61]but different patterns of cortical activation, coding.
primarily in the prefrontal cortex11,30,39,46,61] These
findings suggest that age-associated impairments in mem-
ory may be related to changes in neocortical activation rather2. Methods
than dysfunction within the MTL.

By extension, these findings suggest that experimental 2.1. Study subjects
methods that improve memory performance in the elderly
may do so by altering the integration of cortical and hip- Twelve right-handed, native English-speaking, healthy el-
pocampal activity. Several methods improve episodic mem- derly subjects (seven females, five males; mean age: 72.6
ory in the elderly, but only a few techniques have been shown years, range 65-82 years) participated in this study. None
to benefit the elderly to the point where the age-related differ- of the subjects had any subjective memory complaints
ence is eliminated. Repetition has been shown to significantly or showed objective cognitive impairment (mean MMSE:
improve memory performance in elderly subjd&4,37] In 29.540.7). All subjects were screened for neurological and
some studies, repeated presentation of the to-be-rememberepsychiatric illness, as well as any contraindications to MRI.
material has improved memory equally for both young and None of the subjects were taking prescription or over-the-
elderly subject$44], while in others repetition effects have counter drugs with central nervous system effects. All sub-
eliminated the age-related difference in memory performance jects provided written informed consent in accordance with
entirely[48,49] Likewise, cueing at the time of recall can al- the Human Research Committee at Massachusetts General
most eliminate the age-related difference in menj2éy51] Hospital, Boston, MA.
In contrast, increasing presentation time appears to have an
equal benefit for both young and elderly subjgds]. The 2.2. fMRI activation task
changes in the brain that underlie these improvements in per-
formance remain unclear. During functional image acquisition, subjects viewed

Inthe current study, we wanted to determine whether there face—name pairs, which consisted of digital color pho-
are regionally specific neural responses to memory enhancetographs of unfamiliar faces paired with fictional first names
ment techniques in older individuals, specifically the pattern printed in white text below the photo on a black background.
of fMRI activation in repeated encoding trials. Memory for Before scanning subjects were told that they would be asked
proper names is one of the most common memory complaintsto view and remember the face—hame pairs. The task was a
among elderly persori88,79]and older adults consistently mixed event-related/block design comprised of 10 runs. Each
performworse than young adults on face—name memory tasksun included one encoding block and one recognition block.
[14,21] We recently developed an event-related “subsequentDuring the encoding block, subjects were presented with four
memory” fMRI paradigm employing face—name pairs to ex- novel faces. Each face was presented three times throughout
amine the pattern of activation during the successful forma- the encoding block for 4.75s. The presentation of faces was
tion of novel cross-modal associations. Using this paradigm, random, intermixed with a white fixation cross. To control for
we demonstrated that young subjects activate the anteriorstimulus complexity during the recognition phase, each face
hippocampus bilaterally and the left prefrontal cortex dur- was shown with the same name printed below it three times
ing the encoding of face—name pairs that were subsequentlyin a row during encoding. Subjects were instructed to press
remembered successfully compared to those that were forgot-a key, corresponding to one of the name positions, using a
ten[62]. For the current study, we adapted the event-related three-button box with their right hand. The encoding task did
face—name memory task for use in older adults by enhancingnot have correct or incorrect answers as all three names were
the encoding conditions to improve memory performance. identical, but this task ensured that the subjects were awake
To increase the likelihood of recognition success in elderly and responding to both the face and the name in a similar
adults, we increased the amount of time each face—name paimanner to what was required during recognition. Recogni-
was presented, reduced the total number of stimuli presentedtion for each face—name pair occurred immediately after the
and used three encoding trials to allow subjects enoughencoding block and after a5-mindelay (i.e., inthe subsequent
time to fully learn the faces and names. This technique hasrun). In the recognition blocks, subjects were shown each of
been shown to successfully enhance memory performance irthe faces with three names printed underneath (the correct
healthy elderly adults, and it is important to understand the name, one name previously seen paired with a different face
neural basis for this effect. The paradigm design allowed us and one distractor name not otherwise seen during the ex-
to examine the regional responses to each encoding trial forperiment). The position (left, middle or right) of the correct
associations that were subsequently remembered correctlyname was counterbalanced for each face shown in the recog-
Based on neurophysiological, neuroanatomical and previousnition block, and subjects were instructed to press the key
fMRI studies in healthy elderly adults, we hypothesized that corresponding to the name that was correctly associated with
the response to stimulus repetition might differ across brain the face in the previous run. A total of 40 novel face—name
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pairs were encoded three times and recognized twice (initial number of incorrect responses, we restricted our analysis
and delayed recognition) over the course of 10 runs. Verbal to trials, in which the subject subsequently correctly iden-
instructions were given before each run. tified the name associated with the face at both first and sec-
The order and timing of the stimuli presentation were de- ond recognition. Random effects group averaged statistical
termined using OptSedttp://www.surfer.nmr.mgh.harvard.  activation maps were generated comparing first successful
edy. Stimuli were presented using MacStim 2.5 on a Mac- encoding with baseline (SE1 versus fixation), and the sub-
intosh computer and projected via a Sharp XG-2000V color sequent successful encoding trials (SE1 versus second suc-
LCD projector (Osaka, Japan) through a colliminated lens cessfulencoding (SE2); SE1 versus third successful encoding
(Buhl Optical) onto a rear projection screen. Subjects viewed (SE3)). We then performed region of interest (ROI) analy-

the screen through a mirror attached to the head coil. ses using functionally defined ROIs that included all signif-
icant voxels within a 6 mm radius of a peak voxel from the
2.3. Image acquisition contrast SE1 versus fixation using the SPM ROI Toolbox

(http://www.spm-toolbox.sourceforge.jetllustrative time

Subjects were scanned using a Siemens Allegra 3.0courses of MR signal modulation averaged across the ROI
Tesla scanner (Siemens Medical Systems, Iselin, NJ) withduring SE1, SE2 and SE3 were generated with data points
a three-axis gradient head coil. Twenty-nine slices (5 mm, plotted every 2.5s.
skip 1 mm) were acquired in an oblique coronal orien- To investigate the ROI activation over the three encoding
tation, perpendicular to the anterior commissure—posterior trials statistically, we extracted the mean beta weight across
commissure (AC—-PC) line, in order to maximize in-plane the ROI defined from SE1 versus fixation. The mean beta
resolutions (3.125 mm 3.125 mmx 6 mm) and reduce sus-  weight for each subject within the ROl was entered into a re-
ceptibility artifact within the hippocampus. Functional data peated measures ANOVA using SPESests forthe 17 ROIs
were acquired using a gradientecho sequence (TR = 2500 msyvere considered significant ak 0.05 after Bonferroni cor-
TE=30ms and Flip angle =90 Ten functional runs were  rection for multiple comparisons. For the four suprathreshold

acquired for each subject with 75 time points per run. ROls, linear and quadratic contrasts were examined to deter-
mine the pattern of the response within the region. Contrasts
2.4. Data analysis were considered significantak 0.05, Bonferroni corrected

for multiple comparisons.
Functional MRI data were preprocessed and analyzed us-
ing Statistical Parametric Mapping (SPM99) (Wellcome De-
partment of Cognitive Neurology) for Matlab (Mathworks 3. Results
Inc.). Each subject’s functional images were realigned using
sinc interpolation to correct for motion artifact. The realigned 3.1. Behavioral analysis
images were then spatially normalized to the standard SPM99
EPI template based on the MNI 1305 stereotactic space and Successful encoding was defined as encoding of
spatially smoothed using an 8 mm full width half maximum face—name pairs that the subject subsequently chose the cor-
isotropic Gaussian kernel. rect name associated with the face in both immediate and
Data were analyzed according to a mixed-effects generaldelayed recognition. Subjects correctly identified the name
linear model. First, data were analyzed at the single subject-in 94.3+ 8.1% of the first recognition trials and 93t%5.4%
level, treating all 10 runs as a single time series and modeledof the second recognition trials, showing no significant loss
with the canonical hemodynamic response function and in- of information between immediate and delayed recognition
cluded regressors for the effect of run number. No slice tim- (p =0.47). Reaction time for the first recognition trial was
ing correction was applied and no scaling was implemented 1.70+ 0.25 s and 1.88 0.42 s in the second trigh € 0.53).
for global effects. In order to eliminate low frequency noise, Response time for the encoding task did not influence the
data were analyzed using a high pass filter of 320s. Sec-likelihood of success, nor did the order of the stimulus pre-
ond, data were averaged together, treating each subject asentation.
a random effect. The random effects analysis determined
which regions were the most consistently activated across3.2. Activation patterns for successful encoding
subjects, using a one-sampleest with a significance level
of p<0.001 (uncorrected), with a minimum extent thresh- We initially examined activation for the first success-
old of five contiguous voxels (resampled SPM voxel size: ful encoding trials versus baseline (SE1 versus fixation).
3mmx 3mmx 3 mm). Due to the small sample size and the This contrast showed a pattern of activation similar to what
susceptibility to noise in older subjects, we were not able to we have found in previous face—name associative memory
correct for multiple comparisons. studies in both young and elderly subjects. Significant ac-
Event-related analyses allowed us to specifically exam- tivation was seen bilaterally in the hippocampal formation:
ine activation during individual encoding trials based on the right hippocampus (MNI coordinatesy, z: 9, —27,—6; Z-
subsequent response during recognition. Due to the smallscore =4.21) and left hippocampusd1,—30,—9; Z=3.42;
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Table 1 graded response in MR signal over the three encoding trials
Anatomical regions showing significantly greater activation in first success- (seeFig. 2)_ However. unlike the hippocampus the MR signal
ful encoding than during fixation ; L - '

in these neocortical regions showed a signal response above

Region x y 2 z-score  No. of baseline for SE2 and SE3 trials.
voxels In order to determine the degree to which the MR sig-
Leftfrontal cortex -39 2l 27 AT3 9 nal response was altered across encoding trials, we ex-
:i: 32 2; g:g fg tracted the beta weights for each of the ROIs and performed
_42 24 18 342 10 a repeated-measures ANOVA. Polynomial contrasts exam-
oo % s o smo D09 Ineaand uedatc vends win Dese KO ere
39 15 27 355 11
tern for the beta weights. Four regions demonstrated differ-
tzg msg’;:;pus B Y ences across the three encoding sessions (significant after
Right hippocampus 9 _27 6 421 29 correction for multiple comparison with Bonferroni proce-
Left parietal cortex ~ —30  —54 39 5.26 111 dure, yielding a corrected thresholdpof 0.0029): right hip-
-45 =30 48 4.15 18 pocampusk(2,22) =22.727p < 0.000005, uncorrected), left
Right parietal cortex 36 72 18 4.37 129 fusiform (F(2,22) =12.946p <0.0002), right inferior pari-
54 -18 24 3.90 6 etal (F(2,22) =8.621p <0.0018) and one left inferior frontal
48 24 33 370 6 region ((2,22)=9.506;p<0.0018). The beta weights for
Left temporal cortex —33 ~ —81 -6 4.4 684 the remaining neocortical ROI, including the right prefrontal
Right temporal cortex 42 —75 -3 481 748 ROIls, showed a similar response across the three trials. The
Right occipital cortex 9 9% -12 354 7 left fusiform, right parietal, left frontal and right hippocampal
x,y,zdenotes stereotaxic coordinates (MNI-spagdijnits for single-tailed ROls all showed a significant linear contrgst(0.002), with
p-values =0.001, uncorrected. evidence of a graded decrease in response over the three tri-

. o o als. Only the right hippocampal ROI, however, demonstrated
se€Table J). Additionally, significantactivation was observed 5 significant quadratic contragt< 0.002), with a large pos-
in multiple neocortical regions: bilateral prefrontal, parietal, e peta weight value for the initial encoding trial and neg-
fusiform and striate cortices. This pattern was similar to the ligible beta weights for the subsequent trials (§ég. 3.
one we havg previously observed QUring noyel e_ncoding with Although the left hippocampal ROI did not exceed the cor-
ablock design in healthy older subjefig]. Activationmaps  rected ANOVA significance threshold overall, it showed a
comparing SE1 to SE2 (sé&g. 1) and SE1 to SE3 demon-  gjmijlar pattern of beta weight response to that seen in the
§tr§1ted S|g.n|f|cant activatiop € 0.001, unc;orrect'ed) primar-  yight hippocampus, and had a strong trend towards a signif-
ily in the hippocampus and fusiform cortices bilaterally. icant linear contrasip(< 0.007) with a weaker trend towards

a significant quadratic contragt< 0.097).
3.3. Regional responses to repeated stimulus exposure

In order to further examine regional responses to repeated4. Discussion
stimulus exposure, we used a region of interest approach, us-

ing fUnCtiona”y defined peak areas of activation determined Ourfindings indicate that when repetition isused as an en-
from the SE1 versus fixation contrast. The MR signal time ¢oding enhancement device in healthy older subjects, there
courses were extracted for firSt, second and third SUCCGSSfUhS a differential response among the brain regions involved
encoding trials from these ROIs (sée. 2). The left and i successful encoding. Specifically, we found that the hip-
right hippocampal ROIs demonstrated a marked increase inpocampal formation activated only during the initial encoding
MR signal above baseline, while the signal for SE2 and SES3 trjg|, whereas multiple neocortical regions showed contin-
remained at baseline. Several neocortical regions, in partic-yed activation during subsequent stimulus encoding trials.
ular the left and right fusiform ROIs, showed evidence of a These results, in combination with other recent fMRI stud-
ies of older and young adults and our own previous studies
using block-design paradigms, suggest that age-related dif-
ferences in the ability to successfully encode new informa-
LY tion may be related to alterations in the neocortical attention
3& network rather than the medial temporal lobe system. Fur-
s : thermore, this study suggests that techniques that improve

First Successful Encoding vs. Second Successful Encoding

memory performance with repeated stimulus exposure may
. - . . do so by modulating activity in the neocortical attention net-
Fig. 1. Statistical parametric map (SPM) of group averaged fMRI activation

superimposed on a T1-weighted image of single elderly subject. Activa- work. o L .
tion map for first>second successful encoding trial demonstrates bilateral ~ OUr study demonstrated significant activation of the hip-

hippocampal and fusiform activation. pocampal formation bilaterally in healthy older adults during
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MR Signal Time Course of Regions from SE1vFixation
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Fig. 2. Time courses of MR signal sampled from eight regions of interest (ROIs) selected from activation maps of the first successful encodiagdnal > fix
Time course graphs represent percent MR signal modulation for all activated voxels within each region during first, second and third succésgfuiséscod
across time. Hippocampal ROIs showed significant increase in MR signal only for the first successful encoding trial, whereas neocortical R@dsedemonst
increased MR signal above baseline during subsequent stimulus repetition.

the initial encoding trials for face—name pairs that were sub- formance between young and elderly adults. A study com-
sequently successfully remembered. The magnitude and exparing performance between elderly and young adults on a
tent of the hippocampal activation is similar to what we block-design object and location associative memory task
have previously reported using a more difficult event-related found that in young adults, an area of the left anterior hip-
face—name fMRI paradigm in healthy young subjg6@]. pocampus was significantly more active in the associative
This finding is also consistent with several previous stud- encoding task versus the item encoding condition, but not
ies suggesting that older subjects show evidence of signifi-in older adults[45]. The authors concluded that there was
cant hippocampal activation during encoding of novel stimuli age-related hippocampal dysfunction in working memory
[24,32,55] A few studies, however, have reported decreased for the association of two separate items of information.
hippocampal activation during encoding in elderly subjects However, their experiment did not control for successful
compared to young subjects. A careful review of these stud- performance, and older adults had significantly decreased
ies suggests that the age-related decreases in hippocampgerformance on the memory test compared to younger
activation may be due to the differences in memory per- adults.
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Fig. 3. Bar graphs depicting the beta weights extracted from bilateral hippocampal and selected prefrontal regions of interest (ROIs). Batpihippoca
demonstrated evidence of a large positive response during the first successful encoding trial, with negligible response during stimulusT tepatition
hippocampus demonstrated a significant quadratic contrast (marked with (**)) across the three encoding trials. The prefrontal regions dearsimsizate
initial response but continued to show a response to the second and third trials. The left inferior prefrontal region did demonstrate a sigaificantrist
(marked with (*)) with a graded decrease over the three encoding trials.

Consistent with the hypothesis that the degree of hip- both immediately and after a 5-min delay. We demonstrated
pocampal activity is related to task performance rather than clear evidence of significant hippocampal activation during
pure age effects, a study comparing young and elderly sub-the initial encoding trial in our older subjects.
jects for recall of abstract geometric patterns on a block-  Interestingly, our group of older subjects did not show any
design paradigm reported that hippocampal activation wasevidence of hippocampal activation during repeated stim-
correlated with successful memory performaf@2]. This ulus exposure. Our study did not directly compare young
study found that although elderly subjects showed less hip-and older subjects, as this repetition paradigm was designed
pocampal activation than young adults, there was a significantspecifically to enhance encoding in older subjects, and would
positive correlation between overall hippocampal activation have not have been appropriate for use in younger subjects.
during initial learning blocks and subsequent success rates.Thus, we cannot definitively state how the patterns of acti-
Similarly, an event-related fMRI study comparing success- vation we observed in this experiment would compare with
fully encoded items to fixation also showed patterns of sig- those of young subjects, but we can make inferences based
nificant MTL activation for successful encoding in healthy on results from other studies. In our own studies, we have ob-
elderly and young subjec{4]. However, elderly subjects  served similar decreased hippocampal responses to repeated
with memory deficits showed significantly less activation in face—name stimuliin our previous block-design paradigms in
the left anterior MTL. This suggests that when controlling both young and older subjedis1,63] A recent study from
for memory performance by comparing healthy older adults another research group, also using a block-design face—name
who perform comparably to young subjects, there is no ev- encoding task in young subjects, with four repetitions of the
idence of hippocampal impairment in older subjects. In our same set of face—name pairs, demonstrated significant activa-
current study, we restricted the analysis to the encoding tri- tion (compared to a fixation baseline) within specific subre-
als for face—name pairs that were successfully rememberedyions of the hippocampal formation for the first encoding trial
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[78]. Similar to our observations in older subjects, the young study with young subject62] and in several other similar
subjects in that study also showed significantly reduced hip- subsequent memory studifg68]. Furthermore, our func-
pocampal activation on each subsequent encoding trial. tional connectivity analyses conducted in young subjects sug-
In contrast to the pattern observed in the hippocampus, gested that activity in the left inferior prefrontal region was
the older subjects in this study demonstrated continued ac-highly correlated with bilateral hippocampal activif§2].
tivation in multiple neocortical regions to repeated stimulus The most striking suppression of activation in our paradigm
exposure. During the first successful encoding attempt, wewas observed in the hippocampus, which demonstrated no re-
observed significant activation in the fusiform and left pre- sponse above baseline to either the second or third encoding
frontal cortices, similar to our previous study in young sub- trial. Our finding that specific neocortical regions show con-
jects during successful encodifig?]. Interestingly, in the tinued activation to stimulus repetition suggests that compen-
present study, we also found activation in the right prefrontal satory activation is occurring outside the network subserving
and bilateral superior parietal cortices, which are regions that successful memory for this paradigm in young subjects.
are not as consistently activated in young subjects during A recent study of priming effects, which compared young
encoding. Our results are consistent with multiple studies and elderly subjects on a repetitive semantic classification
reporting that normal aging is associated with altered pat- task, reported that both young and healthy elderly subjects
terns of activation in prefrontal regions compared to young demonstrated repetition priming suppression in the prefrontal
subjectq30,39,54,65] Studies in young subjects have sug- cortex[40]. Atfirst pass, these findings might seem somewhat
gested that activation of the left prefrontal cortex is crucial for contradictory to our results, since we did not find this suppres-
episodic memory processes, particularly successful memorysion effect in the right prefrontal cortex, and found evidence
formation[46,62,71] Conversely, research in older subjects of modulation in one left prefrontal subregion. However, the
on a verbal memory task found that older subjects showed de-designs of the two studies differ significantly. The priming
creased left prefrontal activation compared to young subjects,study[40] utilized an incidental encoding task that required
and this decrease is positively correlated with a decrease ina semantic classification judgment, so specific compensation
memory ability in older subjec{§5]. Furthermore, bothPET  mechanisms for intentional memory tasks may not have been
and fMRI studies comparing high performing older subjects engaged. Furthermore, in their study, the first three presenta-
with young subjects show greater bilateral prefrontal activa- tions of the “old” words occurred prior to scanning, thus the
tion in older subjects during encodiifi$0,11,39,46] Taken activation pattern during scanning presented for “old” words
together, these studies suggest that increased prefrontal actibegan with the fourth presentation of each word. In our study,
vation, particularly the bilateral recruitment of these regions we scanned only during the first three encoding trials of the
in older subjects, may represent a compensatory response tface—name associations, and it is possible that if we had ex-
maintain memory performance. Although we do not have a amined additional repetitions over a longer time period, then
direct comparison with a young group on this paradigm, we we would have observed more evidence of neocortical sup-
hypothesize that a similar compensatory mechanism in ourpression in our older subjects. Finally, the priming st{#3]
older subjects may explain our finding of continued activa- did not demonstrate hippocampal activation during presenta-
tion in the prefrontal cortex and other neocortical regions on tion of novel or old words, and thus it is unclear whether there
the second and third learning attempt. were any differences between hippocampal and neocortical
Priming studies have demonstrated evidence of decreasesesponses to repeated stimulus exposure in their study. Fur-
in neural activation in neocortical regions for previously ther studies directly comparing incidental encoding during
seen items. Several studies in young healthy individuals priming to stimulus repetition during intentional encoding
have shown significant activation for initial visual process- task may clarify whether additional neural recruitment is re-
ing of an object and reduced activation for repeated process-ated to specific task demands in older populations.
ing of that object in the fusiform and lateral occipital cor- Interestingly, the parietal cortex has also been shown to
tices[7,8,31,35,43,57,67hs well as the prefrontal cortices activate more in elderly subjects than in young subjects on
[23,25,26,43,52,69,70The majority of the neocortical re- episodic memory tas40,61] Several neuroimaging stud-
gions we examined showed no evidence of significant rep- ies have shown a network of parietal, frontal and often ante-
etition suppression to repeated stimulus exposure. We didrior cingulate activation during demanding attentional tasks
see evidence of a linear decrease in activation in a subset 0{3,17,22,41,75,760ur own previous work comparing young
the neocortical regions that were initially activated. However, and older subjects using a block-design face—name paradigm
these regions showed clear evidence of some response abovalso demonstrated that the greatest age-related alterations in
baseline to the second and even third encoding trials. Inter-activation were found in prefrontal and parietal cortif&y.
estingly, only one of the prefrontal regions, the inferior left In our current study, regions known to be involved in this
prefrontal cortex, showed a statistically significant decrease attentional network (i.e., bilateral prefrontal and parietal re-
in activation with stimulus repetition. The location of thisleft gions) all continue to activate during subsequent encoding
inferior prefrontal region, in our older subjects, was very sim- trials, while the hippocampus does not. The striking regional
ilar to the left inferior prefrontal region, which predicted the specificity of the response to repeated stimulus exposure,
likelihood of successful subsequent memory in our previous taken in combination with other recent fMRI studies in aging
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and our own previous studies using block-design paradigms,ral mechanisms responsible for repetition enhanced memory
suggests that age-related differences in the ability to successperformance.
fully encode new information are related to alterationsinthe  In summary, we found that healthy older subjects
neocortical attentional network, rather than the medial tem- demonstrate significant hippocampal activation during ini-
poral lobe system. Furthermore, this study provides evidencetial encoding trials, consistent with neuropsychological, neu-
that techniques that improve memory performance with re- roanatomical and neuropathological data, suggesting that the
peated stimulus exposure may do so by virtue of modulating MTL memory system is largely preserved in the process of
activity in the neocortical regions subserving complex atten- normal aging. We demonstrated a striking difference between
tion. hippocampal and neocortical responses to subsequent encod-

The regionally specific pattern of functional MRI activa- ing trials. Consistent with our previous block-design studies,
tion reported here is also consistent with what is known about we found that older subjects continued to activate neocorti-
neuropathological alterations and structural imaging data in cal regions during repeated stimulus exposure, particularly in
aging. Stereological cell-counting studies have shown mini- the bilateral prefrontal and superior parietal cortices, regions
mal cell loss in the medial temporal lobe, including the en- that have been implicated in maintaining complex attention.
torhinal cortex and most subfields of the hippocampal forma- Furthermore, the differential responses of the hippocampus
tion with the exception of the subiculuf®,28,29,47,72—74] and neocortical regions to subsequent encoding trials suggest
Recent studies have suggested that age-related atrophy mathat techniques that improve memory performance with re-
be primarily related to white matter lof80,66] Further re- peated stimulus exposure may do so by virtue of modulating
search using structural MRI has suggested a relatively smallactivity in neocortical attentional networks.
decrease in MTL volume in normal agifith,27,36]and this
loss is not statistically related to memory impairmgfi].
However, several structural MRI studies have reported frontal Acknowledgements
[13,16,18,33,53pnd parietal association cortex atrophy in
aging[60]. Taken together, these studies suggest alterations e would like to thank Mary Foley, Jennifer Holmes, and
in cortical structure and functional connectivity may be re- Larry White for help with scan acquisition. This work was
sponsible for age-related deficits in memory, rather than the supported by NINDS: K23-NS02189 (RS); NIA: PO1-AG-
minimal alterations in MTL structures. 04953 (MA), R01-AG08441 (DS); NIMH MH60941 (DS);

Itis important to acknowledge the limitations of this study. Harvard Center for Neurodegeneration and Repair (RS); and
First, we do not have data using the identical paradigm to AFAR Beeson Scholars Program (RS).
directly compare young and older subjects. Thus, we can
draw only limited inferences regarding the effects of ag-
ing, based on comparisons to our previous work with re-
lated paradigms and other reports in the literature in young ) ] i

.~ [1] Albert M. Age-related changes in cogntive function. In: Albert M,

and older adults. Unfo,rtunately’ the scanner used for this Knoefel J, editors. Clinical neurology of aging. New York: Oxford
study underwent a major upgrade after 12 healthy elderly University Press; 1994. p. 314-26.
subjects were scanned, and we were unable to subsequently2] Albert MS. Memory decline: the boundary between aging and age-
add a young control group or additional older subjects. Sec-  related disease. Ann Neurol 2002;51(3):282-4.
ondly, we did not have a sufficient number of face—name [3] Banich MT, Milham MP, Atchley RA, Cohen NJ, Webb A, Wszalek

. . . . T, et al. Prefrontal regions play a predominant role in imposing an
pairs th,at were incorrectly rememb_ered to permit a valid attentional ‘set’: evidence from fMRI. Brain Res Cogn Brain Res
comparison of successful versus failed memory processes  2000:10(1-2):1-9.
in aging, and thus we restricted our analyses only to suc- [4] Barnes CA. Normal aging: regionally specific changes in hippocam-
cessfully encoded associations. We are pursuing variants on  pal synaptic transmission. Trends Neurosci 1994;17(1):13-8.
this paradigm to examine both young and older controls, as [5] Barnes'CA. Plasticity in the aging central nervous system. Int Rev

.. . . T . Neurobiol 2001;45:339-54.
well as cogmtwgly impaired older individuals. Fma"y_’ al- [6] Brewer JB, Zhao Z, Desmond JE, Glover GH, Gabrieli JD. Making
though we restricted our analyses to face—name pairs that * memories: brain activity that predicts how well visual experience will
were subsequently correctly remembered, we did not test  be remembered [see comments]. Science 1998;281(5380):1185—7.
memory after each encoding trial. The immediate recogni- [7] Buckner RL, Koutstaal W. Functional neuroimaging studies of en-
tion task may also have contributed to successful delayed coding, priming, and explicit memory retrieval. Proc Natl Acad Sci
i . . ; USA 1998;95(3):891-8.

recognition, bUt the con_‘npanson between Immedlate and de- [8] Buckner RL, Koutstaal W, Schacter DL, Rosen BR. Functional MRI
layed recognition was important to determine exactly how evidence for a role of frontal and inferior temporal cortex in amodal
well the information was encoded and whether it was re- components of priming. Brain 2000;123(Pt 3):620—40.
tained over the delay. Thus, it is difficult to determine how  [9] Buckner RL, Wheeler ME, Sheridan MA. Encoding processes during
much additional information was encoded on each subse- _ 'etiieval tasks. J Cogn Neurosci 2001;13(3):406-15.

. . . [10] Cabeza R, Daselaar SM, Dolcos F, Prince SE, Budde M, Nyberg L.
que_nt m_al' Neverthele_ss' our data did demons_trate an inter- Task-independent and task-specific age effects on brain activity dur-
esting divergence of hippocampal and neocortical responses  ing working memory, visual attention and episodic retrieval. Cereb
to repetitive encoding, which may serve to elucidate the neu-  Cortex 2004;14(4):364-75.
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