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Abstract

Whole-head magnetoencephalography (MEG) was used to spatiotemporally map the brain response
underlying episodic retrieval of words studied a single time following a long delay (~40min.)
Recognition following a long delay occurs as a strong, sustained, differential response, within
bilateral, ventral and lateral prefrontal cortex, anterior temporal and medial parietal regions from
~500ms onward, as well as ventral occipitotemporal regions from ~700ms onward. In comparison
with previous tasks using multiple repetitions at short delays, these effects were centered within the
same areas (anteroventral temporal and ventral prefrontal), but were shifted to longer latencies
(~500ms vs. ~200ms), were less left-lateralized, and appear more in anterolateral prefrontal regions
and less in lateral temporal cortex. Furthermore, comparison of correctly classified words with
misclassified, novel and repeated words, suggests that these frontotemporal-parietocingulate
responses are sensitive to actual as well as perceived repetition. The results also suggest that lateral
prefrontal regions may participate more in controlled, effortful retrieval while left ventral frontal and
anterior temporal responses may support sustained lexicosemantic processing. Additionally, left
ventromedial temporal sites may be relatively more involved in episodic retrieval, while lateral
temporal sites may participate more in automatic priming.
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INTRODUCTION

Evidence from lesion based studies demonstrates that damage to the frontal cortex or temporal
lobes often results in lasting memory impairment (Scoville and Milner, 1957; Stuss and
Benson, 1984; Corkin et al., 1985; Janowsky et al., 1989). Involvement of these areas has since
been confirmed by studies performed on normal subjects utilizing functional neuroimaging
techniques such as positron emission tomography (PET) and functional magnetic resonance
imaging (fFMRI). Indeed, much of the imaging research to date suggests that a wide range of
brain areas may be involved in memory retrieval; these include frontal, temporal, parietal, and
cingulate cortices as well as occipital and cerebellar regions (for review see Cabeza and Nyberg,
2000). Although PET/fMRI have good spatial localization, their temporal accuracy is poor
(>1sec) in comparison with MEG and electroencephalography (EEG), which provide
millisecond temporal resolution, and adequate spatial resolution (Dale and Halgren, 2001).
Studies utilizing EEG to study memory retrieval have found that the N400 event related
potential (ERP) component decreases with stimulus repetition and P3b increases (for review
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see Halgren and Smith, 1987). Recent studies with MEG (Dale et al., 2000; Dhond et al.,
2001; Marinkovic et al., 2003) suggest that these repetition induced changes are mainly
localized to anteroventral temporal and posteroventral prefrontal cortices, a conclusion
consistent with intracranial recordings (Halgren et al., 1994b; Halgren et al., 1994a). These
studies, however, have generally used multiple repetitions of each stimulus, and tested for
recognition after delays of ~1 min. The current study attempts to test the generality of the
previous MEG results by testing recognition of words presented a single time, after a delay of
~40 min. Such large delays also increase error rates allowing for additional comparison to be
made with unrecognized repeated words as well as determination of the areas engaged by
‘perceived’ repetition in the case of incorrectly classified novel words.

We utilized whole-head (204 channel) MEG and applied an anatomically constrained,
distributed inverse solution, normalized by estimated noise values, to produce dynamic
statistical parametric maps (Dale et al., 2000; Dhond et al., 2001). Spatiotemporal response
maps of language/memory processing made previously using this technique (Dhond et al.,
2001; Halgren et al., 2002; Dhond et al., 2003; Marinkovic et al., 2003) are consistent with
activation patterns found in similar tasks with fMRI and intracranial EEG (Smith et al.,
1986; Halgren et al., 1994b; Halgren et al., 1994a; Dale et al., 2000). Response maps were used
to characterize the overall spatiotemporal cortical response pattern during delayed episodic
retrieval, as well as help understand the effects related to the ‘perception’ of words as repeated.

METHODS
Subjects and Task

Data was collected from 12 normal, right-handed (Oldfield, 1971), native English-speaking
males (18-30 years old). Subjects were rejected if they had a history of mental or physical
illness, head injuries, or of drug/alcohol dependence/abuse. Subjects were screened for MEG
artifacts due to dental work or excessive eye-blinking.

During a study phase, subjects made abstract/concrete judgments on 480 visually presented
words. Stimuli were projected through an opening in the wall of the shielded room (which was
covered with transparent plexi-glass) onto a screen located within the room. Using Mac Probe
software (Hunt, 1994) word stimuli were presented in Geneva font as white letters on a black
background, and presented in the central 5% of visual angle for 700ms. Stimulus onset
asynchrony was 2.0 sec. Stimuli were randomly intermixed with 240, 2 sec trials of fixation
(<<+>>). Following the initial study phase, subjects were removed from the MEG machine to
allow them to rest for ~20-30 minute after which they were again placed within the machine
and underwent a test phase. Prior to completion of the study phase, subjects were not aware
that they would be tested, thus, this was a test for retrieval of incidentally encoded words.
During the test phase, participants were shown 960 words, 480 of which were “Old” words
(previously shown during the study phase) and 480 of which were “New” words (not previously
presented in the study phase). Subjects responded with their left hand and were first required
to indicate whether the presented word was “New” or “Old” by lifting their left, middle or
index finger respectively. Subjects were then required to rate their confidence for their response
as “High” for high-confidence (recollection of word during study) or “Low” for low-confidence
(word is familiar), again they were asked to respond by lifting their left, middle or index finger
respectively. During the test phase, participants were asked to refrain from blinking as long as
possible, however, if absolutely necessary to do so only between the “new/old” and “high/low”
decision period of presented trials. All data shown in this study are from the test phase of the
experiment only. Stimuli were presented in the same manner as those in the study phase except
that the test phase was self-paced. Thus, advancement to the next test-word trial did not occur
until subjects had completed responding. Trials in which subject responses were very rapid
(occurred <700ms) or slow (>2200ms) were rejected prior to averaging. This response-time
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window was chosen so that 85-100% of all trials, for each individual, fell within this window.
Furthermore, a self-paced response procedure was utilized to ensure a high number of correct
responses and limit guessing as the long delay time between study and test was expected to
make retrieval difficult.

In the subsequent text, a two word notation is used to signify the trial type. The first word
indicates whether the test-word was “New” or was a previously studied “Old” word. The second
word indicates the accuracy of the subjects’ categorization with “Hit” for correct or “Miss” for
incorrect. Thus, a previously studied test word, which was correctly identified will be referred
to as an “Old-Hit”. A new word that was incorrectly assigned as “old” would be a “New-Miss”.
Note, that the “Old-Miss” and “New-Miss” condition averages were made by combining all
high and low confidence trials together. The “New-Hit” as well as “Old-Hit” conditions only
contain trials that were also chosen with high confidence.

MEG Recording

MEG was recorded using a Neuromag VectorView™ (Elekta, Stockholm, Sweden) with 204
gradiometer channels covering the entire scalp. MEG recordings took place within a
magnetically shielded room (IMEDCO, Hagendorf, Switzerland). Signals were sampled at
601Hz after filtering from 0.1-200 Hz. Data was then low-pass filtered at 20 Hz and separate
averages of each condition were constructed for every subject. Trials were rejected from
analysis, based on amplitude criteria supplemented by visual inspection, if they were
contaminated by artifacts (identified as peak-to-peak amplitude >5000fT/cm in any channel)
or eye-blinks (>200 pV in the EOG electrode). Head movement was minimized using a bite
bar customized for each subject (Marinkovic et al., in press).

Cortical Surface Reconstruction

A geometrical representation of the cortical surface of each subject was obtained using
procedures described previously (Dale et al., 1999; Fischl et al., 1999a). First, high-resolution
3-D T1-weighted structural images were acquired for each subject using a 1.5T Picker Eclipse
(Marconi Medical, Cleveland, OH). Then, the cortical white matter was segmented, and the
estimated border between gray and white matter was tessellated, providing a topologically
correct representation of the surface with about 150,000 vertices per hemisphere. For the
inverse computation, the cortical surface was decimated to approximately 3000 dipoles, which
is roughly equivalent to 1 dipole every 1 cm? along the cortical surface. Finally the folded
surface tessellation was “inflated”, in order to unfold cortical sulci, thereby providing a
convenient format for visualizing cortical response patterns (Dale et al., 1999; Fischl et al.,
1999a). For purposes of intersubject averaging, the reconstructed surface for each subject was
morphed into an average spherical representation, optimally aligning sulcal and gyral features
across subjects while minimizing metric distortions and shear (Fischl et al., 1999a) and MEG
response power was mapped onto an average sulcal-gyral pattern. Compared to volumetric
morphing into Talairach (Collins et al., 1994) space, this method has been found to provide
better alignment across subjects of functional activation in a verbal task (Fischl et al., 1999b)
and allows direct localization to regular gyri.

Forward solution

The boundary element method (BEM) was used for calculating the signal expected at each
MEG sensor, for each dipole location (deMunck, 1992; Oostendorp and VVan Oosterom,
1992). The computation of the MEG forward solution has been shown to only require the inner
skull boundary to achieve an accurate solution (Meijs et al., 1987; Meijs and Peters, 1987;
Hamalainen and Sarvas, 1989). The T1-wieghted MRI described above was used for
construction of the inner skull surface. The MEG sensor coordinate system was aligned with
the MRI coordinate system using four head position (HPI) coils, attached to cardinal locations
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on the scalp (Hamal&inen et al., 1993). The HPI coils generate weak magnetic signals, allowing
them to be directly localized by the MEG sensors before and after the recording session. The
positions of the HPI coils with respect to the subject’s head (and thus MRI) are determined by
measuring ~80 points (including the HPI coils) around the head using a Polhemus FastTrack
3-D digitizer. These digitized points were later registered with the MRI image. Since the HPI
coils were thus localized with respect to both the MEG sensors and the structural MR, a
common coordinate system was established allowing neural response to be estimated for each
cortical location.

Inverse solution

To estimate the timecourses of cortical response, we used the noise-normalized, anatomically
constrained linear estimation approach described by Dale et al (2000). This approach is similar
to the generalized least-squares or weighted minimum norm solution (Hamalainen and
IImoniemi, 1984), except that the modeled sources were constrained to lie in the cortical surface
(as determined above) (Dale and Sereno, 1993), and the estimate was normalized for noise
sensitivity so that source signal to noise ratio rather than current dipole moment was mapped
(Dale et al., 2000). The noise normalization also has the effect of greatly reducing the variation
in the point-spread function between locations (Liu et al., 2002). This approach provides
statistical parametric maps of cortical response, similar to the statistical maps typically
generated using fMRI, or PET data, but with a temporal resolution of 5ms or less. Note that
although the noise normalized values are not identical to the source current estimates, these
values are directly proportional to the current power estimated for a given site. This is a
consequence of the fact that the noise normalized value is calculated as the ratio between the
time variant signal power and the time invariant noise power.

Since inthe current study, no a priori assumptions were made about the local dipole orientation,
three components were calculated for each location. The noise normalized estimate of the
source power (sum of squared source component strengths) at location i is given by

JE):GI.(WJ. ){(i‘))2
- —

JEXG ij WJ.

ql.( t)
i

where G; is the set of (three) dipole component indices for the it location, and w; denotes the
it row of the inverse operator W (Dale and Sereno, 1993; Liu et al., 1998; Dale et al., 2000).
The noise covariance matrix C for all conditions was estimated from the baselines of the raw
signals after all filtering is applied. For all comparisons (i.e. New-Hit vs. Old-Hit etc.), the
waveforms of the individual conditions were subtracted prior to estimating the differential
source activity pattern. Both non-subtracted and subtracted conditions were tested for the null
hypothesis that the signal was noise. Note, under the null hypothesis, g;j(t) is F-distributed, with
three degrees of freedom for the numerator and a very large number for the denominator (about
160,000 time points per sensor were used to estimate the spatial sensor noise covariance). In
summary, noise-sensitivity normalized cortical surface constrained minimum norm inverse
solutions were calculated every 5 ms for every condition and every individual. The square roots
of these values were then averaged on the cortical surface across individuals after aligning their
sulcal-gyral patterns. The square root was used in order to de-emphasize outliers and ensure
that the result is linearly proportional to the magnitude of the estimated sources (Dale et al.,
2000; Dhond et al., 2001). The distribution under the null hypothesis of the estimates averaged
estimates was sampled using monte carlo simulations in order to obtain significance thresholds.
For all figures the minimum significance values were p<10~7 for threshold, and the full red
color indicates a minimum significance of p<10710. These values were chosen to maximize
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the dynamic range of the color scale, and the statistical thresholds were chosen to
conservatively correct for the number of comparisons being performed.

In all figures, the response maps of the non-subtracted conditions were constructed using an
equal number of trials in each condition (trial numbers were matched by randomly removing
trials from the condition with the larger number of trials.) This permits the statistical maps
provided here to be used directly to assess relative MEG signal power between the non-
subtracted conditions. The dynamic statistical parametric maps of the subtracted conditions
demonstrate the differences between the averages of all trials in the non-subtracted conditions
for which the comparison is being made.

It should also be noted that MEG gradiometer data in this study are unlikely to reveal responses
that can be confidently assigned to deep, non-cortical structures. These structures lack the
synaptic/dendritic arrangements necessary to generate large MEG signals. Furthermore, they
are far from the sensors, and MEG gradiometer signals decline greatly with distance. Although
subcortical responses can sometimes be detected by MEG, this usually requires a large number
of averages, i.e. >1000 and a lack of response in overlying generators (such as may occur at
very short latencies prior to cortical involvement.) In contrast, the current study examines
response at relatively long latencies and averaged across relatively fewer trials. For these
reasons, deep non-cortical structures such as the basal ganglia and corpus callosum are not
included as sources in the spatiotemporal maps of the medial and ventral surfaces.

Behavioral Results

Behavioral response times were averaged across 12 subjects for each condition. The average
behavioral response latencies and standard deviations for 12 subjects were: New-Hit words
1273.8 (117.2); Old-Hit words 1103.6 (104); Old-Miss words 1284.1ms (162); and New-Miss
words 1278.2 (106). Mean reaction time differed significantly between New-Hit and Old-Hit
trials t(11) = 3.69, p < .004; between Old-Miss and Old-Hit trials t(11) = 2.39, p < .036 ; and
between New-Miss and Old-Hit trials t(11) = 3.65, p < .004. Furthermore, subjects’ accuracy
was good and the average hit (.754) and false-alarm (.353) rates for Old words demonstrated
significant differences t(11) = 12.65, p < .001.

When comparing the average number of words remembered vs. those that were forgotten,
subject responses were not largely biased based on frequency (Kucera, 1967), number of letters
or imagery (Coltheart, 1981). On average there was no difference in frequency for words
(frequency ratings used when available) selected as old (45.96 + 2.0, mean + std. err.) and those
selected as new (41.90 £ 1.9), t(22) = 1.25, p < .16. There was a slight difference in the number
of letters in words selected as old (6.28 + .02) vs. new (6.13 % .04), t(22) = 3.09, p < .007.
Imagery ratings, when available, were found to be slightly higher for words selected as new
(511.44 £ 3.1) than those selected as old (489.38 + 2.2), t(22) = 5.86, p < .001.

Overall brain response pattern during word retrieval

Both novel and repeated trial types demonstrated a highly similar posterior to anterior sequence
of brain response consistent with classical models of language processing (Benson, 1979;
Geschwind, 1979). This characteristic pattern is exemplified by response to the Old-Hit
condition shown in Figure 1.

The initial visual response peaks bilaterally at ~95ms post-stimulus in the occipital pole and
calcarine sulcus (primary visual cortex). Response then spread rapidly to anteroventral
occipital cortex corresponding approximately to Brodmann area 19 (~BA 19) where by ~140ms
it was strongest within the language dominant, left hemisphere. This early response extended
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into left posterior fusiform and slightly more anterior occipitotemporal areas (~BA 37/19)
previously implicated in the encoding of letter-strings and other word-like stimuli (Nobre et
al., 1994). Response also occurred within the left posterior cingulate area (including precuneus
and retrosplenial cortices) at this time. By ~240ms response continues within ventral temporal
regions and is maximal in posterior language areas, including Wernicke’s area (~BA 22) and
adjacent temporo-parietal cortex both implicated in lexico-phonemic/phonological processing
(Rumsey et al., 1997; Paulesu et al., 2000; Price, 2000) and occipitotemporal (ventral ~BA
37/19) cortex implicated in the processing of visual form attributes of words (Tarkiainen etal.,
1999; Dhond et al., 2001; Tarkiainen et al., 2002; Marinkovic et al., 2003). At this time,
response engaged the entire posterior half of the temporal lobe and also began within bilateral
anterior cingulate cortex and medial aspects of the post-central gyrus. Response also began
within anterior temporal and prefrontal regions but is not maximal until longer latencies.

The dominant focus of cortical response continued to move forward, and by ~340ms
encompassed anterotemporal regions (~BA 38, and anterior 20/21) associated with lexico-
semantic processing (Hodges et al., 1992; Damasio et al., 1996; Mummery et al., 2000).
Prefrontal regions were also active at this time, and their response increased over the next
100ms, peaking at ~400ms and strongest within the left hemisphere (including ~BA 11, 47,
45, 44, 10). The cortical distribution and timing of these responses were similar to those of the
N400m as measured by MEG (Dhond et al., 2001; Halgren et al., 2002; Marinkovic et al.,
2003) and intracranial EEG (Smith et al., 1986; Halgren et al., 1994b; Halgren et al., 1994a;
Guillemetal., 1995; McCarthy et al., 1995). Other MEG studies utilizing single or a few dipoles
have found context sensitive N400-like components at similar latencies localizing within
temporal and/or frontal regions (Simos et al., 1997; Helenius et al., 1998, 1999; Penney et al.,
2003; Puregger et al., 2003; Pylkkanen and Marantz, 2003). At this time, there was also strong
bilateral recruitment of cingulate cortex, which may play a role in attention and working
memory as well as response choice (Bush et al., 2000; Braver and Barch, 2002; Cabeza et al.,
2003; Wang et al., in press). Response also occurred within precuneus and retrospenial areas.
Fronto-temporal response continued until the end of the epoch, with lateral prefrontal areas
showing their greatest response at longer latencies (~800ms onward). These areas included
classical Broca’s area (BA 44) (Benson, 1979) and neighboring regions (~BA 9/46/45),
especially of the left, as well as anterior/dorsal (~BA 10 and 9) and ventral prefrontal cortices
(~BA 47/11) on the right, often activated during memory retrieval tasks (Cabeza and Nyberg,
2000).

New-Hit vs. Old-Hit: Repetition with recognition (the New/Old effect) (Fig 2)

In order to assess the effect of item repetition during successful recognition, we contrasted
New-Hits with Old-Hits (Figure 2).

Differential response between New-Hit and Old-Hit conditions first occurred within the right,
anteromedial temporal region, corresponding to entorhinal and perirhinal cortices at ~310ms
followed by left anterior insular cortex at ~425ms. There were also differences within the
posterior cingulate area including the precuneus and retrosplenial cortex. By ~455ms, response
spread anteriorly to left ventral prefrontal cortex (~BA 11, 47). Differences began at ~490ms,
in more lateral prefrontal regions (~BA 45, 46) including Broca’s area (~BA 44) and also within
left anterior/dorsal prefrontal cortex. However, these responses only became strong and
sustained at longer latencies (>600ms). All responses (between 300-500ms) were greater for
correctly classified novel items, and all continued on through longer latencies (compare Figure
2, New-Hit vs. Old-Hit). In the right hemisphere, differences within similar lateral and ventral
prefrontal as well as dorsal prefrontal regions were significant from ~600ms onward. Figure
2, New-Hit vs. Old-Hit, shows that the greatest average difference between 500-700ms
occurred within the right anteromedial temporal cortex (entorhinal/perirhinal and
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parahippocampal areas), and left ventral prefrontal cortex. Starting at ~660ms, but most
significant from ~700-900ms, the differential response in the left hemisphere shifted
posteriorly to include occipitotemporal regions encompassing the fusiform and
parahippocampal gyri. There were also small differences within lateral parietal regions at
longer latencies (~600-900ms). All responses were greater for New-Hit words with the
exception of the response within Broca’s area, which was greater to repeated words. Responses
within all of the above regions gradually peaked at ~815ms post-stimulus, and then continued
until the end of epoch (1000ms.)

Overall these results suggest that successful recognition depends critically on the semantic
circuits in the anterior temporal (~BA 38/20) and ventral prefrontal (~BA 47/11) cortices.
Furthermore, at these longer latencies, the differences increasingly involved bilateral anterior/
dorsal (~BA 9,10) and lateral prefrontal (~BA 44/45) perhaps supporting directive retrieval
processes (Buckner and Koutstaal, 1998; Wheeler and Buckner, 2003).

New-Hit vs. Old-Miss: Repetition in the absence of recognition

To determine if the responses to delayed word repetition noted above are specific to successful
retrieval New-Hits were contrasted with Old-Miss trials (Figure 3A). In both conditions, the
words were classified as new, but in the Old-Miss trials they were in fact repeated words.

The differences began slightly later (at ~530ms post-stimulus) than those described above
where Old words were correctly recognized. The most significant effects between 500 and
700ms were located within the right anteromedial temporal and bilateral posterior cingulate
areas, with additional responses in bilateral posterior parahippocampal and fusiform gyri
activity. These differential responses increased and continued at longer latencies (700-900ms)
when there was also response within ventral prefrontal regions bilaterally but more significant
in the left hemisphere.

These results contrast with the findings above showing that, when Old words were not correctly
recognized, they produced less response in many of the same areas as when they were correctly
recognized, including bilateral anteromedial temporal, ventral prefrontal, and posterior
cingulate areas. However, these decreases began later and were less significant. Furthermore,
repetition in the absence of recognition did not alter response within left lateral prefrontal cortex
(~BA 44/45) suggesting that this area may participate in accurate explicit recognition. Overall
these data suggest that beginning at an early latency, sustained differential response within
bilateral prefrontal regions may be necessary for successful retrieval.

Old-Hit vs. Old-Miss: Repetition without Recognition (Figure 3B)

A similar response pattern was observed when contrasting activity evoked by repeated words
that were recognized vs. those that were not. Again, the main areas responding differentially
were ventromedial temporal, ventral and lateral prefrontal and posterior cingulate areas. Of
these, the first significant differences occurred within the right anterior middle prefrontal cortex
at ~450ms post-stimulus. Differential response then spread to the right frontal pole and inferior
prefrontal regions by ~510ms and began at ~540ms within the right anteromedial temporal
cortex continuing through longer latencies (~800ms). At ~ 650ms small differences occurred
within the left inferior prefrontal cortex (~BA 47/11, 44) and temporal pole, then within
bilateral posterior cingulate cortex at ~600ms (left > right) and left posterior fusiform and
parahippocampal gyri at ~740ms post-stimulus.

Thus, correctly recognized repeated words (Old-Hit) demonstrate increased response within
Broca’s area, when they were contrasted with words perceived as new, regardless of whether
the words are actually new (Figure 2) or had actually been seen before (the current contrast).
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This again suggests that increased response within Broca’s area may to some extent be
associated with successful retrieval of words or explicit recognition. Similarly, increased
response within the right anteromedial temporal cortex may signal the eventual categorization
of an item as novel (even if it is not).

New-Hit vs. New-Miss: Perceived Repetition in the absence of Actual Repetition

To gain more insight into the brain areas that were differentially affected by perceived
‘oldness’, novel words misperceived as ‘old’ (New-Miss), were subtracted from correctly
classified novel trials (New-Hit) as seen in Figure 3C. Response was greater to trials correctly
classified as new (New-Hit trials) from ~395ms onward in the right anteromedial temporal
cortex. As seen earlier, larger response power within this area also occurred for words
categorized as “new” (even if they were not); thus, sustained response within this area may
indicate the perception of a stimulus as novel, though the strongest response occurs when
judgments are accurate. By ~500ms there was also differential response within the right
posterior cingulate area, and right dorsal prefrontal regions by ~600ms. Differences began
within the ventral prefrontal in the right at ~625ms and left from ~670ms onward. The
prefrontal differences peaked (bilaterally) between 800-850ms. There were also small
differences within left medial and polar temporal cortex, as well as strong responses in the right
anterior, medial and lateral temporal lobe from ~700ms onward.

The overall network seen in this contrast is highly similar to that observed in the previous
contrasts. Relatively little differential response was seen within ventral occipitotemporal or
left lateral prefrontal regions suggesting that these areas may be slightly more sensitive to actual
repetition or its recognition. Conversely, relatively more significant differences occurred in
right prefrontal and anteromedial temporal areas, suggesting that the perception of repetition
may be sufficient to modulate response within these areas.

Old-Hit vs. New-Miss: Actual Novelty in the absence of Perceived Novelty

Further analysis of the effects of actual repetition were assessed by considering the effects of
words incorrectly vs. correctly perceived as ‘old’ (Figure 3D.) Significant differences occurred
mainly at longer latencies >700ms, and were smaller than those of the preceding contrasts.
Response peaked ~915ms within left parahippocampal and ventral occipitotemporal regions
as well as right anteromedial temporal cortex. Differential response began in right ventral and
polar prefrontal regions at ~800ms. Differences were strongest within the left ventral prefrontal
cortex from ~900ms onward. All of these responses were greater for the New-Miss condition.
Again, the overall network observed was similar to that found for the other contrasts, but was
late and weak. Preserved differential response in the right anteroventral temporal, and left
ventral occipitotemporal cortices suggest that these areas may weakly respond to repetition
even when it is not sufficient to guide behavior.

Comparisons of High and Low confidence Trials

The comparison of high and low confidence trials for novel words demonstrated increased
response to high-confidence trials within regions of the right anteromedial temporal and
parahippocampal cortices from ~300-900ms post-stimulus (Figure 4). This association of
confidence in novelty judgments with right medial temporal response is consistent with the
notion that novelty detection is based on a signal from that area (Tulving et al., 1996). For
repeated words the comparison of “high” confidence judgments with “low” confidence trials
yielded no sustained significant differences.
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DISCUSSION

Overall pattern of response during delayed recognition

While a posterior to anterior sequential pattern of response was observed at early latencies,
after ~250ms, simultaneous response occurred within bilateral frontal, temporal and medial
cortices. The location of response is consistent with most hemodynamic observations (for
review see Cabeza and Nyberg, 2000) as well as intracranial EEG recordings during word
recognition tasks (Smith etal., 1986; Halgren et al., 1994b; Halgren et al., 1994a). Furthermore,
the present spatiotemporal response pattern strongly resembles those seen with MEG during
semantic judgment tasks (Dale et al., 2000; Marinkovic et al., 2003), verb past-tense inflection
(Dhond et al., 2003), sentence reading (Halgren et al., 2002) and word-stem completion (Dhond
et al., 2001). The concentration of MEG response within areas involved in verbal processing
demonstrates that visuo-verbal episodic retrieval is supported by the same networks, and lends
support for the existence of a general, distributed, intracortical network underlying all higher
order language functions (Halgren, 1990).

Brain Responses to Word Repetition

Numerous studies with scalp and intracranial EEG have demonstrated that word repetition
results in prominent N400 decreases from ~300-500ms, however, these studies utilized
repetition intervals of <2min (for review see Halgren and Smith, 1987). Furthermore,
anatomically constrained MEG as well as intracranial EEG localize these effects to multiple
overlapping frontotemporal sites (Halgren et al., 1994b; Halgren et al., 1994a; Dale et al.,
2000; Dhond etal., 2001; Marinkovic etal., 2003). The present investigation tests the generality
of these findings by observing stimulus repetition at longer latencies ~40 min.

Timing of Responses to Word Repetition—MEG responses to delayed word repetition
occurred predominantly as a late (>500ms), sustained, bilateral, response modulation of
prefrontal and ventral temporal sites (Figure 5). In contrast, previous MEG studies utilizing
numerous repetitions and shorter delays demonstrated that the greatest differences began much
earlier (~210ms) and were strongest within left, ventral prefrontal and lateral temporal sites
(Dhond et al., 2001;Marinkovic et al., 2003). The data are consistent with EEG studies
demonstrating that as repetition delay is increased repetition related differences occur primarily
at longer latencies, >500ms (Nagy and Rugg, 1989;Rugg and Nagy, 1989;Karayanidis et al.,
1991;Van Pettenetal., 1991). When words are repeated many times at relatively short intervals,
automatic priming effects are likely to be more significant than in the current study where
controlled effortful recognition may be required. Thus, the present results suggest that similar
frontotemporal networks are involved in these different recollective tasks, but that left lateral
temporal regions are relatively more involved in automatic processing, and bilateral prefrontal
regions in controlled processing. Furthermore, previous MEG studies utilizing repetition
priming at shorter delays found repetition effects that were much more laterally distributed in
the temporal lobe. Thus, the present findings are also consistent with the general idea that more
medially situated temporal lobe structures are involved in controlled episodic memory
processes, whereas lateral temporal areas are more specialized for automatic priming (Brown
and Aggleton, 2001).

Localization of New/Old Effects

Prefrontal Responses: In the present study, prefrontal differences were centered within
anterior, lateral and ventral areas. In general, left prefrontal areas are recruited during semantic
retrieval/manipulation (Kapur et al., 1994; Buckner et al., 1995; Demb et al., 1995;
Vandenberghe et al., 1996; Poldrack et al., 1999) and the generation of the N400 cognitive
component indicating lexico-semantic integration (Halgren et al., 1994b; Dale et al., 2000;
Halgren et al., 2002; Marinkovic et al., 2003). Anterior regions of prefrontal cortex (~BA 10,

Neuroimage. Author manuscript; available in PMC 2006 August 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dhond et al.

Page 10

9) have also been associated with directed/effortful retrieval (Schacter et al., 1996; Buckner et
al., 1998a; Nolde et al., 1998), though more recently greater new/old differences in ~BA 44
have also been linked to increased “controlled processing” occurring for retrieval following a
single repetition as opposed to many (20x) repetitions (Wheeler and Buckner, 2003). In the
present study, late sustained response within left ventral prefrontal cortex (which is also
modulated at shorter repetition delays) may represent “re-access” to lexico-semantic
associations activated during study, providing a basis for the recognition of words through
‘controlled’ or directed retrieval mechanisms possibly supported by more anterior and lateral
prefrontal regions. It should be noted, however, that the strongest frontotemporal activations
occurred ~500-900ms, which is subsequent to the peak latencies of the N400m (~300-500ms)
supporting semantic integration (Halgren et al., 2002). Thus, ventral frontotemporal responses
may to some extent represent ‘sustained/prolonged’ access to semantic associates while aspects
of controlled retrieval and presumably ‘conscious’ recognition, thought to occur at longer
latencies (>500ms) (Smith, 1993; Smith and Guster, 1993), may be supported by lateral
prefrontal sites (which demonstrated the strongest responses for words correctly perceived as
repeats).

Previous data have also linked areas within the right prefrontal cortex to retrieval monitoring
(Buckner et al., 1998b; MacLeod et al., 1998), retrieval attempt (Kapur et al., 1995; Nyberg et
al., 1995) as well as post-retrieval evaluation (Rugg et al., 1999; Trott et al., 1999; Wilding,
1999). In the present data, however, response within right prefrontal regions was not specific
to retrieval success and occurred within all conditions suggesting that it may be associated with
general effortful retrieval processes.

Temporal Responses: The present results also demonstrated repetition related decreases
within bilateral anterior temporal cortex. Similar areas within the left hemisphere, may in
coordination with left ventral prefrontal cortex, constitute a supramodal semantic association
network (Marinkovic et al., 2003). In the present data, right anteromedial temporal regions had
the strongest responses for words that were perceived as novel (regardless of whether they
actually were) and demonstrated more significant responses for words perceived as novel with
high (vs. low) confidence from~300ms onward). Previous investigations have implicated
anteromedial temporal regions in the judgment of familiarity (Henson et al., 2003) as well as
novelty/encoding (Tulving et al., 1996). However, the present results do not permit a clear
functional differentiation. It is possible that significant right temporal modulation in the present
study is related to the number of times a stimulus was previously presented, with the left MTL
benefiting most from multiple repetitions, while the right is affected by a single exposure
(Heckers et al., 2002).

From ~700-900ms there were strong differences within the left ventral occipitotemporal cortex
(including middle and posterior aspects of the fusiform gyrus). The specific nature of potential
functional divisions within the ventral temporal cortex is debatable (Cohen et al., 2000;
Dehaene et al., 2002; Price et al., 2003). Recent MEG data suggest that early (~200ms)
modulation of response within similar areas may support automatic access to perceptual
attributes of words (Tarkiainen et al., 1999; Dhond et al., 2001; Tarkiainen et al., 2002;
Marinkovic et al., 2003). In the present study, however, differential response occurred
primarily at very long latencies (~700-900ms). One possibility is that late simultaneous
response modulation within the occipitotemporal/fusiform area, and within anteroventral
frontotemporal networks, may be related to continued activation of visuoperceptual word
attributes (in posterior 37/19), in attempts to reconstruct prior lexico-semantic representations
made during the initial study session.

Medial Parietal and Cingulate Responses: Delayed recognition also resulted in sustained
differential response within bilateral posterior cingulate area including the precuneus, and
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retrosplenial cortex. The precuneus has been implicated in imagery and general retrieval
processes (Grasby et al., 1993; Shallice et al., 1994; Buckner et al., 1996; Krause et al.,
1999; Schmidt et al., 2002); while the retrosplenial cortex in primates has extensive reciprocal
connections with adjacent parietal, lateral prefrontal and superior temporal regions as well as
the parahippocampal gyrus (Morris et al., 1999b; Morris et al., 1999a). These areas responded
differentially to both repetition and subject perception. However, word repetition that was
accompanied with correct new/old judgments produced the strongest and longest sustained
responses within these areas. Thus, overall the present data suggest that recognition is
supported by sustained response within a distributed frontotemporal-parietocingulate network.
Parietal differences have been shown in numerous hemodynamic studies of memory retrieval
(Henson et al., 1999; Konishi et al., 2000; McDermott et al., 2000), however, in the present
study the dominant effects occurred medially rather than laterally. Strong parietal activation
is also noted in many EEG studies however, it is very well possible that such signals are
generated by medial parietal, medial temporal or even orbital sources such as those seen here.

Conclusion—Previous data has clearly demonstrated that stimulus repetition can result in
behavioral modifications without conscious recollection of the stimulus or event (Squire and
Schacter, 2002); this ‘priming’ is presumably supported by brain regions that demonstrate
activity regardless of whether the subject explicitly recognizes the stimulus. In contrast, brain
activity that supports explicit memory for a stimulus would presumably be correlated with
correct behavioral recognition. In the present study, this contrast was possible because of the
relatively large number of forgotten items. Overall, the areas affected by repetition (regardless
of recognition) and recognition (regardless of repetition) overlapped substantially. However,
some mild dissociations were found. Specifically, the ventral occipitotemporal cortex, tended
to be associated with repetition more than behavioral recognition. In contrast, other areas, such
as the left lateral prefrontal region showed the converse association, being associated more
with behavioral recognition that with actual repetition. Thus, both word repetition and
behavioral recognition modulated similar frontotemporal-parieto-cingulate networks. The
distinguishing feature when these influences were combined (i.e., when repeated words were
correctly recognized), as compared to either alone, was not in the locations engaged but in their
temporal dynamics. Specifically, the differential response to correctly recognized repeated
words began earlier, at ~500ms, in contrast with unrecognized repeats where the differences
did not begin until ~700-900ms. In conclusion, successful recognition of word repetition seems
to depend not only a specific cortical network, but also requires that the network be modulated
at an earlier latency.
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Figure 1. Statistical parameteric maps of spatiotemporal response patterns during delayed
recognition (Old-Hit trials)

All conditions demonstrated a similar overall pattern of brain response beginning with the
bilateral visual response at roughly ~95ms centered on the calcarine sulcus and occipital pole.
By ~140ms post-stimulus, response was strongest within occipitotemporal regions (left >right).
Subsequently, at ~240ms, response peaked within a band of cortex extending from the posterior
insula and posterior superior temporal plane, through the posterior halves of the superior,
middle and inferior temporal, fusiform and parahippocampal gyri. At ~400ms response peaked
anterolateral temporal, medial temporal, and ventral prefrontal regions (left > right) similar to
that seen for the N40Om (Halgren et al., 2002). There was also strong bilateral response within
anterior and posterior cingulate cortex as well as precuneus and retrosplenial areas. At ~800ms
fronto-temporal recruitment was highly extended to dorsal prefrontal regions. Response

Neuroimage. Author manuscript; available in PMC 2006 August 14.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dhond et al.

Page 18

continued for ~100ms and then began to decrease. For these and all other maps the minimum
significance values are p<10~7 for threshold and p<10~1° for full red.
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300-500ms 500-700ms 700-900ms

Figure 2. Significant cortical responses for successful recognition following a long delay (New-Hits
vs. Old-Hits)

At ~300-500ms post-stimulus, differential response began in right anteromedial temporal
(light blue arrow, aMT), and then left ventral prefrontal cortex (pink arrow, vP), and bilateral
posterior cingulate cortices (pC). From ~500-700ms, these responses become more significant,
and additional differences were observed in lateral prefrontal regions (green and purple arrows,
latP), as well as right parahippocampal gyrus (PH) and left anteromedial temporal cortex
(yellow arrow). From 700-900ms there was involvement of ventral occipitotemporal (vOT)
areas particularly within the left. All responses were greater for New-Hits except within Broca’s
Area where it was greater to repeated words. Compared to previous MEG and EEG studies
of word recognition which used multiple repetitions and a shorter delay, these differential
responses occurred at longer in latencies and involved additional response within more lateral
prefrontal and anterior prefrontal (aP) regions. Thus, as repetition delay (and retrieval
difficulty) increase, sustained response within a frontotemporal-parietocingulate network
supporting controlled/directed retrieval of semantic associations is associated with item
recognition.
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Figure 3. Effects of Actual vs. Perceived Repetition/Novelty: A: New-Hit vs. Old-Miss

The actual repetition of words in the absenFce of recognition produced differential response
that was similar to that seen when repetition was correctly recognized in anteromedial temporal,
ventral prefrontal and posterior cingulate areas (see Figure 2, lower panel C). However, unlike
correct recognition, little lateral prefrontal (~BA 44/45) difference was observed, implicating
this area in aspects of conscious recognition. B. Old-Hit vs. Old-Miss: Correctly recognized
words differed from those that were forgotten in bilateral prefrontal, anterior and ventral
temporal as well as posterior cingulate regions suggesting that sustained cooperative response
within these areas is required for recognition to occur. Greater response modulation within
lateral prefrontal sites (green arrow) was seen for recognized words. C. New-Hit vs. New-
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Miss: The incorrect perception of novel items as repeated also produced frontotemporal
differences that were similar to those seen for actual repetition (pink arrows), however, the
lack of left lateral prefrontal differences again suggests that response within this region may
be associated with correctly perceived repetition. Furthermore, increased right anteromedial
temporal response (light blue arrow) for words judged “new” suggests that response
modulation within this area is related to the conscious “perception” of a word as novel even if
it is not. D. Old-Hit vs. New-Miss: Unperceived repetition resulted in response modulation
within bilateral ventral prefrontal and temporal areas, similar but later and weaker than those
seen for correctly perceived repetition in Figure 2C. The presence of bilateral ventral prefrontal,
anteromedial temporal and posterior cingulate response differences suggests that these areas
are part of a general network sensitive to repetition, whereas the lack of strong lateral prefrontal
response modulation suggests that these regions require that the repetition be perceived.
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Figure 4. Comparison of novel high vs. low confidence trials
Differential effects were significant within the right anteromedial temporal cortex suggesting
that response within these areas may partially support the experience of novelty.
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Figure 5. Sensor waveforms demonstrating late differences between New-Hit and Old-Hit words
during the delayed recognition task

Sensor waveforms from a single subject are shown. Differences between New-Hit and Old-
Hit words were most significant at longer latencies (>500ms) though some smaller differences
were also seen earlier within right anterior temporal sites. Left lateral prefrontal sites
demonstrated larger responses for correctly recognized repeats while the other sites
demonstrated larger responses for novel words.
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Results of Item Repetition of on the MEG Spatiotemporal Response Pattern
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Type of Task

Initial Onset Latency
Origin

Laterality

Temporal Sites
Frontal Sites

~1 min. delay, 10 repetitions ~40 minute delay, 1 repetition
~210 ms ~430 ms

Temporal Prefrontal

left >> right left ~ right

lateral + medial Anteromedial

ventrolateral anterior, ventral, lateral
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