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Abstract

& Cognitive research shows that people typically remember
actions they perform better than those that they only watch or
imagine doing, but also at times misremember doing actions
they merely imagined or planned to do (source memory
errors). Neural research suggests some overlap between brain
regions engaged during action production, motor imagery, and
action observation. The present study evaluates the similar-
ities/differences in brain activity during the retrieval of various
types of action and nonaction memories. Participants study
real objects in one of four encoding conditions: performing an
action, watching the experimenter perform an action, or
imagining an action with an object, or a nonmotoric task of
estimating an object’s cost. At test, participants view color

photos of the objects, and make source memory judgments
about the initial encoding episodes. Event-related potentials
(ERPs) during test reveal (1) content-specific brain activity
depending on the nature of the encoding task, and (2) a hand
tag, i.e., sensitivity to the hand with which an object had been
manipulated at study. At fronto-central sites, ERPs are similar
for the three action-retrieval conditions, which are distinct
from those to the cost-encoded objects. At occipital sites ERPs
distinguished objects from encoding conditions with visual
motion (Perform and Watch) from those without visual motion
(Imagine and Cost). Results thus suggest some degree of
recapitulation of encoding brain activity during retrieval of
memories with qualitatively distinct attributes. &

INTRODUCTION

After serving as editor for former president Reagan’s
memoir, Korda (1997) recounts ‘‘we had to convince
Reagan not to include the story about how he recorded
the atrocities at the German death camps . . . a story that
he had told Yitzhak Shamir, bringing tears to Shamir’s
eyes, because as it happens, Reagan had spent the entire
war in Hollywood . . . He had seen some of the first
footage taken by Army cinematographers of the . . .
camps and had somehow convinced himself that he’d
been there’’ (p. 93). Such public scrutiny of an indivi-
dual’s memory is rare, but laboratory studies suggest
that confusions occur even in young healthy individuals
(see Henkel, Johnson, & De Leonardis, 1998, for re-
view). Examining the brain activity during the encoding
and retrieval of actions performed, observed, and imag-
ined may help to clarify why such errors are possible,
and yet not so prevalent as to be commonplace.

Performed, imagined, and watched actions, though
different do share some features in common. Self-
performed actions, for example, while visually similar
to observed actions, include additional attributes asso-

ciated with agency such as formulating goals, creating
motor programs, and receiving proprioceptive and tac-
tile feedback. Performed and imagined actions likewise
share features but tend to differ in the quality of the
sensory experience and specificity of motor programs.
Any of these informational sources thus could serve to
distinguish memories for actions considered, carried
out, or observed.

Hemodynamic, event-related potential (ERP), and sin-
gle-unit data all have demonstrated some degree of
overlap in the brain activity engendered by actual per-
formance versus imagined performance of an action.
Regional cerebral blood flow measurements have impli-
cated the premotor and supplementary motor areas
(SMA) but not the primary cortex in mental rehearsal
of hand movements (Ingvar & Philipsson, 1977; Roland,
Larsen, Lassen, & Skinhoj, 1980). Recent neuroimaging
studies have (1) added the inferior parietal cortex to the
list of areas that respond similarly in performance and
imagery tasks; (2) suggest some (but not complete)
differentiation between the specific premotor regions
involved in these cases; (3) implicate Broca’s area and
prefrontal regions in motor imagery; and (4) indicate
even primary motor cortex engagement by motor im-
agery, albeit less than during active performance (e.g.,
Binkofski et al., 2000; Rizzolatti, Fadiga, Gallese, &
Fogassi, 1996; Stephan et al., 1995; see Grezes & Decety,
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2001, for meta-analysis and review). ERP studies, like-
wise, reveal similar (but not identical) slow negative
potentials during preparation and ‘‘execution’’ of actual
versus imagined motor sequences (Beisteiner, Hollinger,
Lindinger, Lang, & Berthoz, 1995; Cunnington, Iansek,
Gradshaw, & Phillips, 1996).

Neuroimaging studies in humans observing versus
performing actions were inspired by the reported
similarity in single-unit activity in premotor cortex
(area F5) of macaques actively grasping and merely
observing a grasping action (Di Pelligrino, Fadiga,
Fogassi, Gallese, & Rizzolatti, 1992). Studies with hu-
mans have yielded mixed results. Hari, Forss, Avikai-
nen, Kirveskari, Salenius, and Rizzolatti (1998) and
Schnitzler, Salenius, Salmelin, Jousmaki, and Hari
(1997), e.g., inferred similar precentral motor cortex
excitability from magnetoencephalographic records of
individuals executing, imagining, and observing actions.
Grafton, Arbib, Fadiga, and Rizzolatti (1996), however,
observed increased blood flow in the dorsolateral
prefrontal cortex during action imagination but not
observation, although both activated the SMA com-
pared to simple object viewing. Rizzolatti et al.
(1996), by contrast, found an overlap in the posterior
parietal cortex (BA 7) for actions executed and ob-
served but none in the frontal lobes. The extant data
thus point to commonalities as well as differences
among the brain areas involved in motor execution,
motor imagery, and observed actions compared to
control tasks without actions.

Here, we focus on memory for actions by analyzing
the electrical brain activity elicited when participants are
cued by color photos of objects to retrieve a prior study
episode and to decide whether they performed an
action (Perform task), imagined (Imagine task), or
watched the experimenter perform an action (Watch
task) with it, or had made a realistic estimate of its
purchase price (Cost task). The Cost task was designed
to be demanding and to draw attention to the object’s
semantic but not somatomotor attributes.

Given the reported overlap in active brain regions
during performance, imagination, and observation, we
expected these encoding episodes to be more confus-
able and thus result in more memory errors than the
non-action cost estimation task. However, we were
especially interested in the ERPs in the four conditions
when retrieval was successful so that we could examine
the brain activity associated with the actual retrieval and
differentiation of encoded information. To the extent
that brain activity during successful retrieval recapitu-
lates that during encoding, we expect to see the cortical
motor association areas engaged during study reacti-
vated at test; presumably, this would be reflected in a
similarity of the ERPs elicited by objects encoded during
action performance, imagination, and observation but
not those during cost estimation. Moreover, the cost
estimation condition serves as an important control for

evaluating the proposal that memory traces with and
without motor aspects are distinct (Backman, 1985;
Engelkamp & Zimmer, 1985; Heil et al., 1999). In its
strongest form, the motor recapitulation hypothesis
also predicts that retrieval ERPs will reflect the hand
(right vs. left) that manipulated the object during
encoding.

Even if the motor recapitulation hypothesis is not
supported, the pattern of ERPs across the four con-
ditions will shed light on the content-specificity of
memory retrieval. The null hypothesis is that accurate
retrieval from episodic source memory entails unitary,
amodal processes that do not vary with memory
attributes, or possibly that noninvasive ERPs will be
insensitive to subtle variations in patterns of content-
dependent contextual neural activity. However, as ac-
curate recall of the different encoding conditions from
study would seem to require retrieval of qualitatively
different sensory, semantic, and motoric information,
we expect these to be reflected in different ERP
patterns.

The present paradigm has much in common with
studies of reality monitoring wherein participants were
asked to judge (in response to word cues) whether
pictures were actually perceived, or merely imagined
(Johnson, Kounios, & Reeder, 1994), whether words
were spoken aloud or silently, or just heard (Hashtrou-
di, Johnson, & Chrosniak, 1990), and whether various
action commands were performed, imagined, or ob-
served (Cohen & Faulkner, 1989). Reality monitoring
paradigms are but one variant of a more general class
of source memory paradigms wherein participants are
queried about the relation between an item and its
encoding context. Johnson, Hashtroudi, & Lindsay
(1993) note that the ‘‘self- versus other-generated’’
can be an important dimension for making source
judgments based on their finding that individuals could
more readily distinguish between a self-generated
(imagination) and an other-generated event (observa-
tion) than between two self-generated events. A strict
dichotomy between self and other contrasts with the
motor action literature reviewed above by predicting
that retrieval of memories with active participant in-
volvement, overt (Perform, Cost) or covert (Imagine),
will pattern together relative to retrieval of a memory
wherein some ‘‘other’’—the experimenter—performed
the action (e.g., Observe). Finally, yet another pattern
of results would be expected if source retrieval were
based on the presence or absence of specific visual
attributes. In that case, both Perform and Watch mem-
ories, which include visual motion as the objects are
actively manipulated, would be distinct from Imagine
and Cost memories wherein the objects are stationary.

Although content-specific memory processes have
not been extensively investigated, previous ERP studies
show that ERPs are sensitive to memory retrieval. ERPs
in explicit recognition tests consistently show that
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correctly identified old items (hits) elicit more positivity
than correctly identified new items (correct rejections)
whether the items are printed or spoken words, line
drawings, photographs, or novel geometric shapes (Van
Petten, Senkfor, & Newberg, 2000; Senkfor & Van
Petten, 1998; Schloerscheidt & Rugg, 1997; Swick &
Knight, 1997; Van Petten & Senkfor, 1996; Paller &
Kutas, 1992; Friedman, 1990). The late positivity further
distinguishes hits from both unrecognized old items
(misses) and falsely recognized new items (false alarms;
Rubin, Van Petten, Glisky, & Newberg, 1999; Van Petten
& Senkfor, 1996; Wilding & Rugg, 1996; Neville, Kutas,
Chesney, & Schmidt, 1986). Old/new ERP differences
typically begin 300–400 msec poststimulus onset, have a
broad scalp distribution with a maximum over the
temporal–parietal sites, and show a small left hemi-
sphere preponderance (at least for verbal materials in
right-handed subjects).

A few studies have also documented a second ERP
old/new effect, prominent over the prefrontal sites.
This effect appears in source memory tests when
participants are asked to retrieve some aspect of the
context in which the stimulus was initially experi-
enced—whether a word is spoken in the same or
different voice, a line drawing appears in the same or
a different spatial location, a word occurs in the same
modality (printed or spoken) or list as at study (Van
Petten et al., 2000; Trott, Friedman, Ritter, & Fabiani,
1997; Senkfor & Van Petten, 1996, 1998; Wilding &
Rugg, 1996, 1997). Compared to new items, recognized
old items in these experiments elicit the spatially wide-
spread positivity typical of old/new recognition tests,
together with a second later prefrontal positivity of
longer duration that has specifically been linked to
attempts to retrieve source information. The prefrontal
scalp focus of this effect accords well with data showing
that patients with frontal damage have greater impair-
ments in source than item memory (Janowsky, Shima-
mura, & Squire, 1989), and with correlations between
source memory performance and tests sensitive to
frontal function in healthy elderly adults (Glisky, Pol-
ster, & Rothieaux, 1995).

Source memory paradigms offer an excellent oppor-
tunity for examining the content-specificity of retrieval
processes as the same stimuli can be used to evoke
memories of qualitatively different encoding episodes.
This opportunity has not yet been well exploited as
‘‘sources’’ have been varied parametrically (e.g., same or
different voice or location, List 1 vs. List 2) rather than
qualitatively. There is no reason to expect qualitatively
different neural processes to be engaged by the retrieval
of a male versus a female voice, and indeed none have
been found with such ‘‘sources’’ (Van Petten et al., 2000;
Senkfor & Van Petten, 1998).

Recently, we investigated item and source memory
where source was based on qualitatively distinct aspects
of encoding episodes (Senkfor, Van Petten, & Kutas,

submitted) and found that while the ERPs to photos of
old items differed from those to new items, they did
not distinguish between encoding tasks during a simple
item recognition task. Encoding-task information thus
does not seem to be accessed when it is not needed. In
contrast, the ERPs over the frontal sites were sensitive
to the type of retrieval task (item vs. source) while
those over posterior sites distinguished successful re-
trieval of source information (action encoding vs. cost
encoding). However, as our two encoding tasks dif-
fered in more than just their differential engagement of
the motor system, we were limited in our explanation
for the observed differences in brain activity. The
present experiment is aimed at providing a more
complete analysis by contrasting the contributions of
motor activity (Perform and Imagine, perhaps Watch),
visual motion (Perform and Watch), tactile contact
(Perform only), and self-initiated activity (Perform,
Imagine, and Cost).

At the study, participants received real objects (e.g.,
stapler) or toy versions of real objects (e.g., slot ma-
chine) one by one as they generated and Performed a
typical action with it, Imagined performing a typical
action with it, Watched the experimenter carry out a
typical action with it, or generated and verbalized its
purchase price (Cost). Encoding hand in the Perform,
Imagine, and Watch conditions was cued by the side of
the participant on which the object was placed. (Note:
objects on the participant’s right side were manipulated
with the experimenter’s left hand.) Actual contact be-
tween object and participant occurred on Perform trials
only. At test, participants viewed digital images of all
studied objects and indicated which of the four encod-
ing tasks was employed for each. Electroencephalogram
(EEG), performance accuracy, and reaction times were
recorded and analyzed with factors of encoding task
(Perform, Watch, Imagine, Cost), and ERP scalp distri-
bution across four time windows, and, in some analyses,
with an encoding hand factor to assess the strong form
of the motor recapitulation hypothesis.

RESULTS

Behavioral Performance

As shown in Table 1, participants were fastest and most
accurate in recalling the source when they actually
performed some action with the object, and next best
when they watched the experimenter do so [Perform vs.
Watch, F(1,15) = 19.8, p = .0005; Perform vs. Imagine,
F(1,15) = 22.5, p < .0005; Perform vs. Cost, F(1,15) =
41.4, p < .0001]. Source memory for Watch-encoded
objects was more accurate than for Imagined or Cost-
encoded objects [Fs(1,15) = 9.23, 19.3, ps < .01, .0005,
respectively, which are equivalent (F < 2.0)]. Correct
reaction times reveal a similar pattern. Source decisions
about perform items are faster than those about watch,
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imagine, or cost-encoded items, F’s(1,15) = 9.03, 46.4,
and 34.8, p’s < .01, .0001, and .0001, respectively, with
watch items responded to faster than imagine and cost
items, F’s(1,15) = 33.3 and 5.52, p’s < .0001 and .05,
respectively. Finally, although the cost and imagine
encoding tasks yield equivalent accuracies, cost judg-
ments are faster, F(1,15) = 21.7, p < .0005. Neither
accuracy nor reaction time differed as a function of
object manipulation hand (F < 1.5).

Table 2 summarizes the types of errors (source mis-
attributions) that participants made. Log linear
models are used to examine the pattern of errors after
excluding correct responses (Brown, 1988). The first

model using the factors of encoding task, response at
test, and their interaction indicated that errors are not
uniformly distributed across the cells in Table 2. The
encoding task factor is significant (chi-square = 160.8,
df = 3, p < .0001), thus, some encoding conditions elicit
fewer source errors than others do. This conclusion
echoes the accuracy analyses reported above. The sig-
nificant effect of response at test factor (chi-square =
110.9, df = 3, p < .0001) indicates that errors are not
equally distributed across the alternative response op-
tions: Participants are most likely to respond ‘‘imagine’’
when wrong and least likely to respond ‘‘cost’’ when
wrong. Finally, a significant Encoding Task � Response
Task interaction indicates that some source confusions
are more likely than others (chi-square = 56.3, df = 5,
p < .0001). Additional log linear models using only the
encoding task factor, or only the response factor were
evaluated for the source of this interaction (e.g., most
prevalent source confusions, given the overall accuracy
differences among conditions or bias to respond ‘‘imag-
ine’’ when in error). Both models indicate two confu-
sions as the least likely to have occurred by chance:
Cost-encoded items judged as Imagined (G2’s > 68.2,
df = 7, p < .00001) and Imagine-encoded items judged
as Watched (G2’s > 40.7, df = 6, p < .00001). The two
models did not converge in identifying any other source
of confusions as unusually frequent.

ERPs

Figure 1 shows the ERPs elicited by object images for
which participants correctly remember the encoding
task versus those they misremember, collapsed across
encoding tasks. Correct and incorrect source trials are
associated with similar ERPs prefrontally, but at more
posterior sites, correct source trials elicit more positive
ERPs beginning around 600 msec poststimulus onset.
These data are quantified as mean amplitudes from 600
to 1400 msec, relative to a 100-msec prestimulus base-
line. Measurements from 24 lateral electrode sites are

Table 1. Reaction Times and Accuracies in the Memory Test

Encoding Task Reaction Time (msec) Accuracy (%)

Perform 1546 (47) 93 (1.1)

Right 1548 (48) 93 (1.7)

Left 1537 (43) 94 (1.4)

Watch 1651 (58) 88 (1.1)

Right 1658 (62) 89 (1.2)

Left 1645 (57) 88 (1.5)

Imagine 2072 (99) 82 (2.5)

Right 2082 (93) 83 (2.4)

Left 2124 (90) 81 (2.5)

Cost 1762 (59) 78 (2.6)

Right 1753 (57) 77 (3.0)

Left 1787 (67) 78 (2.3)

Standard error in parentheses. Right and left refer to the location of
objects during the study phase, which correspond to the cued hand for
object manipulation (or imagined manipulation) in the three action
tasks.

Table 2. Response Frequencies by Encoding Task Across All Subjects

Test Responses

Encoding Task Perform Watch Imagine Cost Total Error

Perform 1507 44 34 30 1615 108

Watch 65 1399 86 27 1577 178

Imagine 82 135 1302 61 1580 278

Cost 77 62 205 1236 1580 344

Total 1731 1640 1627 1354 6352

Errors 224 241 325 118

Correct responses (in bold type) lie on the diagonal.

Senkfor, Van Petten, and Kutas 405



subjected to a repeated measure analysis of variance
(ANOVA) with accuracy (source hits vs. misses), elec-
trode site along the Anterior–Posterior axis (AP, four
levels), along the lateral axis [medial, dorsal, lateral
(MDL)], and Hemisphere (right vs. left) as factors. The
main effect of source accuracy only approaches signifi-
cance, F(1,15) = 3.45, p < .10. However, a significant
accuracy by AP interaction, F(3,45) = 7.69, p = .01, e =
.48, reflects the absence of a difference over the pre-
frontal sites, and greater positivity over more posterior
sties when the encoding tasks were correctly identified.
Inadequate signal-to-noise ratio precludes us from sep-
arating and comparing error trials by encoding task.

ERPs elicited by the object images accompanied by
correct decisions about the encoding task are shown in
Figure 2. The four ERPs are indistinguishable for the first
600 msec following stimulus onset. Thereafter, the four

conditions differ from each other, but the patterns of
differences vary with scalp location and time after stim-
ulus onset. Objects from the Imagine task elicit more
positive ERPs than all other conditions at the most
anterior (prefrontal) sites. ERPs to the objects from the
cost task are distinct from the three action conditions
(which resemble one another), at fronto-central sites.
Finally, there is a clustering of ERPs to the objects from
the Perform and Watch versus Imagine and Cost esti-
mate tasks at posterior parietal, temporal, and occipital
sites.

The behavioral data show a clear gradient of memo-
rability across the four encoding tasks—perform > watch
> imagine > cost—that it not reflected in a similar
gradient of positivity when all of the latency ranges and
scalp regions are considered. Source memory effects
vary across time, thus mean amplitudes are measured

Figure 1. Grand average ERPs

to correctly remembered en-

coding task trials (Hit) versus
incorrectly remembered trials

(Miss) from the prefrontal,

central, parietal, and occipital

midline sites. Negative voltage
is plotted upward here and in

all subsequent figures.
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in 200-msec latency windows, beginning at 600 msec and
ending at 1,400 msec poststimulus onset, all relative to
the 100-msec prestimulus baseline (Tables 3–6). ANOVAs
are used to compare conditions pairwise, separately for
three lateral chains of electrode sites defined by their
distance from the midline (medial vs. dorsal vs. lateral,
MDL). Each analysis uses repeated measures factors of
Task, Anterior-to-Posterior scalp location (AP, four lev-
els), and Hemisphere (right vs. left), together with sub-
jects (16) as the random factor. Results involving the
third ANOVA factor of hemisphere (right vs. left) are
discussed in the section titled ‘‘Influences of encoding
hand.’’ Below, we first summarize the pattern of results,
then address how much support they lend to specific
hypotheses about the similarities and differences among
retrieval of the four sorts of encoding episodes.

Preliminary Summary

The most notable event between 600 and 800 msec is
the divergence of the Perform-encoded ERPs from those
to all other conditions. Figure 2 shows that the largest
positivity is in the Perform condition—most evident at
posterior sites and largest over medial sites. Also be-
tween 600 and 800 msec, objects from the Watch
condition are beginning to elicit slightly more positive
ERPs than those in the Imagine or Cost conditions,
yielding small but statistically significant differences
between them (Table 3).

The results in the 800–1000-msec window show a
complex pattern of results varying across the scalp that
is quite distinct from the earlier latency window. Objects
from the Imagine task elicit more positive ERPs than do

Figure 2. Grand average ERPs

elicited by photographs of cor-

rectly identified objects en-
coded with Perform, Watch,

Imagine, or Cost tasks, at all 28

scalp sites. The ERPs are dis-

played in an approximate 2-D
representation of the scalp

electrode placements.
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Table 3. ANOVA Results From Two-Way Task Comparisons for Medial (M), Dorsal (D), and Lateral (L) Sites and Anterior/Posterior
(AP) from 600 to 800 msec Poststimulus Onset

Main Effect of Task (Two Levels), F(1,15) Task (Two Levels) � AP (Four Levels), F(3,45)

Watch Imagine Cost Watch Imagine Cost

Perform

M 6.34* 14.1** 10.6* 4.07*, e = .44 ns ns

D ns 13.7* 7.31 ns 4.39, e = .58 ns

L ns 17.9** 6.34 ns ns ns

Watch

M – ns ns – 5.93*, e = .52 ns

D – ns 5.88 – ns ns

L – ns 4.9 – ns ns

Imagine

M – – ns – – ns

D – – ns – – ns

L – – ns – – ns

M = medial; D = dorsal; L = lateral to midline; ns = nonsignificant; e = Huhyn–Feldt correction for nonsphericity of variance used for tests with
more than one degree of freedom in the numerator. All F ratios shown are significant at p � .05.

*The F ratio is significant at p � .01.

**The F ratio is significant at p � .001.

Table 4. ANOVA Results From Two-Way Task Comparisons for Medial (M), Dorsal (D), and Lateral (L) Sites and Anterior/Posterior
(AP) in 800–1000 msec Poststimulus Onset Time Window

Main Effect of Task (Two Levels), F(1,15) Task (Two Levels) � AP (Four Levels), F(3,45)

Watch Imagine Cost Watch Imagine Cost

Perform

M ns 9.52* 17.3** ns 4.53 ns

D ns 4.31 15.0** ns 9.18**, e = .59 7.06*, e = .56

L 4.8 9.02* 19.5** ns 6.60, e = .44 ns

Watch

M – 4.15 (.06) 16.1** – ns ns

D – ns 15.5** – 8.90**, e = .51 5.02, e = .49

L – ns 18.5** – 8.24*, e = .41 ns

Imagine

M – – 6.20 – – ns

D – – 13.6* – – ns

L – – 7.8 – – 4.37, e = .45

M = medial; D = dorsal; L = lateral to midline; ns = nonsignificant; e = Huhyn–Feldt correction for nonsphericity of variance used for tests with
more than one degree of freedom in the numerator. All F ratios shown are significant at p � .05.

*The F ratio is significant at p � .01.

**The F ratio is significant at p � .001.
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objects from the other three conditions, but only over
prefrontal sites (Task � AP interactions in Table 4). At
the same time, two additional and different patterns
emerge. Over fronto-central sites, ERPs to objects from
the Cost task are distinct from the three action con-
ditions—Performed, Imagined, or Watched. Over the
parietal, temporal, and occipital sites, the ERPs to ob-
jects from both the Perform and watch tasks are char-
acterized by indistinguishable ERPs that are more
positive than those in the Imagine and Cost tasks.

Between 1000 and 1400 msec (Tables 5 and 6), the
patterns that emerged in the previous time window
stabilize: (1) at the prefrontal sites, the response to
Imagine objects is distinct from all others (Figure 3,
top); (2) at the frontal sites, the response to Cost objects
stands apart from those for the three non-action con-
ditions (Figure 3, middle); and (3) at the parietal,
temporal, and occipital sites, responses to Perform and
Watch objects pattern together as do those to imagine
and Cost objects (Figure 3, bottom).

Memory for Self-Generated Activities Versus External
Events

A ‘‘self versus other’’ division predicts a distinction
between the brain’s response to Watch trials (wherein

participants observed the experimenter’s actions) and
responses from the other conditions with self-generated
responses. However, at no point does the response to
the Watch task stand apart from all others. The behav-
ioral data showed that insofar as Watch trials are con-
fused, it is with those imagined, so that source
confusions also were not based on self-generation per se.

Memory for Events With and Without Actions

Another possible distinction based on the literature is
between retrieval of memories involving action and
those not involving action. According to this dichoto-
my, the brain’s response during retrieval of objects
from the three action tasks (Perform, Watch, Imagine)
should be similar to each other and distinct from that
to objects from the Cost task. The results provide
partial confirmation for this hypothesis: over the frontal
sites, ERPs to Perform, Watch, and Imagine trials are
similar and distinct from the Cost trials (Figure 3,
middle). Cost ERPs differ from the average of the other
three conditions at the six frontal sites between 800
and 1000 msec, 1000 and 1200 msec, and 1200 and
1400 msec, F(1,15) = 11.3, p < .005, 20.9, p < .0005,
20.7, p < .0005, but not between 600 and 800 msec,
F(1,15)=2.51, p > .10.

Table 5. ANOVA Results From Two-Way Task Comparisons for Medial (M), Dorsal (D), and Lateral (L) Sites and Anterior/Posterior
(AP) in 1000–1200 msec Poststimulus Onset Time Window

Main Effect of Task (Two Levels), F(1, 15) Task (Two Levels) � AP (Four Levels), F(3, 45)

Watch Imagine Cost Watch Imagine Cost

Perform

M ns 5.32 30.7*** ns 11.4*, e = .38 10.4**, e = .58

D ns ns 25.3*** ns 18.5***, e = .58 9.86*, e = .45

L ns 4.6 28.7*** ns 11.2*, e = .43 ns

Watch

M – 7.42 17.8** – 13.8**, e = .46 7.66*, e = .56

D – ns 22.8** – 21.4***, e = .53 9.87*, e = .41

L – ns 29.5*** – 24.7***, e = .45 6.20, e = .46

Imagine

M – – 7.28 – – ns

D – – 21.6** – – ns

L – – 10.3* – – 8.68*, e = .49

M = medial; D = dorsal; L = lateral to midline; ns = nonsignificant; e = Huhyn–Feldt correction for nonsphericity of variance used for tests with
more than one degree of freedom in the numerator. All F ratios shown are significant at p � .05.

*The F ratio is significant at p � .01.

**The F ratio is significant at p � .001.

***The F ratio is significant at p � .0001.
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Memory for Events With and Without Visual Motion

Although the Perform, Imagine, and Watch tasks all
involve actions, only the Perform and Watch tasks
involve actual movement. The results provide clear
support for a motion/nonmotion distinction over pos-
terior scalp sites (Figure 3, bottom): the ERPs to Perform
and Watch objects are statistically indistinguishable
from each other between 1000 and 1400 msec poststi-
mulus onset, but do differ from the ERPs to Imagine
and Cost objects. A follow up ANOVA test on the
posterior temporal, parietal, and occipital sites confirm
this division between 1000 and 1400 msec [Perform
and Watch vs. Imagine and Cost, F(1,15)=39.81,
p < .0001]. Imagine and Cost do not differ at these
sites, F(1,15) < 1.5.

Memory for Self-Performed Actions

Although some prior research suggests overlap among
the three action encoding tasks, only the Perform
encoding task involves execution of a motor plan,
visuomotor coordination between object and hand,
and kinesthetic feedback from executing a movement.
Over the posterior half of the head, ERPs elicited by
perform-encoded objects differed from the other three

conditions in being more positive. This separation of
perform from the other conditions is short-lived
(between 600 and 800 msec); a few hundred millisec-
onds later, the Perform and Watch conditions elicit
identical ERPs. However, it is likely that the overall
better memory for objects from the perform condition
is due to executing the motor plan, visuomotor coordi-
nation of the object, along with kinesthetic feedback
from action execution.

Influences of Encoding Hand

Comparisons among the conditions with and without
actions during initial encoding offer some support for
the hypothesis that brain activity during successful
retrieval of source reflects this distinction, at least over
the frontal scalp sites. However, the motor recapitula-
tion hypothesis also predicts hemispheric differences as
a function of hand used to perform the action. Depend-
ing on how specific motor imagery is, laterality differ-
ences may also be expected during the recall of
imagined actions. Finally, if observing a unimanual
action also engages contralateral motor association cor-
tex, the Watch condition also may elicit asymmetric
brain activity as a function of which hand the experi-
menter used to manipulate the objects.

Table 6. ANOVA Results From Two-Way Task Comparisons for Medial (M), Dorsal (D), and Lateral (L) Sites and Anterior/Posterior
(AP) in 1200–1400 msec Poststimulus Onset Time Window

Main Effect of Task (Two Levels), F(1, 15) Task (Two Levels) � AP (Four Levels), F(3, 45)

Watch Imagine Cost Watch Imagine Cost

Perform

M ns 11.3** 19.9** ns 19.0** 10.8**

D ns ns 12.8* ns 25.1***, e = .77 10.7*, e = .41

L ns 4.2 (0.06) 15.0** ns 14.8***, e = .53 ns

Watch

M – ns 11.8* – 23.0***, e = .50 5.15*, e = .53

D – ns 10.6* – 23.3***, e = .55 7.53*, e = .40

L – ns 16.3** – 32.3***, e = .56 ns

Imagine

M – – 10.1* – – 7.12*, e = .53

D – – 19.8** – – ns

L – – 5.62 – – 5.86, e = .44

M= medial; D = dorsal; L = lateral to MDL; ns = nonsignificant; e = Huhyn–Feldt correction for nonsphericity of variance used for tests with more
than one degree of freedom in the numerator. All F ratios shown are significant at p � .05.

*The F ratio is significant at p � .01.

**The F ratio is significant at p � .001.

***The F ratio is significant at p � .0001.
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Hemispheric differences independent of encoding
hand. Figure 4 shows that, collapsed across encoding
hand, all four conditions elicited laterally asymmetric
ERPs, with the nature of left/right difference varying
along the AP axis. At prefrontal and frontal sites, ERPs
are more positive over the right than left hemisphere,

starting at �900 msec poststimulus. By hemisphere
contrast, at central, parietal, temporal, and occipital sites,
ERPs are more positive over the left than the right from
�400 msec throughout the epoch. Both asymmetries are
strongest at dorsal and lateral sites, so that ANOVAs
including all four tasks yielded interactions between

Figure 3. (Top) Grand average

ERPs from right and left dorsal

prefrontal scalp sites elicited by
correctly remembered objects

encoded with Perform, Watch,

Imagine, and Cost tasks. (Mid-

dle) Grand average ERPs from
the right and left medial fronto-

central scalp sites elicited by

correctly remembered objects
encoded with Perform, Watch,

Imagine, and Cost tasks. (Bot-

tom) Grand average ERPs from

the left lateral temporal, parie-
tal, and occipital scalp sites

elicited by correctly remem-

bered objects encoded with

Perform, Watch, Imagine, and
Cost tasks.
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the hemisphere factor and the MDL factor in the
600–800-, 800–1000-, and 1000–1200-msec windows,
F’s(2,30) = 21.5, 34.4, and 12.0, respectively, e’s =
1.00, all p’s < .0001. The differential asymmetries over
anterior and posterior regions yielded interactions of
Hemisphere � AP by MDL in all measurement windows,
F’s(6,90) > 3.55, e’s > .75, p’s < .01. However, there is
no difference in this overall pattern of asymmetries as a
function of encoding task.

Main effect of encoding hand. Data from each encod-
ing task were quantified as mean amplitude measures
from 600 to 1,400 msec poststimulus onset, and sub-
jected to ANOVAs with factors of Encoding Hand (right,

left) and Hemisphere (right, left). Table 7 and Figure 5
present the main effects and Table 7 and Figure 6 the
interactions for these analyses. A robust finding is the
significant main effect of action hand: objects encoded
with right hand involvement elicit more positive ERPs
than do objects encoded with the left hand (Table 7,
Figure 5). Table 7 also shows a main effect of encoding
hand over the prefrontal and frontal sites during retriev-
al of both Perform- and Watch-encoded items, and a
trend for effects over frontal, central–parietal, and occi-
pital sites for imagine-encoded objects. An influence of
encoding hand during source retrieval, or a hand tag, is
apparent for each of the three action tasks, but not for

Figure 4. Grand average ERPs

elicited over the right and left

hemispheres to correctly re-
membered objects encoded

with Perform, Watch, Imagine,

and Cost tasks at the midline

sites.
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the cost task. For the cost condition, ‘‘encoding hand’’
serves as a control variable coding the location of the
object to either the left or right of the participant during
the study.

Interaction effect of encoding hand and hemisphere.
The motor recapitulation hypothesis predicts a Hand �
Hemisphere interaction, in that whatever pattern is
observed for the right hand encodings, the reverse
pattern should be observed for the left hand encodings.
The predicted interaction can be seen at prefrontal sites
for the Perform and Watch conditions, and at the frontal
sites for the Watch condition. No such contralateral/
ipsilateral patterns of ERP activity are present in the
Imagine condition. As can be seen in Figure 5, the
Hemisphere � Hand interactions above are based on

small amplitude differences. Again the Cost condition,
‘‘encoding hand’’ serves as a control variable indicating
that the hemispheric patterns did not interact with
object location.

DISCUSSION

This experiment was aimed at determining whether
qualitatively different experiences during the initial en-
coding of an object would be reflected in qualitatively
different brain activity as participants, faced with the
object, attempt to recall the nature of that experience.
We found this to be the case.

Actions: Performed, Watched, and Imagined

Based on the motor imagery and action perception
literatures, we predicted that successful retrieval of
episodes involving action would elicit similar ERPs es-
pecially over the motor, premotor, and perhaps the
parietal cortical areas,1 compared to cost-encoded ob-
jects with no motor component. And, the three action
memory conditions did elicit very similar ERPs at the
fronto-central scalp sites (approximately over premotor
cortex), although not at parietal sites, that clearly differ
from ERPs in the non-action cost condition. Although
some PET studies find parietal activations for motor
performance and motor imagery (Rizzolatti et al., 1996;
Stephan et al., 1995), at least one suggests parietal
activations reflect analysis of an object’s spatial proper-
ties for identification (required by all encoding tasks)
and not motor involvement (Faillenot, Toni, Decety,
Gregoire, & Jeannerod, 1997).

Other scalp sites revealed differences among the three
types of action tasks consistent with the participants’

Table 7. ANOVA Results With Factors of Encoding Hand and
Hemisphere, for Medial Prefrontal, Frontal, Central/Parietal,
and Occipital Sites in 600–1400 msec Poststimulus Onset Time
Window

Main Effect of
Hand, F(1,15)

Hand � Hemisphere,
F(1,15)

Perform

Prefrontal 8.94* 2.82

Frontal 7.66* <1.0

Central–Parietal 3.05, p < .10 <1.0

Occipital <1.0 <1.5

Watch

Prefrontal 2.57, p = .12 3.18, p < .10

Frontal 2.54, p = .13 3.57, p < .10

Central–Parietal 2.74, p = .11 <1.5

Occipital <1.0 <1.0

Imagine

Prefrontal <1.75 <1.0

Frontal 11.2* <1.0

Central–Parietal 16.7** <1.0

Occipital 6.86 3.18, p < .10

Cost

Prefrontal <1.0 <1.0

Frontal <1.0 <1.0

Central–Parietal <1.0 <2.5

Occipital <1.0 <1.0

*p < .05.

**p < .01.

***p < .01.

Figure 5. Correct encoding task judgments are shown here sorted by

encoding hand at study. Mean amplitude measures from 600 to 1400

msec poststimulus onset at the medial sites from the left and right

encoding hand.
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success in distinguishing sources, and may explain why
various action tasks did not prove particularly confus-
able during recall; indeed, action-encoded objects were
generally more memorable than the cost-encoded ob-
jects. Only Perform and Watch trials involve the pres-
ence of overt actions or moving objects, and the ERPs to
these two conditions are clearly distinct from those to
the Imagine and Cost conditions at sites (parietal,

posterior temporal, and occipital) that we would expect
to be most sensitive to visual memory attributes. In fact,
Perform and Watch conditions only differ quantitatively:
perform-encoded objects elicit more accurate judg-
ments, faster reaction times, and more positive ERPs
between 600 and 800 msec poststimulus onset but are
otherwise similar in wave shape and scalp distribution.
This qualitative similarity of the Perform and Watch ERPs

Figure 6. The interaction of

encoding hand and hemisphere

are shown here. Mean
amplitude measures from 600

to 1400 msec poststimulus

onset at medial sites from left

and right hemispheres are
displayed.
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is perhaps surprising in light of studies indicating that
brain-damaged patients’ memories derive a benefit from
self-performed actions relative to other types of encod-
ing. McAndrews and Milner (1991), for example, found
that patients with left and right frontal damage were
impaired in recency judgments for objects encoded with
a naming task, but this group difference was amelio-
rated for objects encoded with the perform task. But-
ters, Kaszniak, Glisky, and Eslinger (1994) extended this
finding to several additional encoding tasks including
watch, imagine, and frequency of object use in everyday
life. Specifically, normal controls’ recency judgments
were equivalent across all encoding tasks whereas fron-
tal patients showed depressed performance in all but
the perform task. If this advantage reflects some qual-
itative difference between the memory traces formed
during performance versus other encodings, then this
should appear in qualitatively different pattern of ERPs
to Perform-encoded objects. This was not the case. We
see only quantitative differences between Perform- and
Watch-encoded objects: greater accuracy and earlier
ERP positivity for Perform. Perhaps the memory benefit
from perform encoding in frontal patients is similarly
quantitative in nature, though these previous studies
also differ from ours in assessing recency (rather than
source) judgments in much older participants.

Recapitulation of Motor Encoding

Although participants were not asked to indicate which
hand they (or the experimenter) had used during any of
the action-encoding tasks, source memory tests may
naturally elicit retrieval of such episodic information. A
strong version of the hypothesis that retrieval recapit-
ulates encoding would predict a laterally asymmetric
pattern of ERPs over the two hemispheres at test as a
function of hand used and perhaps watched during
study, and there is some evidence of this for Perform
and Watch objects. Although ERPs possess sufficient
spatial resolution to yield robust hemispheric asymme-
tries during and immediately prior to active limb move-
ments reflecting engagement of the motor cortex (e.g.,
Knosche, Praamstra, Stegeman, & Peters, 1996; Kutas &
Donchin, 1980), they may be less able to distinguish left
and right cortical regions close to the midline (such as
the supplementary motor areas). Also, motor recapitu-
lation and source retrieval processes may co-occur such
that the late positive component associated with source
retrieval may overwhelm the smaller, and perhaps less
temporally synchronized activity associated with motor
recapitulation. We are currently testing the motor reca-
pitulation hypothesis with hemodynamic brain imaging
methods given their better spatial resolution (Senkfor &
Gabrieli, in preparation).

A more robust and unexpected finding is that images
of objects originally manipulated with the right hand
elicited more positive ERPs than those manipulated with

the left hand over both hemispheres for all three action
tasks. The absence of this right/left ‘‘hand tag’’ ERP for
Cost-encoded objects indicates that it is not due to the
lateral spatial location of the objects during study, as
Cost objects also were placed either to the left or right
of the participant. This right/left difference also cannot
reflect retrieval of egocentric information about object
location during the study phase, as it was in the same
direction for Perform and Watch encoding although an
object on the right was handled with the participant’s
right hand during Perform and the experimenter’s left
hand during Watch. Perhaps the objects manipulated
with the dominant hand (all participants were right-
handed) are simply more memorable. However, there
were no accuracy or reaction time benefits for ‘‘right-
hand’’ objects as opposed to left, and the scalp distri-
bution of the encoding hand effects in the Perform,
Watch, and Imagine conditions did differ. In sum, we
speculate that the impact of encoding hand is in part
driven by participants’ handedness, albeit in subtly
different ways for each action task depending on the
fluency of the manipulation (see Maruff et al., 1999).
Whether or not the influence of encoding hand, inde-
pendent of hemisphere, implies that motor information
is retrieved, it does suggest that very specific markers are
embedded within an encoding episode—including a
‘‘hand tag’’—and are recovered at test.

Memory for Self- Versus Other-Generated Events

Self-reference has been considered a critical attribute of
episodic memory since Tulving (1972) first suggested
that episodic memory should be separated from seman-
tic memory (general knowledge). Self-reference and
self-generation both yield robust beneficial effects on
memory. Numerous experiments with word lists show
that deciding how well a word applies to oneself yields
recognition superior to semantic study tasks (Rogers,
Kuiper, & Kirker, 1977). In word list studies, items that
one generates oneself are better remembered than
words merely read (Slamecka & Graf, 1978). More
recently, contrasts between autobiographical and public
events have been the topic of hemodynamic imaging
studies, with results suggesting that retrieval of personal
memories may recruit different brain regions than
retrieval of impersonal memories (Maguire & Mummery,
1999; Fink et al., 1996). Among other findings, the
variety and robustness of phenomenon implicating
personal involvement as an important factor in memory
encoding and/or retrieval has led to the suggestion that
one’s ‘‘self’’ is a mental structure that plays a central role
in a great deal of cognitive processing (Kihlstrom &
Klein, 1994; Kihlstrom, 1995).

However, the exact nature of the relationship be-
tween ‘‘self’’ and memory is unclear. For instance, it
has been reported that judging how well a word applies
to a family member is as good an encoding task as
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judging self-referentiality (Bower & Gilligan, 1979), sug-
gesting that this effect may have more to do with general
depth of processing or elaboration than self-reference
per se (Symons & Johnson, 1997). The self-generation
effect may similarly be due to the joint action of several
processes: personal involvement may lead to memories
that are more affect-laden (Eich, 1995) or that contain
some residue of one’s own cognitive operations during
the original event (Johnson, Raye, Foley, & Foley, 1981).
When a source memory judgement is required, it is
possible that self-involvement is inferred from multiple
aspects of the recovered content, rather than directly
retrieved as a unitary feature.

The current results lend little support to a strict
dichotomy between self- and other-generated episodes
in memory, nor do they suggest that self-generation
always yields the best memory. In the accuracy data,
the ‘‘other’’ encoding task (watching the experimenter
perform an action) yielded the second-best performance
rather than the worst. In the source confusion matrix,
the most prevalent error was judging cost-encoded
items as imagined (two self-generation tests), but the
second-most likely confusion crossed the self/other
boundary (imagine-encoded items judged as watched).
In the ERP data, retrieval of a self-generated overt action
(Perform) and an other-generated overt action (Watch)
yielded the most similar brain activity. Overall, the
pattern of ERPs associated with correct source memory
judgements varied with the specific attributes of the
encoded episodes: retrieval of action events (performed,
watched, or imagined) elicited similar ERPs over the
premotor cortex, while retrieval of events including
moving hands and objects elicited similar ERPs at the
posterior sites over the visual cortex. The results are
most consistent with the idea that ‘‘self versus other’’ is
not a fundamental event attribute stored in memory, but
rather a complex inference computed from more ele-
mentary attributes encoded during the original event.

Motor Imagery Versus Other Encoding Tasks

ERPs for Imagine objects can be differentiated from
those to all other conditions at the prefrontal sites.
The larger positivity to Imagine objects began 900 msec
poststimulus onset, well after activity at more posterior
sites begins to distinguish accurate from inaccurate
responses and to differentiate the four encoding tasks.
In previous studies, we have observed large prefrontal
positivities when participants are asked to make source
memory judgments as compared to yes/no recognition
judgements (Van Petten et al., 2000; Senkfor & Van
Petten, 1998; Senkfor et al., submitted). This prefrontal
effect has been similar across content domains and for
correct and incorrect source judgments, suggesting that
it indexes retrieval mode rather than memory content
or retrieval success. The Perform, Watch, and Cost
conditions accord well with our previous finding that

only non-prefrontal ERPs are sensitive to retrieval suc-
cess (Figure 1) or retrieval content (Figures 2 and 3).
However, it is difficult to offer an account for the
prefrontal positivity in the Imagine condition in terms
of retrieval mode given that all the objects called for
source judgements.

What about sheer retrieval effort? Cognitive effort is a
subjective variable that cannot be measured directly, but
is usually inferred from behavioral data. The perform-
ance data indicated that accuracy in the Imagine con-
dition was slightly better than the cost condition, but
that RT was slowest of the four conditions, suggesting
that it may indeed have been the hardest condition. The
impact of source retrieval difficulty on prefrontal brain
activity deserves further attention. However, a straight-
forward ‘‘effort’’ interpretation of the prefrontal positi-
vity for the imagine conditions would seem to predict
some gradient of this effect across the four conditions,
as substantial differences in accuracy and RT were
observed between other conditions (e.g., Perform and
Cost). This was not observed.

It is thus possible that, like the ERPs at other scalp
sites, the prefrontal positivity during retrieval of imag-
ined actions has some relationship to the brain regions
engaged during the initial study phase. This interpreta-
tion would suggest that prefrontal areas have a greater
role in motor imagery than performance or observation.
The few hemodynamic imaging studies including these
comparisons suggest that imagining an action is associ-
ated with greater blood flow in the prefrontal cortex,
although different studies implicate different prefrontal
regions (Grafton et al., 1996; Stephan et al., 1995; Ingvar
& Philipsson, 1977). Indeed, Frith and Dolan (1996)
argue that ‘‘frontal activity is a critical component of
motor imagery . . . because in order to imagine some-
thing we have to ‘hold it in mind’’’ (p. 177). They
postulated a similarity between imagined action and
other working memory tasks known to engage the
prefrontal cortex. It is also possible that motor imagery,
as compared to execution, involves an active inhibitory
process that prevents the imagined action from being
carried out. In any case, our finding that merely remem-
bering an imagined action is correlated with brain
electrical activity over the prefrontal cortex is a novel
and unexpected finding.

Conclusions

In sum, we find that patterns of brain electrical activity
systematically vary with the content of the information
to be retrieved. Moreover, we find these content specific
effects in response to physically identical stimulus ma-
terials that vary only in the nature of the episodic
memories they trigger. This finding of content specificity
is thus unlike reports of material specificity in which
different sorts of stimuli (words, pictures, textures) are
compared (e.g., Wagner et al., 1998; Fletcher, Shallice,
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Frith, Frackowiak, & Dolan, 1996; but also see Kohler,
Moscovitch, Winocur, Houle, & McIntosh, 1998; Nyberg,
1996, for a similar design with PET ).

Specifically we find that during retrieval: (1) episodes
involving actions elicit similar ERPs over the premotor
cortex (frontal sites) that are distinct from those to the
non-action Cost estimation task; (2) episodes with and
without overt actions are clearly distinguishable at
parietal, posterior temporal, and occipital sites; and
(3) memory for imagined movements elicit a larger
prefrontal positivity than memory for executed actions,
observed actions, or cost estimation. These patterns of
brain activity during retrieval can be seen as in large part
isomorphic with processes (and associated brain areas)
engaged during initial study: motor association cortex
during action tasks, visual processing of movement
(hands and objects) during overt actions, and prefrontal
cortex during motor imagery. The one puzzling excep-
tion is the absence of a distinctive signature during
retrieval of self-performed actions although this is the
only encoding task that required active movement by
the participant. Perform encoding yields the most accu-
rate source memory and the associated ERPs are the
first to diverge from those of the other conditions, and
yet these ERPs are not qualitatively different from those
to Watch-encoded objects. At test, Perform and Watch
ERPs are likewise similar in differentiating objects ini-
tially manipulated with one versus the other hand
(‘‘hand tag’’), suggesting equivalent treatments of the
right and left hands regardless of whether it is the
participants or the experimenters. Perhaps the limited
spatial resolution of our measure or brain regions out-
side our recording range (e.g., cerebellum) precludes
observation of an ERP signature of self-generated move-
ment; this remains to be resolved.

METHODS

Participants

Eight men and eight women (18–30 years, mean = 20),
all right-handed (Oldfield, 1971) with only right-handed
family members, normal or corrected-to-normal vision,
normal color perception, and no reported history of
neurological disorder were paid for their participation.

Stimuli

The participants were presented with 444 familiar ob-
jects (e.g., fork) or toy versions thereof (e.g., lawn-
mower) during study phases. All objects were
photographed in color and digitized via a Hewlett-
Packard 4c Scanner and presented as digital color im-
ages against a black background during the recognition
test. The images subtended 68 of visual angle horizon-
tally and 88 vertically.

Procedure

The experiment was conducted across two sessions,
consisting of one study/test cycle, lasting �3.5 hr each.
During each study phase participants were exposed to
216 objects placed one at a time by the experimenter on
a table to either to the left or right of the participant. As
each object was presented, participants heard one of
four randomly intermixed prerecorded encoding task
instructions: take the next 7 sec to (a) generate and
Perform a common action with the object, (b) generate
and Imagine a common action with the object, (c)
Watch the experimenter perform a common action, or
(d) generate and verbalize a realistic estimate of the
object’s cost. Half the objects were presented to the left
of the participant and half to the right, with side
indicating which hand was to handle the object (or to
be imagined handling the object). After 7 sec, a tone
signaled the object’s removal by the experimenter; a
new object was presented 4 sec later.

In the Perform condition, participants were asked to
select a ‘‘typical’’ action for the object using only
materials present (i.e., not to pantomime activities with
materials not present), and to perform the action with
the designated hand. If they could not think of an action
quickly, participants were instructed to pick up and
inspect the object (�1% of the trials); it was the only
condition wherein they touched the object. Instructions
were identical for the Imagine task with the exception
that participants were to imagine performing the action
with the cued hand as vividly as possible. On Watch
trials, the experimenter performed a typical action with
the object with the cued hand. In the Cost task,
participants gave a verbal estimate of how much it
would cost to buy the object. Study sessions were
videotaped for later review. Trials with atypical actions,
where the wrong encoding task was carried out, the
wrong hand was used, or the act/estimate was not given
within the allotted time (�1% of trials) were dropped
from further analyses.

In each session, the recognition test included digital
images (photographic quality) of all the studied objects
(no new objects). Object images were presented for 300
msec with an interstimulus interval of 5,000 msec as
participants made one of four responses (‘‘Perform,’’
‘‘Imagine,’’ ‘‘Watch,’’ ‘‘Cost’’) to each on two keypads,
using the index and second fingers of each hand.
Participants were encouraged to balance speed and
accuracy. Participants received a practice set of 12
objects before the study phase and a practice source
recognition test with digital object images before the
experimental test list presentation.

Eight different stimulus lists were constructed from
the 432 items to counterbalance the four encoding tasks,
encoding hand (right/left), and object sessions across
subjects; the mapping of responses to the four fingers
was counterbalanced within subjects.
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Electrophysiological Methods

EEG was recorded from tin electrodes in a commercially
available cap with a geodesic array of 26 equidistant
electrodes (for comparison to 10–20 system, see Ganis,
Kutas, & Sereno, 1996). Two additional prefrontal sites
were placed above the nasion by 5% of the nasion to
inion distance and 10% of the interaural distance later-
ally. An additional electrode was placed over the right
mastoid. Horizontal eye movements were monitored via
a right to left bipolar montage at the external canthi of
the two eyes. Vertical eye movements and blinks were
monitored via electrodes placed below the right and left
eyes. Scalp sites and vertical eye electrodes were refer-
enced to the left mastoid during recording, and re-
referenced off-line to the average of the activity at left
and right mastoids. EEG was amplified with a Grass
Model 12 polygraph with half amplitude cutoffs of 0.01
and 100 Hz, digitized on-line at a sampling rate of 250 Hz.
Trials with artifacts due to eye movement or amplifier
saturation were rejected prior to averaging.
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Note

1. Whole movement-related potentials are maximal over the
scalp as expected based on the known layout of the motor
system, largest over the central brain areas.
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