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Resampling approach to statistical inference:
Bootstrapping from event-related potentials data

FRANCESCO DINOCERA and FABIO FERLAZZO
University ofRome "La Sapienza, "Rome, Italy

Wepropose the use of the bootstrap resampling technique as a tool to assess the within-subject re
liability of experimental modulation effects on event-related potentials (ERPs). The assessment of the
within-subject reliability is relevant in all those cases when the subject score is obtained by some esti
mation procedure, such as averaging. In these cases, possible deviations from the assumptions on
which the estimation procedure relies may lead to severely biased results and, consequently, to incor
rect functional inferences, In this study, we applied bootstrap analysis to data from an experiment
aimed at investigating the relationship between ERPs and memory processes. ERPs were recorded
from two groups of subjects engaged in a recognition memory task During the study phase, subjects
in Group Awere required to make an orthographic judgment on 160visuallypresented words, whereas
subjects in Group B were only required to pay attention to the words. During the test phase all subjects
were presented with the 160previously studied words along with 160new words and were required to
decide whether the current word was "old" or "new." To assess the effect of word imagery value, half
of the words had a high imagery value and half a low imagery value. Analyses of variance performed
on ERPs showed that an imagery-induced modulation of the old/new effect was evident only for sub
jects who were not engaged in the orthographic task during the study phase, This result supports the
hypothesis that this modulation is due to some aspect of the recognition memory process and not to
the stimulus encoding operations that occur during the recognition memory task However, bootstrap
analysis on the same data showed that the old/new effect on ERPs was not reliable for all the subjects.
This result suggests that only a cautious inference can be made from these data.

Functional inferences from studies in cognitive neuro
science are often based on sets of methodological assump
tions whose validity is not always evident For example,
since in event-related potential (ERP) research the low
signal-to-noise ratio makes it generally impossible to an
alyze the electrocerebral response to a single stimulus, such
a brain response needs to be estimated, usually through
an averaging procedure. The mathematical model that
underlies averaging (De Weerd, 1981; De Weerd & Mar
tens, 1978; Woody, 1967) holds that the electrocerebral
activity recorded upon the presentation of a stimulus is
the sum of the brain response to that stimulus (signal)
and the spontaneous brain activity independent of it
(noise), Furthermore, the model holds that the brain re
sponse is invariant with respect to different occurrences
of the same stimulus, and that the spontaneous brain ac
tivity is drawn from a zero-mean random process. Under
these assumptions, averaging gives a reliable estimate of
the true brain response when applied to a large number
ofoccurrences ofthe same stimulus. The assumptions on
which the averaging procedure is founded, however, are
often questionable. In particular, the variability of late
(cognitive) potentials and the correlation between spon-

Correspondence should be addressed to F.Di Nocera, Department of
Psychology, University of Rome "La Sapienza," Via dei Marsi, 78,
00185 Rome, Italy (e-mail: dinocera@uniromal.it).

taneous EEG and brain response to the stimulus repre
sent a violation of those assumptions. This violation may
severely affect the reliability of ERP estimates and, con
sequently, the reliability of the experimental results and
their interpretation. In fact, a difference between ERPs re
corded in two conditions from 1 subject can be ascribed
to the independent variable only if the ERP estimates
were reliable (reliable within-subject effect). However, if
the ERPs estimates were unreliable, the between-conditions
difference should be ascribed to chance (unreliable within
subject effect).

Ofcourse, since across-subjects statistical data analy
ses are usually performed on dependent variables (am
plitude, latency, etc.) that are computed on averaged ERPs,
unreliable within-subject effects ofthe independent vari
able could strongly affect the overall results. This is be
cause an unreliable difference between ERPs in 1 subject
has the same weight on the across-subjects analysis of a
reliable difference in another subject Furthermore, since
in psychophysiological research small samples are often
used, even a small number of unreliable differences may
have large effects on the overall analysis.

One approach to the evaluation of the reliability of an
observed experimental effect is provided by the bootstrap
technique (Efron, 1979; Efron & Tibshirani, 1993). Re
sampling techniques such as the bootstrap or permuta
tion test have already been proposed and used in psy
chophysiology for overall significance testing and for
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determining the reliability ofmaps ofbrain activity across
groups or across tasks within the same subject (e.g.,
Blair & Karniski, 1993; Di Nocera, Ferlazzo, & Gen
tilomo, 1996; Farwell & Donchin, 1991; Humphrey &
Kramer, 1994; Karniski, Blair, & Snider, 1994; Wasser
man & Bockenholt, 1989). However, except for some
preliminary studies ofours (Di Nocera & Ferlazzo, 1999;
Ferlazzo & Di Nocera, 1998), the bootstrap procedure
has never been used in psychophysiology to test hypothe
ses regarding the within-subject reliability of a specific
experimental effect-that is, the extent to which an effect
is reliable within a particular subject and not merely in re
spect to the whole sample. Yet such an application of
bootstrapping could be of capital importance in psycho
physiology, where measures are not directly observed
(they are estimated), and hence interpretation of results
depends on their reliability.

Bootstrap Procedure
The bootstrap (Efron, 1979) is a computationally in

tensive statistical tool designed to assess statistical ac
curacy. An important aspect of this technique is that it
sets researchers free from making unverifiable and most
likely invalid assumptions about their data (e.g., proba
bility distribution) prior to analysis. The usefulness of
this approach is particularly evident when researchers are
managing small samples-that is, when it is more diffi
cult to know how accurate an estimate is.

The basic idea underlying the bootstrap is to produce
a random sample (called the bootstrap sample), which is
obtained by sampling, with replacement, from the origi
nal pool of data. The bootstrap sample is then used to
compute the estimate of the parameter the researcher is
interested in, and this procedure (extraction of the ran
dom sample and computation ofthe estimate) is repeated
many times in order to create an empirical distribution of
the statistic. Such a distribution usually represents a good
approximation of the true (and unknown) probability
distribution underlying that statistic.

In more technical terms, the bootstrap represents a
general method to estimate how well a statistic 0' esti
mates a parameter 0 when analytical procedures are not
available. In other words, it estimates the standard error
of0'.

The bootstrap procedure can be also used in hypothesis
testing. For example, consider two unknown probability
functions F and G. To test the null hypothesis p(F) =
p(G), we define 8' = z - y, where z andy are, respec
tively, the means of two samples drawn from F and G.
The bootstrap procedure puts together all the observa
tions from the two samples and extracts randomly, with
replacement, two new bootstrap samples from the whole
pool ofdata. This extraction procedure is repeated many
times, and each time the corresponding 8'* is computed.
Here the asterisk denotes the statistic computed on the
bootstrapsamples. Since the pairs of bootstrap samples
are formed on a random basis, the expected value of8'*

is null, and the distribution of8'* represents its empirical
distribution under the null hypothesis. Hence, through this
empirical distribution, it is possible to estimate the prob
ability ofoccurrence ofthe observed 8' under the null hy
pothesis-that is, how many 8'*s are equal or larger than
8' by chance-and therefore its level of significance.

The application to ERPs studies is straightforward.
The bootstrap procedure can be applied within each sub
ject to test the hypothesis that the difference between
ERPs recorded in two different conditions is due to the
independent variable or, in other words, whether it is re
liable or not. To do that, single-trial ERPs are first pooled
together to form a unique pool ofdata, and then they are
drawn randomly and with replacement to form two random
sets ofdata with an equal number of single-trial ERPs. It
should be noted that because of the random assignment,
each bootstrap sample is not necessarily composed ofan
equal number of single-trial ERPs from each "real" con
dition. Averaging is then performed for each bootstrap
sample, and the difference between the dependent vari
able (e.g., mean amplitude or peak-to-peak amplitude)
of the two averaged ERPs is computed. Because of the
random assignment to the two sets, the expected value
of this difference is null. The probability distribution
under the null hypothesis that no difference exists be
tween conditions is created by repeating these two steps
many times. This empirical distribution can be used to
estimate the probability that the observed difference be
tween ERPs is due to chance: If the probability is lower
than the usual significance level of .05, we can reject the
null hypothesis and accept that the difference is due to
the experimental variable.

Through this procedure, information about the relia
bility of ERP estimates can be gained and used to mod
ulate the interpretation ofthe results ofconventional sta
tistical analyses performed on ERP estimates: If a large
number ofsubjects show an unreliable difference between
conditions, of course, no confidence should be placed in
the results ofacross-subjects statistical analyses, even if
significant.

In order to evaluate the usefulness ofthe bootstrap ap
proach to ERP reliability issues, we applied this proce
dure to further analyze data from a study aimed at inves
tigating the imagery-induced modulation ofERPs to old
and new words (old/new effect) recorded during a recog
nition memory task.

An Application of the Bootstrap Approach
In memory tasks, ERPs have been reported to differ

according to whether the stimuli evoking them had been
previously presented or not (for a review, see Rugg, 1995).
This old/new effect has been widely studied during the
last decade and refers to the larger positivity from about
400 msec onward shown by the ERPs to old items rela
tive to the ERPs to new items. The effect has been shown
using different paradigms (study-test, continuous recog
nition) as well as different materials (words, pictures,
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notes, numbers, musical notes, but not geometrical figures
(Beisteiner, Huter, Edward, & Koch, 1997) in both vi
sual and auditory modalities (Bentin, 1987; Donaldson
& Rugg, 1998; Ferlazzo, Conte, & Gentilomo, 1993a,
1993b; Ferlazzo, Di Nocera, & Di Segni, 1998; Fried
man, 1990; Friedman & Sutton, 1987; Johnson, Kreiter,
Russo, & Zhu, 1998; Karis, Fabiani, & Donchin, 1984;
Neville, Kutas, & Schmidt, 1982; Noldy-Cullum & Stel
mack, 1987; Pratt, Erez, & Geva, 1994; Rugg, 1985; Rugg,
Furda, & Lorist, 1988; Rugg, Mark, et aI., 1998; Rugg &
Nagy, 1987; Rugg, Schloerscheidt, & Mark, 1998; San
quist, Rohrbaugh, Syndu1ko, & Lindsley, 1980; Schloer
scheidt & Rugg, 1997; Smith & Guster, 1993). Many of
these authors have linked this effect to memory pro
cesses, but its exact meaning is still uncertain. Further
more, the variability of the results reported in the litera
ture suggests that this effect is not as reliable as others.
In this study, we aimed at investigating the modulation of
the old/new effect by the imagery value ofwords used as
stimuli in a recognition memory task. This choice under
lines the need to provide a strongly controlled experi
mental design to allow comparison of conventional
analyses and bootstrap results.

The enhanced memory for high-imagery (HI) value
words relative to low-imagery (LI) value words (Paivio,
1965) is a well-known effect on memory performance.
Ferlazzo et al. (l993a) suggested that the imagery value
can modulate the old/new effect on ERPs. Particularly,
their results showed that a larger difference between old
and new words was associated with the LI condition,
supporting the hypothesis that the old/new effect depends
on the recognition memory process, since nonspecific
factors such as target detection operations cannot ac
count for it. However, this interpretation may be under
mined by the fact that imagery value is an intrinsic attri
bute of each word. With that in mind, since in a study
test paradigm the stimulus encoding also occurs during
the test phase, the imagery-induced modulation might
depend on this encoding process.

We should be able to verify this last hypothesis by selec
tively interfering with the semantic processing ofthe word
during the study phase. In fact, if the modulation effect
still emerges in such a condition, an encoding process is
probably involved. Ifno modulation emerges in the inter
ference condition, a memory recognition process is prob
ably involved in the genesis of the old/new effect.

METHOD

Subjects
Seventeen subjects (5 males and 12 females) participated in this

experiment. Their mean age was 25.9 years. All subjects were naive
with respect to the experimental procedures.

as test list in the recognition memory phase of the experiment. The
test list was composed of four blocks of80 words each: HI and LIold
words and HI and LI new words. Stimuli were randomly ordered in
each list, and their frequency ofusage was balanced across all blocks.

Procedure
Following electrode application, subjects were seated in an elec

trically shielded and sound-attenuated room and completed an in
tentional memory task in two phases. During the study phase, the
160 words from the study list (randomly ordered) were visually pre
sented at a rate ofabout 1.5 sec (mean interstimulus interval [lSI]).
All subjects were required to pay close attention to the stimuli be
cause in a successive test phase they would be required to recognize
them from an equal number of new words. During the study phase,
9 subjects out of 17 (Group A) were also engaged in an interfering
orthographic task on the same words. They were required to press
one of two buttons according to whether the current word included
at least one letter 0 or not. This task should interfere with the se
mantic encoding ofthe words on which the imagery effect is based.
The other 8 subjects (Group B) were not engaged in any task dur
ing the study phase.

The recognition memory test followed the study phase after a 10
min resting period. The test list was presented in four runs of 80
words each, randomly ordered across subjects. During the test phase,
words were presented at a rate of3 sec (mean lSI). Each run was fol
lowed by a 5-min rest period. During the test phase, all subjects were
required to press one of two buttons as fast as possible according to
whether the current word was old (previously presented) or new.

EEG Recording
The electroencephalogram (EEG) was recorded during the test

session of the experiment using Beckman Ag/ AgCl electrodes
placed at Fz, Cz, and Pz sites (10-20 International System; Jasper,
1958) and referred to linked mastoids. Electrode impedance did not
exceed 5 kO. The EEG was amplified with the low filter set at
35 Hz and time constant set at I sec.

Conventional Analyses
EEG recorded during the test session was sampled at 128 Hz for

1,000 msec beginning 150 msec prior to each word onset and aver
aged separately for each stimulus category (HI old words, LI old
words, HI new words, and LI new words) and electrode lead (Fz,
Cz, and Pz). EEG epochs were visually inspected and those contain
ing eye movement artifacts were discarded. Trials where subjects
gave the incorrect response or no response within 2 sec were not in
cluded in the averaged ERPs or any further analysis.

A four-way mixed analysis ofvariance (ANOVA) was performed
on ERP mean amplitudes in the 400-800 msec latency range. Fac
tors were Group (A vs. B), electrode lead (Fz vs. Cz vs. Pz), stim
ulus (old vs. new), and imagery (HI vs. L1). Three-way and four-

Table I
Percentages and Standard Deviations of Hits and

Correct Rejections on the Recognition Memory Test for
High- and Low-Imagery Words Shown by Subjects

Who Completed the Study Phase With and
Without the Interference Task

New Words Old Words

Imagery % SD % SD

Stimuli
One hundred sixty HI words and 160 LI words were selected from

the Bartolini, Tavaglini, and Zampolli (1971) Italian norms offre
quency of usage. Words were rated as HI or LI by three independent
raters. Eighty HI and 80 LI words were selected from the whole set
to form the study list (old words). The whole set of320 words served

High
Low

High
Low

With Interference
66.39 17.27 54.86 14.41
64.44 14.31 55.28 19.37

Without Interference
56.25 30.19 54.53 17.64
60.16 27.57 44.69 12.81
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Table 2
Mean Reaction Times (in Milliseconds) and Standard Deviations of Correct

and Incorrect Responses to High- and Low-Imagery Words Shown by Subjects
Who Completed the Study Phase With and Without the Interference Task

With Interference Without Interference

New Words Old Words New Words Old Words

Imagery M SD M SD M SD M SD

Correct Responses
High 1,098.06 188.37 1,052.14 123.92 1,191.97 179.55 1,115.96 169.89
Low 1,164.34 236.87 1,071.22 181.46 1,229.35 214.71 1,141.79 167.11

Incorrect Responses
High 1,112.79 196.42 1,157.75 200.44 1,141.06 152.14 1,130.23 216.55
Low 1,075.60 200.44 1,133.15 205.84 1,178.55 153.11 1,203.15 179.55

way ANOVAs were performed on behavioral data with factors in
cluding group (A vs. B), stimulus (old vs. new), imagery (HI vs.
LI), and response (correct vs. incorrect, only for reaction time [RT]
data). Behavioral measures were the number of hits (old words cor
rectly recognized as old) and correct rejections (new words cor
rectly recognized as new) and the corresponding RTs. The Geisser
Greenhouse conservative F test was used when necessary.

Bootstrap Analyses
The bootstrap technique was applied separately for each subject

and electrode lead to test three different hypotheses arising from

the experimental design: (I) The difference between ERPs to old
and new words (independent from their imagery value) was due to
chance; (2) the difference between ERPs to HI old and new words
was due to chance; and (3) the difference between ERPs to LI old and
new words was due to chance.

To test each hypothesis, 1,000 random resamplings from the ap
propriate pool of EEG epochs were conducted as described above.
Each bootstrap sample was used to form two sets of randomly as
signed EEG epochs. ERPs were estimated for each set, and the dif
ference between their mean amplitudes in the 400-800 msec la
tency range was computed. Because of the random assignment, the
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Figure 1. Grand averaged event-related potentials to high-imagery (HI) new
and old words recorded in subjects who completed the study phase without and
with the interference task. Stimulus onset at time O.Negativity upward.
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Figure 2. Grand averaged event-related potentials to low-imagery (LI) new and
old words recorded in subjects who completed the study phase without and with
the interference task. Stimulus onset at time O.Negativity upward.

two sets had equal expected values; that is, the expected difference
between the ERPs computed from the two sets was null. In other
words, the distribution of the 1,000 bootstrap differences is the em
pirical probability distribution under the null hypothesis that no dif
ference exists between ERPs. Such a distribution was used to esti
mate the probability associated to the observed (real) difference
between ERPs: As usual, if the probability that a difference equal

to or greater than the observed one was less than .05, the null hy
pothesis was rejected and the difference was said to be reliable. Oth
erwise, the observed difference could be due to chance and it was
said to be unreliable.

To test the first hypothesis, ERPs to all the words were consid
ered independently from their imagery value; to test the second hy
pothesis, only ERPs to the HI words were considered; to test the

Table 3
Mean Amplitudes (in Microvolts) in the 400-800 Msec Latency Range and

Standard Deviations of Event-Related Potentials to New and Old Words
by Imagery (High and Low), Leads (Fz, Cz, and Pz), and Group

(With and Without Interference Task)

With Interference Without Interference

New Words Old Words New Words Old Words

Imagery M SD M SD M SD M SD

Fz

High 0.57 2.54 0.67 2.19 0.66 2.26 1.29 2.06
Low 0.44 1.53 0.51 1.63 0.00 2.95 3.96 3.98

Cz

High -0.11 1.86 -0.03 1.56 0.52 2.18 0.88 2.59
Low 0.44 1.53 0.01 1.86 -0.23 2.89 2.66 3.40

pz

High 0.69 1.32 0.71 0.87 2.44 1.42 2.69 3.28
Low 0.54 1.06 0.98 1.72 1.63 2.54 3.40 3.16
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Table 4
Number of Subjects Showing a Reliable Old/New Effect by Group

(With and Without Interference) and Lead (Fz, Cz, and Pz)

With Interference Without Interference

Words

Old/new
High-imagery old/new
Low-imagery old/new

Fz Cz pz

3
I
4

Fz Cz

3
I
6

pz

4
4
6

third hypothesis, only ERPs to the LI words were considered. Boot
strap analyses were performed on the same ERP trials as those used
in the conventional analyses.

RESULTS

Performance
Analysis of hits and correct rejections showed only a

group X stimuli X imagery interaction [F(l,15) = 4.902,
P = .0427]. The effect of imagery was found only for old
words and only for subjects who completed the study phase
without interference [F(l,7) = 17.821,p = .004]. These
subjects correctly recognized a significantly larger num
ber ofHI old words (54.53%) than LI old words (44.69%;
Table I).

Reaction Times
Analysis of RTs showed only a main effect of stimuli

[F(l,15) = 5.l01,p = .0392]. RTs to the old words were
slightly faster (M = 1,125.67 msec, SD = 183.26 msec)

200

o
-7 -6 -5 -4 -3 -2 -1 0

than RTs to the new words (M = 1,148.96 msec, SD =

189.13 msec). No significant effect of imagery, response,
or group was found on RTs (Table 2).

ERPs
For each experimental condition, averaging was com

puted on about 30 trials. Grand averaged ERPs to old and
new words for each electrode site, imagery, and group
are reported in Figures I and 2. Analysis of ERP mean
amplitudes in the 400-800 msec latency range showed
main effects of stimuli and electrode [F(l,15) = 5.148,
P = .0385 andF(2,30) = 4.544,p = .0189, respectively],
and both stimuli X imagery and stimuli X imagery X
group interactions [F(I,15) = 5.377, p = .0349 and
F(l,15) = 4.253, P = .05, respectively]. Simple effects
showed a significant difference between ERPs to old and
new words only for LI items and only for subjects who
completed the study phase without interference [F(1,8) =

10.372,P = .015]. The difference between ERPs to old
and new words was considerably larger for LI words

2 3 456 7 8

Lower limits

Figure 3. Histogram from 1,000 bootstrap resamplings on the difference between event
related potentials (Cz) to old and new low-imagery words for Subject A. Relative to this dis
tribution, the observed difference (from the experiment) has a probability of less than .05.
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Figure 4. Histogram from 1,000 bootstrap resamplings on the difference between event
related potentials (Pz) to old and new low-imagery words. Relative to this distribution, the
observed difference (from the experiment) has a probability of greater than .05.

(3.49/IV) than for HI words (about 1/lV; Table 3). There
was no difference between ERPs to old and new words
for subjects who completed the study phase with the in
terference task.

Bootstrap Analyses
The results showed that not all the subjects presented

a reliable old/new effect; that is, the null hypothesis that
the observed difference between mean amplitudes in the
400-800 msec latency range of ERPs to old and new
items was due to chance cannot be rejected for all sub
jects (Table 4).

Figures 3 and 4 report the results of the bootstrap anal
ysis applied to one reliable and one unreliable difference
between ERPs to old and new words, showing the differ
ences between the mean amplitudes of ERPs averaged
on a random basis (bootstrap samples). In other words,
the histograms represent the null hypothesis empirical
distribution. As can be seen, in the first case, the fre
quency of occurrence of differences that are by chance
equal or larger than the observed one is less than 50 out
of 1,000 (which corresponds to a probability of .05).
Hence in this case the observed difference between "real"
ERPs can be said to be reliable. In the case ofan unreliable
effect, the probability associated with the observed dif
ference is greater than .05 (Figure 4).

Thus, the conventional ANOVA showed a statistically
significant old/new effect on ERPs in subjects from
Group B, but the bootstrap analysis yielded a different
picture (Table 4). In fact a reliable old/new effect, inde
pendent from the imagery value, was found only in 3 sub
jects out of 8 over Cz, and in 4 subjects out of 8 over Pz.
No subject showed a reliable old/new effect over Fz.

In regard to ERPs to HI words, results showed that
only 1 subject presented a reliable old/new effect over
Fz and Cz, and 4 subjects presented a reliable effect over
Pz. In regard to ERPs to LI words, the bootstrap analy
sis showed that no subject presented a reliable old/new
effect over Fz, while 6 subjects presented the effect over
Cz and Pz.

For the subjects in Group A, where a conventional
ANOVA did not show any old/new effect, a reliable ef
fect was indeed found over Pz (Table 4): In 3 subjects it
was independent of imagery value, while a HI old/new
effect was found in 1 subject and a LI old/new effect was
found in 4 subjects.

Reliability ofthe old/new effect was not due to the spe
cific value of the difference: In fact, the same difference
can be reliable or not depending on the variability of the
single-trial ERPs. For example, Figure 5 reports ERPs
collected in a single subject from Cz and Pz leads. Al
though the differences between mean amplitudes ofERPs



118 DI NOCERA AND FERLAZZO

REF~NCES

pleted the study phase without an interfering task showed
an old/new effect on ERPs that was larger for Ll than for
HI words.

For all the subjects in the interference group, there was
a differencebetween ERPs to old and new words, but boot
strap analyses showed that not all these differences were
reliable. Depending on the electrode site, about half the
subjects showed a difference that could be due just to
chance. Reliable old/new effects were found mainly at the
Pz lead and on ERPs to Ll words. This uneven pattern con
firms that bootstrap results depend on the experimental
variables and are not due to chance. Furthermore, the re
liability of the effect did not depend on its magnitude. In
fact, the same difference can be reliable or not, depending
on the EEG epochs entered in the averaging procedure.

Interestingly, whereas the ANOVA did not show any
old/new effect modulation in subjects who completed an
interfering task during the study phase, the bootstrap
analysis showed that some of them indeed presented a
reliable modulation. In summary, the bootstrap confirms
the results from the ANOVA, but shows that the modu
lation of old/new effect is not very reliable, probably de
pending on the strategies subjects used to perform the
task. It should also be noted that the bootstrap procedure
is not aimed at giving indications about which factors af
fect the reliability of ERPs. It is only a method to assess
whether a problem of reliability exists. For example, in
this experiment, unreliable ERPs may derive from a la
tency jitter of the P300 component (which represents a
violation of the assumption of signal invariance), from
individual differences, from intrinsic intertrial variabil
ity of ERPs recorded during a recognition memory par
adigm, or from something else. Factors determining the
unreliable ERPs have to be identified by specifically de
signed studies.

These results confirm the usefulness of the bootstrap
procedure and show some of its advantages. In fact,
whereas in conventional ANOVAs all the ERPs are equally
considered, regardless of their reliability, bootstrap per
formed for each single subject depends on all the avail
able data; thus information about the reliability ofthe ef
fects ofexperimental variables can be gained. In this way,
results from conventional analyses can be interpreted more
accurately.

The procedure proposed in this paper is not an alterna
tive to conventional analyses, however, and any results
from its application should be considered cautiously:
They do not allow researchers to discard "unreliable sub
jects." The bootstrap can be used to check data for the
presence of inconsistencies, but it cannot be used to es
tablish which factor is involved.
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Figure 5. Event-related potentials to old and new words col
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that only the difference over Pz is reliable. Stimulus onset at
time O.Negativity upward.

to old and new words were approximately the same over
the two leads, only the difference over Pz was reliable ac
cording to the bootstrap analysis.
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the bootstrap approach as a tool to obtain information
about the reliability of experimental effects in cognitive
neuroscience. The bootstrap technique was applied to
ERP data from an experiment aimed at investigating the
imagery-induced modulation of the old/new effect on
ERPs recorded during a memory task.
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completed an interfering orthographic task during the
study phase did not present any ERP modulation due to
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