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Two experiments investigated the effect of test modality (visual or auditory) on
source memory and event-related potentials (ERPs). Test modality influenced
source monitoring such that source memory was better when the source and
test modalities were congruent. Test modality had less of an influence when
alternative information (i.e., cognitive operations) could be used to inform
source judgments in Experiment 2. Test modality also affected ERP activity.
Variation in parietal ERPs suggested that this activity reflects activation of sen-
sory information, which can be attenuated when the sensory information is
misleading. Changes in frontal ERPs support the hypothesis that frontal systems
are used to evaluate source-specifying information present in the memory trace.

Source memory is defined as memory for the origin of information, and
discriminating between different sources, such as read or heard mate-
rial, is known as source monitoring. Accurate source attributions are
critical for cognitive processes such as judging credibility, monitoring
past actions, and remembering specific autobiographical events
(Johnson, Hashtroudi, & Lindsay, 1993). Therefore, a better under-
standing of source-monitoring processes is useful in understanding
many basic cognitive processes.

The source-monitoring framework (SMF) is a model that describes
the cognitive processes involved in source monitoring and the neural
structures that support these processes (Johnson et al., 1993). The SMF
claims that origin information is not simply read out of memory (i.e.,
as in a source tag). Rather, source memory is the product of a complex
set of attributional decision processes whereby qualitative characteris-
tics associated with the memory trace are activated and evaluated. The
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qualitative characteristics on which such attributions can be based in-
clude perceptual details, spatial and temporal information, semantic
detail, affective information, and cognitive operations (i.e., records of
elaborating information at the time of encoding). The memory char-
acteristics that are activated may only elicit a sense of familiarity, or more
differentiated information may be revived, facilitating source discrimi-
nations. Johnson et al. suggested that medial temporal lobe structures
are critical for binding or consolidating qualitative characteristics into
complex memories and for automatic reactivation of these features.

After information is activated, the relative amounts of qualitative
characteristics in the memory records are weighed to attribute memo-
ries to particular sources. Frontal lobe areas are believed to support the
evaluation of activated information, more strategic retrieval, and main-
tenance of decision criteria. Evaluation of qualitative characteristics is
governed by heuristic or systematic decision processes, which depends
on the combinations of qualitative characteristics that differentiate the
sources being considered and the mental agenda of the decision mak-
er (Dodson & Johnson, 1996; Johnson et al., 1993). Heuristic decisions
tend to be fast and nondeliberate, are used when perceptual details are
diagnostic, and generally are based on the average differences in qual-
itative characteristics of the various sources. In these cases, the differ-
ence in qualitative memory characteristics provides a diagnostic basis
for source attribution. For example, recollection of more auditory de-
tails indicates that the information was heard and not seen. Many source
decisions are heuristic, but systematic decisions, which are slower, more
deliberate, and based on extended reasoning, can also be used to make
source decisions (Johnson et al., 1993).

Nolde, Johnson, and Raye (1998) recently elaborated on the role of
the frontal lobes after their comprehensive review of the brain-imagin-
ing literature. They proposed the cortical asymmetry of reflective activity
(CARA) hypothesis, which posits that different areas in the frontal lobes
support distinct kinds of decision processes. According to the CARA
hypothesis, right prefrontal areas support heuristic processing, where-
as left prefrontal areas support more reflective or systematic processing.
Thus, left and right frontal lobes can be more or less active depending
on the mix of heuristic and systematic decision processes that are de-
manded by the particular testing situation.

Eventrelated potentials (ERPs) have also suggested that medial tem-
poral and frontal lobe structures support the processes described in the
SMF. The majority of source memory ERP studies have demonstrated
that studied items tend to elicit more positive ERP activity than unstud-
ied items at parietal electrodes (the parietal old/new ERP effect here-
after) along with a second old/new ERP difference that is observed at
frontal electrodes (the frontal old/new effect hereafter). The frontal
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old/new effect typically is larger at right frontal sites, tends to begin after
the parietal old/new effect, and tends to persist throughout the record-
ing epoch (Rugg, Schloerscheidt, & Mark, 1998; Wilding, 1999; Wild-
ing & Rugg, 1996). Parietal ERPs have been linked with activation in
medial temporal lobe structures, and frontal ERPs are believed to reflect
activation in frontal lobe structures (Wilding & Rugg, 1996).

Although the majority of ERP studies have not appealed to the SMF,
the processes associated with the parietal and frontal ERP effects are
entirely consistent with the neural basis of source monitoring original-
ly described in the SMF. More specifically, the parietal ERP difference
has been hypothesized to reflect recollection of information stored in
memory (Paller, Kutas, & Mclsaac, 1995; Wilding & Rugg, 1996), which
is functionally equivalent to activation of qualitative characteristics de-
scribed in the SMF (Dodson & Johnson, 1996). Similarly, the frontal
old/new difference is presumed to reflect postretrieval processes (Ran-
ganath & Paller, 2000; Wilding, 1999; Wilding & Rugg, 1997b), which
are comparable to decision processes described by the SMF. Therefore,
the two neural systems that Johnson et al. (1993) hypothesized were
critical for different aspects of source monitoring (i.e., medial tempo-
ral and frontal lobe structures) appear to elicit distinct patterns of ERP
activity during source monitoring.

One way to further integrate ERP data and the SMF is to examine
factors, such as the cues provided by the test context, that are likely to
affect both source judgments and ERPs. The SMF posits that test cues
will influence source judgments when the information provided by test
probes serves as the basis for the source discrimination (i.e., is diagnos-
tic). Dodson and Shimamura (2000) found that identifying voices (male
or female) was facilitated when the study voice matched the test voice.
In contrast, the test voice interfered with source judgments of the non-
matching voice. They argued that activation of matching test cues com-
bines with the activation from the item and facilitates correct identifi-
cation of the item. Conversely, mismatch cues activate inappropriate
associations that interfere with source identification. Similarly, Senkfor
and Van Petten (1998) also found that matching test voice increased the
accuracy of source identifications in an ERP study. However, they did
not report any differences between ERPs elicited by matching and mis-
matching test voices, which suggests that brain activity was unaffected,
although test cues affected source judgments.

The effects of test cues on source judgments are not unique to audi-
tory sources. Kelley, Jacoby, and Hollingshead (1989) found that iden-
tification of words seen at study was superior to heard items when test
probes were visual. Wilding, Doyle, and Rugg (1995) manipulated both
visual and auditory test modalities across two different ERP experiments.
Although the data were not directly compared across experiments, the
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probability of a correct modality judgment appeared to be better for
seen items when the test was visual and better for the heard items when
the test was aural. However, these effects of test modality also could have
resulted from a response bias because the authors reported that lures
were more likely to be called visual in Experiment 1, whereas there was
no such response bias in favor of either source in Experiment 2. Impor-
tantly, Wilding et al. (1995) recorded ERP activity during the memory
tests and did not observe any qualitative differences in the pattern of
ERP differences across tests. These results along with those reported by
Senkfor and Van Petten (1998) suggest that ERPs are not affected by
test cues despite the evidence that test cues affect source judgments.

The purpose of Experiment 1 was twofold. First, we investigated the
effect of test modality on ERPs using a design that attempted to maxi-
mize the influence of test cues on source monitoring under the premise
that ERPs should co-vary with source accuracy. Second, we wanted to
provide clear evidence that test cues also affect discrimination of sourc-
es that vary in modality (i.e., seen and heard words). To accomplish this
goal, words were either seen or heard during study. The testing proce-
dure differed from the Senkfor and Van Petten (1998) and Wilding et
al. (1995) studies in that the test modality was varied within subjects in
a blocked test format. In addition, items were studied using the same
semantic encoding task to help ensure that they would differ only on the
basis of perceptual details (i.e., perceptual information would be diag-
nostic). We predicted that matching test probes would facilitate source
identification, and mismatching probes would interfere with source
monitoring. In addition, we hypothesized that this design would maxi-
mize the probability of observing any effects of test modality on ERPs.

Experiment 2 was conducted to further explore ERP differences de-
tected in Experiment 1 and to explore factors that modulate the effect
of test cues on source monitoring. More specifically, the SMF posits that
test modality will have less of an influence on source monitoring when
alternative information can be used as the basis for a source judgment.
This claim was examined by measuring the effect of test modality on
source judgments and ERPs for seen and heard words that also differed
in cognitive operations.

EXPERIMENT 1

METHOD

Participants

Seventeen University of Georgia students (8 men, 9 women), aged 17-22,
volunteered in exchange for course credit. In addition, an incentive of $25 was
offered to the participant who had the best memory and shortest reaction time
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among those tested. All participants reported that they were right handed, had
normal or corrected-to-normal vision, and did not have a history of neurolog-
ical disease.

Apparatus and stimuli

The participants sat facing a computer monitor in a sound-attenuated, elec-
trically shielded chamber. Each character presented on the monitor extended
0.4° of visual angle vertically and horizontally. A pool of 300 high-frequency
words ( 30/million; Kucera & Francis, 1967) four to six letters long ser ved as
the stimuli in the experiment. Words were randomly assigned anew to experi-
mental conditions (seen, heard, or new) for each participant. Each word in the
pool was digitized at 22 kHz in a male voice (mean duration 665 ms; SD = 91
ms) and edited to equate the voice onset time and sound level. The digitized
words were presented via earphones using a SoundBlaster sound card.

Procedure

The experiment consisted of one study session and two test sessions. Dur-
ing the study session, participants studied 200 words for a nonspecific memo-
ry test. Study words were randomly assigned to be either seen or heard at study.
A cue word preceded each study word by 3,700 ms. The cue for half of the words
was “VISUAL” because they were presented on the monitor. The remaining 100
words were presented via a pair of earphones; therefore, the cue word was
“AUDITORY.” To equate the encoding processes of the two types of stimuli on
all dimensions except modality, participants were instructed to think of but not
speak a semantic associate for each study word regardless of the presentation
modality.! Auditory and visual study trials were randomly intermixed, and the
sequence was randomized across participants.

The testing session consisted of two source-monitoring tests that were coun-
terbalanced across participants. All test items on one of the source tests were
presented visually (visual test), whereas all the test items were heard on the
other source test (auditory test). Each test contained 50 randomly selected seen,
heard, and new words. No items were repeated between the first and second
tests. The trial format for both the visual and auditory source tests was similar.
An asterisk was presented as a fixation point for 300 ms before the test probe
was presented. The probe word replaced the asterisk and remained on the
display until a response was recorded during the visual test. During the audi-
tory test, the probe word was presented via a pair of earphones 300 ms after
the onset of the asterisk. The asterisk remained on the display until a response
was recorded. Before both tests, participants were instructed to decide wheth-
er the probe was seen, heard, or new. All participants used their right-hand
index finger to indicate “seen,” their right-hand middle finger to indicate
“heard,” and their right-hand thumb to indicate “new.” Accuracy and reaction
time for each response were recorded. Seen, heard, and new trials were ran-
domly intermixed, and the sequence was randomized across participants.

ERP recording procedures

Potentials were sampled at a rate of 150 Hz from 28 Ag/AgCl electrodes
mounted in an elastic cap (Electro-Cap International, Inc.) referenced to the
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gions, F(2, 32) = 1.72, p> .05, during the next epoch (i.e., 1,400-1,700
ms). Analysis of frontal ERPs during the 1,400- to 1,700-ms epoch re-
vealed that seen item ERPs were more positive than both new item ERPs,
F(1, 16) = 3.88, and heard item ERPs, F(1, 16) = 6.60; however, heard
item ERPs did not differ from new, (1, 16) < 1, p> .10.

Auditory test. The grand average ERPs for selected electrodes from
the auditory source-monitoring test are displayed in the bottom half of
Figure 1. The omnibus analysis of ERP amplitudes revealed only a reli-
able effect of source for both the 800- to 1,000-ms epoch, F(2, 32) =3.71,
and the 1,100- to 1,400-ms epoch, F(2, 32) = 3.20.

Post hoc analyses of the 800- to 1,100-ms epoch revealed that ERP
amplitudes differed at parietal regions, (2, 32) = 3.70, but were not
reliably different at frontal sites, /12, 32) = 2.98, p> 0.05. In the pari-
etal region, the heard ERPs were more positive than new, F(1, 16) = 7.39,
but did not differ from seen ERPs, /{1, 16) = 2.21, p> .10. Seen ERPs
also did not differ from new, F(1, 16) = 2.21, p> .10, and a more focused
analysis of ERP amplitudes at only the parietal electrodes (P3, Pz, and
P4) also failed to produce reliable differences, I(1, 16) < 1.

During the 1,100- to 1400-ms epoch, post hoc analyses revealed dif-
ferences at frontal regions, (2, 32) = 3.41, but not parietal electrode
regions, (2, 32) = 2.52, p > .05. Both seen item ERPs, F(1, 16) = 5.11,
and the heard item ERPs, I(1, 16) = 4.61, were more positive than new;
however, seen and heard item ERPs did not differ from one another,
K(1,16) <1, p>.10.

Summary of ERP results. Two ERP effects were observed during the
source-monitoring tests, and both of these effects were sensitive to test
modality. First, an old/new ERP difference was observed during the 800-
to 1,100-ms epoch and was largest at parietal electrodes. Although both
old sources elicited more positive ERPs than new items on the visual test,
only the heard ERPs were reliably more positive than new on the audi-
tory test, and the seen item ERPs did not differ from either heard or
new during the auditory test.

The second effect consisted of an old/new ERP difference at frontal
electrodes that tended to be bilateral. During the visual test, this effect
was present for both seen and heard items early in the epoch (i.e., 800-
1,100 ms) but attenuated for heard ERPs later in the epoch (i.e., 1,400-
1,700 ms). During the auditory test, the frontal old/new difference was
present for both seen and heard items 1,100-1,400 ms after the onset
of the probe.

DISCUSSION

One of the goals of the present experiment was to determine wheth-
er manipulating test modality would affect source monitoring. Overall,
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the results suggested that mismatching test cues resulted in poorer
source monitoring. Importantly, the analysis of false alarms indicated
that these effects did not result from a simple response bias (cf. Dod-
son & Shimamura, 2000). Unlike in previous ERP studies, ERPs were
affected by test modality, presumably because test modality was manip-
ulated within subjects in a blocked test format. As a result, the pattern
of ERP effects combined with changes in behavioral responding provid-
ed evidence that visual and auditory cues at test affected different as-
pects of source-monitoring processes.

Mismatched test cues did not affect recognition of heard items but
did result in fewer correctly attributed heard items because more heard
items were called seen. The ERP effects mirrored this pattern in that
frontal old/new differences, which have been hypothesized to reflect
additional processing of information retrieved from memory (Ranga-
nath & Paller, 2000; Wilding, 1999; Wilding & Rugg, 1997b), were at-
tenuated for heard items on the visual test. Dodson and Shimamura
(2000) provided evidence that source monitoring was sensitive to inap-
propriate test cues and argued that mismatched cues activate inappro-
priate memories that disrupt strategic retrieval processes mediated by
the frontal lobes. The frontal ERP results are consistent with this inter-
pretation because they suggest that information activated by the visual
test probe interfered with frontal lobe processing that is important for
attributing heard items to the appropriate study context (see also
Johnson et al., 1993).

Mismatching test cues had a different effect on seen items in that
recognition but not source confusion was influenced. The effects on
recognition corresponded with a different effect on ERP activity such
that mismatched auditory cues attenuated the parietal old/new effect
for seen items. Although these results are uncharacteristic of many ERP
studies of memory, similar results have been reported in a few studies
(Dywan, Segalowitz, and Webster, 1998; Rugg, Cox, Doyle, & Wells,
1995). In this case, the attenuated parietal old/new effect may reflect
weaker activation (or recollection) of characteristics that were bound
in memory. However, we will return to this issue in the General Discus-
sion section.

One remaining question is, Why did mismatch cues produce more
confusions for only heard items? Although the present experiments
were not specifically designed to answer this question, the reason might
be that visually presented words automatically activate the phonetic
characteristics of the word (Rueckl & Mathew, 1999). It seems reason-
able to expect this phonetic information to be particularly disruptive
when people are using perceptual information to make source judg-
ments for seen and heard words. However, the phonetic information was
encountered at study for seen items and at test for heard items. It may
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be the case that source monitoring is particularly affected by mislead-
ing cues at the time of the test (cf., Dodson & Shimamura, 2000), which
ultimately influences source monitoring for seen and heard words dif-
ferently.

EXPERIMENT 2

The data from Experiment 1 suggest that test cues affected source
judgments of modality. However, the SMF posits that source judgments
can be based on many different kinds of information. When the sourc-
es differ only in perceptual information (as they did in Experiment 1),
perceptual cues affect source monitoring. However, perceptual cues—
such as test modality—should have less of an impact on source moni-
toring when the sources differ in other memory characteristics. The
purpose of Experiment 2 was to test this prediction.

To accomplish this goal, seen and heard items were encoded using
different tasks to vary the cognitive operations for these sources. We
predicted that cognitive operations would be consulted during the test
to inform source decisions. In this situation, test modality was expect-
ed to have less of an influence on source judgments (cf. Kelley et al.,
1989), and ERPs would resemble those reported in investigations that
have used neutral test probes (e.g., Wilding & Rugg, 1996).

METHOD

Participants

Twenty College of New Jersey students (3 men, 17 women), aged 17-22,
volunteered in exchange for course credit. In addition, an incentive of $25 was
offered to the participant who had the best memory and shortest reaction time
among those tested. All participants were right handed (Oldfield, 1971), had
normal or corrected-to-normal vision, and did not have a history of neurolog-
ical disease.

Procedure

The stimuli were identical to those used in Experiment 1, and the procedure
was similar with the following changes. Participants read words off a computer
screen (presented for 1,000 ms) and heard words spoken through computer
speakers. They were instructed to encode seen and heard words differently. For
one source, they were to judge how much they liked the word and register judg-
ments using a nine-point Likert scale (1, dislike, to 9, like). For the other source,
participants were instructed to provide a semantic associate for the study word
and type their associates on the keyboard. The encoding task was counterbal-
anced across participants such that half of the participants provided associates
for seen words, whereas the other half judged how much they liked seen words.
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ERP recording procedures

Potentials were sampled at a rate of 150 Hz from 29 Ag/AgCl electrodes
mounted in an elastic cap (Neuromedical Supplies, Inc.) referenced to the left
mastoid online. Electrode voltages were re-referenced offline to linked mas-
toids.® Electrodes were placed over the frontal lobes (Fpl, Fp2, F7, F3, Fz, F4,
F8, FC3, FCz, and FC4), temporal lobes (FT7, FT8, T7, T8, TP7, and TP8),
parietal lobes (CP3, CPz, CP4, P7, P3, Pz, P4, and P8), and occipital lobes (O1
and O2) and at the central position on the scalp (C3, Cz, and C4). All other
electrophysiological recording and data reduction procedures were identical
to those described for Experiment 1.

RESULTS AND DISCUSSION

Behavioral data

Accuracy. Table 2 displays the proportion of seen, heard, and new
responses as a function of source type for Experiment 2. The data were
analyzed in the same manner as the data from Experiment 1.

The overall effect of test modality was not significant, /(1, 19) <1, p>
.10, indicating that overall responding was equivalent on the two tests.
However, this effect was qualified by a significant test modality by source
interaction, F(2, 38) = 7.99, which indicated that source identification
varied as a function of test modality. Table 2 reveals the origin of this
interaction. There was no accuracy difference between new items across
test modality, /(1, 19) < 1, p > .10. However, more seen items were cor-
rectly identified on the visual test, .81, than on the auditory test, .76,
F(1, 19) = 5.99, whereas more heard items were correctly identified on
the auditory test, .74, than on the visual test, .68, F(1, 19) = 6.02. Ex-
amination of source-monitoring errors revealed that misattributions of

Table 2. Proportion (SD) of responses as a function of source type on the
visual and auditory tests, Experiment 2

Visual test modality

Source type Seen Heard New
Seen .81 (.08) .11 (.06) .08 (.05)
Heard .16 (.07) .68 (.11) .16 (.08)
New .11 (.10) 14 (112) 74 (.14)
Auditory test modality

Source type Seen Heard New
Seen 76 (.12) .12 (.08) .12 (.06)
Heard .13 (.06) .74 (.09) 13 (.07)
New .13 (.10) .13 (.10) .74 (.13)

Note. Bold numbers represent hits for each source type.
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seen items, .11 versus .12, #(19) < 1, p > .05, and heard items, .16 versus
13, 1(19) = 2.14, p> .05, did not differ across the two tests. As in Exper-
iment 1, false alarms were equivalent when the test modality was visual,
.11 versus .14, ¢(19) <1, p> .05, and when the test modality was audito-
ry, .13 versus .13, ¢(19) < 1, p> .05, indicating that test modality did not
appear to induce a simple response bias.

Inferred recognition did not vary across the two source tests (test
modality: /(1, 19) < 1), but this effect was qualified by a significant item
by test modality interaction, F(1, 19) = 9.78. Post hoc analyses revealed
that recognition of seen items was better on the visual test, M = .92, SD =
.05, than on the auditory test, M= .88, SD= .07, F(1, 19) = 17.16. Rec-
ognition of heard items on the auditory test, M= .87, SD=.07, did not
differ from recognition on the visual test, M = .84, SD = .08, I(1, 19) =
1.42, p> .10.

Summary of behavioral results. Although the effects were small, test
modality exerted effects on source monitoring similar to those report-
ed in Experiment 1 in that mismatched cues resulted in poorer source
identifications. However, test cues did not produce more source con-
fusions of either seen or heard items in this experiment. As in Experi-
ment 1, recognition of seen items was better on the visual than on the
auditory test, whereas old/new recognition of auditory items did not
differ as a function of the type of test.

ERP data

ERP effects for accurate trials were analyzed in the same manner as
in Experiment 1; however, the electrodes that made up the anterior/
posterior factor changed because of a change in electrode placement.
In this experiment, the anterior/posterior factor compared 24 elec-
trodes divided into a frontal region (Fpl, Fp2, F7, F3, Fz, F4, F8, FT7,
FC3, FCz, FC4, and FT8) and a posterior region (TP7, CP3, CPz, CP4,
TP8, P7, P3, Pz, P4, P8, O1, and O2).

Visual test. The grand average ERPs from selected electrodes for the
visual test are displayed in the top half of Figure 2. The omnibus anal-
ysis of ERPs amplitudes revealed significant source by electrode inter-
actions for three epochs: 800-1,100, F(22, 418) = 2.42; 1,100-1,400,
(22, 418) = 2.85; 1,400-1,700, F(22, 418) = 3.18. In addition, significant
three-way source by anterior/posterior by electrode interactions were
reliable for the 1,100- to 1,400-ms epoch, F(22, 418) = 2.22, and the
1,400- to 1700-ms epoch, F(22, 418) = 2.91. None of the interactions
involving the factor of source were significant after amplitudes for the
visual or auditory test data were rescaled. Post hoc analyses compared
ERP amplitudes at frontal and parietal regions separately to evaluate
significant omnibus effects.
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Visual Test
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Figure 2. Experiment 2 grand average ERP activity recorded during the visual
and auditory source tests at four frontal (F7, F3, F4, and F8) and four parietal
(P7, P3, P4, and P8) electrodes

During the 800- to 1,100-ms interval, only a marginally significant
effect of source at frontal electrodes was detected, (2, 38) = 2.93, p =
.06. Frontal ERP activity did not differ between seen and heard items
(ps > .10). However, the source by electrode interaction was significant
when both the heard item ERPs, F(11, 209) = 2.50, and the seen item
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ERPs, F(11, 209) = 2.70, were compared with new ERPs, indicating that
both old items elicited more positive ERPs at right frontal electrodes.

During the 1,100- to 1,400-ms epoch, a significant source X electrode
interaction was detected at the frontal region, F(22, 418) = 2.67, and the
parietal region, F(22, 418) = 2.18. At frontal electrodes, both seen item
ERPs, F(11, 209) = 5.33, and heard item ERPs, F(11, 209) = 2.79, were
more positive than new, particularly at right frontal electrodes. At pari-
etal electrodes, both seen item ERPs, F(11, 209) = 2.83, and heard item
ERPs, F(11, 209) = 2.17, were more negative than new, and this differ-
ence tended to be larger at the midline electrodes.

During the 1,400- to 1,700-ms epoch, significant source X electrode
interactions were detected at both the frontal region, F(22, 418) = 3.21,
and the parietal region, I(22, 418) = 2.49. At frontal sites, both seen item
ERPs, F(11, 209) = 4.64, and heard item ERPs, F(11, 209) = 4.31, tend-
ed to be more positive than new at right frontal electrodes. At parietal
electrodes, both seen item ERPs, F(11, 209) = 3.20, and heard item
ERPs, F(11, 209) = 3.01, tended to be more negative than new at the
midline electrodes.

Auditory test. The grand average ERPs for selected electrodes from
the auditory source-monitoring test are displayed in the bottom half of
Figure 2. The omnibus analysis revealed only a significant source by
anterior/posterior interaction during the 1,100- to 1,400-ms epoch,
F(22, 418) = 5.30. Several reliable effects were detected for the 1,400-
to 1,700-ms epoch (source: F(2, 38) = 4.65; source X anterior/posteri-
or: F(22, 418) = 3.50; source X electrode: F(22, 418) = 2.64; source X
anterior/posterior X electrode: F(22, 418) = 2.76) and for the 1,700- to
2,000-ms epoch (source: F(2, 38) = 3.39; source X anterior/posterior X
electrode: (22, 418) = 2.56).

During the 1,100- to 1,400-ms interval, ERP amplitudes differed only
at frontal sites (source X electrode: F(22, 418) = 2.24). Seen ERPs were
more positive than heard ERPs, I(1, 19) = 4.69, and new ERPs, F(1, 19) =
5.24. Furthermore, the heard ERPs tended to be more positive than new
at right frontal electrodes (source x electrode: F(11, 209) = 2.57).

During the 1,400- to 1,700-ms epoch, significant source X electrode
interactions were detected at both the frontal region, (22, 418) = 2.67,
and the parietal region, F(22, 418) = 2.88. In addition, the source main
effect was significant in the parietal region, F(2, 38) = 5.31. At frontal
sites, seen ERPs were more positive than heard ERPs, (1, 19) = 5.66,
and new ERPs, F(1, 19) = 5.52. The heard ERPs tended to be more
positive than new at right frontal electrodes (source X electrode: F(11,
209) = 3.50). At parietal electrodes, heard ERPs were more negative than
seen item ERPs, F(1, 19) = 12.15, and new item ERPs (source X elec-
trode: /{11, 209) = 3.51). Seen ERPs did not differ from new, ps > .10.
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During the 1,700- to 2,000-ms epoch, the source X electrode interac-
tion was significant at both the frontal region, F(22, 418) = 2.16, and
the parietal electrode region, (22, 418) = 3.31. In addition, the main
effect of source was significant at frontal electrodes, (2, 38) = 3.38. At
frontal electrodes, seen ERPs were more positive than heard ERPs, /11,
19) = 5.56 and new ERPs, F(1, 19) = 6.10. The heard ERPs tended to
be more positive than new at right frontal electrodes (source X electrode
site: (11, 209) = 3.05). At parietal electrodes, heard ERPs were more
negative than seen item ERPs, F(1, 19) = 9.19, and new item ERPs
(source X electrode site: F(11, 209) = 4.37). Seen ERPs did not differ
from new, ps > .05.

Summary of ERP results. On both source tests, a right-lateralized
frontal old/new effect was observed. This effect is very similar to previ-
ously reported ERP effects, and it suggests that the right frontal lobes
were active during source monitoring. The most striking result was that
the left parietal old/new effect was not observed in either the visual or
the auditory test. On both source tests, another effect, characterized by
a negative parietal waveform, was observed. Similar ERP effects have
been observed in previous source-monitoring ERP experiments (Ran-
ganath & Paller, 2000; Wilding, 1999; Wilding & Rugg, 1997a), and the
processes that they reflect are unknown. However, Wilding and Rugg
(1997b) suggested that it was related to response processes because larg-
er negative amplitudes were related to longer reaction times, and Ran-
ganath and Paller (2000) suggested that it was related to response confi-
dence. In the present experiment, both old sources elicited more
negative ERPs than new on the visual test, whereas the heard items elic-
ited more negative ERPs than both seen and new items on the audito-
ry test. Thus, these data do not offer clear evidence for or against ei-
ther of these hypotheses.

GENERAL DISCUSSION

Two experiments examined the effects of test modality on source
judgments. Although a few studies have provided evidence that test cues
affect the accuracy of voice (Dodson & Shimamura, 2000; Senkfor & Van
Petten, 1998) and modality judgments (Kelley et al., 1989), these test
cues appeared to have little effect on ERP activity during remembering
(Senkfor & Van Petten, 1998; Wilding et al., 1995). Therefore, an ad-
ditional goal of this project was to measure the effects of test modality
on ERP activity.

In Experiment 1, test modality had a profound effect on judgments
of modality in that mismatching test cues resulted in fewer correct
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source identifications. ERP activity was also affected by mismatching test
modality. The parietal old/new difference for seen items was attenuat-
ed with an auditory test (relative to the visual test). At frontal sites, the
old/new difference for heard items was attenuated with a visual test
(relative to an auditory test). The frontal ERP differences tended to be
more bilateral for seen items with a visual test and for both sources with
an auditory test.

The purpose of Experiment 2 was to test the SMF hypothesis that test
cues should have less of an influence when source judgments can be
based on nonsensory information. To accomplish this goal, participants
encoded seen and heard words differently, and this manipulation dra-
matically reduced the effect of test modality on source memory. Over-
all, the ERP data were unaffected by test modality in this case. A clear
right-lateralized frontal old/new effect was observed for seen and heard
words across both tests, whereas parietal old/new effects were not ob-
served in this experiment.

The behavioral and ERP results of these two experiments have sever-
al important implications for the SMF and the neural basis of source
monitoring. Most importantly, test modality affected source monitoring
in that remembering was affected by test cues. Although these results
are similar to those of previous examinations of test voice (Dodson &
Shimamura, 2000; Senkfor & Van Petten, 1998) and test modality
(Kelley et al., 1989; Wilding et al., 1995), we found evidence that mis-
matched test cues influence seen and heard items differently. Rueckl
and Mathew (1999) found evidence of visual priming of orthographi-
cally distinct homophones; therefore, seeing words at test probably also
activates misleading phonetic characteristics, which interferes with the
identification of heard items and produces more source confusions
(Dodson & Shimamura, 2000). Importantly, the interfering effect of
mismatching test probes was attenuated in Experiment 2 when partici-
pants could base source judgments on relative differences in cognitive
operations rather than on perceptual information. Collectively, these
results support the SMF claim that source judgments can be based on
a variety of different kinds of information that differentiate sources.

The observed effects of test modality on ERPs provided insight into
the neural aspects of source monitoring. As discussed earlier, two sys-
tems are believed to contribute to source memory: medial temporal lobe
structures and frontal lobe structures. Two distinct ERP effects appear
to reflect activity of these different systems. Activation of medial tem-
poral lobe structures has been linked with the parietal old/new effect,
whereas activation of the frontal system has been linked with the fron-
tal old/new effect. Because test modality influenced both of these ERP
effects, the functional implications for the frontal system will be dis-
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cussed first, followed by a discussion of the implications for medial tem-
poral lobe regions.

Frontal lobe areas are believed to support postretrieval processing
(Ranganath & Paller, 2000; Wilding, 1999; Wilding & Rugg, 1997b) or
more strategic retrieval processes (Johnson et al., 1993; Nolde et al.,
1998) that contribute to accurate source judgments. The results report-
ed here are entirely consistent with these ideas. In Experiment 1, the
frontal old/new effect was attenuated for heard items when they were
accurately recognized but highly subject to confusions with seen items.
In this case, test modality appeared to interfere with the ability to eval-
uate source-specifying information for heard items, and this interfer-
ence appeared to alter activation of the frontal lobes (cf. Dodson &
Shimamura, 2000). Additionally, the fact that the frontal old/new ef-
fects tended to be more bilateral in Experiment 1 and more right-lat-
eralized in Experiment 2 is consistent with the argument that left fron-
tal lobes are recruited to support processing for more difficult
discriminations (Nolde et al., 1998).

Parietal ERPs are believed to reflect activation of medial temporal
lobe regions that support recollection of information. An alternative
view was offered by Dywan et al. (1998), who suggested that this activi-
ty reflected reactivity to stimuli, which young adults can inhibit in some
situations. This hypothesis was supported and extended by the data from
both of the experiments reported in this article. No reliable parietal
old/new differences were observed for seen items in Experiment 1 when
tested with auditory probes. The absence of this effect corresponded
with good source identification of seen items, suggesting that it reflects
more than recollection of information from memory. In Experiment 2,
when cognitive operations were used as the basis for source judgments,
the effect of test modality on source judgments was attenuated, and the
parietal old/new effect was not observed. Although the absence of re-
liable parietal ERP effects differs from the findings of most ERP stud-
ies, a few studies have described instances in which it was attenuated
(Dywan et al., 1998; Rugg et al., 1995).

In light of these findings, we believe that the parietal old/new effect
reflects activation of sensory information (e.g., visual, auditory, olfac-
tory) during a memory test. Although this activation aids most recog-
nition and source judgments, the amount of activation can vary when
it is potentially misleading or otherwise interferes with remembering.
This account is further supported by additional ERP findings. For ex-
ample, Johnson et al. (1997) reported that ERP amplitudes varied de-
pending on the test format and argued that ERPs partly reflected the
information people were looking for on a memory test. Dywan et al.
(1998) reported that parietal ERP amplitudes were reduced under con-
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ditions of divided attention, suggesting that the activation is under the
control of attention-demanding processes. Collectively, these findings
suggest that the parietal old/new effect reflects activation of sensory
information that can be (in some cases) more or less activated depend-
ing on the context of the testing situation.

Although our account seems consistent with the results discussed thus
far, it must be able to describe a variety of reported effects in order to
be a viable explanation. First, it must be able to explain why parietal old/
new effects are observed in some cases when cognitive operations dif-
fer for studied sources (Rugg et al., 1998; Wilding & Rugg, 1997b).* In
the studies just cited, participants heard words in male and female voices
and encoded each voice using different encoding tasks (active or pas-
sive vs. pleasant or unpleasant judgments) that linked each voice to
different cognitive operations. Parietal old/new effects were observed
in both of these studies, which is a different pattern of results than those
observed in Experiment 2. However, in those studies memory was test-
ed using a neutral test modality (i.e., visual words), whereas test modality
was either matched or mismatched in our experiment. According to our
account, the neutral test probe used in the Rugg et al. and Wilding and
Rugg studies would not activate sensory information that would neces-
sarily interfere with source judgments. In this context, activated senso-
ry information could be used to aid source judgments, and it seems
reasonable to expect people to inspect memory (to some degree) for
this information.

Second, it is important to note that this account is not inconsistent
with the previous hypothesis that the parietal old/new effect is an in-
dex of recollection (for a more complete description of how the SMF
characterizes recollection, see Dodson & Johnson, 1996). According to
both views, the parietal old/new effect will be observed when sensory
information is retrieved or reactivated, and this information will sup-
port recollection. However, the retrieval of information that is reflect-
ed in parietal ERPs does not need to be present in order for participants
to have the phenomenal experience of recollection according to our
view. The basis for this argument emanates from the SMF as well as the
data from Experiment 2. Recall that no parietal old/new effects were
observed in Experiment 2, yet participants made accurate source judg-
ments. The ability to make an accurate source judgment has been used
as a behavioral indicator that items were successfully recollected (Wild-
ing et al., 1995); therefore, it is not clear how the traditional view can
explain accurate source judgments in the absence of the electrophysi-
ological indicators of recollection. One possibility is to assume that items
were not recollected, and source judgments were merely correct guesses.
However, this possibility seems unlikely given the high rate of accurate
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source judgments observed in Experiment 2. A more parsimonious
account is to assume that the parietal old/new effect reflects activation
of information that may or may not contribute to the phenomenal ex-
perience of recollection. In many cases the activation of sensory infor-
mation accompanies recollection, which is why previous researchers
have suggested that the parietal old/new effect reflects recollection.
However, recollection may be based on nonsensory characteristics (e.g.,
cognitive operations or affective information), and in these situations
the parietal ERP differences are not always associated with accurate
source judgments.

Third, our account must be able to explain why the parietal old/new
effect is attenuated (and often not significant) when items are encod-
ed using shallow processing at study (Paller et al., 1995). Recently, Rugg,
Allan, and Birch (2001) reported evidence that the absence of parietal
old/new effect during shallow encoding resulted from enhanced pari-
etal ERPs elicited by new items. They interpreted these results as evi-
dence that the parietal old/new effect is sensitive to retrieval process-
es. This explanation is entirely consistent with our account that the left
parietal effect reflects activation of sensory information that can vary
depending on the test context. Importantly, the results of the present
experiments suggest that the sensory activation can be attenuated for
one particular class of items (i.e., seen items on the auditory test in
Experiment 1) or attenuated for all items (Experiment 2). Perhaps deep
encoding binds additional features in memory and creates a context in
which people can attenuate the sensory activation of new items at test.

Finally, our account of the parietal ERP effect has some additional
value in that it can also explain results that have been difficult for the
traditional explanation of the parietal old/new effect. For example, the
parietal old/new effect is attenuated or absent for high-frequency words
(Rugg et al., 1995). Rather than assuming that recollection of low- and
high-frequency words differs, one needs only to assume that low- and
high-frequency words differ in the baseline levels of information that
they activate. Because high-frequency words should have more associa-
tions in memory, high-frequency new words should activate more infor-
mation than low-frequency new words.

Conclusions

Two experiments investigated the effect of test modality on source
monitoring and neural activity. Source memory was impaired when test
probes were incongruent with the study modality. The ERP data support-
ed neural models that have implicated medial temporal and frontal lobe
systems in source monitoring. Frontal ERP effects were attenuated when
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test cues caused more source confusions, supporting the contention that
source specifying information is evaluated by frontal lobe processing.
Additionally, the data suggest that parietal ERPs reflect reactivation of
sensory information and that this activation can be attenuated when it
is potentially misleading or interferes with accurate source decisions.
These conclusions are consistent with previous results that suggest that
control over the reactivation of sensory information is governed by at-
tention demanding processes (Dywan et al., 1998) and can vary depend-
ing on the retrieval processes used at test (Johnson et al., 1997; Rugg
et al., 2001).
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1. Study words were preceded by the modality cue (i.e., “Visual” or “Audito-
ry”) in order to investigate mental preparation. The ERPs that were recorded
during this preparatory interval are not described in this article because they
are not relevant to the investigation of source memory. No performance mea-
sures were taken during the study session because motor activity of any sort
would contaminate the ERP activity that was the focus of an investigation of
mental preparation.

2. As an added check, visual test ERPs from all accurate trials were averaged
and analyzed. This analysis yielded the same basic effects as the analysis of the
matched ERP averaging procedure described in this article. Therefore, the
number of trials that went into the grand average ERPs had little effect on the
general conclusions that could be drawn from the data. Nevertheless, we opt-
ed to analyze the ERP data with equal signal-to-noise ratios to eliminate this
factor as a possible explanation of any ERP effects observed during the visual
test.

3. Although this reference differed from the left ear reference that was used
in Experiment 1, linked ear references are more commonly used. To address
the issue of different reference electrodes, we analyzed the data using both a
left ear reference and a linked reference. Because the type of reference did not
affect the pattern of ERP differences, it appears that the selection of reference
electrodes had little effect on the overall conclusions drawn from the data.

4. We thank an anonymous reviewer for directing our attention to this issue.
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