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The phonological loop model for retention of auditory verbal material in working memory,developed
by Baddeley,assumes that irrelevant speech and phonological similarity influence only one and the same
element of the system-that is, the phonological short-term store. Wetested this idea by recording event
related potentials (ERPs) to auditorily presented letters that were phonologically similar or dissimilar
and were to be memorized in the presence of more or less disturbing irrelevant speech. Irrelevant speech
and phonological similarity caused ERP effects with clearly different scalp topographies, indicating that
these factors influence different brain systems and hence probably different cognitive elements. More
over, ERPs indicated that the phonological similarity effect might involve processes at the level of
phonological analysis. Our data also support recent suggestions that the irrelevant speech effect is not
based on the phonological similarity between relevant and irrelevant material, but on the phonological
variability within the irrelevant stream,

471

Baddeley's model of working memory proposes the
existence ofan attentional control system (the central ex
ecutive) and two slave systems. These slave systems are
the visuospatial sketch pad for visual images and the
phonological loop for speech-based information (Bad
deley, 1986, 1990, 1992b, 1992c). The phonological loop
is assumed to be composed of two subsystems or ele
ments: a phonological short-term store to hold acoustic
or speech-based information, and an articulatory control
process, analogous to inner speech, used to maintain ma
terial within the phonological store. The articulatory
control process is also used to transfer visually presented
verbal material into the phonological store by subvocal
ization, whereas auditorily presented verbal material gains
direct and obligatory access to the phonological short
term store. Evidence for this description of the phono
logical loop has come from many studies (e.g., Baddeley,
1986; Belleville, Peretz, & Arguin, 1992; Vallar & Cappa,
1987; Vallar, Corno, & Basso, 1992).
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The theoretical conceptions about the phonological
short-term store are based to a large extent on the conse
quences of two experimental manipulations on recall per
formance, the "irrelevant speech effect" and the "pho
nological similarity effect." The irrelevant (or unattended)
speech effect is the impairment of recall when irrelevant
auditory material is presented together with the items to
be memorized. It is explained by the obligatory access of
the irrelevant material to the phonological short-term store,
where it is supposed to interfere with representations ofthe
memorized items (Baddeley, 1986, 1990, 1992b; Gather
cole & Baddeley, 1993; Jones & Morris, 1992). There are
two models regarding the mechanism of the irrelevant
speech effect. Baddeley conceives the effect to be due to
the phonological similarity between the relevant and the
irrelevant material; the higher this similarity, the stronger
the effect. This is supported by findings that white noise
and material that is phonologically different from the rel
evant items do not produce the irrelevant speech effect,
and nonvocal music is less disruptive than vocal music,
which in turn is less disruptive than speech (Hanley &
Broadbent, 1987; Salame & Baddeley, 1982, 1986, 1989).
In contrast, Jones and co-workers have recently suggested
that the irrelevant speech effect is due to the changes in
sound in the irrelevant stream from one utterance to the
next. The higher the phonological or acoustical variabil
ity within the irrelevant material, the stronger this effect.
In support ofthis idea, it has been reported that even non-
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phonological material such as pure tones may cause the
irrelevant speech effect, provided they are variable in
pitch (Jones, 1994; Jones & Macken, 1993, 1995; Jones,
Madden, & Miles, 1992; Jones & Morris, 1992).

The phonological similarity effect is the impairment
of recall performance when the memorized items are
phonologically similar to one another (e.g., the letters B,
D, P) as compared to when they are dissimilar (e.g., J, Q,
X; Baddeley, 1966; Longoni, Richardson, & Aiello,
1993; Papagno & Vallar, 1992; Salame & Baddeley,
1982, 1986; Vallar & Cappa, 1987). The phonological
similarity effect is explained by the principle that losing
a phonological feature that discriminates one item from
the others in the phonological short-term store is more
detrimental when there are fewer discriminating features
(Baddeley, 1986, 1990; Gathercole & Baddeley, 1993).

Irrelevant speech and phonological similarity effects
are considered to influence only one and the same ele
ment of the phonological loop-that is, the phonological
short-term store (Baddeley, 1986, 1990, 1992b; Badde
ley & Salame, 1986; Miles, Jones, & Madden, 1991).
Therefore, one should expect an interaction of these ef
fects when both are present together (Baddeley, 1992a).
However, neither Salame and Baddeley (1986) nor Jones
and Macken (1995) found such an interaction to be sta
tistically significant, although the numerical effects of
irrelevant speech were relatively small under phonolog
ical similarity conditions. Baddeley (1992a) considers
this absence ofan interaction between the two effects as
a major problem of his model. Although this does not
necessarily mean that both effects influence different el
ements, the assumption that both effects have the same
locus of action should be further explored.

One approach to elucidate whether irrelevant speech
and phonological similarity affect one and the same ele
ment of working memory (the phonological short-term
store) could be the use of event-related brain potentials
(ERPs), which consist of brain electrical activity time
locked to the occurrence ofan event. The effect of an ex
perimenta� manipulation on the ERP can be directly mea
sured as a "difference wave"-that is, subtracting the
ERP obtained under a condition in which the experimen
tal effect in question is absent or small from the ERP
recorded when it is present. With this procedure, the ac
tivity of elements equally involved in both conditions is
eliminated, leaving only the activity linked to the ele
ments specifically affected by the experimental manipu
lation. The topography of ERPs across the scalp reflects
the location and orientation of the generating brain sys
tems. Although it is difficult to anatomically localize the
underlying brain systems, it is possible to infer the in
volvement ofdifferent generating brain systems from dif
ferent ERP topographies (McCarthy & Wood, 1985). The
topography ofthe components observed in the difference
waves can thus be compared in order to assess whether
they reflect the activity of similar or different brain
sources. Because it is unlikely that one and the same cog
nitive element is located in different neural substrates,
cognitive elements may also be dissociated on the basis of

different scalp topographies (see, e.g., Johnson, 1993). If
ERP difference waves obtained under irrelevant speech
and phonological similarity conditions show unequal
topographies, it is likely that these effects modulate the
activity of different brain loci and, hence, probably relate
to different loci of action at the cognitive level.

Although numerous ERP studies have investigated ver
bal short-term memory (e.g., Lang, Starr, Lang, Lindinger,
& Deecke, 1992; Ruchkin, Johnson, Grafman, Canoune,
& Ritter, 1992; for a review, see Starr, Barrett, Pratt, Mi
chalewski, & Patterson, 1990), irrelevant speech or pho
nological similarity have never been manipulated. There
fore, no conclusion can be drawn from these studies about
the question of a common locus of action of these variables.

The main aim of the present study was to investigate
with the ERP technique whether or not irrelevant speech
and phonological similarity effects modulate the activity
of the same brain systems. According to the phonological
loop model, one would expect that, during memorizing, the
differences between ERPs to letters accompanied by dif
ferent degrees of an irrelevant speech effect and between
ERPs to letters differing in the degree ofphonological sim
ilarity should yield comparable topographical results.

A possible conceptual framework for the ideas out
lined above is the so-called state trace analysis proposed
by Bamber (1979). This approach postulates the exis
tence of latent variables-that is, hypothetical unob
servable variables linking independent and dependent
variables. A state trace is a graph that plots the value of
one dependent variable as a function of a second depen
dent variable. State traces may be used to test theories
concerning the mechanisms by which independent vari
ables affect dependent variables and whether these mech
anisms differ among several independent variables.

If this terminology is applied to Baddeley's model of
working memory, the independent variables irrelevant
speech and phonological similarity both affect a com
mon latent variable that might be termed "confusion
within the phonological short-term store." The depen
dent variables are memory performance in terms oferror
rates and-specific to the present study-the topograph
ical ERP pattern. This concept is presented in Figure 1.
Figure la shows the general theoretical structure under
lying state trace analysis, and Figure Ib represents the
application of this general theoretical structure to the
specific variables of the present study.

Within this framework, Baddeley's model of working
memory predicts that the state traces-that is, the func
tions relating the dependent variables in the presence of
either a low or a high irrelevant speech effect-are iden
tical to those in the presence of either a low or a high
phonological similarity effect. In other words, the phono
logical loop model predicts the same state traces-that
is, the same relationship between ERP pattern and mem
ory performance-when either irrelevant speech or pho
nological similarity effects are manipulated. If, by con
trast, a given dependent variable such as the ERP pattern
showed qualitatively different results when one com
pares irrelevant speech and phonological similarity effects,
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METHOD

Stimuli
Stimuli consisted of two pools of auditorily presented consonant

letters that were monosyllabic when pronounced in German. One
pool was composed of phonologically similar letters (S, C, D, G, P,
T), and the other was composed ofphonologically dissimilar letters
(J, Q, S, V, X, Z). The phonologically dissimilar letters were dis-

Subjects
Twelve subjects (7 female), ranging in age between 20 and

41 years (M = 26), participated in the study. Subjects reported no
neurological or hearing complaints. All subjects were right-handed,
with average handedness scores (Oldfield, 1971) of + .82, with a
range of + .60 to +.100. Subjects were paid a nominal hourly
amount.

J, Q, S, V, X, Z, which are phonologically different from
the targets. This should be a rather pure phonological
similarity condition according to Baddeley's model,
since nontarget letters should not cause an irrelevant
speech effect. According to Jones's model, Condition 3
should yield both irrelevant speech and phonological
similarity effects because, in addition to the phonologi
cal similarity of the targets, the nontargets show phono
logical variability. In Condition 4, the nontargets were
the letters B, C, D, G, P, T, which are phonologically
similar to one another. This should be a pure phonolog
ical similarity condition according to Jones's model,
since nontarget letters should cause no or a very dimin
ished irrelevant speech effect. Conversely, Condition 4
should elicit both effects according to Baddeley, given
that in addition to the phonological similarity of the tar
get stimuli, the nontargets are also phonologically simi
lar to the targets. The different conditions are summa
rized in Table I.

As a second aim ofour study, the opposite predictions
yielded by the two models as to which condition would
yield the combined effects of irrelevant speech and pho
nological similarity were tested. Ifboth effects are addi
tive at the performance level (Jones & Macken, 1995;
Salame & Baddeley, 1986), the comparisons between
Conditions 3 and 4 should indicate which condition
combines both effects (i.e., the condition with the higher
error rates). Additionally, the ERPs that according to
each model should yield the combined effects were com
pared to the sum of those ERPs that should represent
the individual effects. Determining which comparison
shows a better fit should also shed some light on the con
troversy about the mechanism of the irrelevant speech
effect.

Dissimilar

Similar
Dissimilar

Similar

Nontargets

Dissimilar
Dissimilar

Similar

Similar

I (Control)
2 (Irrelevant speech)
3 (Phonological similarity plus

irrelevant speech [Jones))
4 (Phonological similarity plus

irrelevant speech [Baddeley))

Condition Targets

Table 1
Experimental Conditions

the state traces would not be identical and, therefore,
would contradict the phonological loop model.

In the present study, we used auditory presentation of
consonants. In order to obtain clean ERPs to the memo
rized stimuli (targets), these stimuli were always alter
nated with irrelevant stimuli (nontargets). Targets and
nontargets were spoken by different voices. Irrelevant
speech and phonological similarity effects were imposed
on this basic structure by manipulating the phonological
similarity between and across targets and nontargets.

In a control condition (Condition 1), target stimuli
were phonologically different from one another (J, Q, S,
V, X, Z), whereas nontarget letters were phonologically
dissimilar to the targets, but similar to one another (B, C,
D, G, P, T). According to both Baddeley's and Jones's
models, the irrelevant speech effect should be weak or
absent here, and at the same time there should be no or
very little phonological similarity effect.

To obtain an irrelevant speech effect in Condition 2, the
same phonologically dissimilar letters were used as both
targets and nontargets. With this procedure, an irrelevant
speech effect should be present relative to Condition 1
according to Baddeley's model due to the phonological
similarity between targets and nontargets. Condition 2
would also be regarded as an irrelevant speech condition
in Jones's model because the nontarget stimuli were
highly variable.

For the phonological similarity effect, target letters
that were phonologically similar to one another (B, C, D,
G, P, T) were used. Interestingly, however, the models of
Baddeley and Jones diametrically disagree as to which
kind ofnontarget letters would yield a pure phonological
similarity condition and which would produce a combi
nation with the irrelevant speech effect. Hence, it was de
cided to use two different phonological similarity condi
tions. In Condition 3, the nontarget stimuli were the letters

IS~confusion~ERP pattern
~withinthe

PS----- PSTS ~rnernory
performance

Figure 1. Formalisms ofthe state trace analysis. (a) is the rep
resentation of a general theoretical structure of the type used in
the present study. IVI and IV2, independent variables; LV, latent
variable; DVI and DV2, dependent variables. (b) applies the the
oretical structure above to the variables used in the present study.
IS, irrelevant speech effect; PS, phonological similarity effect;
PSTS, phonological short-term store.

(b) Theoretical structure applied to present study

IV1~lV~DV1

IV2~ ~DV2

(a) Theoretical structure
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Figure 2. Performance results, expressed as the percentages of
errors per condition and serial position. Vertical bars represent
confidence intervals for a 95% criterion. Condition 1 is a control
condition. Condition 2 introduces irrelevant speech. Condition 3
represents phonological similarity alone according to Baddeley,
but with irrelevant speech according to Jones. Condition 4 rep
resents phonological similarity alone according to Jones, but with
irrelevant speech according to Baddeley.

similar not only to one another but also to all the phonologically
similar letters.

Both letter pools were recorded when spoken by both a female
and a male native German speaker. The male-voice letters were
used as targets, and the female-voice letters were used as nontar
gets. The letters were audiodigitized with a sampling rate of
20 kHz, edited to a unitary duration of 280 msec and the same av
erage intensity, and stored on the hard disk of an Amiga 2000 mi
crocomputer system. Each letter could be individually presented by
means of headphones. Intensity was adjusted for each subject to a
comfortable and clear listening level.

Procedure
The subjects were seated in an electrically shielded, sound

attenuated chamber where a masking noise of 38 dB(A) was pro
vided by ventilation. During the presentation of the stimuli, a small
cross on a monitor in front ofthe subjects served as a fixation point.
In ERP studies, a fixation point is necessary in order to minimize
eye movements, which may cause serious recording artifacts. A
chinrest was used to stabilize head position.

Stimuli were presented one by one. Each sequence consisted of
5 target (male voice) and 6 nontarget (female voice) letters. Within
each sequence, target and nontarget items alternated, the first and
the last items always being a nontarget. The sequence scheme was
as follows: N-T-N-T-N-T-N-T-N-T-N, where N is a nontarget
and T is a target. The interval from nontarget onset to target onset
was 1,500 msec, and from target onset to nontarget onset, the in
terval was 1,000msec. This design was preferred to a simultaneous

presentation of targets and nontargets because a pilot study showed
that when both are presented auditorily they can hardly be identi
fied. Simultaneous dichotic presentation, as used by Hanley and
Broadbent (1987), was discarded in order to avoid undesired ERP
hemispheric differences unrelated to the effects of interest. The five
targets of each sequence were drawn at random without repetition
from the six items ofeither the phonologically dissimilar pool or the
phonologically similar pool. The six nontargets consisted of the
complete pool of either phonologically dissimilar or phonologically
similar items, but were ordered randomly for each sequence. In
order to avoid first -order priming effects between nontarget and tar
get items, a nontarget item could not be the same letter as the im
mediately preceding or following target item.

Four different conditions were obtained by combining the two
pools of letters. The combinations have been described in the in
troduction and represented in Table I. Forty sequences of each con
dition (a total of 160 sequences) were presented. The order of con
ditions was balanced across subjects according to a Latin square.
Prior to the experimental series, practice trials were performed con
sisting of two sequences per each of the four conditions.

Instructions were always given in writing. Subjects were advised
to attend only to the male voice, disregarding the female voice, and
to memorize the items in their order of presentation. About
770 msec after the onset of the last nontarget, a tone of60-msec du
ration and 1000 Hz advised the subjects to report the sequence of
targets. During the response period, subjects were supposed to re
port each letter in its order of presentation (serial recall). If any let
ter had been forgotten, they were supposed to say, "I don't know."
Subjects were allowed to correct their responses before passing to
the next sequence. If the duration of the response period exceeded
10 sec, subjects were encouraged to answer faster. In order to avoid
speech artifacts in the EEG (Szirtes & Vaughan, 1977), subjects
were asked to reduce movements of mouth and tongue as much as
possible during memorizing, but were allowed to use covert re
hearsal. Responses were scored on-line, but were also recorded on
tape for later checks. An error score was calculated for each condi
tion and each of the five serial positions ofthe sequences. After the
recording session, subjects were debriefed about their cognitive
strategies to memorize information-whether they had used an au
ditory/verbal code or converted the items to a visual code.

EIectrophysiological recordings. The EEG from 20 electrodes
(Fz, Cz, Pz, F3, F4, F7, F8, Fpl, Fp2, C3, C4, P3, P4, 01, 02, rs,
T4, T5, T6, and A I, the left upper mastoid) were commonly refer
enced to the upper right mastoid (A2). The electrooculogram
(EOG) was obtained from below the right eye versus FP2 (vertical
EOG) and the left versus right lateral orbital rim (horizontal EOG).
Electrode impedances were kept below 10 kfl. In order to measure
tongue or mouth movements, an additional electrode was located on
the submandibular surface and was differentially amplified against
an electrode located on the right massetter muscle. This placement
was chosen because it had been shown to be the most sensitive to
subvocal articulation in preliminary recordings.

The EEG and EOG were amplified with a bandpass of .03
40 Hz-c-high-frequency filter was 1000 Hz for submandibular/mas
setter activity-and sampled at a rate of 100 Hz for 2 sec, starting

Table 2
Results of the Analysis of Variance on Event-Related Potential Amplitudes

Time Window (in Milliseconds)

60-100 150-200 200-300 300-400 420-720 730-1,000 1,010-1,510

Source dis F MS e F MS e F MS e F MSe F MSe F MS e F MS e

CXE 60,660 1.0 0.5 1.7* 0.9 5.1§ 1.1 3.8§ 1.4 1.8t 1.5 1.2 1.6 1.6 2.0
PXE 40,440 3.0+ 0.6 4.8§ 0.8 3.4; 1.3 1.2 2.1 1.5 2.4 0.9 3.9 1.3 5.2
CXPxE 120,1320 0.5 0.6 0.9 0.7 1.2 0.8 1.0 1.0 0.8 1.0 1.1 1.5 1.1 1.8

Note-s-C. condition;E, electrode; P, serial position. *p < .1. tp < .05. ;p<.OI. §p < .001.
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Figure 3. Topographical display of event-related potentials for the four conditions, collapsed over serial posi
tions. Target onset was at the O-msec point, and the nontarget occurred at 1,000 msec, Condition 3 represents
phonological similarity alone according to Baddeley, but with irrelevant speech according to Jones. Condition 4
represents phonological similarity alone according to Jones, but with irrelevant speech according to Baddeley.

430 msec prior to target onset. Thus, each epoch covered a pretarget
baseline of 430 msec, the whole target-nontarget interval, and
570 msec of the response to the following nontarget. The ERPs to
the first nontarget in each sequence were discarded. Ocular artifacts
were corrected off-line with the method described by Elbert, Lutzen
berger, Rockstroh, and Birbaumer (1985). Trials with uncorrectable
EOG artifacts or with submandibular/massetter activity exceeding
100 p.V were excluded from analysis. ERPs were sorted and aver
aged separately for each condition and for Serial Positions I, 2, 4,
and 5. Averaging across Positions 2--4 was necessary due to capac
ity limitations of the university mainframe computer for performing
analyses of variance (ANOVA). After averaging, the ERPs were re
calculated to an average reference derivation (Lehmann, 1987). Ac
cording to the main components in the ERP waveforms, the epochs

were divided into seven time windows. The first one comprised
200 msec before stimulus onset and was used as baseline. The other
windows (in milliseconds) were 60-90 (N 100 component), 150-200
(P200), 200-300, 300--400, 420-720, 730-1,000, and 1,010-1,510,
with the latter covering much of the response to the nontargets.

RESULTS

Performance
The performance in the different conditions and for

the serial positions is shown in Figure 2. Given that Bad
deley's and Jones's models differ as to which effects are
present in Conditions 3 and 4, a 2 X 2 design with irrel-



476 MARTIN-LOECHES, SCHWEINBERGER, AND SOMMER

evant speech and phonological similarity as orthogonal
factors was considered inappropriate. Thus, confidence
intervals (Loftus & Masson, 1994) were calculated in
order to assess the magnitude of the differences between
conditions (Figure 2). They revealed that Conditions I
and 2 (5.5% vs. 10.5% errors, respectively) differed sig
nificantly, indicating an irrelevant speech effect. Both
conditions showed an overlap at Positions I and 2 but not
at higher positions, which indicates an interaction be
tween condition and serial position for the irrelevant
speech effect. Conditions 3 and 4 were both significantly
different from Condition I. Both Conditions 3 and 4 also
differed significantly from Condition 2, but did not dif
fer from each other. In fact, the percentage of errors in
Conditions 3 and 4 was identical (20.6 %). This suggests
a strong effect ofphonological similarity but no effect of
irrelevant speech when it is presented together with
phonological similarity, regardless ofwhether one would
use Baddeley's or Jones's model to determine which con
dition combines both effects. There was also a strong se
rial position effect consisting in a monotonic increase
of the error rates from Position I to 4 and a decrease for
Position 5, reflecting primacy and recency effects, re
spectively.

The majority of subjects (10 out of 12) reported purely
auditory strategies for Conditions I and 2. One subject
reported a mixed strategy for these conditions, and I
subject reported a purely visual code. The same strate
gies were also used for Conditions 3 and 4 except for 2
subjects who switched from purely auditory to mixed au
ditory/visual strategies.

Event-Related Potentials
Figure 3 shows the ERPs for the four conditions, col

lapsed over serial positions. As expected, ERPs to targets
as well as to nontargets showed N I and P2 components
at about 80 and 180 msec, respectively, maximal at ver
tex (Cz). There was also a later component of high am
plitude to the relevant stimuli, with positive and negative
polarity at posterior and frontal electrodes, respectively.

ERPs for the experimental conditions showed the
same general characteristics as those for the control con
dition. The modulations of the basic waveshape by ex
perimental conditions are depicted in Figure 4, which
shows the difference waves-that is, the results of sub
tracting the ERPs of the control condition (I) from the
different experimental conditions.

The difference waves of Condition 2-1, representing
the irrelevant speech effect, showed a long-lasting activ
ity with positive values over frontal electrodes and neg
ative values over posterior and occipital electrodes. This
activity was bilaterally distributed. The difference waves
Conditions 3-1 and 4-1, representing the phonological
similarity effect-with or without irrelevant speech ef
fect-were quite similar. They showed pronounced peaks
with negative values around 290 msec at fronto-central
electrodes and with a reversal of polarity at parieto
temporal and occipital electrodes. This component pre
sents larger amplitudes over the right hemisphere for

fronto-central electrodes and over the left for parieto
temporal and occipital electrodes. Because the ERP pat
tern in Condition 3-1 is quite similar to that in Condi
tion 4-1, it appears to be mainly the result ofphonological
similarity. The main difference between Conditions 3-1
and 4-1 seems to be larger amplitudes of this pattern,
mainly over left-hemisphere electrodes for Condition 4-1.

Separate repeated measures ANOVAs were applied to
the average amplitudes of the ERPs of each time win
dow. As for the performance data, a 2 X 2 design with ir
relevant speech and phonological similarity as orthogo
nal factors was considered inappropriate given that
Baddeley's and Jones's models differ as to which effects
are present in Conditions 3 and 4. Thus, a two-way re
peated measures ANOVA was used to assess the effects
of condition (four levels), serial position (three levels),
and electrode (21 levels). Factor serial position covered
the three levels used for ERP averaging. Significance
levels of the ANOVA results were calculated after cor
rection of the degrees of freedom for violations of the
sphericity assumption with the Huynh-Feldt method.
Post hoc comparisons were performed by means of pair
wise ANOVAs corrected with the Bonferroni method.

Table 2 shows the results of the ANOVA and Table 3
shows the post hoc comparisons for the ERPs. Signifi
cant condition effects were present for the time windows
between 200 and 700 msec. Post hoc comparisons for the
200- to 300-msec window showed that Conditions 3 and
4 did not differ significantly, whereas all other compar
isons were significant. In the 300- to 400-msec window,
Condition 4 was significantly different from Conditions 2
and 3. In the 420- to nO-msec window, only Condi
tions 2 and 4 differed significantly.

These results indicate that the long-lasting activity of
irrelevant speech alone (Condition 2-1) was most reli
able in the 200- to 300-msec window. The phonological
similarity conditions (3 and 4) did not differ signifi
cantly from each other but both were significantly dif
ferent from the other conditions at the 200- to 300-msec
window, covering the 290-msec peak found for this ef
fect. The ERP differences between Conditions 3 and 4 in
the 300- to 400-msec time windows clearly indicate that
the ERP results are not fully in parallel with the perfor
mance results. Whereas the performance data showed no
irrelevant speech effect when phonological similarity

Table 3
Post Hoc Comparisons of Event-Related Potential Amplitudes

Between Experimental Conditions

Time Window (in Milliseconds)

Condition 200-300 300-400 420-720

Comparison F MSe F MS e F MS,.

I YS. 2 3.9* 0.9 2.5 1.7 1.5 1.7
1 YS. 3 5.4* 0.9 1.2 1.5 0.7 1.2
I Ys.4 4.1 * 1.2 2.7 1.5 1.0 1.8
2 vs. 3 8.1 t 1.0 4.3 t.t 2.6 J.3
2 YS. 4 7.1 t 1.6 8.9t 1.5 4.4* 1.6
3 YS. 4 1.4 1.2 3.2* 0.9 0.8 1.4

*1'< .05. tp < .01. dis = 20.220.
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Figure 4. Difference waves representing the effects of irrelevant speech (Condition 2-1 ) and phonological sim
ilarity (Conditions 3-1 and 4-1). Note the difference in the /-LV scale between this figure and the previous one.

was present, the ERP data showed that irrelevant speech
causes some additional activity not present in the pure
phonological similarity condition. Thus, even without
defining which condition combines both effects, it can
be concluded that irrelevant speech does influence brain
activity under phonological similarity conditions.

When experimental effects on ERP amplitudes de
pend on electrode position, as was the case here, it may
relate to either differences in the ERP-generating brain
structure or to different degrees of activity of the same
set of brain structures (McCarthy & Wood, 1985). In

order to elucidate whether the observed ERP differences
between the experimental conditions were due to gen
uine differences in generating structures, amplitude dif
ferences were eliminated by scaling (profile analysis). In
order to isolate effects of the experimental manipula
tions, the profile analyses were based on the difference
waves. For each time window of the difference waves,
mean amplitudes were scaled for each subject across all
electrodes, with the average distance from the mean, cal
culated from the grand mean ERPs, as divisor. Significant
differences in ANOVAs with these scaled data, where
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Figure 5. Residual event-related potential (ERP) waveshapes resulting from the subtraction of ERPs that should
be equivalent according to either Baddeley's or Jones's model of irrelevant speech.

possible effects of source strength are eliminated, pro
vide unambiguous evidence for different brain sources.

In the 200- to 300-msec window, the Difference
Waves 2-1 showed a different topography from both 3-1
[F(20,220) = 7.8, MSe = O.I,p < .01] and4-1 [F(20,220)
= 7.1, MSe = 0.2, P < .01], whereas the latter did not
differ from each other. This indicates that phonological
similarity, whether alone or together with irrelevant
speech, causes a topographical pattern significantly dif
ferent from that of irrelevant speech. For the remaining

time windows, there were topographical differences only
between Conditions 2-1 and 4-1 [F(20,220) = 8.9,MSe =

0.1, P < .0 I] for the 300- to 400-msec window, and
[F(20,220) = 4.1, MSe = 0.2, P < .05] for the 420- to
nO-msec window.

Whereas performance data did not distinguish be
tween the condition combining both irrelevant speech
and phonological similarity effects and the one present
ing only the phonological similarity effect, the ERP dif
ferences observed between Conditions 3 and 4 may be
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Table 4
Testing the Fit of Irrelevant Speech Models With

Event-Related Potential Amplitudes

used for this purpose. It appears plausible to interpret the
ERP differences between Conditions 3 and 4 by assum
ing that an irrelevant speech effect is added to the phono
logical similarity effect in one of these conditions. How
ever, as explained in the introduction, the predictions
made by Baddeley's and Jones's models are different.
Baddeley's model predicts

where I to 4 are the ERPs from the different conditions.
Figure 5 illustrates the fit of these predictions with the
data-that is, the difference waves [(4-1)] - [(2-1) + (3
1)] (Baddeley) and [(3-1)] - [(2-1) + (4-1)] (Jones). The
smaller the residual, the better the fit ofthe data with the
model. Overall, it appears that Jones's model is a better
approximation to the data than is Baddeley's model. This
impression was statistically verified by comparing the
composite amplitudes at the two sides ofEquations 1 and
2 by means of repeated measures ANOVAs for the dif
ferent time windows (Table 4). Significant effects indi
cate that the ERPs contradict the model.

Clearly, the ERPs are at variance with Baddeley's
model. In contrast, there is no obvious conflict between
the observed and the predicted ERPs according to Jones's
model. However, pure summation of Conditions I and 4,
as predicted by Jones, does not explain all activity in Con
dition 3, as indicated by two statistical trends in Table 4.
As noted, Conditions 3 and 4 did not differ over the right
hemisphere, whereas the effects of irrelevant speech
alone (Condition 2) were bilaterally distributed. Figure 5
shows that left-hemisphere data approach the zero line
better than those on the right side. Hence, summation of
both effects appears to be true mainly for the left hemi
sphere, whereas irrelevant speech seems to cause only a
very weak, if any, effect over the right hemisphere when
phonological similarity is present.

Table 2 shows that serial position effects were con
fined to the early portions of the ERPs (60-300 msec)
and did not interact with condition. These effects con
sisted in a monotonic decrease in ERP amplitude over
positions for that time range. This might reflect sensory
habituation or refractoriness, as would be expected es
pecially for the N1 component (Naatanen, 1992). An

whereas Jones's model predicts

DISCUSSION

early sensory interpretation of the serial position effects
is also compatible with the fact that their onset occurred
at a time when stimulus analysis could not have been
completed.

Finally, a two-way repeated measures ANOVAwas ap
plied to the submandibular/massetter recordings with the
same time windows, factors (except for electrode sites),
and procedures as those used for the ERPs. Post hoc
comparisons showed differences only for the 150- to
200-msec window between Conditions 3 and 4 [F( 1,11) =
12.3, MSe = 3.6, p < .05] and for the 300- to 400-msec
window between Conditions 1 and 4 [F(1,II) = 11.3,
MSe = 4.2, P < .05]. These significant differences do
not coincide with the observed ERP effects. Thus, an ex
planation of the relevant ERP results by influences of
mouth movements is implausible.

Performance
As expected, both irrelevant speech and phonological

similarity affected recall, but to different degrees. Irrel
evant speech significantly increased error rates, although
weakly, whereas phonological similarity had a much
more marked influence. However, considering the simi
larity of Conditions 3 and 4 in terms of error rates, pho
nological similarity and irrelevant speech effects do not
seem to be additive, as has been reported for sequences
ofless than eight items (Jones & Macken, 1995; Salame
& Baddeley, 1986). Instead, regardless of which of our
conditions represents the combined effects, our results
appear to indicate no significant irrelevant speech effect
when memorized items are phonologically similar.

Interactions of irrelevant speech and phonological
similarity have been reported for eight-item sequences.
But contrary to our results, for these kinds of sequences
there was no effect of phonological similarity (Colle &
Welsh, 1976; Salame & Baddeley, 1986). Interestingly,
however, in reports about five-item sequences, the fig
ures seem to indicate interactions of irrelevant speech
and phonological similarity, whereas the corresponding
ANOVAsalways indicate additive effects. Therefore, the
contradiction between our results and those of previous
studies might merely be a consequence ofour data analy
sis procedure. Therefore, a 2 X 2 ANOVA was per
formed on the error rates. The ANOVA also appeared to
be more justified because the ERP results (see below) in
dicated that Condition 3 may combine both irrelevant
speech and phonological similarity effects, whereas
Condition 4 represents phonological similarity alone.

The ANOVA indicated significant main effects of ir
relevant speech [F(1, II) = 5.6, MS e = 1O.4,p < .05] and
phonological similarity [F(1, 11) = 26.4, MS e = 57.5,
P < .001], but no interaction [F(1, II) = 1.8, MSe = 31.9,
p > .1]. Interestingly, our performance results are now
in line not only with those of Salame and Baddeley (1986)
and Jones and Macken (1995), but, strikingly, also with
our ERP results, indicating an additivity of irrelevant
speech and phonological similarity.

(1)

(2)

1.2 0.2 1.6 0.2
3.4;: 0.2 1.9* 0.2
2.2* 0.3 1.2 0.2
2.9t 0.1 2.4* 0.3
1.1 0.1 0.9 0.1
1.4 0.3 1.5 0.2

Baddeley's Model Jones's Model

F MS e F MS e

+p < .001. dfs = 20.220.

(4-1) = (2-1) + (3-1),

(3-1) = (2-1) + (4-1),

150-200
200-300
300-400
420-720
730-1,000

1,010-1,510

*p <.1. tp < .05.

Time Window
(in Milliseconds)
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The serial position effects found here are in line with
previous findings (Colle, 1980; Colle & Welsh, 1976;
Salame & Baddeley, 1982), with error rates increasing
over positions except for a slight recency effect. Consis
tent with occasional reports of an interaction of serial
position and irrelevant speech (Jones & Macken, 1995),
confidence intervals (see Figure 2) for Conditions I and
2 suggest somewhat larger differences at later positions.
It may also be noted that effects of strategies for memo
rizing the items on these findings should be marginal,
since the majority of our subjects invariably used an au
ditory code.

The idea that our design might have induced a "sand
which effect" (Baddeley, Papagno, & Andrade, 1993) in
stead of irrelevant speech, by interpolating irrelevant
speech between relevant material, can be discarded. We
found significant differences between Conditions I and
2, which differ in the degree of variability of irrelevant
material and in the degree of phonological similarity be
tween targets and nontargets-precisely the two vari
ables that, according to either Baddeley's or Jones's
model, explain the irrelevant speech effect, but to which
the sandwhich effect is insensitive (Baddeley et a!.,
1993). The main difference between our design and the
sandwich procedure is that we did not use the standard
rhythmic alternation of targets and nontargets character
istic of sandwich paradigms. Salame and Baddeley (1982),
Miles et al. (1991), and LeCompte (1994) showed that
the simultaneous presentation of relevant and irrelevant
material is not mandatory to obtain an irrelevant speech
effect.

Event-Related Potentials
The main aim of our study was to elucidate whether

the two effects that, according to the current phonologi
cal loop model, influence the phonological short-term
store, elicit ERP effects with similar topographies. The
profile analysis confirmed that in the time window in
which both effects were most reliable (200-300 msec),
there was a significant difference in topography between
the two conditions with a phonological similarity effect
and the condition with an irrelevant speech effect, whereas
both conditions with a phonological similarity effect failed
to differ. It is also remarkable that the most reliable ERP
effects of both irrelevant speech and phonological simi
larity were observed in the same (200 - to 300-msec)
time window, which excludes the possibility that both
factors cause the same ERP effect but at different time
windows. We may therefore conclude that irrelevant
speech and phonological similarity effects are modulat
ing the activity of different brain systems.

Given that it seems implausible that one and the same
cognitive element is based on the activity of different
neural substrates, our findings indicate that both irrele
vant speech and phonological similarity effects concern
different cognitive elements. This conclusion is at vari
ance with the phonological loop model (Baddeley, 1986,
1990), but may explain why irrelevant speech and pho
nological similarity effects failed to interact in several

studies (Jones & Macken, 1995; Salame & Baddeley,
1986). According to our data, and as developed below in
detail, there is no evidence against the phonological
short-term store as the locus of action of the irrelevant
speech effect. The phonological similarity effect, how
ever, may act, at least partially, on phonological analysis
processes.

Unfortunately, it is impossible to plot true state traces
between the dependent variable error rates and ERP
topography because the latter involves amplitude mea
sures at 21 electrodes. However, the topographies of the
difference waves (Figure 4) may be considered as ap
proximations to state traces, given that there are only two
levels of performance and that the differences in perfor
mance are equal to or least comparable for both irrele
vant speech and phonological similarity effects. In this
vein, the significantly dissimilar difference waves for the
irrelevant speech effect and the phonological similarity
effect indicate that the state trace relating ERP topogra
phy and memory performance when irrelevant speech is
manipulated is different from the state trace under
phonological similarity. In other words, at variance with
the theoretical structure derived from Baddeley's phono
logical loop hypothesis, there are different state traces
for independent variables irrelevant speech and phono
logical similarity. This means that the independent vari
ables affect at least one different latent variable. Note,
however, that they may also share one or more additional
latent variables. As will be detailed below, our data seem
to indicate that phonological similarity affects a latent
variable that might be termed "confusion during phono
logical analysis" instead of or in addition to the latent
variable affected by irrelevant speech ("confusion within
the phonological short-term store").

It appears difficult to relate the irrelevant speech ERP
pattern to previous reports, even to those that investi
gated ERPs in verbal working memory (Barrett & Rugg,
1990; Lang et al., 1992; Patterson, Pratt, & Starr, 1991;
Pratt, Michalewski, Patterson, & Starr, 1989; Ruchkin
et a!., 1992; Ruchkin et a!., 1994; Ruchkin, Johnson, Ca
noune, & Ritter, 1990; Rugg, 1984a, 1984b). A possible
explanation for this is that irrelevant speech has not been
previously manipulated in ERP studies. Therefore, it is
difficult to directly infer from our data which is the locus
of action of the irrelevant speech effect. Hence, there is
no evidence to discard the phonological short-term store.

By contrast, there are two major candidates for known
ERP components that our phonological similarity effect
might be identified with: the "phonological N400" and
the "Nd," The phonological N400 has been reported with
latencies and topographies similar to our phonological
similarity effect, and is considered to reflect the time
course of the processing of phonological information
(Praamstra, Meyer, & Levelt, 1994; Praamstra & Stege
man, 1993). The topographical distribution of our pho
nological similarity effect is also quite similar to that
of the Nd, which is usually observed in selective atten
tion paradigms, where particular stimuli have to be de
tected in one of two or more different channels (Giard.



Perrin, Pernier, & Peronnet, 1988; Naatanen, 1990,
1992; Woods, 1990; Woods, Alho, & Algazi, 1991). In
tasks that required a phonological analysis, the Nd showed
latencies similar to those of our phonological similarity
effect (Hansen, Dickstein, Berka, & Hillyard, 1983;
Hansen & Hillyard, 1980; Woods, Hillyard, & Hansen,
1984).1

Hence, regardless ofwhether our ERP effect of phono
logical similarity corresponds to phonological N400 or
Nd, it appears to reflect the fact that phonologically sim
ilar material requires more processing than does dissim-

. ilar material. These increased processing demands may
concern the extraction of differentiating stimulus fea
tures of the memorized items, which are few and diffi
cult to find in phonological similarity conditions. This is
in agreement with several reports that stimuli with less
discriminable attributes elicit larger Nds (Alho, Sams,
Paavilainen, & Naatanen, 1986; Hansen et a!., 1983;
Schwent, Hillyard, & Galambos, 1976; Woods et al.,
1984). Thus, according to our results, the phonological
similarity effect in memory might be, at least partially,
secondary to problems of phonological analysis. Rather
than being due to a problem within the phonological
short-term store itself, the phonological similarity effect
may relate to a degradation ofthe phonetic trace or a lack
ofdifferentiating cues at the level ofphonological analy
sis. In state trace terminology, this result raises the pos
sibility that phonological similarity affects a latent vari
able related to phonological analysis.

Considering the partially tentative interpretation of
the present ERP effects, one might argue that these ef
fects are related not so much to memory, but rather to
some other variable. For instance, the higher level of dif
ficulty in the phonological similarity as compared with
the irrelevant speech condition could have increased
subjects' arousal, frustration, or anxiety; or, alterna
tively, it might have given rise to qualitatively different
processing strategies. Quantitative effects, as in the for
mer case, are a very unlikely source of the highly different
ERP topographies observed here. Hence, the differences
found between phonological similarity and irrelevant
speech must be qualitative in nature. The gross differ
ence in ERPs strongly indicates that both effects involve
different brain processes and therefore cognitive ele
ments. This would seem to be relevant not only to the in
terpretation of the present ERP results, but also when
ever phonological similarity or irrelevant speech affects
memory performance. For example, if the ERP effects
of phonological similarity reflect the activity of a pro
cess that is only indirectly affecting memory perfor
mance, such an effect should still be taken into account
by models of working memory.

In spite ofour findings ofclearly different ERP effects
of irrelevant speech and phonological similarity, it can
not be excluded that the two effects share common loci
of action (e.g., the phonological short-term store) that
are not reflected in our recordings. For example, such ef
fects may have occurred during retrieval or, more gener-
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ally, outside our recording epoch. However, because we
did find significant ERP effects during our observation
interval, at least some of the effects of both irrelevant
speech and phonological similarity on brain activity are
reflected in our data. Furthermore, our data show that
during the recording epoch used here, irrelevant speech
and phonological similarity were influencing different
brain generators, and hence presumably different cogni
tive elements. Therefore, regardless of which concrete
elements are actually affected, the fact that these ele
ments are different is at variance with models that as
sume only one and the same element as the locus of ac
tion for both effects.

The second aim of our study was to test whether Bad
deley's or Jones's model of irrelevant speech would bet
ter explain our data. The ERPs that according to Badde
ley's model should be equivalent, clearly differed from
each other. In contrast, equivalent ERPs according to
Jones's model were much more similar. Therefore, it is
Condition 3 that appears to combine both irrelevant
speech and phonological similarity effects. In this con
dition, a pattern similar to the irrelevant speech effect of
Condition 2 is added to the phonological similarity ef
fect. The resemblance of our results to predictions made
by Jones's model suggests that irrelevant speech is based
on acoustic differences in the irrelevant stream rather
than on the phonological similarity between target and
nontarget items.

In this line, our findings clearly indicate that irrele
vant speech also influences brain activity under phono
logical similarity conditions, despite the total absence of
a corresponding performance effect. This holds true re
gardless ofwhich model of irrelevant speech effect is as
sumed. These findings are compatible with the notion
that the irrelevant speech effect relates to an automatic
process, possibly the suggested obligatory access ofnon
target material to the phonological short-term store
(Baddeley, 1986, 1990, I992b). This process appears to
be present in the condition combining both effects and is
reflected in ERPs, but does not cause an additional num
ber of errors in memory performance. This might be ac
counted for by considering that when relevant material
has few differential cues, the irrelevant speech is redun
dant, thus showing low or no disruptive effects, as pre
dicted by the object-oriented episodic record model of
Jones and his colleagues (Jones & Macken, 1995; Jones
& Morris, 1992).

In conclusion, our data indicate that irrelevant speech
and phonological similarity effects produce ERP pat
terns with significantly different topographies. Thus, the
effects influence the activity ofdifferent brain structures
and, hence, they may concern different cognitive ele
ments. Therefore, the results are at variance with the con
ception that both variables affect only one and the same
system-the phonological short-term store. Rather, they
suggest that the phonological similarity effect is acting at
the level of phonological analysis. In addition, our data
suggest that the irrelevant speech effect is based on pho-
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nological variability within the irrelevant stream more
than on phonological similarity between relevant and ir
relevant material, in line with a recently developed model
regarding the mechanism of this effect.
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NOTE

I. In a recent study, we (Martin-Loeches, Schweinberger, & Sommer,
1997) have replicated our event-related potential pattern for the audi
tory phonological similarity effect even in the absence ofany irrelevant
material. Interestingly, phonological similarity in the visual modality
increased an occipital NI component. Therefore we concluded that the
best candidate for our auditory phonological similarity effect is not the
phonological N400-which would be expected to be modality inde
pendent-but the Nd component. Both auditory Nd and visual NI en
hancement reflect functionally equivalent phenomena (selective atten
tion), but specific for each modality.
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