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Abstract

If we observe an ambiguous figure, our percept is unstable and alternates between the possible interpretations.

Periodically interrupting the presentation sizably modulates the spontaneous reversal rate. We here studied event-

related potential (ERP) correlates of the neural processes underlying these strong modulations. An ambiguous Necker

stimulus was presented discontinuously with four randomly varying interstimulus intervals (ISI; 14, 43, 130, 390 ms)

while participants indicated perceptual reversals. EEGwas selectively averagedwith respect to the participants’ percept

and ISI. ERP traces variedmarkedly between ISIs. A simplemodel explained amajor part of this variation and showed

that the ISI-dependent ERP modulation occurs after disambiguation has already taken place. We suggest that per-

ceptual stability (or reversal) depends on a system state, slowly changing from one reversal to the next. ISI can shift this

state on a scale between stability and instability.

Descriptors: Ambiguous figures, Multistable perception, Bistable perception, Necker cube, Event-related potentials

(ERPs), EEG

To produce a stable and unambiguous percept the available vi-

sual information needs to be disambiguated and interpreted.

Ambiguous figures (e.g., the famous Necker cube; Necker, 1832)

demonstrate impressively both the capability and the limitations

of such perceptual processes: A physically unchanged visual ob-

ject leads to sudden and spontaneous perceptual reversals. Un-

derstanding the mechanisms underlying this phenomenon

promises insight into the mechanisms of object perception and

object representation in general (Blake&Logothetis, 2002; Crick

& Koch, 1998; Engel, Fries, & Singer, 2001; James, 1950).

A large number of results from psychophysical experiments

with ambiguous figures evolved into two explanatory approaches,

either assuming low-level visual adaptation (bottom-up approach)

or cognitive/attentional mechanisms near awareness (top-down

approach) as the causal factors (for a review, see Long&Toppino,

2004). In the last two decades several physiological and fMRI

studies with ambiguous figures have been performed. Imaging

studies report reversals to be accompanied by activation of specific

brain areas and deactivation of others (Inui et al., 2000; Klein-

schmidt, Buchel, Zeki, & Frackowiak, 1998; Müller et al., 2005).

However it is still unclear which of the underlying neural processes

initiate a perceptual reversal and which are secondary.

The temporal order of neural processes underlying a percep-

tual reversal may be assessed with the EEG (and especially with

event-related potentials, ERPs) thereby benefiting from their high

temporal resolution. For averaging ERPs, however, the precise

time point of the perceptual reversal is necessary but difficult to

access in the case of an endogenous event such as a spontaneous

perceptual reversal. Two different experimental paradigms were

invented to overcome this problem, namely backward averaging

from subjects’ manual responses (e.g., Basar-Eroglu, Strüber,

Stadler, &Kruse, 1993; Strüber &Herrmann, 2002) and forward

averaging from stimulus onset using discontinuous stimulus pre-

sentation (Kornmeier & Bach, 2004, 2005, 2006; Kornmeier,

Heinrich, Atmanspacher, & Bach, 2001; O’Donnell, Hendler, &

Squires, 1988; Pitts, Nerger, &Davis, 2007).While early occipital

ERP correlates of perceptual reversals provided support for the

bottom-up approach (e.g., Kornmeier & Bach, 2004, 2005),

P300-like components seemed to indicate cognitive (top-down)

processes underlying perceptual reversals (e.g., Basar-Eroglu

et al., 1993; O’Donnell et al., 1988). Kornmeier and Bach (2006)

recently reported on a chain of event-related potentials related to

perceptual reversals. They presented an ambiguous Necker stim-

ulus discontinuously and compared ERP data related to endog-

enous perceptual reversals with data to exogenous reversals

induced by physically alternating two unambiguous stimulus

variants with opposite orientations. The two types of reversals

were accompanied by two chains of ERP components that dif-

fered in two aspects: (1) An early occipital component (130 ms

after stimulus onset) was restricted to the endogenous reversal,
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whereas (2) all subsequent components (including a P300-like

parietal component) occurred also with exogenously induced re-

versals, however with reduced latency (40 ms to 100 ms) com-

pared to their endogenous counterparts. The authors interpreted

their results as follows: The early occipital positivity reflects the

initial instability of the perceptual system caused by the ambig-

uous stimulus. The latency increase of the subsequent posterior

negativity of about 40 ms in the case of the ambiguous compared

to the unambiguous stimuli may estimate the time necessary for

disambiguation (‘‘disambiguation time’’; Kornmeier & Bach,

2005). This second ERP component was assumed to reflect Ge-

stalt reconstruction of the rivaling, or reversed, percept. Korn-

meier and Bach integrated the different experimental results using

reaction times as a common time reference for the ERP data from

different averaging methods across ERP studies. They identified

their parietal and frontopolar positivities as the P300-like com-

ponent common to all ERP studies and attributed the absence of

the earlier components in the backward-averaging studies to the

high temporal jitter introduced by reaction times. According to

their findings and in agreement with Strüber and Herrmann

(2002), they interpreted the P300 as an index of awareness of the

reversed percept rather than a direct correlate of the neural pro-

cesses underlying the reversal.

Recently one particularly impressive bottom-up feature of

multistability, which was initially demonstrated by Orbach, Eh-

rlich, and Heath (1963), has regained scientific interest (Brodeur,

Lepore, Veilleux, Alyanak, & Debruille, 2006; Grossmann &

Dobbins, 2006; Kornmeier, Heinrich, & Bach, 2002; Leopold,

Wilke, Maier, & Logothetis, 2002; Maier, Wilke, Logothetis, &

Leopold, 2003): Presenting the ambiguous stimulus discontinu-

ously can strongly modulate the rate of perceptual reversals

(‘‘reversal rate’’), mainly as a function of the ISI. Increasing the

ISI from 0 (continuous observation) to about 400 ms raises re-

versal rates monotonously to more than twice the rate than dur-

ing continuous observation (Figure 1, Kornmeier et al., 2002;

Orbach et al., 1963; Orbach, Zucker, & Olson, 1966). At longer

ISIs, the reversal rates decrease down to near zero (Leopold et al.,

2002; Maier et al., 2003). These strong effects have been con-

firmed by several psychophysical studies, but no physiological

correlates have been reported so far to our knowledge.

In the present study we thus searched for ERP correlates of

the neural mechanisms underlying the strong increase of reversal

rates with increasing ISIs.We recorded the EEGwhile presenting

the Necker lattice discontinuously with four randomly varying

ISIs and compared associated chains of ERP components. Dis-

crepancies between ERP traces may shed some light on the neu-

ral mechanisms underlying the increase of reversal rate. Further,

the latencies when the ERP traces differ in dependence of the ISI

may help to understand the functional role of the neural pro-

cesses underlying the single steps of the ERP chain related to

perceptual reversal. We found that ERP traces vary substantially

between the four ISIs. However, a simple model explains a major

part of that variation and indicates that the corresponding ERP

chains are identical up to an amplitude modulation of the later

components. This in turn suggests that two separate types of

processes are at work: (1) slow (about 4 s) processes of desta-

bilization leading to perceptual instability and (2) fast processes

of disambiguation (around 40 ms) leading to a stable reversed

percept. Because ISIs do not affect the latter, they may exert their

impact on the former.

Methods

Participants

Twelve participants aged from 20 to 26 with a mean age of 23.5

years took part in the experiment. They were all naı̈ve as to the

specific experimental question and gave their informed written

consent. All of them had normal or corrected-to-normal visual

acuity. The study was performed in accordance with the ethical

standards laid down in the Declaration of Helsinki (World Med-

ical Association, 2000) and was approved by the local ethics

review board.

Stimuli

The ambiguous stimulus was a ‘‘Necker lattice,’’ consisting of

3 � 3 Necker cubes. The stimulus was presented with a frame

rate of 70 Hz at a viewing angle of 7.51 � 7.51. Luminance of the

lattice was 20 cd/m2; background luminance was 0.01 cd/m2.

Procedure

The Necker lattice was presented discontinuously with 800 ms

presentation time plus or minus an additional time interval vary-

ing with integer steps randomly between 14 and 100 ms to pre-

vent potential habituation effects. Each presentation of the

Necker lattice was followed by one of four randomly chosen ISIs

(14, 43, 130, 390 ms), all of which appeared equally often. Par-

ticipants compared the perceived front–back orientation of each

Necker lattice with the previous one (‘‘observation sequence’’)

and indicated by a key press with different hands the two dif-

ferent directions of perceived reversal. In separate experimental

blocks they indicated by pressing with the left and right hand

different keys perceived stability of each of the two possible ori-

entations (Figure 2). After each key press the following ISI was

prolonged to 1000 ms and the observation sequence restarted.

Thus participants never compared a stimulus directly before a

manual response with one directly after that response. Partici-

pants were instructed to gaze at a fixation cross in the center of

the screen, not to provoke reversals volitionally, and to respond

only if they were certain about their percept. The instructions

included the statement that reversal and stability were equally

important. With each participant the experiment was performed

twice on two separate days.
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Figure 1. Reversal rates during continuous and discontinuous

presentation of ambiguous Necker stimuli. Overview of results from

three experimental studies.



EEG Recording

EEG was recorded from 13 gold-cup scalp electrodes at O1, O2,

Oz, P3, P4, Pz, T3, T4, Cz, Fz, Fp3, Fp4, Fpz (American En-

cephalographic Society, 1994), referenced to the mean potential

of both ears. Vertical and horizontal EOG electrodes detected eye

movements and blinks. Signals were amplified and filtered (first-

order band-pass 0.3–70 Hz) and digitized with a resolution of 12

bits at a sampling rate of 500Hz. They were streamed to disk and

also averaged online.

Data Analysis: EEG Data

The sweeps were automatically rejected in the case of artifacts

from eye movements and amplitude excursions exceeding 100 mV.
They were averaged per condition and digitally filtered with a

latency-neutral low-pass at 20 Hz. Peak amplitude wasmeasured

relative to baseline, which was defined as the average from 70 ms

before to 30 ms after stimulus onset.

Eight different kinds of EEG epochs after stimulus onset were

averaged separately. They were characterized by the type of per-

cept that participants had reported (‘‘perception type’’: stability

or reversal) and by the ISI preceding the participants’ response.

EEG epochs from different presentation times and different re-

sponse sites (right hand or left hand) were pooled together.

For each channel and ISI we computed a difference trace

(reversal minus stability), which will be denoted as ‘‘dERP’’ be-

low. ERP components related to low-level processing should

thus be cancelled out. This resulted in a total of 52 (5 13 elec-

trodes � 4 ISIs) difference traces. Because not all components

were unequivocally identifiable in every participant, we proceed-

ed (as in previous studies) as follows: The four significant peaks

reported in Kornmeier and Bach (2006) served as the center of a

time window of 100 ms for early components with latencies

shorter than 200 ms, and of 200 ms for later components. Then

for each participant, the largest excursion in this time window

defined the individual peak. The amplitudes and latencies of the

dERP components were analyzed by repeated measurement

MANOVAs with the factors ISI (ms: 14, 43, 130, 390) and

Channel (averaged occipital, averaged parietal, averaged tem-

poral, central, frontal, averaged frontopolar position) and the

variables latency and amplitude. For the two late positive dERP

components (parietal and frontopolar positivity) the time win-

dows overlap. We therefore used a common time window for

both and tested for latency differences between parietal and

frontopolar electrode positions. In all cases of more than one

degree of freedom, we corrected according to Geisser and Green-

house (1958). The original degrees of freedom and the corrected

probability level are reported together with effect sizes (partial

eta squared: Zp
2).

Data Analysis: Reversal Rates

In most studies on ambiguous figures, reversal rates are reported

as the number of reversals relative to observation time (‘‘reversals

per minute,’’ e.g., Orbach et al., 1963). In the present study we

aimed to compare reversal rates across the four different ISIs.

Because ISIs changed randomly over time, it is not appropriate

to report the number of reversals relative to observation time.

Instead we counted for each ISI the number of reversals follow-

ing that ISI and related these numbers of reversals to the total

number of occurrences of the corresponding ISI. Then the null

hypothesis of independence of reversal rate and ISI was tested by

a randomization test (Achim, 1995; Edgington, 1995). Random-

ization tests generate their reference distribution by permuting

the pooled original data. They require less assumptions than an

ANOVA.

Data Analysis: Reaction Times

Reaction times were calculated as the time period between stim-

ulus onset and the participants’ key press. We tested the null

hypothesis of independence of reaction times and ISI by a ran-

domization test (Achim, 1995; Edgington, 1995).

Results

Reversal Rates

The reversal rates at different ISIs (number of reversals following

a special ISI vs. the number of occurrences of the specific ISI) can

be seen in Figure 3, top. Reversal rates significantly increased

with increasing ISI (d) as reported in previous studies (Korn-

meier et al., 2002; Orbach et al., 1963, 1966). Results of pairwise

comparisons (t tests, corrected for multiple testing according to

Holm, 1979) are shown in Table 1.

Reaction Times

Reaction time results are given in Figure 3, bottom.We observed

no significant effects of ISI on reaction times.

Electrophysiological Results

The ERP traces for selected electrode positions (Oz, Pz, and Fpz)

are presented in Figure 4. Strong differences between electrode

554 J. Kornmeier et al.

Figure 2. Experimental paradigm. Necker stimuli were presented for approximately 800 ms followed by a blank-screen ISI

randomly chosen out of four possible values. Participants compared the front–back orientation of each stimulus with the preceding

one (‘‘observation sequence’’) and indicated in separate blocks either perceived reversals or unchanged percepts by a key press. After

each key press the ISI was prolonged to 1000 ms and a new observation sequence started.



positions as well as between different ISIs can be observed. The

occipital electrodes have in common that their stability traces

deviate from the reversal traces at around 100 ms. Amplitudes at

these electrodes are higher for the stability traces compared to the

reversal traces in the time interval between 200 and 400 ms. All

subsequent analyses operate on the differences of these traces

(the dERPs).

The dERP traces for all ISIs and all electrode positions are

presented in Figure 5A (Figure 5Bwill be addressed in the section

‘‘Modeling the ISI Effect’’ below). Colors indicate dERP traces

pertaining to the particular ISIs. At first glance, a remarkable

variability between the difference traces belonging to the different

ISIs can be observed. A closer look reveals that the earliest sig-

nificant component is a positivity at around 130 ms, most prom-

inent at the occipital locations, F(5,55)5 9.75, po.001,

Zp
2 5 0.47, for the factor Channel, concerning the variable am-

plitude. This positivity is distinctive at the occipital and parietal

electrode positions for all but the longest ISI (390 ms). In the

latter case a remnant of that positivity persists as a shoulder in the

left flank of the contiguous negativity at about 130 ms,

F(15,165)5 2.53, p5 .054, Zp
2 5 .187, for the interaction ISI

� Channel concerning the variable amplitude. Following the

early positivity, a broad negativity occurs at around 300 ms and

is most prominent at posterior and central electrode positions,

F(5,55)5 9.34, po.01, Zp
2 5 .459, for the factor Channel, con-

cerning the variable amplitude. It occurs slightly earlier at the

occipital positions than at the central position, F(5,55)5 8.7,

po.001, Zp
2 5 .442, for the factor Channel, concerning the vari-

able latency. Its latency is negatively correlated with ISI,

F(3,33)5 7.62, po.01, Zp
2 5 .409, for the factor ISI, concern-

ing the variable latency, which can be seen most clearly at the

occipital left (O1) and right (O2) electrode positions. Further, at

the posterior electrodes the amplitude of this negativity is pro-

gressively enlarged with increasing ISI, F(15,165)5 7.26,

po.001, Zp
2 5 .398, for the interaction ISI � Channel, concern-

ing the variable amplitude.

The negativity is followed by positive excursions, most prom-

inent for the two longer ISIs, F(3,33)5 7.58, po.01, Zp
2 5 .408,

for the factor ISI concerning the variable amplitude and at pa-

rietal, central, and frontopolar positions, F(15,165)5 3.31,

po.05, Zp
2 5 .231, for the interaction Channel � ISI concern-

ing the variable amplitude. The latency of the frontopolar

positivity appears to be smaller compared to the latency of

the parietal positivity; this latency difference is, however, not

significant.

Discussion

Presenting a Necker stimulus discontinuously with randomly

varying ISIs leads to strong modulations of the reversal rates,

confirming results from earlier studies (Kornmeier et al., 2002;

Orbach et al., 1963). The dERP traces exhibited four successive

dERP components pertaining to perceptual reversals. All of

them were modulated by varying ISIs: The amplitude of an early

occipital positivity was strongly reduced in the case of the longest

ISI compared to the three shorter ISIs, where it stayed un-

changed. With increasing ISIs, the amplitude of the subsequent

negativity was increased while its latency was reduced. Further

the amplitudes of the two subsequent positivities weremodulated

with increasing ISI while reaction times stayed unaffected.

Are the dERPs Confounded with the Response to Stimulus Offset

at Short ISIs?

When presenting a visual stimulus discontinuously, stimulus

offset elicits early visual ERP signatures, beginning at around

100ms after offset (Regan, 1989). At the two shorter ISIs (14 and

43 ms) the potentials related to the offset of the preceding stim-

ulus (offset potentials) overlap with the early visual onset po-

tentials from the subsequent stimulus, which are expected to

begin between 60 ms and 100 ms after stimulus onset. Are the

dERP discrepancies between ISIs the result of such effects?

We assume some degree of linearity, namely, that the offset

potentials are independent of ISI and are not affected by the
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Table 1. p values for reversal rates regarding the ISIs (npo0.05;
nnpo0.01).

d 14 43 130 390

14
43 n

130 nn n

390 nn nn

Figure 3. Psychophysical results. Top: Mean reversal rates (mean

number of reversals following one ISI in relation to the number of

occurrences of that specific ISI) increase significantly with increasing ISI.

Abscissa with logarithmic scaling. Bottom: Median reaction times

(horizontal lines) with 50th-percentile ranges (boxes) and 90th-

percentile ranges (between whiskers). Reaction times of participants’ re-

sponses after perceived reversals do not differ significantly between ISIs (di).



perceived orientation of the preceding stimulus. Offset potentials

would then be additively superimposed on the overlapping stim-

ulus-related potentials. Because our dERP signatures result from

subtraction of two ERP traces (reversal conditionminus stability

condition), such effects would vanish to first order and only the

correlates of perceptual reversals would remain. Any discrepancy

between the dERP patterns at different ISIs will thus result from

the impact of the ISIs onto neural processing underlying per-

ceptual reversals and task execution.

Relation to Previous ERP Findings

The present data seem inconsistent in a few respects with results

from earlier studies of ambiguous figures. Kornmeier and Bach

(2004, 2005) had used an experimental paradigm that is very

similar to the longest ISI condition of the present paradigm

(ISI5 390 ms). Figure 6A compares the data from Kornmeier

and Bach (2005) with the present data (Figure 6B represents

further analyses of these data, as described in ‘‘Modeling the ISI

Effect’’ below; it should be ignored for now). Both discrepancies

and similarities between the two data sets can be observed:

1. An early occipital positivity can be seen in Kornmeier and

Bach’s (2005) results (‘‘Reversal Positivity’’ or ‘‘RP’’). In the

current results this deflection is present, but superimposed (in

this longest ISI condition) by a slow negative component,

starting at � 50 ms (Figure 6A, bottom).

2. Subsequent to the early occipital positivity, an occipital/pa-

rietal negativity appears in Kornmeier and Bach’s (2005) re-

sults (‘‘Reversal Negativity’’ or ‘‘RN’’). A similar component

is visible here, but extended to central and frontal electrode

positions (Figure 6A, gray dERP traces) and it seems to occur

slightly later in latency (280 ms vs. 260 ms).

3. The frontopolar positivity fromKornmeier and Bach’s (2005)

study is very similar to the frontopolar positivity in the

present data, whereas the present parietal positivity seems

to be partly superimposed by a prominent slow negative

component.

The discrepancies between the two data sets could be explained

by two assumptions: (a) We suggest that some residual Bereit-

schaftspotential (‘‘BP,’’ Kornhuber & Deecke, 1965) is super-

imposed on the reversal-related components in the present re-

sults: In the 2005 experiment themanual response was postponed

until the subsequent ISI, thus sufficiently postponing the BP.

Although the BP normally results frombackward averaging with

respect to movement onset, this slow wave may survive a poten-

tial time jitter of about 200 ms (interquartile range of the reaction

times) if the EEGdata are averaged forward from stimulus onset.

In the present study, the timing is such that a BP would occur

within the analysis epoch. It should, in principle, vanish when

calculating the difference trace. However, because the BP is

not solely related to preparation of motor activity but is also
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Figure 4. ERP traces (before subtraction). Each graph contains the ERP traces correlated with perceived reversals (black) or

perceived stability (gray) of subsequent Necker lattices. Each column contains the graphs from one specific electrode position

(indicated at the top). Each row contains the graphs for one of the four different ISIs (di; indicated on the left). The dERPs analyzed

later are calculated as the difference (reversal minus stability) of these traces.



influenced by the level of attention or concentration (Birbaumer,

Elbert, Canavan, & Rockstroh, 1990), it may differ between

reversal and stability conditions due to different vigilance or at-

tentional state. Consequently, a residual BP may be present and

may explain the prominent negative excursions at the temporal,

central, and frontal electrode positions. (b) Higher ISIs are

correlated with an increase in amplitude and a decrease in latency

of the Reversal Negativity (Figure 5A, O1 and O2 electrodes).

Further, ISIs modulate the subsequent parietal positivity (Figure

5A, parietal electrodes). We assume that an increase of the Re-

versal Negativity’s amplitude is accompanied by broadening and

thus by more overlap with the subsequent parietal positivity. The

broader overlap may explain the observed latency modulation of

the Reversal Negativity. It may further explain the lower am-

plitude of the parietal positivity for the longest ISI at the parietal

electrode, where the Reversal Negativity is still prominent, com-

pared to its amplitude at the central electrode, which is less

affected by the Reversal Negativity (e.g., Kornmeier & Bach,

2004).

In the case of the longest ISI an overlap of the Reversal

Negativity with the preceding Reversal Positivity may explain its

shift toward negative amplitude values.

This explanation, however, assumes a more prominent

Reversal Negativity in the present data compared to our 2005

study, where the Reversal Positivity is unaffected by the subse-

quent Reversal Negativity. Why should this be the case, since the

paradigms are very similar? We cannot explain this sufficiently at

the moment but speculate as follows: In the present study

(response during stimulus presentation) participants had much

less time for perceptual analysis and response preparation than in

the 2005 study (response in the ISI after stimulus offset). A

shorter time for perception and task execution may lead to in-

creased attention/concentration, potentially accompanied by

higher neural activity due to higher arousal.

Modeling the ISI Effect

We modeled the dERPs by a (weighted) superposition of two

profiles, P1, P2, the first of which is independent of ISIs whereas

the second is modulated by ISIs in such a manner that its am-

plitude is progressively amplified with increasing ISI (see the

second-to-last paragraph in the ‘‘Results’’ section). Specifically

we propose the following simple model for the dERPs R(di, t)
pertaining to ISI di:

Rðd; tÞ ¼ P1ðtÞ þ ð1� e�adi Þ � P2ðtÞ þ eðtÞ: ð1Þ

The profile P2(t) and the scaling parameter a can be estimated by

the method of least squares (see the Appendix):

P2ðtÞ ¼

P
i;k

ðRðdi; tÞ � Rðdk; tÞÞ � ðe�adi � eadkÞ
P
i;k

ðe�adi � e�adkÞ2
:

For each di the ISI-adjusted profile

Aðdi; tÞ ¼ Rðdi; tÞ � ð1� e�adiÞP2ðtÞ ð2Þ

represents a candidate for the ISI-independent profile P1(t), and

we estimate the latter by the average of the A(di, t). Remaining

differences between the A(di, t) reflect effects not represented by
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Figure 5. A: dERPs (ERP difference traces: reversal minus stability). Each color represents the grand mean dERP trace from 12

participants, corresponding to one specific ISI (di). Varying ISIs introduce substantial variation between difference traces. B:

Explained variance by application of a simplemodel (1) described in ‘‘Modeling the ISI Effect.’’ A simplemodel explainsmuch of the

variance observed in A. For each di the ISI-adjusted profile A(di, t) represents a candidate for the ISI-independent profile P1(t). The

degree of similarity of the four profiles A(di, t) indicates how much of the variance from A can be explained by the model from

Equation (1). EV: explained variance.



our model and residual noise. Figure 5B shows that the adjusted

profiles are surprisingly similar and that our model explains a

substantial amount of the variance.

Figure 6B shows theP1(t) and theweightedP2(t) (for d5390ms)

in relation to results from Kornmeier and Bach (2005). P1(t)

contains a negativity that is maximal at central and parietal

electrode positions and that may represent a residual Bereit-

schaftspotential (BP). P1(t) further contains an early positivity at

around 130 ms at occipital and parietal electrode positions with a

maximum at the occipital pole (Figure 6B). The positivity is

strongly reminiscent of the Reversal Positivity (RP), the earliest

dERP component in Kornmeier and Bach’s chain of dERP

components (Kornmeier & Bach, 2006; see also Figure 6C). In

fact, a cross-correlation analysis, using the RP from Kornmeier

and Bach (2005) as template, reveals a maximal correlation co-

efficient rmax 5 0.95, po.001, at a time lag Dt5 18 ms.

Likewise, the dERP components from P2(t) are very similar

in sign, distribution, and latency to those found in the chain of

reversal related dERP components (Kornmeier &Bach, 2006): A

posterior negativity at around 250 ms, similar to Kornmeier and

Bach’s Reversal Negativity, rmax5 0.93, po.001, Dt5 4 ms, was

followed by a frontopolar positivity at around 360 ms,

rmax 5 0.77, po.001, Dt5 26 ms, and a parietal positivity at

around 460 ms, rmax 5 0.88, po.001, Dt5 4 ms, similar to the

late positivities in Kornmeier and Bach (2006) that occur in P2(t)

(Figure 6B, C).

Thus the dERP components of Kornmeier and Bach’s (2006)

processing chain are not diluted by getting apportioned to both

profiles in our model. Rather they are classified uniquely by ap-

pearing in either P1(t) or P2(t), hence as being either immune to

ISI variation (RP, BP) or affected by ISI variation (RN and late

positivities). What does this mean with regard to the underlying

perceptual reversal process?

The present findings, unfortunately, throw little light on the

ISI-dependent modulation of reversal rates if we accept assump-

tions from Kornmeier and Bach (2006) concerning the temporal

order of the disambiguation process: According to the present

model, ISI has no influence on dERP components in the time

interval of the disambiguation process. Kornmeier and Bach

(2005, 2006) suppose that disambiguation of the visual infor-

mation takes about 40 ms and has finished before 250 ms after

stimulus onset. The earliest ISI-dependent dERP modulation

occurs at around 250 ms, and thus after disambiguation of the

ambiguous visual information has already taken place.

The above considerations invite two alternative explanations

of the present results: (1) Although ISIs do affect the reversal

process in the critical time period before 250 ms after stimulus

onset, this is not visible in the dERPs. (2) Multistable perception

consists of two separate types of processes: (a) Processes under-

lying disambiguation of the visual information from an initial

perceptual instability toward a reversed stable percept; these

seem to be unaffected by ISIs. (b) Processes driving the percep-

tual system to such an initial instability, which seems to be the

prerequisite of a perceptual reversal. These may be slow state

changes, developing over several stimulus presentations and

being sensitive to ISIs and adaptation. However, the extended

time spans relevant for such state changes were not in the focus of

the present study. Similar assumptions of slow state changes were

proposed in the context of those explanational approaches em-

phasizing the role of adaptation or satiation (e.g., Orbach et al.,

1963) and by a recent MEG study from Strüber and Herrmann

(2002). One can easily imagine that top-down influences like

volitional control (e.g., Pelton & Solley, 1968; Toppino, 2003)

accelerate or decelerate the changes in perceptual state.

How can we interpret the strong ISI-dependent modulations

of the dERPs after 250 ms? According to the former assump-

tions, these occur after disambiguation and are thus likely to be

related to task execution, like retrieval of iconic memory, which

may be necessary to perform the comparison between the
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Figure 6. A: Comparison of the present results with former findings. The

present paradigm and that from Kornmeier and Bach (2005) differ

mainly in the time point of the participants’ response. In the present data

(d5 390 ms) a prominent negativity occurs at Cz and the Reversal

Positivity is strongly reduced at Oz compared to Kornmeier and Bach’s

data. B: Comparison of the model results with former findings as

analyzed in ‘‘Modeling the ISI Effect.’’ After decomposition of the

difference traces to the profiles P1(t) (independent of ISI) and P2(t)

(dependent on ISI), the occipitalP1(t) exhibits theReversal Positivity and

the central P1(t) a negativity reminiscent of the BP. P2(t) contains the

residual components from the dERP chain (C, from Kornmeier & Bach,

2006, modified).



previous and the actual percept of successively presented Necker

stimuli. We speculate that in the case of a reversed percept, the

retrieval process may be more ‘‘expensive,’’ leading to higher

amplitudes of corresponding ERP components. Leopold et al.

(2002) recently emphasized the role of memory in the context of

multistable perception. Di Lollo, Enns, and Rensink (2000)

demonstrated that ISIs between 100 ms and 300 ms are critical

for iconic memory. In this context the negativity reminds us of

the visually evoked mismatch negativity that is automatically

evoked by stimuli that deviate from the previous stimuli (e.g.,

Alho, Woods, Algazi, & Näätänen, 1992) and is also discussed in

the context of short term memory (Näätänen, 1990). However,

whereas the amplitude of the visual mismatch negativity de-

creases with increasing ISI (Fu, Fan, & Chen, 2003), the present

occipital/parietal negativity develops in the opposite direction.

Further, there is evidence for memory-related ERP positivities in

the time range of the present parietal and frontopolar positivity

(e.g., Boehm, Sommer, & Lueschow, 2005; Sommer, Heinz,

Leuthold, Matt, & Schweinberger, 1995).

Conclusion

If an ambiguous Necker stimulus is presented discontinuously,

the rate of perceptual reversals strongly varies with ISI. We here

studied ERP correlates of the neural processes underlying this

modulation. Strong effects on the dERPs were found, which

could be decomposed into ISI-independent and ISI-dependent

effects. The latter only occur after 250 ms, too late to explain the

strong ISI-dependent modulation of reversal rates.

Possibly, perceptual stability decays due to slow state changes

(maybe over several stimulus presentations) whose phase is sus-

ceptible to ISI. The role of slow state changes for multistable

perception could be tested in experiments comparing top-down

influences (e.g., attention) to bottom-up influences (e.g., ISI-

related adaptation).
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APPENDIX

Least squares estimates of the profileP2(t) and the parameter a in
Equation (1) were obtained as follows. First, let a be fixed. Tak-

ing pairwise differences,

Di;kRðtÞ ¼ Rðdi; tÞ � Rðdk; tÞ ¼ P2ðtÞ � ðe�adi � e�adkÞ þ ei;kðtÞ;

removes P1(t), so the residuals

ei;kðtÞ ¼ Di;kRðtÞ � P2ðtÞ � ðe�adi � e�adkÞ

involve only the unknown P2(t). The latter is estimated by min-

imizing

EaðtÞ ¼
X

i;k

ðei;kðtÞÞ2 ¼
X

i;k

ðDi;kRðtÞ � P2ðtÞ � gi;kðaÞÞ2 ðA1Þ

where gi;kðaÞ ¼ e�adi � e�adk . The solution,

P2ðtÞ ¼

P
i;k

Di;kRðtÞ � gi;kðaÞ
P
i;k

ðgi;kðaÞÞ2
; ðA2Þ

still depends on a. Inserting (A2) into (A1) and then minimizing

the error sum

ES ¼
X

t

EaðtÞ

with respect to a yields the estimate for parameter a (which here

resulted as 0.013), and hence the final estimate of P2(t). The

minimization over a has no explicit closed-form solution, but is

easily accomplished by numerical search.

Explained variance is calculated by the formula

EV ¼ ðES0 � ESÞ
ES0

;

where

ES0 ¼
X

t

X

i;k

ðRðdi; tÞ � Rðdk; tÞÞ
2

(and the estimates of P2(t) and a are substituted in the expression

for ES).
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