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e usually experience our perception of the visual world as unitary and stable even though the information available to our brains is often noisy or ambiguous. How does the brain nonetheless ‘‘make sense’’ of this information? From a theoretical perspective, translating the images cast onto the retina into meaningful percepts can be addressed as an inference problem, but related neurophysiological evidence is sparse (1). This need for inference is best illustrated by ambiguous stimuli as the Necker cube or the apparent motion quartet (2, 3) (Fig. 1), where perception typically fluctuates spontaneously between two mutually exclusive interpretations of the same sensory input. Such bistable perception is paralleled by activity changes in separate neuronal populations that represent one or the other perceptual interpretation (4), but what causes the change to occur in the first place remains unclear. In binocular rivalry, where discrepant information is presented to the two eyes, neural activity at the earliest visual processing stages correlates with spontaneous perceptual fluctuations (5–9), suggesting a ‘‘gate-keeping’’ function of these structures in visual awareness. Alternatively, perceptual changes could be initiated by a higher-level process that, by way of inference, can stabilize, bias, or topple the current interpretation of the sensory input (10, 11). These two scenarios differ in the causal chain assumed to underlie changes in visual awareness, but it remains difficult to infer causality from correlative neurophysiological measures. Still, temporal precedence is generally considered good evidence in favor of a putative causal role (12). Invasive neurophysiologwww.pnas.org兾cgi兾doi兾10.1073兾pnas.0609006104



ical recordings would therefore appear ideally suited to resolve this question but suffer from the uncertainty of where exactly to place recording electrodes, for instance, in the frontal lobe. Functional neuroimaging provides whole-brain coverage and has indeed shown activations related to perceptual change not only in visual but also frontal and parietal regions (10, 13–16). However, the conventional amplitude-based analytical techniques used in these studies could not clarify whether frontoparietal regions respond to a feed-forward signal from the sensory cortex that is driven by perceptual change or whether these regions generate a feedback signal to the sensory cortex before perceptual change. Recent novel analytical approaches have shown that the temporally dispersed neurovascular response is reliable enough to resolve latency differences in the range of a couple of hundreds of milliseconds (17–22). Here, we used such techniques to analyze the onset latencies of functional MRI (fMRI) activiations during spontaneous perceptual changes in bistable apparent motion (rivalry) compared with stimulus-driven changes in a matched control condition (replay) where the sequence of reversals as reported in the preceding rivalry condition was replayed by using a disambiguated version of the apparent motion quartet (Fig. 1). We hypothesized that a top-down process, where frontal or parietal regions play a causal role in initiating perceptual change, should be associated with an earlier onset of activations in these regions during spontaneous compared with stimulus-driven perceptual changes, relative to activations in visual cortex [supporting information (SI) Fig. 5]. Results We first mapped transient activations that occurred whenever perception changed, irrespective of whether this happened spontaneously during rivalry or in response to a stimulus change during replay. In our paradigm, change in perception refers to a change in direction of apparent motion (from vertical to horizontal or vice versa, see Fig. 1), and activation refers to a signal increase over and above constant ongoing sensory processing. As reported with similar paradigms (16, 23–25), switch-related activations occurred at the lateral occipitotemporal junction, corresponding to the human motion complex (hMT⫹/V5) (Fig. 2A). Additionally and again in accord with previous findings (13, 14, 16), we observed a distributed activation pattern associated with perceptual switches that included bilateral inferior frontal lobe regions and the right inferior parietal lobule but also the calcarine cortex, consistent with early visual areas V1/V2 (see SI Author contributions: P.S. and A.K. designed research; P.S. performed research; P.S. analyzed data; and P.S. and A.K. wrote the paper. The authors declare no conflict of interest. This article is a PNAS direct submission. Abbreviations: fMRI, functional magnetic resonance imaging; hMT⫹/V5, human motion complex; BOLD, blood oxygenation level dependent; HRF, hemodynamic response function; ROI, region of interest. §To
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When looking at ambiguous visual stimuli, the observer experiences frequent spontaneous transitions between two competing percepts while physical stimulation remains unchanged. Despite recent advances in understanding the neural processes underlying such perceptual rivalry, a key question has remained unresolved: Does perceptual rivalry result merely from local bistability of neural activity patterns in sensory stimulus representations, or do higher-order areas play a causal role by shifting inference and, thus, initiating perceptual changes? We used functional MRI to measure brain activity while human observers reported successive spontaneous changes in perceived direction for an ambiguous apparent motion stimulus. In a control condition, the individual sequences of spontaneous perceptual switches during bistability were replayed by using a disambiguated version of the stimulus. Greater activations during spontaneous compared with stimulusdriven switches were observed in inferior frontal cortex bilaterally. Subsequent chronometric analyses of event-related signal time courses showed that, relative to activations in motion-sensitive extrastriate visual cortex, right inferior frontal cortex activation occurred earlier during spontaneous than during stimulus-driven perceptual changes. The temporal precedence of right inferior frontal activations suggests that this region participates in initiating spontaneous switches in perception during constant physical stimulation. Our findings can thus be seen as a signature of when and where the brain ‘‘makes up its mind’’ about competing perceptual interpretations of a given sensory input pattern.



Fig. 1. Stimulus display. Ambiguous and disambiguated versions of the apparent motion quartet used in the rivalry and replay conditions, respectively, are shown. The single frames alternated at 4 Hz. When looking at the rivalry stimulus, perception is bistable and fluctuates spontaneously between periods of horizontal and vertical apparent motion perception. Disambiguated versions of the stimulus were used to change participants’ perception of apparent motion with the same temporal sequence as during the rivalry condition.



Table 1). As in these studies, we also found several further activations related to the preparation and execution of motor reports, e.g., in the hand representations of the left primary sensorimotor cortex and the cerebellum as well as in the supplementary motor area (14). We next tested whether those regions that responded to perceptual changes in both conditions, rivalry as well as replay, showed differences in response amplitude between these two conditions. Greater response amplitudes during spontaneous vs. stimulus-driven perceptual switches were found bilaterally in inferior frontal regions (Fig. 2B; see also SI Table 2). This result is in general agreement with findings from a previous study (14) that used a similar paradigm with a rivalry and a replay condition but a different stimulus (binocular rivalry). In contrast to this earlier study, no significant response amplitude differences were detected in parietal or occipital regions (14). Finally, and thus addressing the key issue of this study, we asked whether there was evidence for temporal precedence of inferior frontal lobe activations over those in other brain regions, especially those in hMT⫹/V5. There is ample evidence to suggest that perceived changes in motion direction, no matter whether they are spontaneous or stimulus-driven, are reflected by eventrelated hMT⫹/V5 activations (16, 23–28). We hypothesized that if the inferior frontal cortex was causally involved in inducing switches during bistable perception, then frontal activations in association with spontaneous perceptual switches should precede those in hMT⫹/V5. Regional variations in the shape of the hemodynamic response (18, 22) might invalidate any direct comparison of response onsets across regions. We overcame this problem by testing our hypothesis as the region-by-condition interaction that probed whether an earlier onset of activations during spontaneous as opposed to stimulus-driven switches occurred in frontal regions over and above any potential differences in hMT⫹/V5. A finding of earlier frontal activations during spontaneous compared with stimulus-driven switches relative to hMT⫹/V5 activations would hence argue for a role of 324 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0609006104



Fig. 2. Transient activation during perceptual switches. (A) Regions commonly activated in response to both spontaneous and stimulus-driven perceptual switches are rendered in blue onto a standard anatomical template image (n ⫽ 12, random effects, for visualization thresholded at P ⬍ 10⫺5, uncorrected, cluster threshold k ⬎12 voxels). Numbers 1– 6 indicate the regions that were subsequently used for detailed analyses of signal time courses (see Figs. 3 and 4): 1, 2 ⫽ right and left inferior frontal cortex; 3, 4 ⫽ right and left hMT⫹/V5; 5 ⫽ right inferior parietal lobule; 6 ⫽ left sensorimotor cortex. (B) Greater response amplitudes during spontaneous as opposed to stimulusdriven switches were observed in bilateral inferior frontal regions and are shown in red (x, y, z ⫽ ⫺45, 18, and 0, P ⬍ 0.001; and x, y, z ⫽ 66, 18, 12, P ⬍ 0.016, small-volume corrected; thresholded for visualization at P ⬍ 0.005, uncorrected, cluster threshold k ⬎12 voxels). (C) Earlier responses during spontaneous as opposed to stimulus-driven switches were observed in the right inferior frontal gyrus (x, y, z ⫽ 63, 18, and 15; P ⬍ 0.017, small-volume corrected; thresholded for visualization at P ⬍ 0.005, uncorrected, cluster threshold k ⬎12 voxels). Latency differences were assessed by using a published voxel-wise method (21).



frontal regions in inducing spontaneous perceptual switches (SI Fig. 5). In a first step, we used a previously described voxel-wise method that allowed us to capture slight timing variations in blood oxygenation level-dependent (BOLD) responses by using a canonical hemodynamic response function (HRF) and its temporal derivative as model functions (21). Testing for earlier response onsets in spontaneous vs. stimulus-driven switches, we found a significant difference in the right inferior frontal cortex at virtually the same location where switch-related activations were greater in amplitude during rivalry than replay (Fig. 2C, see also SI Table 3). No indication of significant onset-latency differences was detected in any of the other regions that activated during switches. To validate these results independently with a different approach, we then analyzed our data using a Fourier set of basis functions, which avoids assumptions about the shape of the hemodynamic response (29) (Fig. 3). From the resulting response fits, we measured onset latencies for both conditions in each participant at the exact individual frontal lobe location that responded more strongly during rivalry than replay switches. For Sterzer and Kleinschmidt



Fig. 3. Event-related signal time courses. Circles represent the signal change per 2-s time bin averaged across participants (error bars indicate standard error), and smooth lines represent the average fitted response from a fourthorder Fourier model (29). Postswitch time (s) is plotted on the x axes and percentage signal change on the y axes. Responses to spontaneous perceptual switches (rivalry condition) are plotted in red and responses to stimulus-driven switches (replay condition) are plotted in blue. The data and fitted responses were extracted from individual participants’ response maxima in a priordefined ROIs. The numbering of the panels 1– 6 corresponds to the numbering of the regions in Fig. 2. The individual fitted responses were used for the assessment of response-onset latencies (see Fig. 4).



comparison, we sampled data from the individual response maxima common to rivalry and replay switches, i.e., right inferior parietal cortex, hMT⫹/V5 bilaterally, and left sensorimotor cortex (see SI Fig. 6). Strikingly, we found the response onset in right inferior frontal cortex to occur, on average, ⬇800 ms earlier during rivalry compared with replay (Fig. 4), confirming the result of the voxel-wise analysis. No significant latency difference was detectable in any other region, resulting in a significant region-by-condition interaction (P ⬍ 0.003, repeated-measures ANOVA). Discussion In this study, we compared the amplitude and timing of brain activations during spontaneous changes in visual perception with those during stimulus-driven changes. Although these two types of perceptual change recruited largely overlapping brain structures, greater response amplitudes during spontaneous perceptual changes were observed in inferior frontal cortical regions bilaterally. Crucially, we could also demonstrate that, relative to brain responses during stimulus-driven switches, right inferior frontal activations occurred earlier than those in other brain regions, most notably those in hMT⫹/V5. According to evidence from neurophysiological studies in nonhuman primates (30, 31) and human fMRI studies (32), subjective fluctuations in perception are reflected by relative activity levels of neuronal populations representing either perceptual content. The finding of switch-related hMT⫹/V5 actiSterzer and Kleinschmidt



vations in bistable motion perception (16, 24–26, 28) has led to the suggestion that separate direction-selective neuronal populations coding for different directions of motion might be in rivalry and that, at perceptual switches, one of these populations displays a transient rise in activity. This interpretation is supported by the electrophysiological observation in monkeys that responses of directionally selective cells in MT signal the perceived direction of motion in ambiguous motion stimuli (27). Spontaneous fluctuations and adaptation of percept-related neural activity would then be two mechanisms contributing to perceptual dominance of either percept during ongoing rivalry. In this study, event-related hMT⫹/V5 activations were indistinguishable between spontaneous and stimulus-driven perceptual changes. This suggests that hMT⫹/V5 activity reflects perceived changes in motion direction irrespective of whether they are ‘‘real’’ or generated spontaneously in the absence of any stimulus change. We also found extremely stable relationships without evidence of latency shifts between the activations in hMT⫹/V5 and the key presses reporting perceptual changes as well as the activations in the primary sensorimotor hand representation. These two observations indicate that the sensory and perceptual differences between the two conditions were so subtle that they were reflected neither in the fMRI responses recorded at the level of visual cortex nor in the delay of reporting the changes. Reaction-time differences between reporting spontaneous as opposed to stimulus-driven perceptual changes should have translated into condition-dependent latency differences between the motor cortex and hMT⫹/V5, which is at odds with our chronometric findings. Moreover, our approach was not sensitive to putative reaction-time differences between rivalry and replay, because our critical result, a region-by-condition interaction for latencies, was based on chronometric analyses of frontal lobe activity referenced against the timing of a neural signal, the response in hMT⫹/V5, instead of a behavioral report (SI Fig. 5). Although responses in sensory and motor areas were insensitive to the actual condition, activity in frontal lobe regions differed between the two conditions not only in amplitude but, more importantly, also in timing. Simply put, we used the replay condition to measure the minimal latency of neural processes that might occur just because perception has changed. The PNAS 兩 January 2, 2007 兩 vol. 104 兩 no. 1 兩 325
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Fig. 4. Onset-latency differences. Onset-latency differences between regional brain activations during perceptual switches in the rivalry and those in the replay condition averaged across participants (0 on the x axis ⫽ response onset in the replay condition). The numbering of the bars 1– 6 corresponds to the numbering of the regions in Fig. 2. Right inferior frontal response onsets during rivalry occurred on average 784 ms ⫾200 SEM earlier, whereas no such difference was detectable in other frontal or parietal regions and hMT⫹/V5. Error bars indicate standard errors. *, P ⬍ 0.002 (two-tailed paired t test for onset-latencies of responses to spontaneous compared with stimulus-driven switches).



latency of the frontal responses in the replay condition therefore determines the earliest possible time point for feed-forward effects caused by processes occurring at lower visual processing stages. Conversely, any earlier activation in the rivalry condition inevitably, and irrespective of its absolute latency, expresses that perception will change. One concern could be that the earlier response onset in the right inferior frontal lobe merely reflected the fact that this region also showed greater response amplitudes during rivalry than during replay. However, this scenario is unlikely for several reasons. First, we did not find a difference in response latency in left inferior frontal cortex, where the response amplitude differed as much as in the right inferior frontal cortex (Fig. 3). This result shows that greater BOLD responses are not systematically associated with earlier response onsets. Furthermore, we used two different and independent analytical approaches to determine latency, both of which gave mutually confirmatory results. One of our approaches used a bias-free model that captures variations in amplitude or duration without translating them into an estimated difference in onset (29). Finally, there is no indication from previous studies that greater neural responses per se can lead to an earlier onset of the BOLD response (22, 33). It is also noteworthy that frontal and occipital switch-related activations were comparable in strength (Fig. 3), which makes it unlikely that potential neural latency differences in the occipital cortex might have been undetectable because of substantially weaker BOLD responses. We found no significant latency effects in other regions that might also have been expected to show temporal precedence in our setting as, for instance, in the left inferior frontal and right inferior parietal lobes. Of course, one explanation may be that fMRI chronometry simply lacks the temporal resolution to detect what could be a whole chain of incremental latency differences at the various stages of the visual-processing hierarchy. We thus cannot exclude the possibility of temporal precedence at the neural level in other regions (34), but our results do suggest that the latency difference in the right inferior frontal cortex is on a larger scale than elsewhere. Interestingly, recent work using noninvasive MRI-based fiber-tracking has revealed direct connections between the inferior frontal and lateral occipital cortex in humans (35). Such a frontooccipital ‘‘fast-track’’ may provide the anatomical routing for the physiological responses we studied. We observed a latency difference of ⬇800 ms between right inferior frontal activations during spontaneous and stimulus-driven switches, which (in the absence of a latency difference in hMT⫹/V5) indicates that the neural process that initiates a spontaneous perceptual reorganization may start several hundred milliseconds before perception actually switches. This interval seems surprisingly long, no matter whether one assumes interactions by direct connections or a cascade involving intermediate processing levels at other sites such as the parietal lobe. Conceivably, however, the process of perceptual reinterpretation may require recursive interactions between high-level and sensory areas that could last for a few hundred milliseconds before eventually resulting in a perceptual switch. Such a mechanism would not need to be associated with earlier fMRI signal increases in hMT⫹/V5, because the driving force in the sensory area before a perceptual reversal could be adaptation to the still-dominant percept. The notion that adaptation of percept-related neural activity may also play an important role in perceptual bistability (4) is not irreconcilable with a causal role of higher-order processes in initiating a perceptual switch as previously suggested (11, 36). The actual alternations of perception could be determined by the joint effect of local processes embedded into a more global process. That is, whenever local processes (e.g., adaptation) act to destabilize activity that underpins the currently dominating percept, higher-order evaluative processes can take effect and 326 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0609006104



initiate a perceptual reorganization that translates into and stabilizes a new ‘‘balance of power’’ in specialized visual areas. This interpretation is further supported by behavioral alteration of perceptual bistability that has recently been described in patients with prefrontal cortex lesions (37). Our results cannot necessarily be extended to studies using binocular rivalry, where perceptual ambiguity is generated by interocular sensory conflict. This latter setting may involve additional mechanisms specifically operating at the monocular levels of stimulus processing (5, 8, 9). Conversely, our findings can very well be extended to ‘‘real-life’’ visual perception, because the ambiguity in interpreting natural visual scenes falls within the range between the two extremes probed by our experiment. On one end, the rivalry condition maximizes the need for perceptual inference; perception cannot be informed by physical stimulus properties when sensory input is perfectly ambiguous, and thus remains ‘‘arbitrary.’’ On the other end, the replay condition is almost perfectly unambiguous and thus requires little if any inference. By using these two extremes, our experiment showed arbitrating neural activity by virtue of latency differences, but we propose that the same inferential mechanisms are also called upon after any sensory input change and that their activity level depends on the degree of perceptual ambiguity in the sensory input. Although apparent motion paths and object identities across frames are confounded in our rivalry stimulus, it appears intuitive to suspect a spatial inference to act on percept selection. This speculation is compatible with earlier observations that central symbolic (endogenous) cues activate right inferior frontal cortex more than salient peripheral (exogenous) cues, particularly when cues are invalid, and this mismatch of expectation and sensory input yields reorienting (38). In the rivalry case, expectation would correspond to the currently dominant percept. With progressive adaptation of the related hMT⫹/V5 signal, the mismatch or error would increase and might drive reorienting. In the replay case, this error signal would also arise but only briefly once sensory input changes. This interpretation, which draws on predictive coding theory (39), would thus also account for the smaller and later switch-related activations that we observed in the inferior frontal cortex during replay. Together, our results provide empirical neurofunctional evidence for theoretical models of visual perception that are grounded in Bayesian and related frameworks (1, 40) instead of relying purely on feed-forward architectures (41). Materials and Methods Experimental Paradigm and fMRI Data Acquisition. Twelve healthy



right-handed participants aged 28–39 years (8 males; written informed consent) with normal or corrected-to-normal vision participated in a fMRI experiment on a 3T whole-body scanner with gradient booster and standard head coil (Trio; Siemens, Erlangen, Germany). We obtained blood oxygenation-sensitive (T2* weighted) echo-planar image volumes every 2 s (echo time 30 ms; flip angle 60°; 34 contiguous transverse slices, voxel size ⫽ 3.3 ⫻ 3.3 ⫻ 3 mm). During scanning, participants were presented with alternating blocks of the rivalry and replay conditions (Fig. 1). The stimuli were projected onto a screen located 25 cm from their eyes and viewed by means of a mirror attached to the head coil. During rivalry, a bistable apparent motion quartet consisting of a white central fixation cross and two white dots was presented. The latter were flashed simultaneously in diagonally opposite corners of an implicit rectangle in 4-Hz alternation with two dots in the other two corners (Fig. 1). This yields spontaneously alternating perception of horizontal or vertical apparent motion, both perceived directions being mutually exclusive (2, 3); for a demonstration of this phenomenon see http://psy.ucsd.edu/chip/ illu㛭ambig㛭apprnt㛭mot.html from the laboratory of V. S. RamSterzer and Kleinschmidt



Imaging Data Analysis. fMRI data were analyzed by using SPM2



(www.fil.ion.ucl.ac.uk/spm). After removal of the first five scans, all functional image volumes were realigned, unwarped, slicetiming corrected, spatially normalized into Montreal Neurological Institute (MNI) neuroanatomical space (www.bic.mni. mcgill.ca/brainweb), and smoothed by using a 10-mm fullwidth-at-half-maximum Gaussian kernel. We removed lowfrequency fluctuations by a high-pass filter with a cut-off at 128 s and used an autoregressive model of order one (AR (1) ⫹ white noise) to correct for temporal autocorrelations. A mixed-effects analysis was adopted, using a two-stage procedure. First, a fixed-effects analysis was applied to the preprocessed data of each participant by using the general linear model implemented in SPM2. This model fits the data with a linear combination of regressors in a design matrix to produce 3D maps of parameter estimates (␤ weights), which represent the contribution of a particular regressor to the data. The design matrix consisted of six regressors. There were two experimental conditions, spontaneous switches (occurring during rivalry) and stimulus-driven-switches (during replay), both of which were modeled by using three regressors in the following way: each participant’s individual average reaction time from stimulus change to key press during replay (average across participants 843 ⫾ 14 ms) was subtracted from the times at which the key Sterzer and Kleinschmidt



presses occurred to create a sequence of estimated time points of the actual perceptual switches in both conditions. The evoked hemodynamic responses to these perceptual switches were modeled as ␦ (‘‘stick’’) functions convolved with a canonical HRF as implemented in SPM2 and both its temporal and dispersion derivatives. For each participant, t maps of the effects for both switch-types as well as separately for both event types relative to a baseline of stable motion perception were computed by using the HRF regressors and then submitted to second-level analyses (random-effects). The main effect for perceptual switches, irrespective of whether they occurred during the rivalry or the replay condition, was assessed by performing a one-sample t test on all t maps for both event types. This contrast was inclusively masked with all voxels that were activated by both single-switch types at P ⬍ 0.001, uncorrected, to limit the analysis to regions where both conditions contributed positively. Differential effects (spontaneous ⬎ stimulus-driven switches and vice versa) were assessed by using paired t tests. For the main effect of perceptual switches, activations were considered significant at P ⬍ 0.05, by using a family-wise error correction for multiple comparisons across the whole brain and, alternatively at P ⬍ 0.001, uncorrected, if predicted by previous findings, or in the case of a response in the homologous contralateral area at P ⬍ 0.05, corrected. The analysis of differential effects was constrained to candidate regions that were defined a priori on the basis of previous findings (13–16). These regions of interest (ROI) included the inferior frontal cortices, right inferior parietal cortex, and extrastriate occipital regions showing switch-related responses, i.e., in hMT⫹/V5 bilaterally. We used spherical search volumes (diameter, 20 mm) centered on the maxima of the main effect for both switch types in these regions and corrected for multiple comparisons across the voxels within these search volumes (small-volume correction). Latency differences between conditions were assessed in two steps, by using two separate and independent analyses. First, we used a previously described method (21) that is based on the voxel-wise computation of ratios of the parameter estimates for the temporal derivative and the HRF. In brief, latency maps for each participant and each condition were created by transforming the derivative/HRF ratio for each voxel with a sigmoidal logistic function. A paired t test was then performed on the second level to test for between-condition latency differences across participants. To restrict this analysis to voxels with a positive response in both conditions and where the HRF provided a reasonable fit to the data, the second-level maps were masked with t maps of voxels activated by both single-event types at P ⬍ 0.001, uncorrected. For statistical inference, we again used a small-volume correction for the same ROIs as in the original analysis, with a significance threshold of P ⬍ 0.05, corrected. To validate the results further from this voxel-wise analysis (21), we assessed the onset latencies in a more detailed analysis based on event-related signal time courses in each individual participant. A common approach in previous fMRI studies investigating response latencies was the use of HRF models (usually based on ␥ functions) parameterized with respect to onset latency (17, 19, 20, 22). To account fully for the variability in response shapes due to regional differences in vascularization and the duration of neural responses, the model used also has to be parameterized for other variables, such as peak latency and response width. Because these parameters may be interdependent and the resulting parameter estimates hence influenced by each other, we took a different approach and used a model that is free of a priori assumptions with regard to response shape. Importantly, the selection of voxels was guided by our original analysis using the HRF, but the fine-grained information regarding the exact response onset was assessed by using a Fourier PNAS 兩 January 2, 2007 兩 vol. 104 兩 no. 1 兩 327
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achandran). Background luminance was 12 cd/m2, dot and fixation cross luminance 76 cd/m2, dot diameter 25⬘ of visual angle, and center-to-center horizontal dot distance 2°. The vertical dot distance was adjusted individually for each participant in preceding behavioral sessions to obtain approximately equal average durations of stable horizontal and vertical motion perception. It thus varied across individuals between 2°32⬘ and 3°13⬘. Participants were chosen for imaging if they reported clear-cut transitions between stable states of horizontal and vertical apparent motion perception without experiencing further percepts (e.g., circular motion or flicker) and if the percepts lasted on average at least 8 s, thus optimizing power for the event-related analysis. The participants were instructed to maintain fixation on the central cross and to indicate changes of motion direction by key presses, by using the right index finger for perceptual switches to vertical and the right middle finger for switches to horizontal motion perception. All participants confirmed after scanning that they could clearly determine and report the transitions between vertical and horizontal apparent motion in both conditions. Interreversal times between perceptual switches followed a ␥ distribution as generally found for bistable stimuli (13, 14, 16, 25, 42). Mean percept duration across all participants was 13.08 ⫾ 0.37 s (SEM) and thus well suited for an event-related analysis of fMRI signals. There was no significant difference in duration of stable horizontal and vertical motion perception (12.65 ⫾ 0.36 s (SEM) vs. 13.50 ⫾ 0.42 s, P ⫽ 0.071, Wilcoxon test). For replay, a disambiguated version of the apparent motion quartet was used to repeat the sequence of horizontal and vertical percepts as reported by the participant in the preceding rivalry condition. The stimulus also consisted of a central fixation cross and two dots flashing simultaneously at 4 Hz (see Fig. 1), dot sizes and distances being identical to the rivalry condition. For horizontal apparent motion, two dots in the upper left and lower left corners of an implicit rectangle were shown in alternation with two dots in the upper right and lower right corners. Accordingly, two dots in the upper left and right corners alternating with two dots in the lower left and right corners yielded vertical apparent motion. Scanning comprised 3 rivalry and 3 replay runs of 245 scans each. Stimuli were displayed and key presses registered by using ERTS software (Experimental Run Time System, Version 3.18, 1996, J. Beringer, Darmstadt, Germany).



model that can, in principle, fit any response shape as a linear combination of its basis functions (29). We first determined in each participant the individual peak voxel for regions that had shown a group effect for spontaneous ⬎ stimulus-driven switches at a lowered statistical threshold (P ⬍ 0.05, uncorrected; in 4 of 12 participants, the threshold had to be lowered to P ⬍ 0.1 to identify response maxima for this contrast; see SI Fig. 6). Inclusive masking with voxels surviving P ⬍ 0.05, uncorrected, in both respective single contrasts was used in each participant individually to restrict the onset-latency analysis to voxels showing a positive response and where the HRF provided a reasonable fit to the data in both conditions. Individual maxima for ROIs not showing significant activity differences were analogously determined from the main effect for all perceptual switches. We extracted data from individual peak voxels rather than averaging across entire ROIs to maximize the sensitivity and specificity of our analysis. However, because of spatial smoothing (see above) the signal in each single voxel nevertheless represents a weighted average of nearby voxels in the range



of the smoothing kernel used. The data were then reanalyzed with a fourth-order Fourier set windowed with a Hanning function, which has proven useful for characterizing the temporal aspects of evoked hemodynamic responses (29). Conditionspecific onset latencies were then calculated for each participant from the slope of the resulting fitted responses in each ROI. The onset was operationally defined as the time at which the slope exceeded 10% of the maximum slope in the ascending part of the BOLD response. This measure accounts for, but is not confounded by differences in response amplitude. Again, onset latencies were subjected to second-level analyses testing across participants for significant differences between conditions within each region (one-sample t tests) and for a condition-byregion interaction (repeated-measures ANOVA).
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