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Abstract In masked priming, responses are often speeded when primes are similar to targets (‘positive compatibility effect’). However, sometimes similarity of prime and target impairs responses (‘negative compatibility effect’). A similar distinction has been found for the curvature of saccade trajectories. Here, we test whether the same inhibition processes are involved in the two phenomena, by directly comparing response times and saccade curvature within the same masked priming paradigm. Interestingly, we found a dissociation between the directions of masked priming and saccade curvature, which could indicate that multiple types of inhibition are involved in the suppression of unwanted responses. Key words: Masked priming, Masking, Eye movements, Saccade curvature, Motor inhibition
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Introduction



In everyday life, we are confronted with a stream of visual inputs that needs to be processed to extract information that is relevant for our on-going behavior while avoiding responses to irrelevant stimuli. We here investigate the processes that underlie such response selection by comparing two different measures: response times and the curvature of saccade trajectories, both measured in the same masked priming paradigm. Our results suggest that multiple mechanisms might be at work in the selection of an appropriate response to incoming information. While parts of the processes underlying response inhibition are under voluntary control, a large section may occur automatically. One paradigm often used to investigate such automatic activation and inhibition of responses to incoming stimuli is masked priming. In masked priming, a prime preceding the target influences response times and error rates to the target (e.g. Leuthold & Kopp, 1998 ; Neumann & Klotz, 1994). Typically, the prime is presented for a very brief duration, and it is masked, either by a separate mask, or by the target. This masking has the consequence that if participants are asked to report the identity of the prime, they are often close to chance level. For this reason, the influences exerted by masked primes are thought to reflect automatic processing, possibly through direct perceptuo-motor links, providing a direct pathway from sensory to motor processing (e.g. Klotz & Neumann, 1999). The most common effect a prime has on the response to the target is that response times are faster and errors occur less often when the prime is identical or similar to the target, in comparison to when the prime is unrelated to the target or has features associated with the opposite response. However, under certain conditions, for example, when the time between the presentation of the prime and the target is long, the pattern reverses, and response times are slower when the prime and the target are similar or identical (for reviews see Eimer & Schlaghecken, 2003 ; Sumner, 2007). The reduction in response times with compatible primes is often referred to as straight priming (Ja´skowski & Verleger, 2007) or the positive compatibility effect (PCE), and the increase in response times with compatible primes is called inverse priming or the negative compatibility effect (NCE). Negative compatibility effects are found only if the time between the presentation of the prime and the presentation of the target is sufficiently long. Keeping the stimuli and task constant, varying the prime-to-target interstimulus interval (ISI), a shift from a positive to a negative compatibility effect is found at intervals around 80ms (Figure 1 of Bowman, Schlaghecken, & Eimer, 2006). Additionally, NCEs are more often found when the prime is just below the threshold for conscious detection (e.g. Eimer & Schlaghecken, 2002), although they can also be found for visible 2



primes (Klapp & Hinkley, 2002 ; Sumner, Tsai, Yu, & Nachev, 2006). The cause of the negative compatibility effect is highly debated. One explanation, known as the self-inhibition hypothesis, assumes that motor program activated by the prime is automatically suppressed (e.g. Bowman et al., 2006 ; Eimer & Schlaghecken, 1998 ; Klapp & Hinkley, 2002 ; Schlaghecken, Bowman, & Eimer, 2006 ; Schlaghecken & Eimer, 2006). If the target is presented at the time the prime response is still active, a PCE occurs. If the target is presented later, once the prime response has been suppressed, then a NCE is observed. Such an explanation is supported by EEG recordings, showing a triphasic pattern of preparatory motor activation following the sequence of prime, mask and target (Eimer, 1999 ; Eimer & Schlaghecken, 1998) (however, see Verleger, Ja´skowski, Aydemir, Van der Lubbe, & Groen, 2004, for an alternative explanation), in which the first phase corresponds to prime activation, the second one with prime suppression and the third one with target activation (Eimer & Schlaghecken, 2003 ; Praamstra & Seiss, 2005). An alternative explanation was suggested by Verleger and colleagues (2004) and Lleras and Enns (2004, 2005, 2006) and is known as the active mask, or object-updating hypothesis. This theory proposed that, rather than self-inhibition, interactions between the prime and the mask occur, that cause the priming to reverse. Such interactions only occur if elements of the prime are also present in the mask, which means that it cannot account for all NCEs (Ja´skowski, 2009 ; Schlaghecken & Eimer, 2006 ; Sumner & Brandwood, 2008). Finally, there is the ‘masktriggered inhibition’ hypothesis (Boy, Clarke, & Sumner, 2008 ; Ja´skowski & Verleger, 2007 ; Ja´skowski, 2008 ; Ja´skowski & Przekoracka-Krawczyk, 2005) which assumes that inhibition of the prime is caused by another stimulus that requires attention, being the mask, or the target. However, in all three theories, a response to the prime in a typical prime-mask-target sequence is initially activated followed by a relative suppression of this prime related activity. Similarly, studies of saccadic eye movements have shown that the trajectory of an eye movement can be modulated under conditions in which one of the responses has to be inhibited (Doyle & Walker, 2001 ; McSorley, Haggard, & Walker, 2004, 2005, 2006, 2009 ; Mulckhuyse, Van der Stigchel, & Theeuwes, in press ; Van der Stigchel, Meeter, & Theeuwes, 2007a, 2007b ; Van der Stigchel & Theeuwes, 2005, 2006, 2008 ; Van der Stigchel, Mulckhuyse, & Theeuwes, 2009 ; Theeuwes & Van der Stigchel, 2009 ; Van Zoest, Van der Stigchel, & Barton, 2008 ; Walker, McSorley, & Haggard, 2006). These studies have shown that saccade trajectories deviate away from an attended location (Nummenmaa & Hietanen, 2006 ; Sheliga, Riggio, & Rizzolatti, 1994 ; Sheliga, Riggio, Craighero, & Rizzolatti, 1995 ; Van der Stigchel et al., 2007b) and away from the location of an eccentric distractor (Doyle & Walker, 2001 ; McSorley et al., 2004, 2005, 2006, 2009 ; Van Zoest et al., 2008 ; Walker et al., 2006). However, in some situations trajectories tend to deviate towards the distractor (McPeek, Han, & Keller, 2003 ; McPeek & Keller, 2001 ; Walker et 3



al., 2006). Studies of the activity of cells in the monkey superior colliculus (SC) and frontal eye fields (FEFs) have demonstrated that multiple sites in these structure are active prior to curved saccades (McPeek & Keller, 2001 ; McPeek et al., 2003 ; Port & Wurtz, 2003). Specifically, distractor related activity above baseline resulted in a curvature towards the distractor, whereas activity below baseline cause deviation away from the distractor location (McPeek et al., 2003). Moreover, inhibiting activity by injecting the GABA agonist muscimol caused saccades to curve away from the inhibited site (Aizawa & Wurtz, 1998). The prevalent view is that saccade curvature arises when multiple saccade goals are activated in the brain areas in the process of saccade target selection, and that curvature away from a site is found when activity is suppressed below baseline (McSorley et al., 2006). The modulation of saccade trajectory deviation is often regarded as a proxy to the distribution of activation and inhibition in the neural structures involved in encoding potential saccade targets prior to saccade onset (McPeek, 2006). In the present study saccade trajectory deviation is used as an alternative way of probing the automatic response selection processes involved in masked priming. How this might work, is illustrated in Figure 1, in which a hypothesized map of saccade motor activity is shown, with the amount of activity shown along the vertical dimension for different positions in space (shown in the horizontal plane). If the interval between the presentation of the prime and the mask is short (top plot), activation in the map corresponding to the prime location has not yet been suppressed and the mean vector of activation (e.g. Lee, Rohrer, & Sparks, 1988) falls in between the peaks of activation representing the prime and the target location. As it is commonly assumed that saccade direction is determined by the mean vector of activation, the initial direction of the saccade will be in between the prime and the target. This initial direction error is corrected such that the eye lands on the target, with the consequence that the overall trajectory of the saccade will curve towards the direction of the prime. However, if the target is presented after a longer interval (bottom plot), the activity in the map corresponding to the prime has been suppressed below baseline, and the resulting mean vector will curve the saccade away from the prime. Note that this initial activation in the direction of the prime followed by an inhibition below baseline corresponds to the first two phases observed in the EEG data (Eimer, 1999 ; Eimer & Schlaghecken, 1998 ; Verleger et al., 2004). In this respect, measuring saccade curvature could provide a measure of oculomotor preparation, just like the phases of the EEG response are thought to reflect manual response preparation. Alternatively, saccade curvature effects and reaction time priming effects might be dissociated. Such dissociation could arise if the inhibition involved in the saccadic NCE and that involved in saccade curvature takes place at different stages of saccade programming. In ‘inhibition of return’, a phenomenon that could involve similar mechanisms as the NCE in masked priming, evidence for 4
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Fig. 1. Illustration of the hypothesized activity in the saccade motor map (along the vertical dimension) for different positions in space (horizontal plane) for a short prime to target interval (top) and a long interval (bottom). The gray arrow indicates the initial direction of the saccade, which follows the direction of the mean activation in the map.



such dissociation was obtained (Godijn & Theeuwes, 2004 ; Theeuwes & Van der Stigchel, 2009). Inhibition of return occurs when a response is required to a previously attended stimulus. Typically, an irrelevant stimulus is presented in the periphery, or an item in the periphery is cued with a central cue, both of which participants are asked to ignore. After a delay, the target is presented either at the location of the irrelevant stimulus or at a different location. If the delay is short, responses to the same location are faster. However, for longer delays, slower response times are found when the target is presented at the same position as the ignored stimulus. IOR and masked priming may involve similar processes, because they both show a reversal of congruency effects at longer cue or prime to target intervals. Godijn and Theeuwes (2004) investigated the relation between inhibition of return and saccade curvature by comparing the time-course at which they take place. In addition, the effects of the salience of the cue and the type of cue (exogenous versus endogenous) were studied. Whereas cue salience and cue type had similar effects on response times (IOR) and saccade curvature, differences in the time course of the two effects were found. Significant saccade curvatures were only found for short cue-to-target intervals, while inhibition of return was found just for longer cue-to-target intervals. This was interpreted as evidence that saccade curvature originates from inhibition in the superior 5



colliculus saccade map, whereas inhibition of return might be caused by inhibition preceding the saccade motor map. Theeuwes and Van der Stigchel (2009) came to a similar conclusion with a slightly different paradigm, in which the cue position needed to be processed rather than to be ignored. In the current study, automatic response preparation in masked priming is investigated by determining its influence on saccadic response times as well as on the curvature of saccade trajectories. In the majority of the trials (‘regular trials’), participants were asked to make an eye movement following the direction of a centrally presented arrow. In half of these regular trials, the arrow, indicating the saccade target, was preceded by an identical prime arrow, which was rendered less visible by a pattern mask (‘congruent trials’). In the other half of the regular trials, a mirror image of the target arrow was presented, again masked by a pattern mask (‘incongruent trials’). Two different prime-to-target intervals were used (one short and one long) in order to obtain a positive and a negative compatibility effect on the response times. The effect of the prime on saccade curvature was investigated on the remainder of the trials (probe trials) in which a vertical saccade was made in the direction orthogonal to the briefly presented prime. Assuming that a positive compatibility effect is found for the short prime-to-target interstimulus interval (ISI), a curvature towards the direction indicated by the prime is expected on such trials, as activity in the saccade map corresponding to the prime location has not yet been suppressed. For the long prime-to-target ISI, a negative compatibility effect on regular trials is expected. Such a NCE is expected to result in a curvature away from the prime direction on probe trials, indicative of inhibited prime activity.



Methods



Participants



Twenty participants (four male, 16 female; age range 18 to 40 years), including two of the authors (FH and RW), took part in the experiment. For the final data analysis, the data of two participants were not included in the analyses because of the large number of trials (>50%) that had to be removed on the basis of the exclusion criteria (see ‘data analysis’). Before taking part, all participants read an information sheet, indicating that their participation was voluntary and they could withdraw from the experiment at any time, and they signed an informed consent. Participants received £6,- for their participation. The experimental procedure was approved by local ethics committee. 6



Apparatus The stimuli were presented on a 21 inch CRT screen at a refresh rate of 100Hz, controlled by an AMD Athlon 2400+ PC. Eye movements were recorded using the Eyelink II system (SR Research Osgood, ON, Canada), which was mounted on a chin-and-head-rest at a distance of 57cm from the computer screen. The horizontal and vertical eye positions for both eyes were sampled at 250Hz. Stimuli The stimuli are illustrated in Figure 2, which were similar to those used by Sumner et al. (2007). The fixation screen contained a fixation symbol (‘+’) measuring 1 degree horizontally and vertically flanked by two placeholders with a diameter of 0.6 degrees each, at a horizontal distance of 7 degrees from the center of the screen. The prime consisted either of two leftward or two rightward arrows (‘>’ respectively), which measured 0.5 degrees horizontally each, with a separation of 0.7 degrees, or an ‘X’ symbol of 0.6 degrees in size. The mask was constructed from 30 lines each in a random orientation (although constant across trials), forming a patch extending 2 degrees horizontally and 1.8 degrees vertically. The target either was the identical to the prime, a mirror image of it (‘>>’ or ‘


varied across blocks. Participants either performed one block of long ISI trials followed by two blocks of short ISI trials, followed by one more block of long ISI trials, or vice versa. This particular sequence (‘A-B-B-A’) of short and long ISIs was chosen to counteract effects of fatigue and practice. After the four blocks of eye movement trials, participants performed two additional blocks (one for the short and one for the long ISI) in which they were asked to report the identity of the prime by pressing one of three buttons. If they thought the prime was equal to ‘>>’, they pressed the ‘M’ key on the keyboard, for a ‘>’ or ‘>’ or ‘
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Fig. 2. a) Stimulus sequence, shown in reverse contrast (stimuli were presented in white on a black background). Two prime-to-target ISIs were used (short and long), of which the timing is indicated by the two numbers next to each screen. For the short ISI, the prime was presented for 80ms immediately followed by the mask for 20ms. This combination is expected to produce a PCE. For the long ISI, a briefly presented (20ms) prime was used, followed by a blank interval for 10ms and a mask presented for 100ms, followed by another blank interval of 50ms. This combination is expected to produce a NCE. b) The possible target screens. On 57% of the trials (‘regular trials’), participants were asked to make a saccade to the placeholder in the direction of the target (regular trials, left or right), in which the prime was identical to the target (‘congruent condition’) or it pointed in the opposite direction (‘incongruent condition’). On remaining 43% of the trials (‘probe trials’) a diamond was presented together with a peripheral target located 8 degrees above fixation. On these probe trials participants were required to make a vertical saccade to the peripheral target.



possible, but at the same time trying to avoid making saccades in the wrong direction. After the four blocks requiring saccadic responses, two additional blocks were performed in which participants were asked to identify the prime by pressing 9



one of three buttons on a computer keyboard. Participants were asked to be as accurate as possible, but no instruction was given about the response speed. Data analysis Although both eyes were tracked, only the results for the right eye will be shown, as analyses for the left eye yielded similar results. Saccadic eye movements were detected on the basis of a 22 deg/sec velocity and 8000 deg/sec2 acceleration criterion. Trials in which the first saccade after target onset was in the wrong direction were removed from the analysis as well as trials which the first saccade was of insufficient amplitude (>’ and ‘


Results



Response times Figure 3 compares the reaction times for short and long ISIs for the different trial types (congruent and incongruent prime and target, and probe trials). 10



For both ISIs, shorter response times are found on the probe trials (short ISI: F(1,17)=6.07, p=0.025; long ISI: F(1,17)=134.49, p
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Fig. 3. Mean saccadic response times for the two different primeto-target ISIs and for the different trial types (congruent and incongruent prime and target trials, and probe trials) across 18 participants. The error bars show the standard error of the mean.
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Saccade curvature



Figure 4 plots the curvature of the vertical saccades on probe trials for short and long prime-to-target ISIs, separately for primes pointing to the left and to the right. Negative values indicate a curvature to the left, positive values a curvature to the right. Both ISIs show a curvature away from the prime, meaning that for leftward primes, saccades curve to the right and vice versa. This finding agrees with the prediction for the long ISI in which an NCE was found, and thus curvature away from the primed location was expected. However the results go against the prediction for the short ISI condition, in which a PCE was found, and thus curvature towards the prime direction was expected. Interestingly, the largest curvature effect was observed for the short ISI condition, which is the condition in which the observed effects are in the opposite direction from the predictions. A 2x2 (ISI x prime direction) repeated measures ANOVA confirms the main effect of prime direction (F(1,17)=8.63, p=0.009) and also suggests that curvature effects may be different for short and long ISIs, showing an interaction effect that approaches significance (F(1,17)=3.28, p=0.088). Paired comparisons show a significant curvature away for the short ISI (t(17)=2.91, p=0.01) and a curvature away that approaches significance for the long ISI (t(17)=1.95, p=0.068). As we will discuss later, these smaller curvature effects for the long ISI condition are most likely to be the result of the shorter latencies of the responses.



Curvature as a function of response time



Several studies have shown that curvature varies as a function of saccadic reaction time (McSorley et al., 2006, 2009 ; Mulckhuyse et al., in press ; Van der Stigchel & Theeuwes, 2007 ; Van Zoest et al., 2008). Typically, saccades curve towards the distractor for fast responses (200 ms). This time course of saccade curvature is thought to reflect the evolution of activity in the saccade motor map at the site representing the distractor (e.g., Trappenberg, Dorris, Munoz, & Klein, 2001). Initially, the distractor is coded in the map due to exogenous (stimulus driven) input into the map, resulting in activity above baseline. If saccades are initiated at this point, a curvature towards the distractor is expected. However, this peak of activation has to be suppressed to avoid making saccades to the distractor, resulting in endogenous (top-down) input entering the system. This endogenous input causes the activity at the distractor site to drop below baseline, and if saccades are initiated at this point a curvature away from the distractor will most likely be found (e.g. Godijn & Theeuwes, 2004). 12
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Fig. 4. Mean peak deviation (as a proportion of saccade amplitude) for the two target-to-prime ISIs (short and long) and the two prime directions (left and right). Negative values represent a curvature to the left, positive values a curvature to the right. Error bars show the standard error of the mean across participants.



Because of the link between saccade curvature and response times, it is possible that the apparent dissociation between the compatibility effect and curvature reported above may, in part, be due to differences in response times. For example, the mean PCE on response times may have arisen entirely from saccades with relatively short latencies (on regular trials), while the negative trajectory curvature may have arisen entirely from saccades with long latencies (on probe trials), and thus the two effects may not actually dissociate in saccades of similar latency. Note that such an explanation is unlikely on the basis of the mean response times, in which faster responses were found on probe trials compared to regular trials. However, to fully understand the relationship between saccade curvature and response times, it is important to look at the response time distributions and the corresponding trajectory curvatures. Figure 5 shows the latency distributions for congruent, incongruent and probe trials in the top plots, and the time course of the mean curvature in the bottom plots. For the purpose of illustration, the reaction time distribution for the probe trials is plotted downwards, so that it can more easily be compared with the curvature measures. The dotted lines (going from top and bottom) connect the center of the reaction time quartiles (top) and the corresponding mean curvature (bottom). We here focus on the data of the short ISI condition for which a dissociation between the directions of the mean compatibility effect and mean 13
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Fig. 5. Reaction time distributions for congruent (top left) and incongruent (top right) regular trials (plotted upward) and probe trials (plotted downward). Dotted lines connect the centers of the quartiles of the probe trial distribution to the average curvature in that bin (bottom row).



curvature was found. Two things are apparent: first, it is clear that the PCE arose from a shift of the whole latency distribution between congruent and incongruent trials and was not driven by only the early saccades or by only the late saccades. Second, it is clear that the mean curvature was away from the prime for all four quartiles of the probe latency distribution. Thus the dissociation between the mean PCE and mean curvature cannot be explained by differences in the latencies of saccades driving the two effects. It is also worth noting that overall, our curvature data conforms to previous reports showing that curvature tends to get more negative with longer latencies. This pattern is apparent for the short prime-to-target ISI, and between the short and long ISIs. This also means that, presumably, if the latencies of probe trials had been equal to the other trials (in other words, if we had not included an exogenous saccade target on probe trials), then curvature would have been more negative in both prime conditions, enhancing our reported dissociation between the compatibility effect and curvature for the short ISI. 14



Effect of the previous trial



On a relatively large proportion of trials, participants were required to make a vertical saccade. Possibly, curvature effects would have been stronger if a higher proportion of regular trials would have been used, because this could possibly lead to a stronger association between the direction of the arrows (either prime or target) and leftward and rightward saccades. If such repeated stimulus-response pairings are important, recent encounters with regular trials would also be expected to lead to stronger curvature effects on probe trials compared to when no recent arrow-horizontal saccade pairing took place. To test this latter prediction, the data was split into trials on which the trial prior to the probe trial was a regular trial, requiring a response to the arrow and trials on which the previous trial did not show an arrow as the target (probe trial). Figure 6 shows the pattern of saccade trajectory deviations for a previous horizontal saccade (top left) and a previous vertical saccade (top right). This analysis shows that the previous trials did not have a strong effect on the saccade curvature, arguing against immediate effects of previous responses to arrows. In fact, if any effects are present at all, larger deviations away are obtained when the previous trial was a probe trial, suggesting that to obtain a large saccade curvature, it is actually better not to have responded to an arrow recently. It should be noted, however, that the difference between previous probe and previous regular trials was not significant (the 2x2 interaction of previous trial type and prime-to-target ISI did not reach significance: F(1,17)=0.12; p=0.73, neither did the main effect of the previous trial (F(1,17)=1.77, p=0.201). As before, however, the main effect of ISI, did reach significance (F(1,17)=4.67, p=0.045).



Effects of prime visibility



To be able to conclude that the obtained effects occur without conscious awareness, studies typically take much care to ensure that participants do not perceive the prime. For example, in their recent study of briefly presented peripheral distractors on saccade curvature, Van der Stigchel and colleagues (2009) excluded the data of those participants who were above chance at reporting the identity of the distractor, to make sure that the effects obtained were subliminal in nature. Here we take a different approach to investigate the effects of prime visibility. This is done by investigating performance in the saccade task across participants, comparing participants who were able to report the identity of the prime above chance with participants who failed at identifying the prime on most trials. Because we used two types of trials, regular and probe, each with 15
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Fig. 6. Top plots: Leftward (negative values) and rightward (positive values) curvature for leftward and rightward primes and short and long prime-to-target ISIs when the previous trial required a horizontal saccade (left; ’regular previous trial’) and when the previous trial required a vertical saccade (right; ’probe previous trial’). Bottom plot: Average curvature away (positive values) from the prime direction for short and long ISIs for the two types of previous trials. Error bars show the standard error of the mean.



a different number of primes (two for the regular trials (a leftward (‘>’) arrow; three for the probe trials, which used an additional neutral prime (‘X’)), two percentages of correct prime identification were obtained. To compute the correlation between the measure of prime visibility and the performance measures in the saccade task, the two percentages were pooled into one mean. Figure 7 shows scatter plots of the mean performance on the prime discrimination task against the response times compatibility effect (top left) and the curvature away from the prime (top right). Because it has been suggested that the number of incorrect saccades following an endogenous cue could be an indicator of automatic response preparation (e.g. Kuhn & Benson, 2007), we also examine the relation between the measure of prime visibility and the number of incorrect saccades following the prime (bottom left). In each plot the best fitting (least squares) regression line is shown. Each dot represents one participant. No consistent correlations were found, suggesting that the effects on response times, accuracy and curvature were largely independent of prime visibility. For the response times congruency effect, a tendency towards a positive correlation 16



was found for the short ISI (r=0.44, p=0.065), meaning that participants who could report the prime were perhaps more likely to have slower response times on incongruent trials. By contrast, no such correlation was found for the long ISI. This latter result supports the finding by Schlaghecken and colleagues (2006) that an increased visibility of the prime after perceptual learning does not change the size of the negative compatibility effect. However, the absence of a correlation for the long ISI is at odds with findings by Klapp and Hinkley (2002), who found a larger NCE for participants for whom the prime was less visible. The lack of a correlation poses an example of a dissociation between a direct measure of the effect of the prime (performance on the prime discrimination task) and an indirect measure (the size of the NCE; although it should be noted that the dissociation in our study arises in a comparison between rather within participants) (see Schmidt, 2006). For the relation between the performance on the prime discrimination task and the peak deviation away, the short ISI showed a slight (not significant) tendency towards a positive correlation (r=0.268, p=0.28), possibly suggesting that the saccades of participants who could identify the prime were less likely to curve away from the primed location (see, however, Cardoso-Leite, Mamassian, & Gorea, 2009). However, no such correlation was found for the long ISI condition. The number of incorrect saccades in the direction of the prime showed a slight (not significant) tendency towards a correlation with prime identification performance for long ISIs. However, this correlation was negative (r=-0.321, p=0.195), meaning that participants who were worse at identifying the prime, may have been more likely to make a saccade in the direction of the prime, which could be an indication that the primes always resulted in an automatic response, but that participants who could identify the prime were better at suppressing it. For the short ISI condition, no such correlation between prime identification performance and incorrect saccades was found, even though there were several participants for whom the prime seemed to be well visible.



Discussion



When a prime precedes a target stimulus, performance on the target is often affected by the identity of the prime, even though discrimination performance on the prime often suggests that the prime is not visible (for an overview and meta-analysis, see Van den Bussche, Van den Noortgate, & Reynvoet, 2009). If the interval between the presentation of the prime and the target is short, performance is often better when the prime and the target are identical or similar, in comparison to when they are linked to opposite responses (‘positive compatibility effect’, PCE). However, for longer prime-to-target ISIs, the pattern of results reverses and responses are initiated more quickly if the prime and the target are linked to incompatible responses (‘negative compatibility 17
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Fig. 7. Scatter plots showing how performance on the prime correlates with the compatibility effect (top left), the peak deviation (top right), and the number of incorrect saccades towards the prime (bottom left). Each dot represents one participant. Solid lines show the best fitting (least-squares, first-order) regression line.



effect’, NCE; e.g. Eimer, 1999 ; Eimer & Schlaghecken, 1998). It has been proposed that this reversal of the compatibility effect is due to the suppression of neural activity following the prime (for reviews, see Eimer & Schlaghecken, 2003 ; Sumner, 2007). For eye movements, an apparently similar explanation has been proposed to explain why sometimes saccades may curve towards an attended location (or distractor location) and sometimes curve away. Specifically, if saccades are initiated quickly, saccades more often curve towards the distractor, whereas saccades with longer response times tend to curve away (e.g. McSorley et al., 2006). This finding was explained by assuming that for fast saccades, the exogenously induced activity in the motor map corresponding to the distractor is still present, resulting in an initial saccade direction aimed in between the distractor and the target (i.e. towards an intermediate location weighted by relative activity). For slowly initiated saccades, the activity in the map at the distractor site has been suppressed below baseline and the saccade starts in a direction away from the distractor. In the current study we investigated whether the two phenomena, the change from a PCE to a NCE on response times for longer prime-to-target ISIs, and 18



the modulation in saccade trajectory towards or away from a (cued) distractor location, are related. To this end, we presented sequences of a prime, a mask, and a target, and asked participants to make saccades following the target, while we investigated the effect of the preceding priming. In the majority of trials (’regular trials’), the target consisted of a leftward or rightward arrow, with the preceding prime either congruent or incongruent with the target, and participants made a saccade following the direction of the target. On a subset of the trials (’probe trials’), a target was presented above fixation which needed to be fixated. On these probe trials, in which a vertical saccade was made in the direction orthogonal to the primes and the targets on regular trials, the curvature of the trajectory towards the target is measured. If the two phenomena of response inhibition in masked priming and saccade curvature are linked, curvature towards the prime direction is expected for a short primeto-target ISI and curvature away for a long ISI. Contrary to this prediction, we found a curvature away for both ISIs, although response times on the regular trials showed that the expected compatibility effects on response times were obtained. This finding suggests that our hypothesis, that the compatibility effect on response times and direction of curvature could originate from the same mechanism, is not correct. We here discuss four possible reasons why this might be.



1. Response times and saccade curvature effects reside in different brain structures



One possible reason why different compatibility effects on response times and saccade curvature were found, is that the effects on the two different measures originate from inhibition in different brain structures. Although this interpretation lies contrary to our original hypothesis, it is consistent with previous literature. Curvature has been strongly associated with the SC (Aizawa & Wurtz, 1998 ; McPeek et al., 2003) and the FEFs (McPeek, 2006), while masked priming and the NCE have been associated the basal ganglia (Aron et al., 2003 ; Seiss & Praamstra, 2004), the supplementary motor area (SMA) and supplementary eye fields (Sumner et al., 2007). A similar explanation has been proposed for a related effect, called inhibition of return (IOR), which was found to follow a different time-course to that of saccade curvature (Godijn & Theeuwes, 2004 ; Theeuwes & Van der Stigchel, 2009). The inhibition involved in IOR was investigated by measuring the amount of curvature on probe trials as well as response times on regular trials, showing a dissociation of the time at which the strongest IOR on response times occurred and the interval with the strongest curvature effects. 19



For short cue to target intervals a curvature away from the cue was found, however, the curvature did not differ from baseline for long cue to target intervals. Earlier, a study by Dorris et al. (2002), found no evidence for active inhibition in the superior colliculus during the cue-to-target interval in IOR, which therefore suggests that response time effects in IOR result from competition elsewhere in the system. In contrast, curvature effects are thought to originate in brain structures involved in saccade target selection, such as the superior colliculus (Aizawa & Wurtz, 1998 ; McPeek et al., 2003), and the frontal eye fields (McPeek, 2006). Thus, a similar dissociation between brain areas involved in response times and curvature effects in IOR might underlie our findings in masked priming.



2. The PCE and NCE do not reflect motor activation and inhibition



If the masked priming effect reflects perceptual, rather than motor processes, there is no obvious reason to expect them to be related to saccade curvature. It is known that masked stimuli can prime perceptual processing of target stimuli, as well as activate motor responses (Marcel, 1983). It has also been suggested that the NCE might be explained by perceptual (or attentional) habituation (e.g. Huber, 2008 ; Sohrabi & West, 2008) rather than a suppression of sensori-motor activation. However, recent studies have ruled out perceptual explanations of the PCE and NCE in the type of masked priming paradigm employed here (Boy & Sumner, in press ; Sumner & Brandwood, 2008). Therefore it is very unlikely that this can explain the dissociation between reaction time and curvature effects in the current study. Note that the object updating hypothesis for the NCE (Lleras & Enns, 2004 ; Verleger et al., 2004) places the source of the PCE and NCE in motor activation maps, even though reversal of motor priming is caused by perceptual interactions between prime and mask, rather than motor inhibition. Thus for our purposes, the object updating theory makes the same predictions as self-inhibition (e.g. Eimer & Schlaghecken, 1998) or mask-triggered inhibition (e.g. Ja´skowski & Verleger, 2007) - if the motor maps involved in priming and saccade curvature are the same, then the PCE should be accompanied by curvature in the direction of the prime and the NCE by curvature in the opposite direction.



3. The direction of saccade curvature does not reflect inhibition



Alternatively, the direction of saccade curvature might be related to different processes other than inhibition of populations of neurons in the saccade motor map. Several factors are known to affect the direction of saccade curvature, each of which we will discuss here. First, curvature towards is more 20



often found in monkeys (e.g., McPeek et al., 2003), whereas curvature away is more dominant in humans (for an overview, see Van der Stigchel et al., 2006). It could therefore be argued that human data will almost always show a curvature away, independent of the experimental manipulations. Several studies have, however, shown that it is possible to obtain curvature towards distractors with human participants (e.g. McSorley et al., 2006 ; Walker et al., 2006). Although we might not have used the right stimulus conditions to obtain a curvature towards, these data show that, in principle, it should be possible to find saccades that curve towards the distractor direction in human participants. Second, the predictability of the target position has been shown to affect the direction of saccade curvature, with a curvature towards distrators for unpredictable target locations, and a curvature away for predictable targets (Walker et al., 2006). The difference between predictable and unpredictable targets has been attributed to inhibitory processes before stimulus onset. If the target position is known in advance, top-down inhibition can be applied to increase activity at the target location with respect to activity at the distractor location. Such differential activity before target onset could result in faster inhibition of distractor related activity after target onset when the target location is known in advance. In our experiment, the target for probe trials was always presented above fixation, however, this did not mean that the target was predictable, because probe trials were randomly intermixed with regular trials, resulting in three possible saccade locations (left, right, top) rather than one. As a consequence, the positions of both the target and the distractor were unpredictable on each trial, making it unlikely that stimulus predictability caused the curvature away for both prime to target ISIs. Third, if saccades are initiated quickly, saccades tend to curve towards distractors, whereas for longer saccade latencies, saccades curve away (McSorley et al., 2006). As our analysis in Figure 5 has shown, saccades curved away from the prime direction for all response latencies, indicating that response time was not the cause of the observed deviation away in the PCE condition.



4. Differences in the visibility of the prime resulted in differences in response inhibition



A fourth factor possibly involved in the dissociation between the influence of primes on response times and on saccade curvature is the visibility of the prime. For the short ISI (leading to a PCE) prime discrimination was on average 76.6% accurate, while for the long ISI (yielding a NCE), prime discrimination was close to chance, at 53.9%. In our experiment, the conditions yielding a PCE and an NCE differed in the duration of the prime and the mask as well as in the ISI. This was done to maximize the chances of finding a clear and robust difference between the PCE and NCE conditions, as it is known that longer primes, as well as shorter ISIs, tend to lead to PCEs rather than NCEs. 21



However, it remains possible that the mechanism underlying PCEs with short ISIs and invisible primes is different from the mechanism underlying PCEs with longer visible primes. In the latter case, the measured PCE could reflect a combination of two mechanisms, one acting on visible primes and the other only on invisible ones. Even though a PCE was measured overall, the former mechanism may actually have reversed the initial response activation into inhibition by the time responses were made. This inhibition may have affected the saccade curvature while the reaction time data might have been dominated by the strong positive priming of the ‘visible’ mechanism only, causing the effects on RTs and saccade curvature to be dissociated. It should be noted, however, that this speculation that the PCE may be produced by two different mechanisms does not seem to be supported by the literature so far. To establish the exact mechanisms underlying the relationship between PCE, NCE and the inhibition in saccade curvature, it would be of interest to determine how the response time effects and saccade curvature develop if the ISI between the prime and the target is varied systematically, while keeping the other factors, such as prime duration and mask duration, constant.



Endogenous subliminal distractors



Although several studies have shown that central, endogenous cues to a distractor location cause saccades to curve away from the attended location (Godijn & Theeuwes, 2004 ; Theeuwes & Van der Stigchel, 2009 ; Sheliga et al., 1994, 1995 ; Van der Stigchel et al., 2007b), most of these studies required attention to be directed to the cued location, for example, because the instruction as to where to move the eyes was likely to be presented at that position (e.g. Sheliga et al., 1994). To our knowledge, only one study (Nummenmaa & Hietanen, 2006) showed that saccade curvature can be obtained by central cues that had to be ignored. However, in this study, the central cue was a gaze cue, which might have a special status by directing attention in a reflexive manner (Driver et al., 1999 ; Friesen, Ristic, & Kingstone, 2004). Our priming results show that arrows, presented at fixation, and which had to be ignored, can also make saccades curve away from the primed location. Possibly, such effects were obtained because the arrows that needed to be ignored (the primes) were identical to the possible targets, which, on most of the trials, required a response. If such task set effects exist, they must operate across the entire session instead of being the consequence of recent mappings of a prime-like stimulus onto a response in a particular direction. This is because our analysis of inter-trial effects (Figure 6) showed that curvature effects were slightly larger when the previous trial did not require an eye movement in the direction of the central arrow. Moreover, we could show that similar effects or sometimes larger effects of to be ignored arrow primes were found for people who could not identify the prime compared to those who 22



could (Figure 7). This suggests that not only to-be-ignored arrows can affect the planning of saccades, but also that arrows that do not reach awareness affect saccade planning. Similar effects on saccade curvature have recently been reported for peripheral, unmasked stimuli (Cardoso-Leite et al., 2009 ; Van der Stigchel et al., 2009).



Conclusion In common with numerous studies, we show that briefly presented primes can speed up or slow down responses to a subsequently presented target, depending on the duration of the prime-to-target interval. In contrast, saccade curvature is always found to be away from the direction of the prime, independent of time between prime and target. This dissociation in the effects of the prime on saccadic response times and saccade curvature suggests that inhibition of the response to the prime involves multiple levels of the response preparation sequence.
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