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Attentionn Quickly Lights Up New Object Representations and 
Letss the Old Ones Fade Away 

Khayatt P.S., Spekreijse H. & Roelfsema P.R. (2004). Journal of Neurose ience (submitted). 
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ABSTRACT T 

Wee investigated how attention shifts from one object to another by recording activity' in the 
primaryy visual cortex. Monkeys performed a contour-grouping task (curve tracing) in which 
theyy had to select a target curve and ignore a distractor curve. Some trials required an attention 
shift,, since the target and distractor curve were switched. We monitored the dynamics of this 
attentionn shift in area VI , where neuronal responses evoked by the target curve are stronger 
thann those evoked by the distractor. The reallocation of attention was associated with a rapid 
andd strong enhancement of neuronal responses to the newly attended curve, followed after 60 
mss by a more gradual suppression of responses to the curve from which attention was 
removed.. These results provide a moment-to-moment estimate of the movement of attention 
andd indicate that attention operates faster to enhance target information than to suppress 
distractorr information. We conclude that when attention shifts, it initially "lights up'' the 
representationn of the new object, and then the representation of the previously attended object 
graduallyy "fades away". 

1.. INTRODUCTION 

Thee visual scene is sampled by covertly and overtly shifting attention from one object to the 
next.. This movement of attention implies that while it is directed to a new object, attention is 
withdrawnn from the previously attended object. Attention thus consists of two complementary 
processes:: a facilitatory process that enhances target information and an inhibitory process that 
suppressess surrounding distractors (Posner et al., 1980; Cepeda et al., 1998; Bahcall and 
Kowler,, 1999; Cave and Bichot, 1999; Slotnick et al., 2003). Traditionally, it is assumed that 
thesee two complementary processes occur simultaneously. The time course of attention 
shiftingg from an object to another has been estimated using behavioural and event-related 
potentiall  measurements. However, these studies are not conclusive, since some provided 
evidencee for fast shifts of attention (50-100 ms) (Wolfe, 1994; Woodman and Luck, 1999), 
whereass others for much slower shifts (500-600 ms) (Duncan et al., 1994; Muller et al., 1998). 
Too resolve this issue, it is presumably necessary to directly measure the time course of 
neuronall  activity during shifts of attention. In the cortex, the activity of neurons in most, if not 
all,, areas is enhanced if it is evoked by attended objects, and suppressed if it is evoked by 
other,, unattended objects (Desimone and Duncan, 1995; Maunsell, 1995). These attentional 
effectss can be observed, for example, in the inferotemporal cortex (Moran and Desimone. 
1985;; Chelazzi et al., 1993), the parietal cortex (Gottlieb et al., 1998; Constantinidis and 
Steinmetz,, 2001a,b; Bisley and Goldberg, 2003), the frontal eye fields (Thompson et al., 1996; 
Murthyy etal.,2001), as well as in areas V4, V2 and V1 (Motter, 1993. 1994; Luck et al., 1997; 
Roelfsemaa et al., 1998, 2003). Some of these studies have estimated the latency of these 
attentionall  effects at the neuronal level, and found that they typically occur 100-200 ms after 
stimuluss appearance (for a review, see Lamme and Roelfsema, 2000; Treue, 2001). Yet, littl e 
iss known concerning the time course of the enhancement and suppression of neuronal 
responsess during shifts of attention from one object to another. In the present study we 
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thereforee investigated the temporal relationship between the facilitatory (enhancement) 
processess at the attended object and the inhibitory (suppression) processes at the unattended 
object,, by recording neuronal activity in the primary visual cortex. 

Monkeyss performed a contour-grouping task in which they had to trace a target curve that 
wass connected to the fixation point in order to locate a circle at its end and to make a single 
eyee movement to that circle (Fig. 1). There was also a second, distractor curve that was not 
connectedd to the fixation point, and that could be ignored. Previous studies showed that 
neuronall  responses in area VI to a traced curve are enhanced relative to responses to a 
distractorr curve (Roelfsema et al., 1998). This response enhancement provides a correlate of 
visuall  attention that is directed to the entire target curve (Scholte et al., 2001; Houtkamp et al., 
2003).. On some trials, the target and the distractor curves were switched during the course of 
thee trial. These trials require an attention shift from one curve to the other. We will evaluate 
neuronall  activity in area VI to investigate how attention moves between visual objects. 

2.. MATERIAL AND METHODS 

Twoo macaque monkeys took part in the experiments. Standard surgical and 
electrophysiologicall  techniques were used to record multi-unit activity in the primary visual 
cortex,, as described previously (Roelfsema et al., 1998. 2003). All experimental procedures 
compliedd with the NIH Guide for Care and Use of Laboratory Animals, and were approved by 
thee institutional animal care and use committee of the Royal Netherlands Academy of Arts 
andd Sciences. 

Behaviourall task. A trial was started as soon as the monkey's eye position was within a 1° 
squaree window centred on a 0.2° fixation point in the middle of a CRT monitor. After 300 ms, 
thee stimulus appeared (Fig. la), but the monkey had to maintain fixation. The stimulus 
consistedd of two white curves (luminance 24 cd.m"2) on a black background (luminance 0.5 
cd.m"2)) and two red circles that subtended 0.4° of visual angle. After an additional interval of 
8000 ms, the fixation point was extinguished, and the monkey was required to make a single 
saccadicc eye movement to the circle that was connected to the fixation point by a curve. This 
curvee will be referred to as the target curve (T in Fig. la). The other curve was a distractor (D 
inn Fig. \a) that was not connected to the fixation point and could be ignored. On the majority 
off  trials {early-cue trials, 75%), the target and distractor curves were revealed to the monkey 
fromm the start of the trial and remained on the screen for at least 800 ms (as in Fig. \a). On 
25%% of trials, however, the stimulus changed 400 ms after stimulus onset (Fig. \b). On these 
switchswitch trials, the connection to the fixation point switched, so that the curve that was the 
distractorr at the start of the trial became the target curve. Thus, this condition requires that the 
monkeyy shifts attention to the new target curve and makes a saccade to the circle located at the 
endd of this curve. Note that the 2 types of trials in Fig. 1 require the same saccade. They only 
differr regarding the information given during the first 400 ms. The stimuli of Fig. 1 were also 
shownn together with complementary stimuli, where the other curve was connected to the 
fixationn point (Fig. 2a), and all stimuli were presented in a pseudorandom sequence. Trials in 
whichh the monkey broke fixation before fixation point offset were terminated. Trials with a 
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correctt saccade that fell within a 2° square window centred on the saccade target were 

Figuree 1 Curve tracing task 
Sequencee of'events during the early-cue 
(a)(a) and switch trials (b). The monkey 
hadd to hold fixation until the fixation 
pointt disappeared. 800 ms after 
stimuluss onset. Then a saccade (arrow) 
hadd to be made to the circle located at 
thee end of the curve that was connected 
too the fixation point (target curve. T). 
Onn switch trials, the location of the 
targett and distractor curves (D) 
switchedd 400 ms after stimulus onset, 
whilee the monkey was still fixating. 
Visuall  events for the complementary 
stimulii  are not shown. 

Dataa analysis. Multi-unit activity (MUA) was recorded in area VI . We have recently 
comparedd MUA to single-unit activity in area VI during attention-demanding tasks, and found 
thatt MUA provides a reliable estimate of the average single-unit responses (Super and 
Roelfsema,, 2004). This is expected, since MUA implicitly pools the responses of a number of 
singlee neurons in the vicinity of the recording electrode. Pooling improves the signal-to-noise 
ratio,, which is advantageous if the aim is to measure the average timing of attentional effects. 
MUAA recordings were obtained from electrodes that were chronically implanted in area VI 
andd positioned 1-2 mm below the cortical surface. Receptive field (RF) dimensions were 
determinedd with an automatic plotting procedure, using moving light bars. Median RF size 
wass 0.98° (range 0.45°-1.9°), and average eccentricity equalled 3.7° (range l.l°-6.9°). Neuronal 
responsess were obtained from neurons that had their RF on segments of the target or distractor 
curvee (rectangle in Fig. 2a). The responses at individual recording sites to the various stimuli 
weree normalised to the average peak response, after subtraction of spontaneous activity. This 
proceduree preserves differences between peak responses to different stimuli (Roelfsema et al., 
1998,, 2003). Only correct trials were included in the analyses. Population responses were 
computedd by averaging across the normalised responses at different recording sites. The 
significancee of differences in response strength between stimuli was determined in a 
computationall  window from 200 to 400 ms, and from 600 to 800 ms after stimulus onset (i.e. 
200-4000 ms after stimulus switch). At individual recording sites, significance was computed 
fromm the distribution of firing rates on single trials, using the Mann-Whitney U-Xest. A paired 
Mestt was used for the population responses. The latency of attentional modulation was 
determinedd by fitting a curve to the difference between responses to the target and distractor 
curve.. The latency was defined as the time that the fitted function reached 33% of its 
maximumm value. We note that qualitatively similar results were obtained with other criteria 
(e.g.. 25%. 50%, or 75%). A complete description of this method is available in Appendix B. 

rewardedd with apple juice (performance > 95%). 
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3.. RESULTS 

3.1.. Neuronal response strength 
Figuree 2a illustrates the location of the RF of a VI recording site relative to the stimuli on 
early-cuee trials The stimuli were configured in such a way that the neurons' RF was located on 
aa segment of the target curve (upper panel) or on a segment of the distractor curve (lower 
panel).. The activity evoked by the target curve (T, continuous trace) at this recording site (Fig. 
2b),2b), as well as across the entire population of recording sites (N=59, Fig. 2c), was stronger 
thann the activity evoked by the distractor curve (D, dashed trace) (single site, <7-test, p<10"6; 
populationn data, paired Mest, p<10"6). This response difference was maintained during the 
entiree period that the monkey was required to maintain fixation. 

aa Early-cue trials Singlee site Population n 
N=59 9 

Timee (nis) Timee (ms) 

Population n 
N=59 9 
Switch h 

Timee (ms) 

Figuree 2. Neuronal responses during early-cue and switch trials, a. Complementary stimuli on early-
cuee trials The rectangle depicts the location of a RF of a single recording site. The RF was located 
onn a segment of the target curve (T. upper panel), or on a segment of the distractor curve (D, lower 
panel)) *. Responses to the target (continuous trace) and distractor curve (dashed trace) at this 
recordingg site, while the monkey maintained fixation Responses are aligned on stimulus onset Grey 
area,, difference between these responses. The lower panel shows a curve that was fitted to the 
responsee difference, in order to determine the latency of response modulation (121 3 ms. arrow). 
Blackk bar on \-axis. 95% confidence interval of the latency, c. Responses averaged across the entire 
populationn of recording sites (N=59). Attentional modulation appeared at 145  2 ms after stimulus 
onset,, il. Complementary stimuli on switch trials. The RF was on the distractor curve at stimulus 
onset,, but became on the target curve after 400 ms (D—>T. upper panels) The opposite occurred for 
thee other stimulus (T—D. lower panels). Neuronal responses reflected the change in the stimulus, at 
thee single recording site (c). as well as at the population level (ƒ). Continuous trace, responses to 
T—>DD stimulus Dashed trace, responses to D—>T stimulus. 

file:///-axis
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Itt can be seen that the curve segment in the RF was identical for the two complementary 
stimuli,, and the response difference therefore reflects an influence from outside the classical 
RFF (Gilbert, 1993). Previous studies showed that the response enhancement to the target curve 
iss a correlate of visual attention that is directed to this curve (Roelfsema et al., 1998, 2003; 
Scholtee et al., 2001; Houtkamp et al., 2003). The lower panels in Fig. 2b and c show a curve 
thatt was fitted to the difference between responses to the target and distractor curve, in order 
too measure the latency of attentional modulation (see Appendix B). The latency equalled 121 

 3 ms (estimate  SD) at the single example VI-recording site, and 145  2 ms at the 
populationn level. Switch trials (Fig 2d) began as early-cue trials. Accordingly, the initial part 
off  the responses at the single example-recording site (Fig. 2e), as well as across the population 
off  recording sites (N=59, Fig. 2/), was similar to that on early-cue trials. After 400 ms, 
however,, the connection to the fixation point switched. If the RF was initially located on the 
targett curve, it then became on the distractor curve after the switch (T—>D, continuous trace). 
Thee opposite occurred for the other stimulus (D—>T, dashed trace). The switch changed 
neuronall  responses in area VI . Responses to the new target curve were enhanced, whereas 
responsess to the new distractor curve were suppressed (single site, U-test, p<10"6; population 
data,, paired Mest, p<10"6). The switch occurred outside the RF stimulus, implying that the 
changee in neuronal responses is caused by the allocation of attention to the previously 
unattendedd curve, and the removal of attention from the previously attended curve. 

3.2.. Effects attentional allocation and withdrawal 
Onn switch trials, attention shifts from one curve to the other. To measure the time course of 
attentionall  allocation, we compared the response to a curve that became a target due to the 
switchh to the response to a curve that remained a distractor (Fig. 3a, D—>T and D; thick 
traces).. Similarly, to examine the time course of attentional withdrawal, we compared the 
responsee to the curve that switches to a distractor to the response to the curve that remains a 
targett curve (T—>D and T; thin traces). The switch from distractor to target (D—»T) was 
associatedd with a response enhancement (p<10'6, /-test; light grey area), whereas the opposite 
switchh (T->D) resulted in response suppression (p<10"'\ dark grey area). The effect of a D—>T 
switchh was markedly different from the effect of a T^-D switch in two respects. 

MagnitudeMagnitude of attentional modulation. First, the magnitude of the response enhancement 
evokedd by the curve that switches from distractor to target (light grey area, Fig. 3a) is stronger 
thann the magnitude of the response suppression evoked by the curve that becomes a distractor 
(darkk grey area). To quantify the strength of this response enhancement and suppression, a 
modulationn index (MI) was computed in a window starting from 200 to 400 ms after the 
stimuluss switch. MI was defined as the difference in response strength normalised to the 
averagee response: (RrR2)/([R|+R2]/2), where R| and R2 are the responses to the stimuli that 
aree compared, after subtraction of spontaneous firing rate. At the population level, the 
enhancementt of response due to the allocation of attention yielded a Ml of 0.47 ([RespD^T -
RespD]/average).. whereas the suppression of response due to the removal of attention yielded 
aa Ml of 0.19 ([RespT- RespT_D]/average). To gain insight in the consistency of these effects, 
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wee analysed the MI at individual recording sites. In this analysis, only cases were included 
thatt exhibited a significantly (p<0.05) stronger response to the target curve than to the 
distractorr curve during early-cue trials (N=38/59, Fig. 3b). The MI was stronger for the 
enhancementt on the vast majority of recording sites (pO.001, two-sided sign-test; median 
MI enh== 0.42; median MIsupp= 0.20). Thus, the allocation of attention causes a strong response 
enhancement,, and the withdrawal of attention causes a weaker response suppression in area 
VI . . 

a a Early-cuee vs. Switch trials 
Switch h 

>1.5--

0.5H H 

-* D D 

s s 

Timee from switch (ms) 

1000 150 200 250 . 

Latenh(ms) ) 

Figuree 3. Effects of 
attentionall  shifting on 
neuronall  responses, a. 
Populationn responses 
(N=59)) during switch 
trialss (continuous traces) 
alignedd on the stimulus 
switch,, superimposed on 
thee responses during 
early-cuee trials (dashed 
traces).. The magnitude of 
responsee enhancement 
(lightt grey area) evoked 
byy the new target curve is 
strongerr than that of the 
responsee suppression 
(darkk grey area) evoked 
byy the new distractor 
curve.. Lower, curves that 
weree fitted to the 
responsee difference 
betweenn stimuli D and 
D—>TT (thick), and stimuli 
TT and T-^D (thin), in 
orderr to determine the 
latencyy of enhancement 

andd suppression, respectively, b. Comparison of the modulation indices (MI) for the enhancement and 
suppressionn for all sites that yielded a significant response modulation during early-cue trials (p<0.05, 
N=38/59).. c. Comparison of the latency of enhancement and suppression for all sites where the difference in 
responsee between D and D—>T as well as the difference in response between T and T—*D were both 
significantt (jX0.05, N=21). 

TimeTime course of attentional modulation. Second, the response enhancement occurs earlier 
thann the response suppression. To measure the latency of response modulation, a curve was 
fittedd to the difference between responses (D—>T minus D, thick trace; T minus T—>D, thin 
trace;; Fig. 3a, lower). The switch from distractor to target curve (D—>T) yielded an increase in 
activityy that occurred at a latency of 144  3 ms after the switch. The switch from target to 
distractorr (T—*D), on the other hand, caused a slower decrease in activity at a latency of 210
66 ms. The difference in the timing between response enhancement and suppression was also 
evidentt at individual recording sites. We compared the timing of these effects at recording 
sitess for which the enhancement and suppression of responses were both significant (p<0.05; 
N=21;; Fig. 3c). For the majority of sites, the latency of the response enhancement was shorter 
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thann that of the response suppression (pO.001, two-sided sign-test; median latencyenh= 134 
ms;; median latencysupp= 201 ms). These results, taken together, show that the enhancement of 
activityy associated with a switch from distractor to target curve is faster and stronger than the 
suppressionn of activity associated with a switch from target to distractor curve. 

4.. DISCUSSION 

Thee present results show that a shift of attention from one curve to another causes a drastic 
changee in the activity pattern of neurons in the primary visual cortex. Unexpectedly, the 
allocationn of attention to one curve, and the withdrawal of attention from another curve are 
twoo processes that are not entirely complementary. Instead, we found that the enhancement of 
neuronall  activity caused by the allocation of attention is two times stronger and 66 ms faster 
thann the suppression caused by the withdrawal of attention. It is as if the representation of the 
curvee that becomes relevant first "lights up" quickly, and then the representation of the curve 
thatt becomes a distractor gradually "fades away". 

Attentionn can take the form of suppression of distractor information, enhancement of target 
information,, or both (Posner et al., 1980; Cepeda et al., 1998; Muller et al., 1998; Cave and 
Bichot,, 1999; Bahcall and Kowler, 1999; Martinez et al., 2001; Slotnick et al, 2003). 
Correspondingly,, attentional effects in the cortex are reflected by an increase of neuronal 
responsess to relevant stimuli and a suppression of responses to irrelevant stimuli (Moran and 
Desimone,, 1985; Chelazzi et al., 1993; Motter, 1993, 1994; Desimone and Duncan, 1995; 
Thompsonn et al., 1996; Luck et al., 1997; Gottlieb et ai., 1998; Roelfsema et al., 1998, 2003; 
Constantinidiss and Steinmetz, 200Ia,b). The present results agree with these previous studies, 
becausee both response enhancement and suppression contributed to the selection process, but 
theyy occurred within a different time frame. To our knowledge, our study is the first to provide 
aa detailed analysis of the time course of the movement of attention from one object to another. 

Theree is considerable variation in previous estimates of the time required for an attentional 
shift.. Some studies suggested that switching attention between objects (or locations) requires 
approximatelyy 500 ms (Duncan et al., 1994; Muller et al., 1998), whereas others indicated that 
attentionn can shift every 50-100 ms (Wolfe, 1994; Woodman and Luck, 1999). These studies 
measuredd the attention shift indirectly, either by evaluating the accuracy of performance or by 
recordingg EEG from the scalp. It is therefore possible that the variation in the estimates of the 
switchh time is caused by differences in methodology. Another factor that may have 
contributedd to the discrepancy is a difference between the tasks used in these studies. Our 
resultss provide support for a rapid switch of attention, by showing that neuronal responses in 
areaa VI are enhanced 150 ms after the cue to shift attention. A similar estimate was also found 
inn area V4 (Motter, 1994) and in the frontal eye fields (Murthy et al., 2001), although these 
studiess did not provide a precise analysis of the time course of the response switch. 
Interestingly,, the pattern of activity on switch trials is strikingly similar to that reported in area 
V44 during a feature selection task in which the distractor feature becomes the target feature 
(Motter,, 1994), both in terms of the magnitude and timing of the enhancement and 
suppressionn of activity. This suggests that the selection of an object that suddenly becomes 
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relevantt occurs through a greater contribution of target facilitation than of distractor 
suppression. . 

Inn the curve-tracing task, the monkey reports which of two circles is connected to the 
fixationfixation point. We hypothesise that this task is solved by evaluating perceptual grouping 
criteria,, such as connectedness and collinearity, that bind all segments of the target curve into 
aa coherent representation of an elongated curve (Roelfsema et al., 2000). During curve tracing, 
attentionn is first directed to the initial segments of the target curve, and it then gradually 
spreadss along successive segments of this curve that are related to each other by these 
groupingg criteria (Scholte et al., 2001; Houtkamp et al., 2003). Thus, attention 'Mabels" all the 
contourr segments that are thereby bound in perception (see also Treisman and Gelade, 1980). 
Att a neurophysiological level of description, all the segments of the target curve are "labelled" 
byy an enhanced response of neurons in area VI . The short contour segment that connected the 
fixationn point to the target curve must have initiated this labelling operation, as it was the only 
differencee between stimuli. We hypothesise that the representation of this cue initiates an 
enhancementt of firing rates that is propagated along the entire representation of the target 
curve.. This propagation of activity is presumably mediated by feedback connections from 
higherr visual areas, and/or horizontal connections within area VI . In the human imaging 
literature,, the superior parietal lobe is consistently implicated in the maintenance of attention 
onn objects, as well as in shifts of attention between objects (Vandenberghe et al., 2001; Yantis 
ett al., 2002). In monkeys, the intraparietal sulcus and area 7a appear to fulfi l a similar role. 
Thee activity of neurons in the intraparietal cortex provides an on-line measure of the amount 
off  attention that is directed to one of a number of stimuli (Bisley and Goldberg, 2003). 
Moreover,, neuronal activity in area 7a seems to be important for attention shifts, as the 
neuronall  responses in this area are suppressed if they are evoked from locations that were 
attendedd at an earlier point in time (Constantinidis and Steinmetz, 200Ia,b). Parietal neurons 
mayy provide feedback to lower visual areas to enhance the representation of the target curve 
andd to suppress the representation of the distractor. 

Wee propose that horizontal connections within area VI are also important for the 
propagationn of activity from the cue segment to other segments of the target curve. The 
selectivityy of these connections explains why the propagation depends on collinearity and 
connectedness,, because they predominantly interconnect neurons with nearby RFs that are in 
collinearr configurations (Bosking et al., 1997; Schmidt et al., 1997). Thus, the selectivity of 
horizontall  connections can explain why attention spreads from attended contours to other 
contourss that are collinear and connected to them (Kramer & Jacobson, 1991; Gilchrist et al, 
1996),, until the entire target curve is attended (Houtkamp et al., 2003). Such a propagation of 
aa response enhancement can also account for the results obtained on switch trials, when the 
cuee suddenly switched to another curve. According to this view, the newly appearing curve-
segmentt would initiate a new wave of propagation of the response enhancement among 
neuronss that respond to the new target curve, while the response enhancement evoked by the 
curvee that becomes a distractor would dissipate more gradually. 
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