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Visuomotorr Transformation in the Frontal Eye Field During 
Curvee Tracing 

PS.. Khayat and P.R. Roelfsema 



1022 Chapter 6 

ABSTRACT T 

Wee examined the role of the frontal eye field (FEF) during a curve tracing task that requires 
shiftss of attention followed by an oculomotor response. Previous studies reported neuronal 
correlatess of attentional selection in the primary visual cortex during this task. We will now 
investigatee attentional selection at the other end of the brain. The data show that neuronal 
responsess in FEF during curve tracing reflect visual selection processes as well as oculomotor 
processes,, which are carried out by distinct neuronal subpopulations. The attentional effects in 
FEFF occurred on average 150 ms after stimulus appearance. The similarity in the latency of 
attentionall  effects between FEF and area VI during an identical task illustrates a widespread 
influencee of attention in the cerebral cortex, which is probably mediated by interactions 
betweenn separated cortical regions. 

1.. INTRODUCTION 

Thee visual environment is composed of many objects that need to be selected and identified 
inn order to guide behaviour. Because high acuity vision is located at the fovea, visual 
perceptionn is accomplished through a continuous cycle of fixations and gaze shifts directed to 
conspicuouss parts of the visual scene (Yarbus, 1967). The selection and identification of 
objectss is not always instantaneous, since it often requires elaborate processing capabilities 
thatt are based on attentional mechanisms. Visual attention enhances the perception of an 
objectt at the expense of other objects present in the visual scene, and typically operates in 
concertt with saccadic eye movements (overt selection). It can also operate covertly, without 
eyee movements, but evidence suggests that the mechanisms of overt and covert attention are 
similarr (Kowler et al., 1995; Kustov and Robinson, 1996). When a novel stimulus is presented 
too the visual system, neuronal activity triggered by this stimulus is routed from the retina to 
thee primary visual cortex, and is then distributed to higher areas through a ventral and a dorsal 
processingg stream (Merigan and Maunsell, 1993). The ventral processing stream is responsible 
forr object vision, whereas the dorsal stream is involved in spatial vision and action. The two 
processingg streams converge in the frontal cortex, which is involved in the planning and 
executionn of action. The frontal eye field (FEF) is one of thee later stages of cortical processing 
duringg visually guided behaviour, and is reciprocally connected to visual areas of both the 
ventrall  and dorsal streams (Schall et al.. 1995a). The role of FEF in the transformation of 
visuall  information into an oculomotor response has been widely documented (for review, see 
Schalll  and Bichot, 1998; Schall and Thompson, 1999; Schall, 2002). A common finding in 
neurophysiologyy is that the attentional selection of a stimulus during a variety of behavioural 
taskss is reflected by an enhancement of neuronal responses. This neuronal correlate of 
attentionn has been observed in most, if not all, areas of both the ventral and dorsal processing 
streamss (Bushnell et al., 1981; Chelazzi et al., 1993; Gottlieb et al., 1998; Colby and 
Goldberg.. 1999; Treue and Maunsell, 1999; Constantinidis and Steinmetz, 2001; Cook and 
Maunsell.. 2002; Moran and Desimone. 1985; Motter. 1993). It has also been observed at the 
inputt stage of visual processing (i.e. area VI ) (Motter, 1993; Roelfsema et al., 1998, 2003; Ito 
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andd Gilbert, 1999; Treue, 2001), as well as at one of the last output stages of visuomotor 
transformationn (i.e. FEF) (Schall et al., 1995b; Thompson et al., 1996, 1997; Bichot and 
Schall,, 1999; Murthy et al., 2001; Sato et al., 2001). Interestingly, attentional modulation of 
neuronall  responses throughout the visual system occurs between 100 and 200 ms after the 
appearancee of a novel stimulus (e.g. Chelazzi et al., 1993; Motter, 1994a,b; Thompson et al., 
1996;; Sato et al., 2001; Roelfsema et al., 2003; Constantinidis and Steinmetz, 2001; Khayat et 
al.,, 2004). It thus appears that attentional processing is carried out in widely separated areas, 
includingg area VI and FEF, within a similar time course. These timing measurements, 
however,, were determined using many different tasks and different methods. This makes it 
difficul tt to compare the time course of attentional selection between different areas. 

Here,, we will compare attentional effects in the frontal eye field to those previously 
describedd in the primary visual cortex, during an identical attention-demanding task. We will 
usee a curve tracing task that proved effective in area V1. During this task, monkeys have to 
identifyy contour segments that belong to an elongated target curve displayed among one or 
moree distractor curves. The animal responds by making an eye movement to a circle located at 
thee end of the target curve. In the primary visual cortex, neuronal responses evoked by this 
curvee are enhanced compared to responses evoked by a distractor curve (Roelfsema et al., 
1998,, 2003; Khayat et al., 2004), and this response modulation is a correlate of visual attention 
(Scholtee et al., 2001; Houtkamp et al., 2003). The modulation of firing rate does not occur 
duringg the initial visual-evoked responses, but rather occurs after a delay of 120-150 ms after 
thee appearance of the curves. We previously hypothesised that these effects in area VI depend 
onn top down influences from higher cortical areas (Roelfsema et al., 1998, 2003; Lamme and 
Roelfsema,, 2000; Treue 2001). In the present study, we therefore recorded single-unit activity 
inn one of these areas, the FEF, during a curve tracing task. Previous studies showed that 
neuronall  responses in FEF reflect attentional selection as well as of saccade planning, and that 
thesee processes are carried out by distinct neuronal populations (Bruce and Goldberg, 1985; 
Schalll  et al., 1995b; Hanes and Schall, 1996; Thompson et al., 1996, 1997; Bichot and Schall, 
1999;; Murthy et al., 2001; Sato et al., 2001, 2003). FEF is therefore likely to play a key role 
duringg a task that requires shifts of attention and eye movements. The analysis of the time 
coursee of attentional selection in FEF could give insight into the origins of attentional effects 
observedd in area VI during curve tracing. Although there are no direct connections between 
thesee two areas, FEF might provide a potential anatomical substrate by which indirect top-
downn inputs modulate VI activity. The results presented here are preliminary, as they have not 
yett been replicated in second monkey. 

3.. METHODS 

Behaviourall task. The experiment was performed with an adult male macaque monkey. The 
monkeyy sat in a primate chair with the head restrained, at a distance of 0.75 m from a screen. 
Thee stimuli were back-projected on that screen (70° of visual angle; 1024 x 768 pixels 
resolution)) by a video projector in combination with a TIGA graphics board running at a 
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framee rate of 72 Hz. The curve tracing stimuli consisted of a fixation point (0.2°) presented in 
thee centre of the screen, three curves and three circles (0.4°) each located at the end of a curve 
(Fig.. 1A). One of the curves was connected the fixation point, and will be referred to as the 
targettarget curve (T in Fig. 1 A). The other curves were not connected to the fixation point, and will 
bee referred to as distractor curves (D in Fig. 1 A). The circles and the fixation point were red, 
andd the curves were white on a dark background. A trial started as soon as the monkey's eye 
positionn was within a 1° square window centred on the fixation point. After 300 ms, the 
stimuluss appeared, but the monkey had to maintain steady fixation. The fixation point was 
extinguishedd 500 ms later, which cued the monkey to make an eye movement to one of the red 
circles.. The animal was rewarded with apple juice for making an eye movement into a 2° 
squaree window around the circle that was at the end of the target curve. The three 
complementaryy stimuli shown in Fig. 1A were presented in a random sequence. Trials in 
whichh the monkey broke fixation before fixation point offset were terminated. The monkey 
accomplishedd over 95% of the trials successfully. 
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Figuree 1. Behavioural tasks. A, 
Curvee tracing task. The monkey had 
too mentally trace a curve connected 
too the fixation point, in order to 
locatee a circle at the other end of 
thiss curve. This target curve (T) was 
presentedd along with two distractor 
curvess (D). The position of these 
curvess was randomly interchanged 
acrosss trials Once the fixation point 
wass extinguished, 500 ms after 
stimuluss onset, the monkey had to 
makee a single saccadic eye 
movementt to the circle at the end of 
thee target curve. The arrow 
illustratess the saccade B, Memory-
guidedd saccade task. After the 
monkeyy acquired fixation for 300 
ms,, a peripheral target was flashed 
forr 100 ms in the left or right visual 
hemifield.. The monkey had to 
maintainn fixation for an additional 
4000 ms Then the fixation point was 
extinguished,, which cued the 
monkeyy to make a saccade to the 
rememberedd location of the target. 

Beforee starting recording during the curve tracing task, we roughly estimated the position of 
thee response field of the FEF neuron under study by presenting a single saccade target at 
variouss directions and eccentricities on the screen. This allowed us to estimate the position of 
thee target in the visual field that was associated with the strongest discharge. We then 
quantitativelyy mapped the extent of the response field in polar-coordinates (see Appendix C), 
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andd identified the type of neuron (visual, visuomovement or movement) by using a number of 
simplee tasks. 1) Direction tuning task: the monkey fixated the central fixation point for 300 
ms,, after which a saccade target appeared in the periphery at an optimum eccentricity. The 
fixationn point was extinguished 500 ms later, and the monkey made a saccade to the visible 
target.. On each trial, the position of this target was selected randomly from 8 different 
locationss in the visual field (45° apart and located on an imaginary circle). 2) Amplitude 
tuningg task: here, the saccade target was presented along the optimal direction, as determined 
byy the previous task. On each trial, the eccentricity of the target, relative to the fixation point, 
wass chosen from 8 different eccentricities (from 2° to 17°). These two visually guided saccade 
taskss allowed us to determine the centre of the visual response field (i.e. the position in the 
visuall  field from which a stimulus elicited the strongest neuronal response), and/or the centre 
off  the movement field (i.e. the saccade vector that elicits the strongest response). In the 
followingg section, and throughout the text, the visual response field and the movement field 
wil ll  be referred to as "receptive field" (RF), unless noted otherwise. The extent of the RF was 
consideredd as the region in the visual field that elicited 75% of the maximal response. In the 
curvee tracing task, we positioned one of the saccade circles in the centre of the RF. The other 
circles,, as well as the curves that were connected to each of them, were positioned outside the 
RF,, typically at an angle of 135°. 3) Memory-guided saccade task (Fig. IB): as before, the 
monkeyy fixated the central point for 300 ms, after which a peripheral target was briefly 
flashedd (100 ms). The target was flashed either in the RF or 180° in the opposite hemifield at 
thee same eccentricity. The monkey had to maintain fixation for an additional 400 ms (memory 
period),, then the fixation point was turned.off and a saccade was made to the location of the 
rememberedd target. This task allowed us to distinguish between visual, movement and 
visuomovementt neurons (Bruce and Goldberg, 1985). 

Surgicall method. Two operations were performed under aseptic conditions and general 
anaesthesia,, which was induced with ketamine (15 mg/kg i.m.) and maintained after intubation 
byy ventilating with a mixture of 70% N20 and 30% 02, supplemented with 0.8% isoflurane, 
fentanyll  (0.005 mg/kg i.v.), and midazolam (0.5 mg/kg x h i.v.). The animal recovered for at 
leastt 21 days before training was resumed, and during that recovery period antibiotics and 
analgesicss were administered as needed. All procedures complied with the National Institute 
off  Health Guide for Care and Use of Laboratory Animals (National Institute of Health, 
Bethesda,, Maryland), and were approved by the institutional animal care and use committee of 
thee Royal Netherlands Academy of Arts and Sciences. In the first operation, a head holder was 
implantedd to allow painless immobilization of the animal's head during the experimental 
sessions.. The head holder was embedded in dental cement and securely attached to the 
monkey'ss skull using titanium orthopaedic bone screws. Moreover, to allow eye movements 
recordings,, a gold ring was inserted under the conjunctiva of one eye. In the second operation, 
aa trepanation was performed over the frontal eye field (FEF) in order to place a recording 
chamber.. The FEF was localised prior to the surgery with an MRI scan. 
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Recordingg and data analysis. Single units were recorded with tungsten electrodes (FHC, 
impedancee  2 Mohm) that were lowered through the dura with a hydraulic microdrive 
(Narashige).. Action potentials were amplified, filtered and discriminated on-line with the use 
off  a spike sorter software (CED). The data was also inspected off-line using the Plexon spike 
sorter.. Upon isolating a single unit, recordings were collected at a sampling rate of 2.5 kHz 
andd stored for further analysis. At the end of the recording session, we usually confirmed that 
thee electrode penetration was made in FEF by using the recording electrode for intracortical 
microstimulationn (biphasic current pulses, 70 ms train duration, 400 Hz). The penetration was 
consideredd in FEF if a saccadic eye movement could be triggered using currents that were 
<1000 pA (generally <50 uA) (Bruce et al., 1985). The eye position was measured using the 
doublee magnetic induction technique (Bour et al., 1984). It was recorded in every trial with a 
samplingg rate of 1 kHz. Peristimulus time histograms (PSTHs) of single unit responses were 
computedd and synchronised to stimulus appearance, and on saccade onset. The onset of the 
saccadee was defined as the moment at which eye velocity exceeded 30°/s. The significance of 
differencesdifferences in response strength between stimuli was determined in a window starting from 
1500 to 400 ms after stimulus onset. It was computed from the distribution of firing rates in 
singlee trials, using the Mann-Whitney t/-test. For the population responses, a Mest was used. 
Thee latency of response modulation was determined by fitting a curve to the difference 
betweenn responses to the target and distractor curve. The latency was defined, arbitrarily, as 
thee time that the fitted function reached 33% of its maximum value. This method is fully 
describedd in the Appendix B. 

4.. RESULTS 

Celll classification. A total of 33 single units were collected in one monkey. All these neurons 
weree recorded from regions of the FEF where low intensity' electrical stimulation (-50 uA) 
inducedd saccadic eye movements. For each isolated neuron, we determined the centre of its 
responsee field (i.e. hot spot) by presenting saccade targets in various directions and 
eccentricitiess on the screen, in order to compute the tuning function. The hot spots were all 
locatedd contralateral to the recorded hemisphere and their eccentricity ranged from 5° to 17°. 
Thee memory-guided saccade task (Fig. IB) was used to classify neurons in three categories. 
Representativee examples of these three cell types in the memory-guided saccade task are 
shownn in Fig. 2. The visual cell shown in Fig. 2A discharged a burst of activity (continuous 
trace)) after the presentation of the peripheral target in its RF (illustrated in the top panels), 
followedd by a lower discharge rate during the memory delay. The activity was completely 
suppressedd before saccade execution. The visuomovement cell in Fig. 2B also responded to 
thee visual stimulus. Its activity was thereafter transiently suppressed, followed by an 
increased,, maintained discharge rate before the memory-guided saccade. Finally, the 
movementt cell (Fig. 2C) did not have any visual activity. The level of activity increased 
graduallyy until saccade execution. None of the cells tested during the memory-guided saccade 
taskk responded to the target presented outside the RF (dashed traces in Fig. 2). In our sample 
off  FEF neurons, 9 were classified as visual neurons, 11 had both visual- and movement-
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relatedd activity (visuomovement neurons) and 13 had only movement-related activity 
(movementt neurons). 
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RF F 

l - H H 
55 dcg 

/ / 

Timee from sLimulus onset 
(ms) ) 

Timee from saccade onsel 
(ms) ) 

Figuree 2. Neuronal responses during the memory-
guidedd saccade task. A, Example of a visual neuron. 
Thee hot spot of the response field (RF) was located at 
ann eccentricity of 15° in the upper right quadrant of 
thee visual field (upper panels). Grey shading 
representss the location of the mapped RF relative to 
thee stimulus. Lower panels, neuronal responses 
synchronisedd on stimulus onset (left) and on saccade 
onsett (right). The neuron was visually responsive to 
thee onset of the target in the RF (black trace), but the 
responsee was suppressed during the memory delay 
whilee the monkey maintained fixation, as well as 

beforee the saccade The neuron did not respond when the target appeared outside the RF (dashed trace). B, 
Examplee of a neuron that exhibited both a visual and a movement-related response (visuomovement neuron) 
Thee hot spot of the RF was at an eccentricity of 6° in the lower right quadrant. This neuron responded when the 
targett appeared in the RF (black trace), and also exhibited a pre-saccadic enhancement of firing rate. C, 
Examplee of a movement neuron that was only active before and during the saccade made to the RF. Its 
movementt field was located at an eccentricity of 17° in the upper right quadrant of the visual field 
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Neuronall responses during curve tracing. Neuronal activity was recorded while the monkey 
performedd the curve tracing task (Fig. 1A). During this task, the monkey had to discriminate 
betweenn a target curve and distractor curves, by making a single eye movement to a circle 
locatedd at the end of the target curve. On some trials, this saccade circle was located in the 
centree of the RF of the neuron under study, while on other trials a distractor circle was in the 
RF.. In the following sections, we will only consider the responses triggered by the target curve 
andd by one of the two distractor curves, since the responses to the two distractors were similar. 
Wee will first examine the responses of the cells with a visual response (i.e. the visual and 
visuomovementt neurons). Fig. 3 A shows the response of a visual neuron (same as in Fig. 2A) 
too two stimuli shown in the top panels. This neuron was activated by the presentation of the 
targett or distractor curve in its RF (left panel). For either stimulus, neuronal firing rate 
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decreasedd while the monkey's gaze was still at the fixation point, and was suppressed before 
saccadee execution (middle panel). When the target curve appeared in the RF, the initial 
responsee (continuous trace) was as strong as that triggered by the distractor curve (dashed 
trace).. This response became stronger somewhat later (P<0.01, U-test). In order to determine 
thee latency of this response enhancement, we fitted a curve to the response difference. The 
latencyy of response modulation was 109  15 ms (estimate  SD) after the onset of the 
stimuluss (Fig. 3A, lower panel). 

Thee visuomovement neuron illustrated in Fig. 3B also exhibited an initial visual response 
thatt did not differentiate between the target and distractor curve. After a latency of 161 1 
ms,, the response to the distractor stimulus was suppressed, while the response to the target 
wass enhanced. The difference between responses was highly significant (P<10"6, t/-test). 
Moreover,, the response evoked by the target curve peaked at the time of saccade execution, 
butt the response evoked by the distractor did not. 
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Figuree 3. Neuronal responses of the 
visuall and visuomovement neurons 
illustratedd in Fig. 2. during curve tracing. 
A.. Upper panels illustrate the location of 
thee RF of the visual neuron relative to 
thee stimulus display. The RF was located 
onn parts of the target curve (T) or parts 
off a distractor curve (D). The initial 
responsee triggered by the target (black 
trace)) was similar to that triggered by the 
distractorr (dashed trace). This response, 
however,, differentiated whether the 
targett or the distractor was in the RF at a 
latencyy of 109  15 ms after stimulus 
onset.. The lower panel show a curve that 
wass fitted onto the differential responses. 
inn order to determine the latency of 
modulation.. Arrow. latency of 
modulation.. Black bar on x-axis, 95% 
confidencee interval of the latency. Grey 
barr on x-axis. range of saccadic reaction 
time,, with the average marked by the 
triangle.. The responses to both stimuli 
weree suppressed before saccade 
executionn (middle panel). Right panels, 
responsess during trials that controlled for 
thee effects of the local segment near the 
fixationn point. B. Responses of the 
visuomovementt neuron to the stimuli 
shownn in the top panels. The response to 
thee target was enhanced at a latency of 
1611  21 ms after stimulus onset, 
complementedd by suppression to the 
distractor.. The target enhancement 
peakedd at the time of saccade execution. 
Rightt panels, responses during Ihe 
controll trials. 
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Thee stronger response of the visual and visuomovement neuron evoked by the target curve 
comparedd to that evoked by the distractor is likely to reflect selection of the target curve, since 
thee visual stimulus in the RF was similar. The only difference between these stimuli was 
confinedd to the small connecting curve segment near the fixation point. Since FEF neurons 
havee large response fields, which can even include the fixation point, such a local difference 
betweenn stimuli could, in principle, influence neuronal responses. We investigated this 
possibilityy by recording activity during control trials that were randomly interleaved with the 
otherr trials. The stimuli on control trials consisted of only a small portion of each curve, i.e. 
thee local segments around the fixation point, and of only one saccade target that was always at 
thee same position, and not connected to one of the curves (Fig. 3A and B, right panels). The 
differencee in the position of the connected curve segment between stimuli was irrelevant, but 
servedd to control for the effect of the connected segment on the visual response. As shown in 
Fig.. 3 (right panels), there was no difference in response strength between the two stimuli. The 
visuall  cell (Fig. 3 A, right) was suppressed by the presentation of either stimulus, whereas the 
visuomovementt cell did not respond at all (Fig. 3B, right). These results therefore indicate that 
thee delayed response modulation during curve tracing is not due to differences in the segment 
connectedd to the fixation point. 

Mostt visual and visuomovement cells started to discriminate between the target and 
distractorr at a delay after the initial visual response. We also observed, however, in a subset of 
visuall  neurons (3/9) and visuomovement neurons (2/11), a selective response that occurred as 
soonn as the neurons started to respond. One such visuomovement neuron is shown in Fig. 4. 
Thiss neuron discharged a burst of activity after the appearance of the target stimulus in its RF 
(leftt panel), followed by another burst at the time of saccade execution (middle panel). In 
contrast,, there was no response to the distractor stimulus. This response difference (P<10") 
wass not caused by differences in the contour segment attached to the fixation point (Fig. 4, 
right).. Apparently, this cell only responded to the target curve. We note, however, that this 
neuronn was activated at a relatively long latency (159  8 ms), compared to the neuron in Fig. 
3A. . 

stimuluss onset stimuluss onset 

y y 
\ \ /-- Figuree 4. Response selectivity from 

thee start of the visual-evoked response 
off  a visuomovement neuron. Upper 
panels,, location of the RF relative to 
thee stimulus display. The RF was 
locatedd at an eccentricity 15" and 
coveredd the middle and lower right 
quadrantt of the visual field. The 
neuronn was visually responsive and 
exhibitedd a pre-saccadic enhancement 
off  firing rate only when the target 
appearedd in its RF (black trace). The 

distractorr stimulus did not evoke any response (dashed trace). This 
neuronn had a long visual latency, and its selectivity thus started at a 
latencyy of 159  8 ms after stimulus onset (bottom). Right panels, 
responsess during the control trials. Conventions as Fig. 3. 
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Movementt neurons are only active at the time of a saccade. Fig. 5 shows the activity of the 
movementt neuron (same as in Fig. 2C) during curve tracing. The firing rate of this neuron was 
suppressedd after the appearance of either the target or the distractor stimulus (continuous and 
dashedd traces, respectively), followed by an increase in activity that peaked at the time of the 
saccade.. This peri-saccadic enhancement was, however, specific to the saccade made to the 
targett located in the movement field. 

" J " " ** Sic* 

_ / * * Figuree 5. Neuronal responses during 
curvee tracing of the movement neuron 
shownn in Fig. 2B. The onset of the 
stimuluss display (shown in the upper 
panels)) yielded a suppression of 
activity,, followed by an enhancement of 
firingg rate before the saccade made to 
thee target in the movement field. 
Conventionss as Fig. 3. 
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Populationn responses. The present findings were replicated at the population level. Fig. 6 
showss the population responses during curve tracing for visual neurons (N=9), 
visuomovementt neurons (N=l l) and movement neurons (N=l3). The initial visual responses 
evokedd by the target and distractor curve were similar. After some delay, however, the 
populationn response started to discriminate between the target and distractor curve (p<0.025,1-
test).. For visual neurons, this occurred at a latency of 145  9 ms after stimulus presentation 
(Fig.. 6A) and for visuomovement neurons it occurred after 151  3 ms (Fig. 6B). Before 
saccadee execution, the activity of visual neurons was completely suppressed. In contrast, the 
activityy of the visuomovement neurons evoked by the target curve increased strongly. The 
differencee in the responses evoked by the target and distractor curve was significant in all but 
onee visually responsive neuron (P<0.05, N= 19/20), and occurred at latencies ranging from 90 
too 215 ms (median = 158 ms) (Fig. 7). 

Thee population activity of movement neurons was suppressed below baseline level upon the 
appearancee of the stimulus (Fig. 6C). This was followed by an enhancement of activity before 
thee saccade made to the movement field. 
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Movementt neurons (N= 13) 
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Figuree 6 Visual and movement selection in 
FEFF neurons during curve tracing A. Population 
responsess (N=9) of visual neurons evoked by 
thee target (black) and distractor curve (dashed). 
Responsess are synchronised on stimulus onset 
(right)) and on saccade onset (left). The initial 
visual-evokedd response did not differentiate 
betweenn target and distractor. The response 
selectivityy occurred at a latency of 145  9 ms 
afterr stimulus onset, and occurred through an 
enhancementt of firing rate to the target and 
suppressionn to the distractor. Visual neurons did 
nott have any pre-saccadic responses. Lower 
panel,, curve that was fitted onto the response 
differencee between stimuli, in order to 
determinee onset of response modulation. Arrow, 
latencyy of modulation. Bar on x-a\is, 95% 
confidencee interval of the latency. 

B,, Population response of visuomovement neurons (N=l 1). The population activity discriminated between the 
targett and the distractor at a latency of 151 3 ms after the appearance of the stimulus display. The activity of 
visuomovementt neurons was also enhanced before saccade execution. C, Population response of movement 
neuronss (N=13). The onset of the stimulus suppressed neuronal activity The target-related activity was then 
enhancedd prior to the saccade. 

N=19 9 

900 100 110 120 130 140 150 160 170 >180 

Latencyy of response selectivity (ms) 

Figuree 7. Distribution of the latency of 
thee modulation of visually responsive 
neuronss that yield a significant response 
modulationn (p<0.05; N=19/20). Grey, 
visuall  neurons. Black, visuomovement 
neurons.. The median of the distribution 
equalledd 158 ms. 
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5.. DISCUSSION 

Inn this study, we have investigated neuronal responses in FEF during curve tracing. Previous 
studiess have quantified the time course of visual selection in FEF, as well as in other areas 
throughoutt the visual system (e.g. Chelazzi et al.. 1993; Motter, 1994a,b; Thompson et al., 
1996:: Sato et al., 2001; Roelfsema etal., 2003; Constantinidis and Steinmetz, 2001; Khayat et 
al.,, 2004). To our knowledge, this study is the first to examine and compare the time course of 
visuall  selection processes between the first stage of cortical processing (area VI) , and at the 
otherr extreme, one of the last stages of visuomotor transformation, during an identical task. 
Here,, we report two main findings. First and foremost, the time course of visual selection 
processess in FEF is strikingly similar to that previously reported in the primary visual cortex 
(Roelfsemaa et al., 2003; Khayat et al., 2004), although these two areas have quite different 
functions.. Second, neuronal responses in FEF during curve tracing reflect visual selection 
processess as well as oculomotor processes, which are carried out by distinct neuronal 
populations. . 

Neuronall responses in FEF during curve tracing 
Visuall  and visuomovement neurons discriminate between the target and the distractor. 
Visuomovementt neurons and movement neurons are active before and during an eye 
movementt made to a specific location. The effect of the behavioural relevance of the stimulus 
onn the response of most visual and visuomovement neurons does not occur during the initial 
visuall  response. Instead, it occurs at a delay after the presentation of the stimulus and is 
reflectedd by an enhancement of activity to the target and a suppression of activity to the 
distractor.. However, in a subset of visual and visuomovement neurons, we also found a 
responsee selectivity that occurred from the start of the visual-evoked response. We note that 
thesee neurons had long visual latencies (>100 ms) and that the time course of selectivity in 
thesee neurons was similar to, and not earlier than that observed in the other neurons. The 
presentt results reveal, as was previously reported (Schall et al., 1995b; Thompson et al., 1996, 
1997;; Bichot and Schall, 1999; Murthy et al., 2001; Sato et al., 2001, 2003), processes of 
visuall  discrimination as well as oculomotor processes, which are carried out by different 
subpopulationss of FEF neurons. Whereas visual and movement neurons carry out very distinct 
functions,, visuomovement neurons may provide the link by transforming visual input into 
presaccadicc activity. 

Duringg curve tracing, attention is covertly directed to all contour segments of a relevant 
curvee (Scholte et al., 2001; Houtkamp et al., 2003). The response modulation of the visually 
responsivee FEF neurons might therefore reflect the allocation of attention to the target curve, 
ass was previously shown in the primary visual cortex (Roelfsema et al., 1998, 2003). We note, 
however,, that our recordings were obtained from neurons that had their receptive fields 
centredd on the saccade target. The present results do not dissociate attentional selection of the 
targett curve form selection for an eye movement, because our task was not designed for that 
purpose.. Nevertheless, it is likely that attention is at least partially responsible for the 
modulationn of the response of FEF neurons, since previous results showed that attentional 
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selectionn occurs in FEF even when the monkey does not execute a saccade (Thompson et al., 
1997;; Sato etal., 2003). 

AttentionalAttentional selection during curve tracing: Who is doing the job? 
Attentionall  modulation in FEF occurred at an average latency of 150 ms after the appearance 
off  the curves, which is comparable to values obtained during search tasks (Thompson et al., 
1996;; Sato et al., 2001). Recent studies showed that subthreshold microstimulation of sites in 
FEFF increases contrast sensitivity at the behavioural level (Moore and Fallah, 2004), and 
increasess neuronal responses in area V4 (Moore and Armstrong, 2003). These findings 
suggestt that FEF is involved in directing spatial attention, and provides a potential source of 
feedbackk signals that modulate neuronal responses in downstream visual areas. To our 
surprise,, during curve tracing, the latency of modulation in FEF is similar to that observed in 
thee primary visual cortex (Roelfsema et al., 2003; KJiayat et al., 2004). These findings make it 
unlikelyy that indirect feedback signals from FEF are the main source of modulation of VI 
activity,, during our task. This further indicates that attention has a common effect on neurons 
inn widely separated areas. We propose that the visual selection processes in FEF during curve 
tracingg reflect the outcome of computations carried out earlier in the visual pathways. Indeed, 
neuronss in FEF are not selective to the features of stimuli, such as orientation, colour or shape. 
Thee processing of stimulus features occurs in the primary visual cortex, as well as in areas of 
bothh the ventral and dorsal streams that are reciprocally connected to FEF (Schall 1995a). The 
representationn of stimulus features in these areas is enhanced by attention, and this effect 
typicallyy occurs between 100 and 200 ms after the appearance of a novel stimulus (e.g. 
Chelazzii  et al., 1993; Motter, 1994a,b; Roelfsema et al., 2003; Constantinidis and Steinmetz, 
2001;; Khayat et al., 2004). Since FEF is an important site of convergence of both the ventral 
andd dorsal processing streams, the activity of FEF neurons might therefore reflect the 
enhancedd representation of attended stimuli across the visual scene in each of these areas. We 
previouslyy hypothesised that attentional modulation in the primary visual cortex is essential 
duringg tasks that require a high degree of positional specificity in order to successfully 
discriminatee between nearby or overlapping features (Roelfsema et al., 1998, 2000). Indeed, 
neuronss in area VI have small receptive fields, which provide a high spatial resolution 
representationn of the stimulus. During curve tracing, perceptual grouping criteria such as 
connectednesss and collinearity need to be evaluated in order to bind alt segments of the target 
curvee into a single elongated curve (Roelfsema et al., 2000). We have shown that curve 
tracingg is achieved by gradually spreading attention from initial segments of the target curve 
too successive segments that are collinear and connected to them (Houtkamp et al., 2003). 
Neuronss in area VI with nearby RFs tend to be connected through horizontal connections, and 
thee selectivity of these connections reflects grouping criteria such as connectedness and 
collinearityy (Schmidt et al., 1997). Thus, we proposed that curve tracing is carried out in area 
VII  and other early visual areas by propagating response enhancements along contour 
segmentss of the target curve that are related to each other by these grouping criteria 
(Roelfsemaa et al., 1998, 2000). In this view, the small VI RFs would be essential in providing 
ann accurate representation of a relevant continuous curve, even when this curve is overlapping 
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withh another curve. In contrast, neurons in FEF, as well as in other visual areas such as V4 or 
IT,, have large receptive fields that would cover segments of the target curve as well as 
segmentss of the distractor curve, when these curves are close to one another. Therefore, 
attentionall  selection in these areas might require the active involvement of early visual areas, 
includingg the primary visual cortex, in the discrimination process. In fact, the enhanced 
representationn of the target curve in area VI occurs well before the eye movement response 
(Roelfsemaa et al., 2003), which is consistent with the possibility that attentional effects in FEF 
duringg curve tracing depend on attentional selection carried out in the primary visual cortex. 

Inn conclusion, the latency of attentional effects is similar across widespread cortical areas, 
includingg FEF and the primary visual cortex, even during an identical behavioural task. It is 
difficult ,, however, to determine whether attentional processing is carried out serially, with 
smalll  temporal differences between areas, or whether it occurs in parallel with a common time 
coursee in a distributed network. To investigate this issue, one has to compare the time course 
off  selection by recording from multiple areas simultaneously. A hypothesis we are currently 
testingg through simultaneous recordings in FEF and area VI is whether processing in one area 
influencess processing in the other, and whether attentional selection is carried out in a parallel 
orr a serial manner. The present results are consistent with previous studies indicating that FEF 
iss involved in transforming the outcome of visual selection into an oculomotor command (for 
review,, see Schall and Bichot, 1998; Schall and Thompson, 1999). As such, FEF does not 
participatee in the specific analysis of features in the visual scene, but might act as a saliency 
mapp in which potential targets are registered for oculomotor action (Schall, 2002). 
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