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Murthy, Aditya, Kirk G. Thompson, and Jeffrey D. Schall. Dy- Schall 2000; Thompson et al. 1996). Furthermore, using a
namic dissociation of visual selection from saccade programming dis-nocotask, Thompson et al. (1997) showed that the selection
frontal eye field.J Neurophysiol86: 26342637, 2001. Previousprocess in response to a visual search array does not depend on
studies of visually responsive neurons in the frontal eye fields h production of a saccade. However, in that study, the mon-
identified a selection process preceding saccades during visual segltle had been trained to rﬁake Sacc,ades to the térget so it
The goal of this experiment was to determine whether the selection Id be argued that this selection process reflects some k’ind of

process corresponds to the selection of a conspicuous stimulus o Y . . .
preparation of the next saccade. This was accomplished with the ];%Eent saccade programming. Alternatively, the selection pro-

of a novel task, called search-step, in which the target of a singletéfSS may correspond to automatic covert orienting to a con-
visual search array switches location with a distracter on randdgspicuous stimulus (e.g., Joseph et al. 1997; Kim and Cave
trials. The target step trials created a condition in which the sar®95; Theeuwes 1991, 1994). The latter possibility is consis-
stimulus yielded saccades either toward or away from the targggnt with the emerging view that eye movements and spatial
Visually responsive neurons in frontal eye field selected the currestention are guided by common selection mechanisms that can
location of the conspicuous target even when gaze shifted to g dissociated only under special conditions (e.g., Deubel and
location of a distractor. This dissociation demonstrates that the sel hneider 1996: Hoffmann and Subramaniam 1995: Kowler et
tion process manifest in visual neurons in the frontal eye field may 5% ' : ) .
an explicit interpretation of the image and not an obligatory sacca E 1995). To evalua_lte the hypotheSIS'that f[he visual selection
process observed in FEF can be dissociated from saccade

command. . .
production, we trained monkeys on a novel task we call search-
step. The results reveal a dissociation of visual selection from
INTRODUCTION saccade production in neural activity in the FEF.

Eye movements tend to direct gaze to informative elementsET HODS
in the image, but the location and timing of gaze shifts are on
loosely related to the properties of the image (e.g., Carpentephysiological recording techniques have been described in detail
1981; Hooge and Erkelens 1996). This arbitrary linkage belsewhere (Schall et al. 1995). Briefly, monkeys were seated within a
tween the production of saccades in a given image can fMegnetic field to monitor eye position by means of a scleral search
explained by the existence of two processing stages—a visu@il. Experiments were under computer control using Tempo/Video-
selection stage that identifies potential targets and a saccay@¢ software (Reflective Computing) that displayed visual stimuli
preparation stage that produces the given movement. Sigr‘§f§”y Trinitron 500-PS monitor), delivered juice reward, and sampled
ifig
X

. . . . stored eye position (250 Hz) and unit activity (1 kHz). All
associated with both stages of processing have been ident erimental procedures and care of the animals conformed to guide-

In.c.ilfferent Cla.lsses of neurons in the fr_ontal eye field (FEF.)’Ii"ﬁes established by the National Institutes of Health and approved by
critical node in the network involved in saccade productiofie vanderbilt Animal Care and Use Committee.

(Schall 1997). In FEF, visual neurons appear to identify targetsthe search-step task combines a standard visual search task (with
for saccades (e.g., Bichot and Schall 1999; Thompson et @uiluminant target and distractor stimuli) with the classic double-step
1996), while movement and fixation neurons generate signaigcade task (Fig. 1) (e.g., Aslin and Shea 1987; Becker agenki
sufficient to control whether and when saccades are produdéd9; Lisberger et al. 1975). On most trials (referred to as no-step
(Hanes and Schall 1996; Hanes et al. 1998). trials) monkeys were rewarded for making a saccade to a color
Neural correlates of visual selection has been studied Rsidball target among distractors. On the remaining trials (step trials),

: . ; he target and one distractor unexpectedly swapped positions after
cently (e.g., Bichot and Schall 1999; Gottlieb et al. 1993’[ sentation of the array. When the target stepped unpredictably from

Thompson et al. 1996) using search tasks that are tradition inal iy " K ded f
d for studies of visual attention. Visually responsive FEF original position o a new position, monkeys were rewarded for
use : ifecting gaze to the new target location (compensated trials). How-

neurons manifest target selection through the evolution @fer monkeys often failed to compensate for the target step and made
greater activation when a stimulus in the neuron’s recepti¥gsaccade to the original target location (noncompensated trials). This
field is a target relative to when a stimulus is a distract®ehavior was not rewarded. The target step delay was adjusted using
(Bichot and Schall 1999; Schall et al. 1995; Thompson ardstaircase procedure so that, on average, monkeys produced an equal
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A 3 2B). The early phase of the response during target-step trials
5 a S| was identical to the response elicited by a distractor during
o ] o % O no-step trials; the early nonselective visual activity was fol-
- o o \h lowed by suppression. This is because the stimulus conditions
. o were identical prior to the target step. On target-step trials in
Do ™ which monkeys compensated with a saccade to the final target
Reaction time location in the neuron’s receptive field, the activation grew
Compensated markedly following the target step. If the modulation was only
o ¥ o a visual response, it should arise about 50 ms after the target
3 step or approximately 115 ms after the search array (based on
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Fic. 1. Search-step task. Each trial began with the presentation of a fixation wai uu -
spot. After fixation for a variable interval (usually 250-750 ms) the fixation . ————— a
spot was removed and an 8-element circular search array with a single oddball
target appeared. The target (shown in black) was distinguished from the
distractors by color, usually red among green or vice versa. Right: samples of B 5
eye positions indicating the trajectory of the saccades. On no-step #ials ( o o
monkeys were rewarded with juice for shifting gaze to the target. On search- — 5
step trials B), the target swapped positions with a distractor after a short delay 8 o
called the target-step delay, and monkeys were rewarded for shifting gaze to &Q
the new target. On search-step trials, monkeys either compensated for the £ 50 o} o
target steptpp right) or failed to compensatd¢ttom righ}. Noncompensated 5 eeses|n 6
saccades were typically followed by a 2nd corrective saccade; this eye move- % o | =
ment was not included in the present analysis. %
< fgl 1 ] T a
number of compensatory and noncompensatory saccades. Noncom- 3 —p i,8
pensated saccade trials provided data to test the dissociation of visual g oo
target selection from saccade preparation. Because these noncompen-
i i 0 100 200
satory saccades were usually followed by corrective saccades (see Fig.
1B), only presaccadic spikes (i.e., before either the compensated or Time from search array (ms)

noncompensated saccades) were used in constructing the spike den-C
sity functions. Neural activity associated with the corrective saccades

will be described in a subsequent report. 40

RESULTS 40

We recorded from 55 presaccadic neurons in the FEF of two .
monkeys; 29 of these neurons had visual responses and formed - (‘) """'2’00" 4(‘)0 400 '_200" p
the ba_lsis'for ;his study. Classification was bgsed on the pattern Time from Time from memory-
of activation in memory guided saccades. Visual neurons were flashed target (msec) guided saccade (msec)
'dent'f'ed_ as th(_)SG that reSPO”ded tQ T[he presentatlon_ (_)f Bc.2. Frontal eye field visual neuron. Only presaccadic spikes were used
flashed visual stimulus and did not exhibit a growth of activityy constructing the responses: activation when the target (thick line) or
before a saccade into their receptive field. distractors (thin line) fell in the receptive field (indicated by the enclosed area
Figure 2 shows the responses of a typical FEF visual neurdhthe stimulus arrays). Following the initial 100 ms of activation that did not

: i . iminate target from distractor, the activity was modulated strongly before
When tested du”n.g a memc.)ry guu:!ed saccade .taSk’ this ne Q@accade to the target. The response to the distractor was suppressed, and the
exhibited modulation associated with presentation of the targgdponse to the target gre®: averaged activity across 3 target-step delays

but no modulation associated with the saccade. As shoyem = 17 ms) on compensated (thick solid) and noncompensated (dotted)
previously (Schall et al. 1995; Thompson et al. 1996), thigrget-step trials when the distractor in the receptive field unexpectedly became

neuron exhibited an initial visual response that was the satfi@ [arget compared with activity on no-step trials when distractors remained
h ither the taraet or distractors fell in the receptive fielm- he receptive field (thin line). In both compensated and noncompensated
when €l g p grals, the neuron responded equally strongly to the unexpected appearance of

A selection process followed in which the neural representatigia target in the receptive field. The fact that the activity before the mean
of the distractor was reduced and the representation of tiecompensated saccadic reaction time (the end of the plot) was indistinguish-
target was maintained or elevated. able for the search-step trials with opposing saccade directions means that the

. - P ivity of this neuron could not be involved in saccade production. The
To determine how this selection process relates to sacc g%ntitative analysis was performed on the activity in the interval indicated by

production, we examined the activity during target-step triale vertical dotted line<: activity during memory-guided saccades aligned on
when a distractor in the receptive field became the target (Figrget flash left) and saccade initiatiorright).
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the data from no-step trials in FigA2 However, the discharge

rate of the neuron became different from the distractor re- 49

sponse around 95 ms after the target step or 160 ms after the

appearance of the search array. The difference of 45 ms beg

tween the expected and observed latencies of modulation cang 29

not be explained by visual afferent delays. Therefore the dif- ©

ference in activity between no-step and target-step trials shown

in Fig. 2B is not a consequence of the stimulus in the receptive ¢

field changing color per se (i.e., a visual response) but rather is 0.25 0.75 1.25 1.75 2.25 2.75 3.25 3.75 4.25 4.75 >5

due to the stimulus achieving salience in virtue of becoming Visual Selectivity Ratio

the O_ddba” St'_mUIUS in the array. . FIG. 3. The distribution of the magnitude of differential activity in com-
This selection may correspond to saccade preparati@Bnsated and noncompensated trials as compared with no-step trials across the

though, because the end point of the saccade coincided with pheulation of visual cells.

location of the target. However, on target-step trials in which

monkeys failed to compensate and instead produced a sacdade® Y SSION

to the original target location outside the receptive field, the The role of FEF in overt orienting by directing gaze is
activity grew in the same manner as for compensated trials.|Adisputed (Bruce and Goldberg 1985; Hanes et al. 1998), but
other words, the activity of this neuron represented accuratghé role of FEF in selecting targets for covert orienting is less
the new location of the target regardless of whether compegyreed on. Previous single-unit studies have reported that vi-
sated or noncompensated saccades were produced. Thisuisl responses in FEF are not enhanced when monkeys respond
strong evidence that this selection process is distinct fraim an eccentric stimulus without shifting gaze (Goldberg and
immediate saccade production. Bushnell 1981). This has been regarded as evidence that FEF
To quantify this observation across the population of visué responsible for overt but not covert orienting. However, the
neurons, the mean activity was measured in the 20 ms precednner and extent to which attention was allocated in the
ing the mean noncompensatory saccadic reaction time in co@sldberg and Bushnell study is not entirely clear especially
pensated and noncompensated trials when the distractor ingheen the costs associated with dissociating gaze and attention
receptive field became a target and in the same interval (Deubel and Schneider 1996; Hoffman and Subramaniam
no-step trials when the distractor remained in the receptit®95; Kowler et al. 1995). In the Goldberg and Bushnell study,
field. This interval was chosen to include the period of selea-significant fraction of interleaved trials required a response to
tive modulation and exclude the nonselective early visual ra-visual change at the fixation spot instead of the eccentric
sponse. The ratio of the mean activity during step trials to tlséimulus. Therefore it seems unlikely that monkeys would
mean activity during no-step trials was computed for eacllocate attention exclusively to the eccentric stimulus. More-
neuron. Only presaccadic activity from target step delays witiver, the original report did not disprove that the change of the
at least three trials contributed to this analysis. eccentric stimulus could be detected without allocating atten-
When a distractor in the receptive field became the targéin. Finally, the enhanced visual response occurred most com-
and monkeys compensated, the activation during the selecteanly several hundred milliseconds before the stimulus
epoch was significantly greater than the activation when thbange to which monkeys responded. Therefore it seems nei-
distractors did not change (arithmetic ratio SE = 1.54 = ther necessary that nor clear how the magnitude of the visual
0.09; geometric mear= 1.34, 95% confidence intervak response could relate directly to the attentional allocation re-
0.18). This difference of activation corresponds to the prewtuired to respond to the eccentric stimulus. Also, no explicit
ously described selection process. The key result of this d@gst or comparable human data on the allocation of attention in
periment was obtained when a distractor in the receptive fidghis condition has been presented. Early studies of the superior
became the target but the monkeys failed to compensate andliculus using the same methods drew the conclusion that it
shifted gaze to the original target location. In this condition, theas not involved in covert orienting (Goldberg and Wurtz
activation also was significantly greater than the activatidi®72). But subsequent studies have produced evidence for a
when the distractors did not change (arithmetic rati®E = role for the superior colliculus in covert orienting (e.g., Kustov
1.45 = 0.09; geometric mear 1.25, 95% confidence inter- and Robinson 1996). Therefore the detection of a change of a
val = 0.18). This indicates that a neural representation wamgle eccentric stimulus in an otherwise blank display may not
established for the location that was not the target for tie a reliable diagnostic for a neural correlate of attention.
upcoming saccade. Several lines of evidence are consistent with the hypothesis
Figure 3 plots the distribution of the magnitude of differenthat FEF contributes to covert orienting or at least representing
tial activity in compensated and noncompensated trials @sual salience in parallel with related brain structures such as
compared with no-step trials across the population. All seardhe parietal lobe (Gottlieb et al. 1998; Steinmetz and Constan-
step delays are included. Indistinguishable visual activatitinidis 1995) and the superior colliculus (Findlay and Walker
was observed when monkeys shifted gaze to the new locatit#99) because the representation of salient stimuli guides the
of the target in compensated trials or shifted gaze to tldlocation of attention. First, previous studies of FEF have
original location of the target in noncompensated trials (pairstiown a dissociation between target selection and saccade
t-test,t = 1.41,P = 0.16). The responses of 25 of 29 visuagjeneration during a pop-out search task (Thompson et al. 1996,
neurons showed the dissociation of target selection from sd®97). The selection observed in visually responsive FEF
cade programming in at least one target-step delay. neurons is consistent with the findings in the psychological

B Noncompensated
O Compensated
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literature indicating that attention is automatically drawn to thesrPENTERRHS.Eye Movements: Cognition and Visual Perceptidiiisdale,
singleton in a visual search array (Joseph et al. 1997; Kim and@J: Erlbaum, 1981, p. 237-246.

. : f A BETTA M, AKBUDAK E, CoNTURO TE, SNYDER AZ, OLLINGER JM, DRURY
Cave 1995; Theeuwes 1991, 1994)' Second, in Con]unCtIS?SA, LINENWEBER MR, PETERSEN SE, RaicHLE ME, VAN Essen DC, AND

visual search ex_perlments (B|Ch0t and_ Schall :!'999)' theSHULMAN GL. A common network of functional areas for attention and eye

strength of selection was found to vary in proportion to the movementsNeuron21: 761—773, 1998.

number of features a distractor shared with the target. ThisuseL H anp ScHNEIDER W. Saccade target selection and object recognition:

pattern of activation of FEF neurons corresponded to the patevidence for a common attentional mechanisfision Res36: 1827-1837,

tern of gaze shifts (Bichot and Schall 1999) and the aIIocation1996-JM W ~ A model of g ion based "
; ; ; NDLAY JM AND WALKER R. A model of saccade generation based on paralle

'?'Lﬁ"ge?élggn?]{urr]}léi?oi}nj Iirr]n:l;?nhg asrtrl?é/ises(Kr::vgnsdhgv?r\]/ethjﬁgt%rocessing and competitive inhibitioBehav Brain ScR2: 661-721, 1999.

! L9 ) LDBERG ME aND BusHNELL MC. Behavioral enhancement of visual re-
hu_man h0m0|99ue of FEF is involved in both overt and covertsponses in monkey cerebral cortex. 1. Modulation in frontal eye fields
shifts of attention (e.g., Corbetta et al. 1998; Nobre et al. 1997)specifically.J Neurophysiol6: 773-787, 1981.

Finally, we now show that visual neurons in FEF selectegbLoserc ME anp WuRrTz RH. Activity of superior coliculus in behaving
conspicuous stimuli that were not the target for the immedi-monkey. Il. Effect of attention on neuronal responskaleurophysioB5:
ately following saccade. 560-574, 1972.

. . L 2 TTLIEB JP, KUSUNOKI M, AND GoLDBERG ME. The representation of visual
What does the selective FEF visual activity do? If, as show?! alience in monkey parietal corteMature 391: 481484, 1998,

by the present results, it does not d'Ct_ate the end point of f'r—ﬁwas DP, PTTERSON WF, AND ScHALL JD. The role of frontal eye field in
saccade to the search array, all that is left is to represent thesuntermanding saccades: visual, movement and fixation activitguro-
location of the new location of the salient target. The fact thatphysiol 79: 817834, 1998.

monkeys commonly made a corrective saccade after a noiNes DP anp ScHaLL JD. Neural control of voluntary movement initiation.
compensated initial saccade is clear evidence that the newcience2r4: 427-430, 1996.

; ; ; ; : AMOFFMAN JEAND SuBRAMANIAM B. The role of visual attention in saccadic eye
target location received preferential processing on step meﬂ@movementspercept Psychophys7: 787795, 1995,

But '_f visual ne_zurons in FEF could _SeIeCt the n_eW targ_%OGEITC AND ERKELENS CJ. Control of fixation duration in a simple search
location, why (j|d noncompensated trials happen in the firSkask. percept Psychophyss: 969-976, 1996.
place? According to the race model that accounts for th&erHJS, Giun MM, anp Nakavama K. Attentional requirements in a
performance (Becker andfens 1979), saccades to the orig- “preattentive” feature search tadkature 387: 805—-807, 1997.
inal target location are premature responses. The OccurrencéIUfJN AND SHADLEN MN. Neural correlates of a decision in the dorsolateral
such premature responses is further evidence for distinct sgrfyéfrontal cortex of the macaquiat Neurosci: 176185, 1999.

d taaes. and in other work. we have repot M MS anp Cave KR. Spatial attention in search for features and feature
Sory and response stages, 2 ’ p %anuncnons.Psychon Scb: 376-380, 1995.
that the movement-related activity in FEF accounts for saccag&yier E, ANbERSONE, DosHER B, AND BLASER E. The role of attention in
production in this task (Murthy et al. 1999). The fact the the programming of saccadeéision Res35: 1897-1916, 1995.
monkeys Commonly made a Correctlve Saccade after the n&HSTOVAA AND RoBINsoN DL. Shared neural control of attentional shifts and

: . eye movementiNature 384: 74-77, 1996.

cqmpensated sacgade to the d|stracyor at the old target locafigpl. .. SG, Fuchs AF, KNG WM. anp EviNGer LC. Effect of mean
raises the possibility that th? selection we observed could beaction time on saccadic responses to two-step stimuli with horizontal and
related more to the production of the corrective saccade. Theertical componentsVision Resl5: 1021-1025, 1975.
results of this study cannot refute an interpretation of the neubétRTHY A, THomMPsONKG, anD ScraLL JD. Neural control of saccade target
selection in FEF as responsible for planning the correctiyg®ection during visua searcBoc Neurasci Abs®>: 806, 1999
sacca}de, but we prefer the mterprgtatlon that the activation O(ﬁuo FriTH CD. Functional localization of the system for visuospatial atten-
the visually responsive neurons in FEF corresponds to th&on using positron emission tomograptBrain 120: 515-533, 1997.
preferential processing of the visually salient location, whicgeHaLL JD. Visuomotor areas of the frontal lobe. @erebral Cortex: Extra-
corresponds to the allocation of attention, that can subsestriate Cortex of Primatesdited by Rockland KS, Peters A, and Kaas JH.

; New York: Plenum, 1997.
quently produce the corrective saccade. ScHALL JD, Hanes DP, THompsoNKG, AND KING DJ. Saccade target selection
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