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Seidemann, Eyal and Wiliam T. Newsome. Effect of spatial in a box of yellow apples). A “saliency map” created by
attention on the responses of area MT neurdn®leurophysiol81: bottom-up mechanisms can be overridden, however, by top-

1783-1794, 1999. This study examines the influence of spatial att%‘?j'wn mechanisms that select stimuli of relevance in specific

tion on the responses of neurons in the middle temporal visual are . :
(MT or V5) of extrastriate cortex. Two monkeys were trained tbgha\”oral contexts. In contrast to bottom-up processes, which

perform a direction-discrimination task. On each trial, two apertur&$€ involuntary, top-down processes involvecduntaryselec-
of random-dot stimuli appeared simultaneously at two spatially seil)on mechanism that can be ﬂeXIb'y directed to different stimuli
arated locations; the monkeys were required to discriminate the ii- the same visual scene depending on current behavioral
rection of stimulus motion at one location while ignoring the stimulugemands.

at the other location. After extensive training, we recorded the re- A key question raised by psychophysical studies of attention
sponses of MT neurons in two configuratiorly: Both apertures ..o mq the site(s) of attentional modulations within the brain.

placed “within” the neuron’s receptive field (RF) ar®) one aperture . .
covering the RF while the other was presented at a “remote” Iocatio‘ﬁ.IthOngh it is commonly assumed that bottom-up mechanisms

For each unit we compared the responses to identical stimulus di&t at very early processing stages, the site of action of top-
plays when the monkey was instructed to attend to one or the otfistwn attentional mechanisms is strongly debated. According
aperture. The responses of MT neurons were 8.7% stronger, ton“early selection” models, top-down attention influences
average, when the monkey attended to the spatial location that cpstatively early stages of the visual system, allowing for more
tained motion in the “preferred” direction. Attentional effects werextficient use of limited capacities at all subsequent stages
equal, on average, in the within RF and remote configurations. T, roadbent 1958, 1982). The “late selection” models, on the

attentional modulations began300 ms after stimulus onset, gradu- her hand t that ton-d hani filt tirrel
ally increased throughout the trial, and peaked near stimulus off@fher hand, assert that top-down mechanisms filter out irrele-

An analysis of the neuronal responses on error trials suggests that{gBt information only at late processing stages, potentially
monkeys failed to attend to the appropriate spatial location on the¥er perception is achieved but before behavioral responses are
trials. The relatively weak attentional effects that we observed contr&lected (e.g., Allport 1980, 1987). Importantly, these models
strikingly with recent results of Treue and Maunsell, who demorare not mutually exclusive. Attentional filtering may be imple-
strated very strong attentional modulations (median effe#9%) in mented at multiple levels, and the relative contribution of early
MT in a task that shares many features with ours. Our results sugggsisus late stages may vary considerably according to the
that spatial attention alone is not sufficient to induce strong attemio'g#bcise demands of the behavioral task.

effects in MT even when two competing motion stimuli appear withi é)ver the past two decades, neurophysiological studies have

the RF of the recorded neuron. The difference between our results .
those of Treue and Maunsell suggests that the magnitude of Ege ealed striking examples of the effects of top-down atten-

attentional effects in MT may depend critically on how attention i onal mechanisms on responses of neurons in multiple brain

directed to a particular stimulus and on the precise demands of #&as, including early visual areas in some cases (Colby 1991;
task. Connor et al. 1997; Haenny and Schiller 1988; Haenny et al.

1988; Luck et al. 1997; Maunsell et al. 1991; Moran and

Desimone 1985; Motter 1993, 1994a,b; Spitzer et al. 1988;
INTRODUCTION Wurtz et al. 1980). In one recent study, Treue and Maunsell
996) found dramatic attentional effects in the middle tempo-
: ; | visual area (MT) and the medial superior temporal area
signals to be selected and processed preferer!tlally at the ST)—two extrastriate areas that are specialized for process-
pense of the rest. What are the neural mechanisms underlyi motion information (Baker et al. 1981: Dubner and Zeki
attention? Traditionally, the selection mechanisms subservi 71 Maunsell and Van Essen 1983: Va;’] Essen et al. 1981
attention have been divided into two classes: “bottom-up” angy,; ’1974). The vast majority of neurc;ns in MT and MS;I' are '
top-dovyn processes. Bottom-up processes are t'hought to ﬁectionally selective, meaning that they respond well to mo-
automatic and to reflect receptive field properties such as,in 5 “preferred” direction but little or not at all to motion
center-surround antagonism in early visual areas (e.g., Allm he opposite, or “null,” direction. In Treue and Maunsell's

et al. 1985). Such mechanisms can explain why a particuidgy "5 monkey was instructed to attend to one moving target in
stimulus attracts attention, or “pops out,” when surroundedgi%h

Visual attention enables a subset of the available visu%

) o2« i e presence of one or two moving distracter targets and report
contrasting stimuli (a green apple in a box of red apples) P 9 g b

fails to d h ded by similar stimull en the attended target changed its speed. When two targets
ails to do so when surrounded by similar stimuli (a green ap oved in opposite directions within the receptive field of an

The costs of publication of this article were defrayed in part by the payme T or MST neuron, the response of the neuron was dominated

of page charges. The article must therefore be hereby markexettisemerit DY the attended target. The_ cell gave a strong response when
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ the attended target moved in the cell’s preferred direction and
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a weak response when the attended target moved in the wiifiéction or at a random location. In the intervening video frames,
direction even though the visual stimulus display was identicether dots are plotted so that on each frame only a third of the dots
in both cases. These findings were quite novel because eadigfea' The probability that a dot would be displaced rather than
studies in several laboratories, including ours, using a Varié’(g’tted at a random location corresponds to the “coherence” of the

. - : ' - : ual stimulus—the percentage of dots that move coherently. The
of behavioral paradigms, failed to find substantial attention Le of each random dot was 0.750.75°; dot intensity was 24.3

Newsome et l. 1985; Recanzons et al. 1983: Seidemann efar Ereseried on a black background (tensity 0,004 &
. » INE ne et al. , ! sity was 16.7 dotdeg - s .

1998). These discrepancies raise important questions: exactly
what behavioral conditions are necessary and sufficient ;
induce strong attentional effects at the level of MT? How d%%haworal task
these conditions relate to early and late selection models?  The monkeys were trained to discriminate the direction of coherent

One interesting possibility is that strong attentional effectgotion in a random-dot display. On each trial, two circular stimulus
occur in MT whenever attention is directed to one of two ciPertures appeared simultaneously. The monkey was required to dis-
more competing motion stimuli that appear simultaneou yiminate the direction of motion in one aperture while ignoring
within the cell's receptive field, as in the study of Treue an imuli in the other aperture. The two apertures could be small and

. - abutting (Fig. B) or large and spatially remote from each other (Fig.
Maunsell. To test this possibility, we recorded the responses . Each trial started with the appearance of a small fixation point on

MT neurons while monkeys performed a spatla! attent'on ta computer monitor. After fixation, a stationary pattern of dots (the
On each trial, two apertures of random-dot stimuli appearege) appeared at one of the two aperture locations for 500 ms (Fig. 1,
simultaneously in two spatially separated locations on a corgft). After a short gap of 200 ms, two apertures of dynamic random-
puter monitor; the monkey was required to discriminate thit stimuli appeared simultaneously (Figniiddle). The monkey was
direction of motion in one aperture while ignoring the directiorequired to discriminate the direction of motion at the location cued by
of motion in the other (distracter) aperture. The attentiontile stationary dots and ignore the direction of motion at the other
effects revealed in our paradigm were an order of magnitul%aﬁon- After stimulus presentation, the random-dot stimuli and the
smaller than those observed by Treue and Maunsell; responfgéf[@'on point disappeared and two targets appeared, centered around
were only 8.7% stronger, on average, when the monkey e location of the attended aperture (Fig.ripht). The monkey

. . - - .Indicated the perceived direction of motion in the attended aperture by
tended to the spatial location containing the preferred directi king a saccade to the target corresponding to that direction. The

stimulus. The attentional effect was equivalent, on average, {Q{,ard for a correct response was a drop of water or juice. The

a configuration with both apertures positioned within the Rfirections of motion in the two apertures, as well as the attended
and a configuration with one aperture within the RF and thécation, were varied randomly from trial to trial. The monkey’s eye
other at a remote location. In addition, the attentional effect hadsition was measured using a scleral search coil system (CNC
a long latency and a slow time course, and the effect vari€dgineering). Throughout the trial the monkey was required to main-
markedly between correct and error trials. tain fixation within a small window £3 X 3°) around the fixation
Our results indicate that spatial attention alone is not sufffoint. Trials in which the monkey broke fixation prematurely were
cient to induce strong attentional modulations in MT, suggegtorted without reward. Before participation in this study, both mon-
ing more generally that the site of action of attention depen ys had been trained extensively on a single-aperture version of the

stronalv on the manner in which attention is directed and on t irection-discrimination task that did not require careful allocation of
aly atial attention. All procedures used in this study conformed to

precise demands of the task. Our data are consistent with figiejines established by National Institutes of Health for the care and
notion that an early selection mechanism is recruited in tQge of laboratory animals.
experiments of Treue and Maunsell, while a late selection
mechanism predominates in our experiments. . Single-unit recordings

Some of these results have been presented briefly elsewhere
(Seidemann and Newsome 1997). After extensive training we recorded the responses of MT neurons
while the monkey performed the task. Single-unit activity was re-
corded using parylene coated tungsten microelectrodes (Micro Probe,
impedance 1-2 @ at 1 kHz). The electrical signals were amplified

Two male rhesus monkeys were used in this study. Before thad filtered, and action potentials from single neurons were detected
experiments, each monkey was implanted surgically with a heaslith a time resolution of 1 ms using a time-amplitude window
holding device, a search coil for measuring eye movements, andliscriminator (Bak Electronics). For each unit, the receptive field (RF)
recording cylinder that was placed over a craniotomy above thecation and the “preferred” direction were mapped using a random-
occipital lobe. All surgical procedures were performed under aseptiot stimulus that was controlled interactively through a mapping
conditions using isoflourane anesthesia. Additional details regardipgpgram. The parameters of the visual display condition then were
the physiological techniques employed in this study can be foundtailored to the properties of the recorded cell. The speed of the
Britten et al. (1992). coherent dots approximated the optimal speed for the recorded unit
and the direction of motion was either in the unit’s preferred or null
directions. Two possible configurations for the aperture locations were
used. In the within RF configuration (FigAl both apertures were

Visual stimuli were generated on a PC (486) using a Pepper S@iesented within the RF of the recorded neuron. We tried to position
graphics board (Number 9) and presented on a Nanao 17-in Flexstiatwo apertures in symmetrical locations relative to the center of the
monitor (model T2-17ts, 60-Hz screen refresh), placed 57 cm awagceptive field so that both apertures would yield similar responses.
from the monkey. The random-dot stimulus employed in this studyowever, we made no quantitative measurements of receptive field
has been described in detail previously (Britten et al. 1992). Briefligcation, and in many cases post hoc analysis revealed asymmetries in
each dot was displayed for one frame and then replotted 50 ms latex responses to the two apertures (seLT9. In addition, the two
either at an appropriate spatial displacement for the desired speed apeftures were positioned roughly at the same distance from the

METHODS

Visual stimulus
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A Stationary dots Dots in motion Targets appear

"Within RF’
configuration

e o S hd

1 .

. “
'Remote’ . '
configuration A

Fic. 1. Schematic diagram of the visual displays and the sequence of events within each trial. Before each experiment, the
receptive field (RF) of the unit (dashed oval) is mapped and the preferred direction (arrow above the RF) determined. Each trial
starts with the appearance of the fixation point (FP). Shortly after fixation, a circular aperture of stationary dots appears at one of
two possible locations for 500 mg&ft). Stationary dots inform the monkey which aperture location to attend. In the within RF
configuration @), the 2 aperture locations were positioned within the neuron’s RF; in the remote configuBjtieraperture was
presented in the RF while the other was presented at a remote location. Shortly after the stationary dots disappear, 2 circular
apertures of random dots appear in the 2 spatial locatimidd(€). In each aperture, a fraction of the dots move coherently in 1
of 2 possible directions (preferred or null) while the other dots are replotted at random locations. Monkey was required to
discriminate the direction of motion at the attended location (cued by the stationary dots) and ignore motion at the other location.
After the offset of the random-dot stimulus, 2 saccade targets appear, centered around the location of the attendedgigrture (
Monkey indicates the perceived direction of motion at the attended location by making a saccadic eye movement to the
corresponding target. Correct responses are rewarded by a drop of juice or water. Directions of motion in the 2 apertures as well
as the attended location were varied randomly from trial to trial. Trials in the 2 configurations were run in separate blocks.

fixation point to minimize imbalance in the animal’s attention to thdifficult and the monkeys’ performance could fall to chance. We
two locations. We arbitrarily designated one of the apertures meluded in our data set only experiments in which the monkeys’
aperture 1 and the other as aperture 2. In the remote configuratp@rformance was=66% correct in the opposite-direction trials. In
(Fig. 1B), one aperture covered the RF (aperture 1) while the othether words, the monkey chose the direction of the attended dots at
aperture (aperture 2) was presented at a remote location, typicallydast twice as often as the direction of the irrelevant dots in opposite-
the opposite hemifield. The two configurations were run in separatieection trials.

blocks of trials. Overall there were eight trial types for each config-

uration: two possible directions of motion in aperture 1 times tv+/@ ta set

possible directions in aperture 2 times two attended locations. @

monkey performed the task for a block of 160 trials in each config- we recorded from a total of 84 MT units (37 fromonkey Rand
uration (20 trials per condition). For some units, the block wa$7 from monkey $ A unit was included in our analysis if the
repeated if the unit was well isolated and the monkey continued fgonkey’s performance was above the minimal performance level (see
perform the task. preceding text), if we obtained at least five correct trials per condition,
if the unit was direction selective (2-tailedest on the distribution of
responses to preferred and nil< 0.005), and if the unit was well
isolated. After these exclusions, our data set included 56 units for the

The spatial attention task was quite demanding for these animaithin RF configuration (26 imonkey Rand 30 inmonkey § and 66
and extensive training was required to bring them to adequate perfefits for the remote configuration (31 monkey Rand 35 inmonkey
mance. Even after several months of training, performance could vary 47 of these units were tested with both configurations. MT was
substantially from one stimulus configuration to another and dependg@ntified based on the high-frequency of direction selective units, its
strongly on the coherence of the visual stimulus. We typically uséfaracteristic topography, and the stereotyped sequence of gray mat-
50% coherence motion stimuli because this coherence was sufficief@ly White matter and sulci along the electrode tracks. We have no
demanding in most configurations (see following text). In a few casd¥stological confirmation of the recording sites because both monkeys
when the configuration was very difficult, we used 100% coherefite currently being used in related experiments.
motion stimuli. In trials in which the direction of coherent motion was
the same in the two apertures (“same direction” trials), the monkesxatistical methods
performed near 100% correct in both configurations (within RF con-
figuration: 97 and 98% correct fanonkeys Rand S, respectively; To quantify the attentional effect, we compared the responses of
remote configuration: 95 and 98% correct). In trials with oppositedividual MT neurons to identical visual display conditions when the
directions of coherent motion in the two apertures (opposite-directiomonkey was instructed to attend to one or the other aperture. Neuronal
trials), the monkeys’ performance fell to 84% in the remote configuesponses were measured as the number of spikes that the cell fired
ration (81 and 87% fomonkeys RindS, respectively) and to 74% in during the 1-s presentation of the motion stimuli. For each of the four
the within RF configuration (73 and 75% fanonkeys Rand S, visual display conditions, we compared the mean response in the two
respectively). In the within RF configuration, especially when the RRdtentional states using the following selectivity ratio (SR) index:
were small and the preferred speed high, this task became exceedigity= (A1l — A2)/(Al + A2) whereAl andA2 are the mean responses

Psychophysical performance
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when the monkey was instructed to attend to one aperture or the other.
This equation gives the general form of the SR index; the specific
conditions A1 and A2) that were compared depended on specific A
aspects of the visual configuration and will be describedesuLTs
The SR can assume values betweeh and 1. A value of 0.33, for
example, indicates that the responses were twice as strong in atten-
tional state 141) as in attentional state 22). A value close to zero,
on the other hand, would imply that the responses of the neuron are
not modulated by spatial attention. We assessed the statistical signif-
icance of an attentional effect by a two-tailetest on the distribution
of the spike counts under the two attentional states. Only trials in
which the monkey responded correctly were used for this analysis.
Error trials were analyzed separately (s&suLTs. C
For each MT unit we also computed the directionality index based
on the following formula: I= 1 — N/P whereP andN are the mean
responses when either preferred or null direction motion, respectively,
was present ifboth aperturesP and N were calculated as the mean
firing rate during stimulus presentation minus the spontaneous firing
rate. The spontaneous rate was considered to be the mean firing rate
in the 400 ms after fixation but preceding onset of the stationary cue
dots.

Firing rate

Firing rate

rp625a

Time (sec)
Analysis of eye position FIG. 2. One of the largest attentional effects observed in the within RF

" - : nfiguration. Unit responses are shown as peristimulus time histograms
Eye posltlon signals were collected at 250 Hz using a magne - T?—l): solid line, the r?]onkey attends to the |0\II:)V€I‘ aperture; dashed Iin%, the
search coil sys_t_em (ROb'nsqn 1963)_' T_O_ test whether the mon_keg]ﬁnkey attends to the upper aperture. Four possible stimulus configurations
mean eye position (MEP) differed significantly between attentiongle shown in the 4 panel&£D). Horizontal lines under the axis indicate the
states, eye position traces were subjected to the following analysise period and the stimulus period. Schematic diagram of the visual display
For each visual display condition in a given experiment (e.g., apertwandition is showraboveeach PSTH using the same conventions as in FRg. 1
1 contains preferred stimulus, aperture 2 null stimulus), we firat dots in the 2 apertures move in the preferred directbriots in the lower
computed the MEP for each trial during the presentation of the motigiaht aperture move in the preferred direction and dots in the top left aperture
stimuli. We then divided this distribution of MEPs into two subdismove in the null directionC: dots in the top left aperture move in the preferred
tributions according to the attentional state on each trial (attend g§gection and dots in the lower right aperture move in the null direcfiomlots in
aperture 1 or attend to aperture 2), and computed the difference in eeZ apertures move in the null direction. In all PSTHSs, the bin size was 75 ms.

means of these two subdistributions. These differences were typically .. .
very small 0.1 deg), suggesting that mean eye position varied ”tt[%gatlal attention modulates the responses of MT neurons, there-

between the two attentional states. To assess the statistical sigh@€, we would expect attentional effects to be maximized

cance of these differences, we used a permutation test (Efron awden both apertures are presented within the RF. Furthermore
Tibshirani 1993) to determine the probability that the observed diflve would anticipate the responses to be strongest when the
ference (or a larger difference) in the means of the two distributiopgonkey attends to the aperture containing the cell’s preferred

atentional state 1 araibe the number of rials i attentional sate 2011 2C1ioN of motion and weakest when the monkey aftends to
e aperture containing null direction motion.

Each trial is characterized by a mean horizontal and vertical eye . .
position f, v), i = 1, ... (M + n). On each iteration of the rigure 2 illustrates the responses of an MT neuron that

permutation test, we reassigned at random the individual MEPs intiglded one of the largest attentional effects we observed in the
two new groups withm andn trials, respectively. We then computedwithin RF configuration. The four panels depict the responses
the difference in the mean values of MEP in the two randomigf the unit in the four possible visual display conditions (cor-
assigned groups. By repeating this procedure several hundred timgst trials only). The schematic drawing at toe of each panel
(>500), we obtained a distribution of differences in mean MEP thi{dicates the visual display condition. Thmttom of each

are expected by chance. If the difference in mean MEP actuallye| shows the responses as two peristimulus time histograms

. 0 . pons . .
observed for the two attentional states wa85% of the differences (BPSTHS)—one for trials in which the monkey was instructed to
created by the permutation procedure, we concluded that the mean

e A ;
position was significantly different between the two attentional stat&ﬁend to the lower aperture (—), and one for trials in which the

monkey was instructed to attend to the upper aperture (- - -).
Not surprisingly, the overall response of the unit was strongest
RESULTS when dots in both apertures moved in the preferred direction
Effect of spatial attention on responses of MT neurons  (Fig- 2A), and weakest when dots in both apertures moved in
the null direction (Fig. D). Responses were intermediate when
Previous studies of attentional effects in several extrastriatets in the two apertures moved in opposite directions (Fig. 2,
areas indicate that the strongest attentional effects occur wikeand C), consistent with previous reports (Britten and New-
two competing stimuli appear within the RF of the recordesbme 1990; Qian and Andersen 1994; Snowden et al. 1991). In
neuron (e.g., Luck et al. 1997; Moran and Desimone 198Big. 2, B and C, however, the response differed between the
Treue and Maunsell 1996). In these studies, responses to idsve attentional states. The mean firing rate during presentation
tical visual display conditions were relatively strong when thef the moving dots was 44% stronger Bhwhen the monkey
animal attended to the cell’s preferred stimulus and relativelyas instructed to attend to the lower aperture, which contained
weak when it attended to the nonpreferred, or null, stimulus.dbts moving in the neuron’s preferred directidrdst, P <
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stimulus, respectively. The distribution of the SRs is shifted to
the right of zero, indicating that MT neurons, on average,
responded to identical visual stimuli more strongly when the
monkey attended to the spatial location that contained the
preferred direction of motion. The magnitude of this effect is
modest but highly significant-est,P < 0.00005). The aver-
age SR is 0.042, which corresponds to an 8.7% increase in
firing rate when the monkeys attended to the preferred stimu-
lus. The mean attentional effect was somewhat stronger in
monkey R11.9%) than ilfmonkey §5.9%). The mean SR is
significantly different from zero for both animalstést,P <
0.0005 formonkey R, P< 0.05 for monkey § but the two
distributions of SRs do not differ significantly from each other
(2-tailed t-test,P = 0.15). No attentional effects were found
when the direction of motion was the same in both apertures
(e.g., Fig. 2,A and D). Even though the attentional effects
illustrated in Fig. A are significant, they are an order of
ep627c magnitude smaller, on average, than the attentional effects in
Time (sec) MT recently reported by Treue and Maunsell (1996). We

Fic. 3. One of the largest attentional effects observed in the remote ca@Bnsider possible explanations for this discrepancy inotke
figuration. Unit responses are shown as PSTHs: —, monkey attends to theRfssion
aperture; - - -, monkey attends to the remote aperture. Conventions are th¢sjqre 4 jllustrates the distribution of the selectivity ratios
same as in Fig. 2. . - .

in the remote configuration. These SRs were computed for
0.005). Similarly, inC, the mean response was 38% strongdrials in which the dots in the RF moved in the preferred
when the monkey was instructed to attend to the upper apertdieection and the dots at the remote location moved in the null
(t-test,P < 0.01). Thus the responses of the cell to identicalirection (e.g., Fig. B). For the remote configuration, the SRs
visual display conditions were modulated by the spatial locaere computed as SR (Aapl— Aap2)/@apl+ Aap2) where
tion to which the monkey was instructed to attend. Consistefpl andAap2 are the mean responses when the monkey was
with our expectation, the responses were stronger when thstructed to attend to the RF and remote apertures, respec-
monkey was instructed to attend to the spatial location thiately. This distribution is also shifted to the right of zero
contained the cell's preferred stimulus. No significant attefft-test, P < 0.001), indicating that MT neurons, on average,
tional modulations occurred when the dots in the two apertunesponded more strongly to identical visual display conditions
moved in the same direction (Fig. &,andD). when the monkey was instructed to attend to a preferred

Figure 3 displays the responses of one MT cell in the rematémulus within the RF. The average SR was 0.047, which
configuration (Fig. B). In this configuration, one aperturecorresponds to a 9.9% increase in firing rate (9.8%monkey
covered the RFtép right) while the other aperture was pre-R and 10.0% inmonkey $ In contrast, no significant atten-
sented at a remote locatioattom leff. As expected, re- tional effects were found when dots in the RF moved in the null
sponses were generally poor when null direction motion wagection (e.g., Fig. 3C andD).
presented in the RF aperture (Fig. G,and D). If spatial A somewhat different picture emerged whbkath the RF
attention influences MT neurons in the remote configuration, S
we would expect the responses to be stronger when the monkey Within RF configuration
was instructed to attend to the stimulus within the cell's RF.
This effect is evident both in Fig. 3y andB: the response was
23% stronger irB and 11% stronger i\ when the monkey
was instructed to attend to the RF aperturgeét,P < 0.01 in
B, andP = 0.08 in A). We found no significant attentional
modulations when null direction motion appeared in the RF
aperture C andD).

To quantify the magnitude of the attentional effect, we
computed a selectivity ratio (SR, seetHobs) for each unit.
Figure 4A displays the distribution of the selectivity ratios in
the within RF configuration combined over the two monkeys.
Significant effects are shown in black (2-tailedest on the
response distributions in the two attentional stales; 0.05).

In the within RF condition, each unit contributed two SRs to
the distribution (Fig. 4), one for each of the two possible 0331 0 o 0.3 0.5
combinations of preferred and null direction motion in the two Selectivity ratio (SR)
apertures (€.g., Fig. BandC). These two SRs were computed FIG. 4. Distribution of the selectivity ratio index combined over the 2
as SR= (AP — AN)/(AP + AN) whereAP andAN correspond onkeys.m, statistically significant selectivity ratios (SRs)., mean SR.
to the mean responses when the monkey was mStrUCte(Q@n visual configurationA: distribution of SRs for the within RF configu-
attend to the aperture containing the preferred stimulus or ntaliion. B: distribution of SRs for the remote configuration.

Firing rate

O

Firing rate

(R —

-1 0 1

-0.1 0 01 0.3 0.5

Remote configuration

B

Number of units
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A Remote configuration underestimated the magnitude of the attentional effect in the
sk , within RF configuration. To examine this possibility, we first
Ly Monkey S / tested each unit for a significant asymmetry in the response to
10} ’ n=35 preferred motion in each aperture. We compared the responses
@ T f(_)r th_e two condition_s in which _the apertures containec_i oppo-
S site o!lrectlons of motion (e.g., Fig. B,and_C) V\_/hen the anl_mal
Ry o 05- was instructed to attend to preferred d|rect[on_m0t|0n in each
5 ' ' ' ' aperture. For the 31 units that showed significant response
B £ differences f-test, P < 0.05), we compared the attentional
E effect in the condition that gave the stronger response to the
20 Monkey R / effect in the condition that gave the weaker response. These
15 n=31 SRs did not differ significantly (mean SR 0.048 for the
10 + former condition and 0.031 for the latter; pairetest,P >
5 : 0.7). In addition, neither SR distribution was significantly
0 L different from the SR distribution for units which showed no
-01 0 01 03 05 asymmetry in their responses (mean SR0.042). We there-
Selectivity ratio (SR) fore conclude that asymmetries in the location of the two

Fic. 5. Distributions of the SR for the remote configuration when dots iapertures relative to the RF did not cause us to significantly
both apertures moved in the preferred directRight visual configurationA:  underestimate attentional effects in the within RF configura-
monkey R; Bmonkey SConventions are the same as in Fig. 4. tion.

. To summarize, we observed weak effects of spatial attention
) X s o s 'MMT. Responses were-8% stronger, on average, when the
(e.9., Fig. 3). Figure 5 depicts the SR distribution measured ig,onkey attended to the aperture containing preferred direction
this condition for each of the two monkeys. imonkey §Fig.  motion. Attentional response modulations were similar in the
5A), the distribution of attentional effects is similar to thajyithin RF and remote configurations.

illustrated for both monkeys in FigAd For this animal, the SR
distributions did not differ significantly between these tw
stimulus conditions (the remote aperture contairpneferred
or null direction motion: paired-test,P > 0.7). Inmonkey R
(Fig. 9B), however, no attentional modulation occurred when The attentional modulations that we observed varied consid-
both apertures contained preferred direction motion (mearably among MT units (Fig. 4). An obvious factor that might
SR = 0.004;t-test for difference of the mean fromB,> 0.6). lead to excessive variability in these effects is fluctuation in the
This result suggests that the two monkeys used different straienkey’s motivational state. Poor motivation, and a concom-
egies on trials in which both apertures contained preferréent failure to allocate spatial attention appropriately, could
direction motion. Whereasonkey Sontinued to restrict his easily result in weak or nonexistent attentional effects in some
spatial attention to the cued apertureggnkey Rappears to have experiments. Similarly we might expect relatively strong at-
released attentional control early in these trials. This strateggntional effects in experiments in which the monkey was
would make some sense because the correct answer is unkigihly motivated. To test this possibility, we used the mon-
biguous when both apertures contain the same stimulus. key’s psychophysical performance (the percentage of correct

Inspection of the SR distributions in Fig. 4 suggests thaésponses) as an indicator of motivational state. In general,
attentional modulations were equivalent in the within RF angkerformance is likely to be higher when the monkey is moti-
remote configurations (Fig. 4\ vs. B). A more direct com- vated properly, although some fluctuations in performance are
parison, however, can be made using only the 47 units fexpected simply from the changing psychophysical conditions
which we obtained data ihoth configurations. To make this from experiment to experiment (due to differences in RF
comparison, we calculated a single SR for the within R&ccentricity, size, and speed tuning of the recorded units). Our
configuration by taking the mean of the two SRs that eaemalysis concentrated on the within RF configuration because
neuron contributed to the distribution in FigA4A pairedt-test performance was consistently excellent in the less difficult
revealed no significant difference between the SRs in themote configuration.
within RF and remote configurationB & 0.9). This resultwas  Figure 6 displays for each experiment the relationship be-
unexpected since previous studies of attentional effects in Mieen the attentional modulation measured for each unit (the
(Treue and Maunsell 1996) and other extrastriate areas (LU8R) and the monkey’s performance on opposite-direction tri-
et al. 1997; Moran and Desimone 1985) revealed much largds. Again we find a difference between the two monkeys. In
attentional effects when two competing stimuli appearadonkey SFig. 6A), the correlation between performance and
within, or very close to, the RF of the recorded neuron.  attentional modulation was significant (Spearman’s ranked cor-

Conceivably, our failure to find a difference between attemelation,R = 0.34,P < 0.005). Inmonkey Rhowever (Fig.
tional modulations in the within RF and remote configuratior8B), the magnitude of the attentional effects is not correlated
could be attributed in part to poor placement of the aperturesviith psychophysical performance (SpearmaR’s 0.17,P >
the within RF configuration. If one of the two apertures oveB.1). We conclude that some of the variability in the attentional
lapped the RF only partially, for example, the responses éffects may be attributable to variability in psychophysical
preferred motion in this aperture might have been weak. If tiperformance ilmonkey SWe could not detect such an effect
attentional effects tend to be small in such cases, we may havenonkey R.

Lorrelation between psychophysical performance and the
attentional effect
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Monkey S latency of the effect is long—about 250-300 ms—and the
difference between the responses grows gradually during the
trial, peaking near the offset of the visual stimulus. The results
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At a more global level, performance was generally better in
the remote configuration than in the within RF configuration
(seeveTHODS), Yet attentional modulations were equivalent, on
average, in the two conditions. It is perhaps not surprising,
therefore, that covariation between performance and atten-
tional modulation was relatively weak from experiment to
experiment for the within RF configuration.
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Time course of the attentional effect within single trials

Time course information can yield useful insights concern-
ing mechanisms that might underlie the attentional effects in
our experiments. Because the attentional effects are modest in -500
amplitude, an accurate assessment of their time course within Time (msec)
single trials could only be obtained by averaging data from a
subset of MT neurons that showed the largest attentional ef- SR as a function of time
fects. We therefore analyzed only units that exhibited a rela- 0.1
tively large and significant attentional effect (SR0.1; t-test,

P < 0.05) in at least one of the two opposite-directions con- 0.08 | ]‘
ditions (e.g., Fig. 2B and C) of the within RF configuration. '|'
0.06 1 l
I

0 500 1000

A total of 16 units met these criteria.

For each combination of unit and visual display condition,
we computed separate PSTHs for the two attentional states (as 2
in Fig. 2, B and C) and then averaged PSTHs from all the
selected neurons into a grand mean pair of PSTHs for the two
attentional states (attend to preferred stimulus versus attend to
null stimulus). Figure A displays the outcome of this analysis.
The average PSTHSs rose rapidly on the onset of the random- 0 ==
dot stimulus in both attentional states. On trials in which the
attended spatial location contained preferred direction motion ~0.02
(solid line), the average response remained high throughout the
stimulus presentation interval (black line below the abscissa). Time (msec)

FQI‘ the identical visual q'SP'ay Cond't'on_’ th,e response de- FIG. 7. Time course of the attentional effeét. average PSTHs when the
clined throughout the stimulus presentation interval when th@nkey was instructed to attend to the preferred stimulus (solid line) or the
monkey attended to the spatial location containing null direcull stimulus (dashed line) in the within RF configuratioB. difference

tion motion (dashed line). between the average PSTHs is shown together with the standard error of the

; ; ean for each 100-ms time bin. Horizontal lines undentlagis indicate the
Figure ‘B shows the difference between the average rgbﬁ period and the stimulus peridct. average selectivity ratio (SR) fail the

sponses in t_he tWO_attentional states. This t_ime course Plks in the within RE configuration, computed separately for each 250-ms time
reveals two interesting features of the attentional effect: thierval. SE of the mean is shown together with average SR in each time bin.

Ratio

o
o
e
—
[a——

Selectivi
(]
[en]
N

0-250 250-500 500-750 750-1000



1790 E. SEIDEMANN AND W. T. NEWSOME

were essentially the same when the PSTHs were first normal- 50
ized to the maximal firing rate before averaging across all
conditions (data not shown).

The slow time course of the attentional modulations in Fig. _ 407
7B suggests that we may have underestimated the attentional§
effect in MT by measuring over the entire 1-s stimulus pre- 30t

sentation period (Figs. 4 and 5). To assess this possibility, we
recomputed the SRs in the within RF configuration (for all
units) in four nonoverlapping 250-ms time intervals. The mean
SR for each interval is depicted in FigC7No attentional
effects were present in the first 250 ms of the trial; the atten-
tional effect increased gradually during the trial and reached its
maximal value in the last 250-ms interval. The average SR in
the last interval, however, was still only 0.06815% differ- s s s
ence in response between the two attentional states). -1000 -500 0 500 1000 1500

201

Firing rate s(p/!

Time (msec)
Attentional effects on error trials FIc. 8. Time course of attentional modulations in correct and error trials.

Average PSTHs are shown for correct (solid lines) and error trials (dashed
To perform the spatial attention task correctly, the monkeiges), for trials in which the animal was instructed to attend to the preferred
must attend to motion signals in the cued aperture Whﬁgmulus (black lines) and null stimulus (gray lines). Horizontal lines under the

. . . . . . . x axis indicate the cue period and the stimulus period.
ignoring motion signals in the distracter aperture. On a minor- P P

ity of the trials, however, the monkey erred in his choice Gf 4t in the correct trials—responses were somewigtier on

motion direction. Errors could occur for at least three reason§zis in which the monkey was instructed to attend to the
the monkey erroneously attended to the distracter aperture, rture containingwll direction motion (dashed gray) (1-

monkey attended to the correct aperture for most of the trial Qg pairedt-test, P < 0.05). This result suggests that the
made an error QUe to alapse in attgntion at the last moment nkey attended ,to the wrong aperture, at least on some error
the monkey failed to attend to either aperture and simpf){is. |n addition, the average firing rates for both types of
guessed. _ _errors (dashed lines) fell between the firing rates for correct
_ The responses of MT neurons on error trials may provmf als, suggesting that the monkey may simply have failed to
insight concerning which of these three possibilities is at wo
in our experiments. Under the first scenario, the monkey @farison, however, is somewhat problematic because the selec-
tends to the wrong aperture on error trials. If this is the case, W&y, criteria for inclusion in this analysis was based on strong
would expect attentional modulations to tmversedin order ayentional effects, assessed in correct trials only. In other

from those in the correct trials: responses shouldasger \yorgs we deliberately selected neurons from the end of the
when the cued aperture contaimsi| direction motion because gisyinytion in Fig. 4 for the analysis in Fig. 8. Even if the

the monkey is actually attending on these trials to the distraclgfontional effects are actually identical on correct and error

aperture that containpreferred direction motion. Similarly, ria|s  therefore, simple statistical considerations dictate that
responses should be smaller when the cued aperture contgiRSmeasured attentional effects will be somewhat smaller in
preferred direction motion because the monkey is actuaile error trials for the subset of neurons that yielded the highest
attending to null direction motion in the distracter aperture. Ikantional effects in the correct trials (i.e., “regression to the
the second scenario, the attentional modulations should %@an”) (Galton, 1889). This problem, however, cannot ex-

similar in correct and error trials: the monkey attends 10 thaain thereversalin the attentional effect between correct and
proper aperture but was distracted and chose the wrong targgb, trials.

at the last moment. In the third scenario, attentional effects
should simply disappear because the monkey fails to att
selectively to either aperture.

To distinguish between these possibilities, we averagedSmall, systematic differences in eye position between the
PSTHs for the two attentional states across the populationtafo attentional states could contribute artifactually to the at-
MT neurons that exhibited large and significant attentiont#ntional effects that we measured. If, for example, the monkey
effects (as described in the preceding section). This procedtesds to fixate toward opposite corners of the fixation window
was necessary because the attentional effects are weak ianthe two attentional states, systematic differences in the
error trials are relatively infrequent. For this analysis only, weosition of the stimulus on the RF could generate response
also included experiments in which the monkey’s performandéferences that might be misinterpreted as an attentional ef-
was poor £66% correct on opposite-direction trials—sedect. To test this possibility, we analyzed eye position traces for
METHODS). We included only units for which we obtained atach experiment to detect any significant difference in the
least three error trials in each attentional state. Because of thean eye position (MEP) between the two attentional states
small number of errors made by the monkey, our data set f{seemETHODS).
this analysis includes only 12 units, two of which qualified We focused our analysis on the trials in which the directions
independently in both of the opposite-direction displays.  of coherent motion in the two apertures were opposite because

Figure 8 shows the results of this analysis. Interestingly, thigese stimulus displays yielded the largest attentional effects.
order of the responses in the error trialsagersedn sign from  This analysis was restricted toonkey Rbecause eye position

eRHalysis of eye position
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signals were not saved fononkey SIn the within RF config- motion, was positioned midwapetweenthe two stimulus
uration, the average distance between the MEPs in the teyoertures. Under this condition, the location of the saccade
attentional states was 0.052° (median0.046°). Of the 26 targets provided no cue concerning the identity of the relevant
neurons tested (2 display conditions per unit), the permutatiaperture. The monkey could perform this task correctly only by
test (seaveTHODS) revealed a significant difference in mean eyasing the cue at the beginning of the trial (the stationary dots).
position P < 0.05) in only 7/52 cases (13.5%). In the remot#é the monkey had indeed used target location as a cue in
configuration, the average distance between the two MEPspirevious experiments, we would expect his performance on the
the two attentional states was 0.063° (media@.048°). Of the maodified trials to be significantly worse than on trials of the
31 units tested (1 display condition per unit), only 4/31 (12.9%iginal type. We tested this possibility by measuring perfor-
exhibited a significant difference in mean eye position (permmance with the two trial types randomly interleaved in single
tation test,P < 0.05). blocks of trials. Even though the monkey had never experi-

Even though the distances between the MEPs in the twoced the “between” condition before, we found no difference
attentional states were very small, these differences possilslythe monkey’s performance on the two types of trials. For
might be correlated with the magnitude of the attentionabpposite-direction conditions, the monkey made 76% correct
effects. To test this possibility, we computed the correlatiatecisions in the modified trials (872/1146) and 74% correct
between the attentional modulation (the SR) and the differengdecisions in the original trials (847/1149).
in MEPs in the two attentional states. These correlations wereThus both experiments indicate unequivocally that the mon-
not significant in either configuration (within RF configurationkey used the cue at the beginning of the trial, and thus spatial
Spearman'®R = 0.19,P = 0.09; remote configuration, Spear-attention, to perform the task.
man’sR = —0.21,P = 0.12).

To summarize, the differences in mean eye position betwegns - ;s 510N
the two attentional states were very small. Furthermore, the
distances between the mean eye position in the two attentional’he primary goal of the present study was to measure the
states were not correlated with the observed attentional medfect of spatial attention on the responses of MT neurons. We
ulations. Together, these results indicate that differencesfaund systematic differences between the responses of MT
mean eye position are unlikely to account for the attentionagurons to identical visual display conditions in the two atten-
modulations that we observed. tional states, suggesting that spatial attention indeed modulates

the responses of MT neurons. On average, responses were
Does the monkey use spatial attention to perform the task?- /%0 stronger when the monkey was instructed to attend to the
aperture containing preferred direction motion.

One aspect of our procedures raises the possibility that oudt seems unlikely that our data have been compromised by
monkeys might perform the direction discrimination task withartifacts. First, an analysis of eye position traces stored during
out using spatial attention at all. At the end of each trial, twihne experiments ruled out the possibility that small, systematic
saccade targets appeared at symmetrical positions aboutdifierences in eye position could account for our results. Sec-
cued aperture (Fig.A), providing the monkey with post hocond, additional psychophysical experiments provided strong
information concerning the relevant aperture. It is conceivablkeyidence that the monkeys actually used spatial attention to
therefore, that the monkeys remembered the direction of nferform the task rather than adopting a more convoluted strat-
tion in both apertures and decided which direction to chooszgy. A third factor that might influence our results artifactually
only at the end of the trial based on the location of the saccadea simple sensory interaction between the stationary dots
targets. This strategy, while unlikely, would preclude the neguesented at the beginning of the trial (the attentional cue) and
for selective spatial attention during the stimulus presentatitive stimulus dots presented subsequently at the attended loca-
interval. We therefore performed two additional behaviordion. This interpretation seems unlikely for two reasons. First,
experiments in one monke)(to determine whether he actu-a 200-ms gap separated the offset of the stationary dots from
ally used this strategy. the onset of the motion stimulus. At the time of onset of the

In the first behavioral manipulation, we eliminated the cuaotion stimulus, responses to the stationary dots (the cue) had
(the stationary dots) on some of the trials while keeping tlgenerally decayed to levels close to baseline (Fig). 1n
saccade targets centered around the attended aperture as uaddition, the time course of the attentional effect waposite
If the cue is critical to the monkey’s performance, we woultb that expected if it was induced artifactually by the cue
expect his performance on no-cue trials to fall to chance. If, stimulus. Fig. B shows that the attentional effect was weakest
the other hand, the monkey uses the alternative strategyabfthe beginningof the trial, increasing gradually during the
rememberingooth directions of motion until the saccade tartrial and peaking near stimulus offset. We conclude that the
gets appear, this manipulation should have little or no effect oesponse modulations observed in MT actually reflect the in-
performance. To test this possibility, we randomly interleavdtiience of spatial attention mechanisms.
trials with no cue and trials in which the cue appeared at the
beginning_of the tri_al as.usual. The monkey’s. performance_ ®limary findings and their implications
the opposite-direction trials was 78% correct in the cued trials
(544/698). In contrast, performance on no-cue trials was onlyOne of the interesting results of this study is that attentional
53% correct (367/700) and was not significantly different frortmodulations were similar in magnitude in the within RF and
chance (Binomial tes > 0.8). remote configurations. Previous studies in extrastriate cortex

In the second behavioral manipulation, we modified the taglenerally have found that attentional effects are much larger
so that the target axis, while still parallel to the axis of coheremthen both the attended stimulus and the distracter/s are pre-
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sented simultaneously within the cell’'s RF (Luck et al. 1997,
Moran and Desimone 1985; Treue and Maunsell 1996). These
results, among others, led Desimone and colleagues to suggest
the “biased competition” model for visual attention (Desi-
mone and Duncan 1995). According to this model, local inter-
actions within the cortex, such as the center-surround interac-
tions observed in many visual areas, create competition for
saliency between nearby visual objects (e.g., Koch and Ullman
1985). Top-down attention works by biasing this local com-
petitive interaction in favor of the more relevant stimulus.
According to this model, therefore, the attentional effects
should decrease dramatically as the distance between the two
objects becomes greater than the distance over which local
cortical interactions occur. We found no evidence, however,
for a decrease in the attentional effect, even when the two
motion stimuli appeared in opposite hemifields (Fig. 4). Thus
the mechanism that mediates spatial attention in our experi-
ments is not likely to be based on local competitive interac-
tions.

A second finding of the present study is that attentional
modulations in our paradigm develop slowly: they begin
~250-300 ms after stimulus onset (Fig. 7) and increase grad-
ually throughout the trial, peaking near the time of stimulus
offset. The observed dynamics are therefore most compatible
with slow, top-down attentional mechanisms that are likely to
be mediated by the extensive feedback connections to MT from
higher areas. Alternatively, this relatively slow time course
could arise if the initial response transient in MT is less
vulnerable to attentional modulation. The time course of atten-
tional effects reported in previous studies of extrastriate cortex
varies considerably from one study to another, even within the
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same brain area, Suggesting that the time course can be inflic. 9. Relationship between the directional index and the size of atten-

enced by the specific demands of the attentional task (e,
Luck et al. 1997; Motter 1994a,b).

tional modulations (SR) in the within RF configuratiof: distribution of
‘éctional selectivity indices immonkey R. Bdistribution of directional
selectivity indices inmonkey SCorrelation between directional selectivity

Third, we find an interesting difference between attentionabiex and the selectivity ratio imonkey RC) andmonkey D). Best linear
modulations in correct trials and error trials (Fig. 8). For erraegression fit is displayed with each scatter plot.

trials, the attentional modulations were weaker and were re-
versed in sign: responses were actualtlyongeron trials in
which the monkey was instructed to attend tonld stimulus.

To examine this possibility, we first compared the direction-
ality of neurons in the current study to the directionality of MT

The reversedorder of the attentional modulation in the erroneurons from previous studies that employed 100% coherent
trials suggests that the monkey actually attended to the wragdom-dot patterns. The distributions of direction indices (DI;
aperture on some of these trials. seemeTHoDs) for our two monkeys are shown in Fig. 8,and

The most unexpected result of the present study is that BeThe mean index imonkey RDI = 0.97) is very similar to
attentional effects we observed (8.7% in the within RF configthe mean directionality index published previously with 100%
ration) are an order of magnitude smaller than the attentiomaherent motion [mean B¥ 1.05 (Albright 1984); mean D
effects measured by Treue and Maunsell (1996) (median effédd, (Britten et al. 1992)], as well as with a single moving spot
>80%), even though both studies required the monkeys to attgntean DI= 0.98 (Albright 1984)]. Inmonkey Rthen, it seems
to one motion stimulus in the RF while ignoring a second stimuluslikely that difference in the selectivity of MT neurons to the
present simultaneously within the RF. We suspect that this diftotion stimuli could account for the differences between our
ference between the two studies provides important clues abmgults and those of Treue and Maunsellnonkey Show-
the neural mechanisms underlying visual attention. Before de&ver, the mean direction index is 0.69, which is significantly
cussing these, however, we consider two potential explanatidoaer than inmonkey Rt-test P < 0.05). The mean attentional
that would be considerably less interesting. effect indeed appears somewhat weakemionkey §5.9%)

It is conceivable that attentional effects in our study weran inmonkey R(11.9%), but this difference was not statis-
weak because of the particular visual stimuli we employed. Wieally significant (2-tailed-test,P = 0.15). To explore further
used 50% coherent motion stimuli, which may provide less tfie possibility that the size of the attentional effect depends on
a directional signal than the moving spots used by Treue ati@ stimulus selectivity of the unit, we computed the correla-
Maunsell (recall that half of the dots in our display compriston coefficient between the two measures. Figur€ andD,
random-motion noise). If attentional modulations were strodisplays the relationship between the directional index and the
ger for stimuli that generate better direction selectivity, thattentional effect (SR) for each unit. The correlation between
weaker effects in our study might logically follow. the two measures is weak but significantonkey SSpear-
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man’sR = 0.36,P < 0.05) and is not significant imonkey R procedural difference may still account for some of the differ-
(Spearman’® = 0.16,P = 0.21). Even irmonkey Showever, ence in results.
the mean SR for the most directionally selective units is still Second, attentional effects were measured in different time
<0.1, fourfold smaller than the average attentional effect megPochs in the two studies. Our measurements were computed
sured by Treue and Maunsell. We conclude that differencesfiRm spike counts obtained during the entire 1-s stimulus
stimulus selectivity fail to account for the large differences iRresentation; Treue and Maunsell measured attentional effects
attentional effects in the two studies, although they may a@uring a later epoch in the trial, from & 2 s after onset of the
count for a small portion of the difference imonkey Sit least. MOVing targets. Because the attentional effects in our experi-
The differences between our results and those of Treue ﬁnts became larger with time (FigB){ it is possible that the

Maunsell also would be less interesting if they resulted simpfj'erénce in measurement epoch could account for a portion of

becave our behavoral task was not as demanding in termd 0TS feSls Eyer g e las 250 m of e v,
attentional effort. A direct comparison of the two tasks with '

. ; ; smaller, on average, than the attentional effects obtained by
respect to attentional demands is not possible because we hﬁ\é%e and Maunsell (Fig.C). In general, time-course data will

no independent measurement of the attgntional load in the L € of considerable importance in evaluating the functional

teanscks .inNg\\//:rr;TIe;(tatsé?t% mrgflfgftr;:'ﬂgﬁﬂgnﬁ;ﬁgffjtc??érdt' é'aning of attentional effects. If strong attentional effects only

contrasting results. First. there is no reason a priori to beli(;herise late in the trial for a particular task, it becomes necessary
9 ) 4 P i ask whether or not the attentional effect reflects a filtering

that our task is not sufficiently demanding because similgh, o ~iion that is necessary for performance of the task. An
spatial attention tasks have yielded large attentional effects ernative interpretation is that the effect represents feedback

other cortical areas (Luck et al. 1997; Moran and Desimoligy .onces from higher levelafter a decision has been made.
1985). Second, our spatial attention task was quite difficult forA third possibility is that Treue and Maunsell's task re-

these two monkeys. Even after months of training, perfo3':'ruited an additional attentional mechanism because it required
mance fell dramatically as the distance between the two apgls monkey to use attention to track a moving object in the

tures became smaller and as the coherence of the mo Bsence of other distracter object(s). Our task, in contrast, is a

stimulus was lowered. In some cases, when the two apertu gl%ltively pure spatial attention task; the monkey simply had to
were small and abutting and the speed of coherent motion nd to a single, constant location in space throughout the
hgr?c’)rtr?]ea?:\lf ebcehC;rilzg %F)hﬁgf'%lfllért]ht%totl:]ehThoenkg% frﬁglr?cgt? [. Mental or attentional tracking may impose more stringent
p ’ ’ 9 P r8uirements that recruit strong attentional mechanisms at the

bOFh m_onlgeys_ was sign_ificantl_y bett_er in the remote ComcigVével of MT. The ability to track objects with attention may be
ration, indicating that this configuration was easier, the atten- :

tional modulations in the two configurations were equivalen seful for planning saccades or reaching movements 10 a
nhg q F‘ehaviorally relevant object moving among distracter objects.
Thus we conclude that the differences between our resu

tSFinaIIy, the two tasks differ in the way in which attention is

gir]!%rtgr?ggsci); -girt?]lﬁ tﬁggng/lljiltjgfsaetl'le?]rt?or?glt c;l(rﬂgr:g c?reindtl;]ee frected to, and maintained on, the relevant visual object. In our
task the only feature important for directing and maintaining

selectivity of MT neurons for the stimuli used in the WO, ttention was the spatial location of the cued aperture. The direc-

studies. Rather we believe that attention is acting at subst@n-’ " .o 010 4o hotion was the stimulus attribute to be dis-

g?tlé%t?éﬁea:ggtegfgzne;g?t '?t’gopﬁg]r:rd'%rpf:'ctlsn d%lxnz?rr:;rﬁjw’criminated and therefore of little or no use in guiding augntiqn. In
MT, consistent with “late selection"ymodels of visual atten-.. o and Maunsell's task, on the other hand, the dlreg:non of
tion' In the paradigm of Treue and Maunsell, however attem_otlon of each target was unamb|'guous, and indeed hdkgfmia :
tion.exerts pronounced effects at, or before the level of’ MT. A stimulus to be attended. In this case, therefore, motion direc-
key question remains: what dif,ference(s), between the t ion (|_n addltlon to spatial Iocat|on)_could play a major role in
paradigms could be reéponsible for such a dramatic differe eect|_ng attention to the _relevant ob]eqt. If motion direction helps
in the effects of attention in MT? NS def[ne thg relevant stimulus, attenuonal_flltenng could be ac-

’ complished in part by a top-down mechanism that enhances the
responses of MT neurons the preferred direction of which corre-
Potential sources for the contrasting results sponds to the direction of the attended target while suppressing the

responses of those having other preferred directions. In this man-
Although the two paradigms are similar in requiring tha@er, the number of motion signals present in MT at a given
monkeys to attend to one of two motion signals in the RF, tthmoment in time could be reduced, perhaps facilitating detection of
tasks differ in at least four important ways. First, in Treue arttie critical speed change.
Maunsell’s study, the animal was required to detect andlf this indeed proves to be the critical difference between the
quickly report a change in speed of the attended target titab tasks, it follows that attentional mechanisms can modulate the
occurred at an unpredictable time during the trial. This tasksponses of MT neurons more effectively with reference to a
structure places a premium @ontinuousattention throughout combination of direction and space (Treue and Maunsell's para-
the trial. In our task, on the other hand, the monkey watigm) than to space alone (our paradigm). In other words, feature-
required only to determine the direction of motion in théased attentional mechanisms, using a particular direction of
attended aperture, raising the possibility that attention couttbtion as the relevant feature, may contribute importantly to the
lapse during some portion of the trial with little or no negativattentional modulations observed by Treue and Maunsell, as de-
consequence for the animal. The short stimulus presentatsmibed in other visual areas by Motter (Motter 1994a,b). This
that we used (1 s) should minimize this possibility, but thimtriguing possibility raises questions concerning the interaction
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between bottom-up mechanisms and tOp-dOWﬂ mechanisms.D&siMONE, R. AND DuncaN, J. Neural correlates of selective visual attention
the target in Treue and Maunsell's task reverses its directionAnnu- Rev. Neurosci8: 193-222, 1995. o
bottom-up mechanisms must inform the tOp-dOWI‘\ mechanisAENER R.AND.ZEKI, S. _M. Response propertle_s and receptive fle_lds of cells
. : . in an anatomically defined region of the superior temporal suxzsn Res.
that the relevant feature, namely the direction of motion of thegs. 528532, 1971.
attended target, has changed, and different populations of M&on, B. anp TissHirani, R. An Introduction to the Bootstrap.ondon:
cells must then be modulated. If the top-down mechanisms supshapman and Hall, 1993.
press responses to unattended directions, what source provi@iesera V. P.anD LisBerGER S. Neuronal responses in visual areas MT and
signals to the top down mechanisms that the direction of théﬂi{; dlugfg”79 smooth pursuit target selectioh. Neurophysiol.78: 1433-
attg?declj '[al‘%%t. has cI:hangeQ? ded dd hFERRERA V. P., RupoLPH, K. K., AND MAUNSELL, J.H.R. Responses of neurons
. early, a, 't"?”a gxperlmgnts are needed to address t € ﬁthe parietal and temporal visual pathways during a motion thskeu-
issues and identify with certainty the aspects of a behavioraj,sci 14: 61716186, 1994.
task that recruit the strongest attentional modulations in M&aLton Natural Inheritance London: Macmillan., 1889.
Whatever the results of such experiments may be, the curréimgnny, P. E., MaunseLL, J.H.R., AND ScHILLER, P. H. State dependent
contrasting results suggest that attentional mechanisms can agtivity iq monkey visual cortex. Il. Retinal and extraretinal factors in V4.
at multiple levels within the hierarchy of visual areas. “Early” Em-YB;a'E TSSGS%Hﬁ;Z?’Hlﬁi-te dependent activity in monkey visual
sele_ctlon may be ODtI.maI. under some (.:IrcumStances’. but I—é{s'(irtex. I. Single cell activity in V1 and V4 on visual tasisp. Brain Res.
unbiased representation in the early visual areas might bgg. 555 544, 198s.
preferable under other circumstances. In the latter case, atefey, C. ano ULiman, S. Shifts in selective visual attention: towards the
tional mechanisms must operate at later processing stage@derlying neural circuitryHum. Neurobiol 4: 219-227, 1985.
downstream from MT. In exp]oiting the advantages of earIYJCK, S, 'O-lELAZZI,'S., HLLYARD, S.,AND DEsIMONE, R. Neural me_chanisms
and late selection mechanisms, therefore, the brain may get tf‘@ spatial attention in areas V1, V2 and V4 of macaque visual cortex.

S Neurophysiol77: 24—42, 1997.
best of both worlds, SWItChlng from one strategy to the OthWAUNSELL, J., SLAR, G., NEALEY, T., aND DePRrIesT, D. Extraretinal repre-

depending on subtle aspects of the task. sentations in area V4 in the macaque monRég. Neurosci7: 561-573,
1991.
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