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Primates can attentively track moving objects while keeping gaze stationary. The neural mechanisms underlying this ability are poorly
understood. We investigated this issue by recording responses of neurons in area MT of two rhesus monkeys while they performed two
different tasks. During the Attend-Fixation task, two moving random dot patterns (RDPs) translated across a screen at the same speed
and in the same direction while the animals directed gaze to a fixation spot and detected a change in its luminance. During the Tracking
task, the animals kept gaze on the fixation spot and attentively tracked the two RDPs to report a change in the local speed of one of the
patterns’ dots. In both conditions, neuronal responses progressively increased as the RDPs entered the neurons’ receptive field (RF),
peaked when they reached its center, and decreased as they translated away. This response profile was well described by a Gaussian
function with its center of gravity indicating the RF center and its flanks the RF excitatory borders. During Tracking, responses were
increased relative to Attend-Fixation, causing the Gaussian profiles to expand. Such increases were proportionally larger in the RF
periphery than at its center, and were accompanied by a decrease in the trial-to-trial response variability (Fano factor) relative to
Attend-Fixation. These changes resulted in an increase in the neurons’ performance at detecting targets at longer distances from the RF
center. Our results show that attentive tracking dynamically changes MT neurons’ RF profiles, ultimately improving the neurons’ ability
to encode the tracked stimulus features.

Introduction
In many situations, humans and other primates must attentively
track moving objects while keeping gaze stationary. It has been
suggested that this ability relies on covert attention (Cavanagh
and Alvarez, 2005). A single or multiple moving spotlights of
attention may highlight tracked objects and enhance their neuronal representations in visual cortex. Supporting this hypothesis, previous studies of multiple-object tracking (MOT) in humans
have demonstrated that visual event-related potentials (ERPs) and
BOLD signals evoked by attentively tracked objects are enhanced
relative to those evoked by distracters (Culham et al., 1998; Drew
et al., 2009; Howe et al., 2009; Doran and Hoffman, 2010). The
mechanisms of these effects at the level of single visual neurons
remain poorly understood.
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A recent electrophysiological study in monkeys recorded the
responses of neurons in visual area V4 during a MOT task and
demonstrated that when a tracked object stops and remains stationary inside a neuron’s receptive field (RF), responses are
stronger than those evoked when the object is ignored (Sundberg
et al., 2009). This result agrees with previous reports of enhancement in the responses of visual neurons to stationary behaviorally
relevant objects (Moran and Desimone, 1985; Spitzer et al., 1988;
Treue and Maunsell, 1996; McAdams and Maunsell, 1999; Reynolds et al., 1999; Seidemann and Newsome, 1999; Treue and
Martinez-Trujillo, 1999). One issue that remains unclear is how
attention modulates responses of visual neurons to tracked objects that dynamically change position in space.
One possibility is that during attentive tracking of a moving
object, the profile of a visual neuron’s RF undergoes dynamic
changes similar to those reported during tasks where attention is
directed to stationary objects (Connor et al., 1996; Womelsdorf et
al., 2006; Anton-Erxleben et al., 2009). For example, it is possible
that during attentive tracking, a neuron multiplicatively increases
the response to a passing tracked stimulus over the entire RF
excitatory area, producing a homogenous expansion of the RF.
Alternatively, the neuron may differentially increase the responses to the passing stimulus across different RF regions, e.g.,
larger increases at the center and smaller in the periphery, or vice
versa. The former would produce a sharpening of the RF profile.
The latter would resemble a nonlinear expansion of the RF excitatory border, with larger increases in response close to the border
relative to the center.
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Here, we tested these ideas by recording
single-neuron activity in extrastriate visual
area MT of two rhesus monkeys to stimuli
passing through the neurons’ RFs during
two different tasks: (1) when the animals attentively tracked the stimuli (Tracking) and
(2) when they ignored the stimuli and attended elsewhere (Attend-Fixation). We
found that during Tracking, MT neurons
increased their responses to the stimuli passing across their RF, with larger increases
within regions away from the RF center.
Such increases were accompanied by a progressive decrease in response variability
during Tracking as the tracked stimuli approached the RF center. These changes improved the neurons’ ability to detect and
encode the features of the stimuli during
Tracking relative to Attend-Fixation.

Materials and Methods
Two adult male rhesus monkeys (Macaca mulatta, 5.5 and 7.2 kg) participated in the experiments. All procedures complied with the Canadian
Council of Animal Care guidelines and were
preapproved by the McGill University Animal
Care Committee.

Apparatus and stimuli
A custom-written software running on an
Apple G4 computer controlled the stimulus
presentation as well as the recording of eye po- Figure 1. Task layout. A, Trial sequence. The animals maintained their gaze (gray dashed arrow) on the FS (white square). The
sitions and behavioral responses. Stimuli were RDPs moved across the screen following parallel trajectories and crossing the neuron’s RF (dashed circle). B, Experimental condiback-projected onto a screen by a video projec- tions. During Attend-Fixation trials (left), animals ignored the RDPs and detected a luminance reduction in the FS. During Tracking
tor (WT610; NEC Display Solutions of Amer- trials (middle), animals detected a change in the local speed of the dots in one of the RDPs (long arrow). The dots within the RDPs
ica) at a resolution of 1024 ⫻ 768 pixels and a (right) locally moved either in the preferred (up arrow) or antipreferred (down arrow) direction.
refresh rate of 85 Hz. The animals sat in a primate chair in front of the screen at a viewing
responses to a single stimulus positioned inside the RF while varying its
distance of 57 cm. The stimuli were moving random dot patterns (RDPs)
color from trial to trial ( p ⫽ 0.79, paired t test, data not shown). The
composed of small bright dots (dot size ⫽ 0.01 degrees 2, dot density ⫽ 5
patterns’ positions were always isoeccentric with respect to the FS. Dots
2
dots per degrees ) moving behind circular apertures on a dark backin the two RDPs could locally move in the neuron’s preferred or antiground (0.02 cd/m 2). The dots could be either green (12.8 cd/m 2) or red
preferred direction. The latter was defined as the direction 180° from the
2
(14.6 cd/m ) and moved with 100% coherence. When they crossed the
preferred direction (Treue and Martinez-Trujillo, 1999). Within a trial,
aperture’s border they were replotted on the opposite side. The diameter
the dots always moved in the same direction.
of each RDP was adjusted to be ⬃1/3 of the RF diameter. Eye positions
During a recording session, Attend-Fixation and Tracking trials
were recorded using a video-based eye tracking system (Eye Link 1000,
with RDPs of different directions and colors (i.e., both patterns red/
SR Research) with a sampling frequency of 200 Hz.
green and moving in the preferred/antipreferred direction) were ran-

Task
At the beginning of a trial, the animals directed and maintained gaze on
a white fixation spot (FS) in the center of the screen and pressed a button
to initiate the stimulus presentation. After 590 ms, two red or green RDPs
appeared outside the recorded neuron’s RF (Fig. 1A). They translated
across the screen following parallel trajectories at a constant velocity of
3.5°/s and crossed the RF. Their initial position was either proximal to the
FS, and hence they translated toward the periphery (Fig. 1 A, outward); or
distal to the FS and they translated toward the center of gaze (Fig. 1 A,
inward).
The animals were trained in two task conditions. When the FS turned
from white to light gray, they had to detect a change in the FS luminance
while ignoring the RDPs (Fig. 1 B, Attend-Fixation). When the FS color
turned to the color of the RDPs (red or green), they had to keep fixating
and detect a brief (110 ms) change in the local speed of the dots in one of
the patterns. The speed change occurred with equal probability (0.5) in
either pattern (Fig. 1 B, Tracking). The color variations of the RDPs were
meaningless in the context of the present study, but were necessary for a
second experiment run in parallel. However, there were no differences in
response between stimuli of different colors, as tested by recording the

domly interleaved. The speed change intensity was chosen in such a
way that the proportion of correct detections in the majority of the
sessions was 75% or higher. All changes occurred at a random time
(820 –5060 ms) from trial onset, challenging the animals to sustain
attention on the targets throughout the trial. Releasing the button
within 150 – 650 ms from target change onset was considered a hit and
rewarded with juice.

Surgical procedures and recordings
In each animal, a titanium head post (custom made) and a Cilux plastic
recording chamber (diameter ⫽ 20 mm; Crist Instruments) were surgically implanted under general anesthesia. The chambers were positioned
over a craniotomy in the parietal bone, providing dorsal access to the
superior temporal sulcus. Localization of area MT was conducted using
postsurgical structural magnetic resonance imaging (Siemens 3T Trio
MR scanner) (for MRI images and stereotactic coordinates of recording
sites, see Khayat et al., 2010a).
In each session, guide tubes were used for transdural penetrations.
Epoxylite-insulated tungsten electrodes (diameter ⫽ 100 –125 m, impedance ⫽ 1– 4 M⍀; FHC) were inserted into area MT through the guide
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tube using an electrical microdrive (NAN Instruments). Action potentials were isolated based on the online display of neural signals using
Plexon software and recording equipment (Plexon), and an analog– digital oscilloscope (Hameg Instruments). Spikes were amplified and filtered
between 250 Hz and 10 kHz before being digitized and stored at 40 kHz.
A neuron was determined to be from MT based on its response properties
to moving RDPs of different directions and speeds, the location and size
of its RFs, and the position of the electrode relative to the superior temporal sulcus (Khayat et al., 2010a).

Data analysis
All the analyzed neural data were obtained from hit trials and were truncated at the time of the target change. On average (⫾SD), the animals
correctly performed 29 (⫾8) trials per stimulus configuration and condition. For each trial, we computed a spike density function (SDF) by
convolving each spike with a Gaussian kernel ( ⫽ 25 ms).
Since target changes occurred at different times during the trial, the
spatial distance covered by the translating stimuli in each trial was variable. This was done to encourage the animal to attend to the stimulus
during the whole trial length. The data used in the analysis comprised the
time/space where a minimum of five trials where available. The length of
the data in the fixation condition matched the length of the data in the
tracking condition. In both conditions, individual trials were binned
according to the length of the available data. A single bin was equivalent
to (length of data)/10. This yielded an average bin size (⫾SD) of 344
(⫾59) ms (equivalent to 1.2 ⫾ 0.2° of visual angle). The firing rates of
individual trials were subsequently pooled to obtain an average SDF per bin.
Classification of neurons. We recorded 157 single neurons during 147
recording sessions (in some sessions, two neurons with similar RF locations and feature selectivity were simultaneously isolated from the same
electrode). The neurons’ RF sizes were mapped on-line with a moving
bar or a stationary RDP attached to the cursor. To account for differences
in RF size and as part of a second experiment, the RDPs were positioned
close together in approximately half of the recording sessions and farther
apart in the other half. For each neuron, we determined whether the
RDPs crossed the excitatory region of the RF and evoked a response by
fitting the following Gaussian equation to the binned average SDF (Ravg)
in both configurations:

R avg ⫽ B ⫹ H ⫻ e关共C ⫺ R共 p兲兲2 /W2 兴,

(1)

where B represents the neuron’s firing rate when the RDPs are outside the
RF; H describes the height of the curve; R(p) corresponds to the response
at position p; C represents the location of the peak response, which approximates the RF center; and W provides an estimate of the excitatory
RF region extent. Data were fitted using the Matlab optimization toolbox
(Matworks) and the least-squares fitting method (Treue and MartinezTrujillo, 1999). Neurons were categorized as modulated by the RDPs
when the correlation coefficient (R 2) of one of the fits (in either Tracking
or Attend-Fixation) exceeded 0.8 and the R 2 of the fit in the other condition was ⬎0.5. This procedure was applied to both outward and inward
trials, which were analyzed separately to detect potential effects of the
RDPs’ motion direction across the screen. A total of 134 (70 outward and
64 inward) neurons matched the criterion. In addition to the Gaussian
fit, we computed for each neuron a direction selectivity index (DSI) in
Attend-Fixation trials:

DSI ⫽ 共Rpref ⫺ Rantipref兲/共Rpref ⫹ Rantipref兲,

(2)

where Rpref and Rantipref are the mean responses to the preferred and
antipreferred RDP directions in each response bin, respectively.
Border expansion analysis. The peak of the Gaussian fit during AttendFixation was defined to be the RF center and was used as a reference to
measure the distance to the point along the abscissa were the AttendFixation fit reached half of the peak response. In the following sections,
this distance will be termed DFR50. The DFR50 during Tracking was also
determined with respect to the point of half-height during AttendFixation. For the population analysis, changes in the position of the RF
excitatory borders during Tracking were expressed as percentage of the
DFR50 during Attend-Fixation trials.

Analysis of fitting parameters. Differences in parameters of the fits between Attend-Fixation and Tracking were quantified by computing parameter modulation indices (PMIs) of the form:

PMI ⫽ 共Ptracking ⫺ PPattend-fixation兲/共Ptracking ⫹ Pattend-fixation兲,

(3)

where P represents the parameter. Positive PMIs indicate higher parameter values during Tracking and negative PMIs indicate higher parameter
values during Attend-Fixation. A PMI of zero indicates no differences. A
similar index was computed to analyze differences in maximum firing
rates between the two conditions.
Since the width of the Gaussian fit is a critical measurement in this
study, a second analysis was applied to determine whether changes in
width significantly improve the fits in the Tracking condition. First, the
data in the Attend-Fixation condition were fitted with the Gaussian
model described above (Eq. 1). Second, two different models were fitted
to the Tracking data. In the first model, the width was allowed to vary. In
the second model, the width parameter was fixed to the width value
determined during Attend-Fixation. We assessed the goodness of fit
of the two models using the Akaike information criterion (AIC)
(Akaike, 1974):

冉 冊

AIC ⫽ n ⫻ ln

SSE
⫹ 2k,
n

(4)

where n represents the number of data points, k the number of model
parameters, and SSE is the sum of squared errors. The AIC is a statistical
measure used to compare the goodness of fit of models with different
numbers of free parameters. As can be derived from the formula, the
model that best describes the data is the one with the lowest AIC value.
The difference in AIC between the first (varying width) and the second
(fixed width) model was computed using the following formula:

⌬AIC ⫽ AICvarying ⫺ AICfixed

(5)

If ⌬AIC is negative, the difference in sum squared error between models
is greater than that expected based on the difference in the number of
parameters (4 vs 3), implying that the model with varying width
provides a better description of the data. For each neuron, ⌬AIC was
computed and subsequently averaged across neurons for statistical
analysis using t tests.
Analysis of nonlinear RF expansion. To test whether tracking causes a
nonlinear receptive field expansion, we applied a second method that was
independent of the Gaussian model fits. For each neuron, we determined
the location of the peak response during Attend-Fixation (the RF center).
In each trial, data before stimulus onset (baseline response) and after the
time of the peak response were truncated. The remaining part of singletrial firing rates was binned according to the length of the available data.
To compute population responses, average SDFs of each neuron were
normalized to the peak response during fixation and pooled across neurons. In addition, a response modulation index (RMI) was computed for
each neuron and response bin, as follows:

RMI ⫽ 共Rtracking ⫺ Ratt-fix兲/共Rtracking ⫹ Ratt-fix兲

(6)

where Rtracking represents the responses obtained during Tracking and
Ratt-fix those obtained during Attend-Fixation (Khayat et al., 2010). RMIs
of individual neurons were pooled for statistical analysis. Note that the
RMI may magnify the differences in response between low spiking neurons. However, since we used responses to the preferred direction, most
of our neurons gave a robust response to the stimulus when entering the
RF borders.
Signal-detection analysis. To determine each neuron’s ability to detect
the RDPs entering its RF, we applied a signal detection analysis. Different
from the DFR50 and the tuning curve parameters analyses, this analysis
incorporates the neuron’s mean firing rate across trials as well as the
intertrial rate variability (Thompson et al., 1996). Additionally, this analysis is also independent of the Gaussian fitting procedures described
in Classification of neurons, above. We computed receiver operator
characteristic (ROC) curves for each neuron using distributions of
firing rates at trial onset, and at successive time intervals after trial
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onset (see below). We then computed the
area under the ROC curve (auROC), which
represents the probability that an ideal observer can reliably identify the separation between the two firing-rate distributions. In
the present context, this analysis indicates at
what distance from the RF center the translating stimuli were detected.
For each trial and condition, we computed the
average SDF during the first 20 ms after the onset
of the RDPs, i.e., when they were located outside
the RF boundaries. Relative to this baseline period, we calculated the auROC curves using a 20
ms window and 1 ms steps. An auROC value of
0.5 indicates that the firing rates during a given
period cannot be distinguished from baseline. A
value ⬎0.5 indicates that responses during the
analyzed period are greater than baseline. A value
⬍0.5 indicates that responses are smaller than
baseline.
For each condition, we obtained auROC
curves that typically increased as the RDPs
approached the RF center. To describe this
distance-dependent effect, we binned the auROC data of each condition into 10 bins of
similar size and fitted the resulting set of data
points with a Weibull function, as follows:

W(p) ⫽ ␥ ⫺ (␥ ⫺ ␦) ⫻ exp[ ⫺ (t/␣) ␤],
(7)

Figure 2. Behavioral performance. A, Average hit rate during Tracking (light gray) and Attend-Fixation (dark gray) of monkeys
Se (n ⫽ 64) and Lu (n ⫽ 83). **p ⬍ 0.0001, Wilcoxon signed rank test. B, Average reaction times. Colors as in A. **p ⬍ 0.0001;
unpaired t test. ns, Nonsignificant. C, Distribution of target change times. D, E, Average reaction times during tracking (D) and
fixation (E) for early and late target changes. Error bars indicate 95% confidence intervals. Att., Attend.

where W(p) is the value of the auROC when the
translating RDPs were at position p (measured in degrees from their initial
position), ␣ is the time at which the function reaches 64% of its full growth,
␤ is the slope, ␥ is the upper asymptote, and ␦ is the lower asymptote.
The position at which the RDPs entered the RF was defined as the
position p where W(p) reached the threshold criterion of 0.75 (Thompson et al., 1996). The distance between the RDPs initial position and this
point was termed target-detection distance (TDD) and can be used as an
estimate of the RF border (see Fig. 7A). Neurons that failed to reach
criterion in both the Attend-Fixation and Tracking conditions were removed from the analysis (n ⫽ 12). For each neuron, we computed the
difference in TTD, as follows:

⌬TDD ⫽ TDDtracking ⫺ TDDfixation.

(8)

Negative values indicate that the approaching targets were detected at a
shorter distance from their initial position during Tracking relative to
Attend-Fixation and positive values indicate the contrary.
Fano factor analysis. As a measure of trial-to-trial variability, we
computed the Fano factor, the ratio of the variance of the spike counts
across trials divided by the mean of the spike counts (Mitchell et al.,
2007, 2009; Cohen and Maunsell, 2009). This analysis was conducted
on raw spike counts rather than on single-trial SDFs. For each neuron
and both conditions, the number of spikes in a counting window of
size 12 ms was determined for non-overlapping windows over the length of
each trial. The results were used to compute the mean and variance across
trials in each window. To pool data from different neurons, the length of
the available Fano factor data was divided into 10 response bins, and the
average Fano factor for each bin was computed. To assess the effect of
attention, we computed a Fano factor modulation index (FFMI) for each
neuron and response bin, using the following:

FFMI ⫽ (FFtracking ⫺ FFatt-fix)/(FFtracking ⫹ FFatt-fix),

(9)

where FFtracking represents the Fano factor obtained during tracking and
FFatt-fix represents the Fano factor obtained during Attend-Fixation.
Performance. For each recording session, the average percentage of
correct change detections (hit rate) was computed. Failures to release the

button within the response time window (150 – 650 ms after the target
change occurred) were considered errors. Fixation errors (trials terminated because the animal’s gaze deviated from the FS) were not included
in the performance computation. The chance hit rate was 23% [computed by dividing the response time window (500 ms) by the average
length of the trial period where a target event could occur (2180 ms)].
Reaction times were defined as the time between the onset of the target
change and button release. Since we were interested in covering a large
portion of the RF, the distribution of possible target change times was
biased toward longer times during the trial (Fig. 2C).
To assess changes in task difficulty over time during Attend-Fixation
and over time and across space during Tracking, we divided the trials of
each recording session into two response bins. The first one contained all
reaction times of trials where target changes occurred within the time
between the earliest possible change and the median of all change event
times (early). The second one contained all reaction times of trials where
changes occurred between the median and the latest possible change time
(late). Analyses of hit rates were conducted using nonparametric tests,
and analyses of reaction times were conducted using parametric tests.
Eye position measurements. Eye movements were measured using a videobased eye tracking system (Eye Link 1000, SR Research). Horizontal and
vertical eye position signals were fed into the stimulus-presentation computer and converted into degrees of visual angle according to a calibration
procedure conducted at the beginning of each experimental session. From
these signals, we computed average eye positions for each trial and condition. The monkeys could only start a trial if their gaze was within a 1°
radius from the FS center. If at any time during a trial the animal’s gaze
moved outside the fixation window, the trial was aborted without reward
(Khayat et al., 2010a).

Results
Behavioral performance
To determine whether the animals correctly performed the tasks,
we quantified their hit rates and reaction times during both conditions across all recording sessions. During Tracking, the responses to the preferred and antipreferred RDPs were analyzed
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separately. Hit rates of both animals were considerably above
chance (23%; Fig. 2 A, dashed line) in all conditions ( p ⬍ 0.0001,
Wilcoxon signed rank tests). The average hit rates in response to
the preferred and antipreferred directions of the local dots in the
RDPs were similar (monkey Se: n ⫽ 64, preferred ⫽ 89%, antipreferred ⫽ 88%, p ⫽ 0.73; monkey Lu: n ⫽ 83, preferred ⫽ 90%,
antipreferred ⫽ 90%, p ⫽ 0.88, Wilcoxon paired rank sum test
for paired samples; Fig. 2 A, light gray) and were significantly
lower than those during Attend-Fixation (monkey Se: mean ⫽
99%, p ⬍ 0.0001; monkey Lu: mean ⫽ 99%, p ⬍ 0.0001, Wilcoxon rank sum test for paired samples; Fig. 2 A, dark gray).
Both animals’ average reaction times across sessions followed
a similar trend (Fig. 2 B). During Tracking, they were similar for
the two directions of the RDPs local dots (monkey Se: preferred ⫽ 371 ms, antipreferred ⫽ 372 ms, p ⫽ 0.8; monkey Lu:
preferred ⫽ 375 ms, antipreferred ⫽ 373 ms, p ⫽ 0.65, unpaired
t test; Fig. 2 B, light gray) and were longer than those during
Attend-Fixation (monkey Se: mean ⫽ 328 ms, p ⬍ 0.0001; monkey Lu: mean ⫽ 309 ms, p ⬍ 0.0001; Fig. 2 B, dark gray). These
results suggest that the local dot motion of the RDPs was irrelevant for the animals’ tracking performance, and that they performed better during Attend-Fixation relative to Tracking trials.
Note that during Attend-Fixation trials, the animals detected a
change in contrast; and during Tracking trials, they detected a
change in the speed of the RDPs. Thus, the difference in performance may simply illustrate different task demands. Nevertheless
the main point here is that in one condition, the animals mainly
attended to the fixation point and, in the other, to the translating
RDPs.
We additionally assessed whether the animals preferentially
attended to one of the two RDPs during Tracking by comparing
reaction time distributions corresponding to speed changes in
each target within a session using unpaired t tests (significance
level: p ⫽ 0.05). We found that the two distributions were significantly different in only six of the 147 sessions (data not shown).
Thus, in individual sessions, the animals reacted equally fast to
changes in either pattern, suggesting that they divided attention
between both RDPs.
In our experimental design, at least two different variables
acting in different ways could have influenced task difficulty during a trial: the RDPs eccentricity and the trial duration. In the
former case, one might expect performance to be better at small
eccentricities when the RDPs are closer to the fixation point.
Thus, in the outward condition, reaction times should be shorter
in short trials (when RDPs are closer to the fixation point) relative
to long trials (when RDPs are more eccentric). For the inward
condition, however, the effect should be reversed, i.e., reaction
times should be longer for short trials (when RDPs are in the
periphery) and shorter for long trials (when RDPs are closer to
the fixation point). For the case of trial duration, if performance
were primarily driven by the probability of occurrence of the
target change (hazard function), one would expect reaction times
to be shorter for long trials independently of the RDPs’ position
in the visual field. This is a reasonable assumption because in our
experiment, the distribution of possible target changes was biased
toward longer trials (to maximize the RF area covered by the
RDPs), as can be seen in the histogram displaying target change
times in Figure 2C.
We tested which one of the two factors primarily determined
performance by dividing the reaction times of each monkey into
two groups. The first one (early) included the reaction times
during trials when the target change occurred before the median
target change time of a recording session. The second group (late)
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was comprised of reaction times during trials where the target
changes occurred after the median target change time. In outward trials, early changes represent targets that are closer to the
fixation spot (proximal) and late trials represent targets that are
in the periphery (distal). For inward trials, this relationship reverses. Figure 2 D shows the average reaction times of the early
and late target changes during Tracking for both the outward
(dotted line and gray symbols) and the inward (solid line and
white symbols) group of trials. For both monkeys (Fig. 2 D, monkey Lu, top; monkey Se, bottom), we computed a two-way
ANOVA with target change time (early and late) and translating
direction (inward and outward) as factors. Reaction times were
significantly shorter for the late target changes in both animals
( p ⫽ 0), indicating that reaction times were mainly influenced by
the time at which target changes occur. Neither monkey showed
a significant effect of translation direction (Lu, p ⫽ 0.15; Se, p ⫽
0.39). However, interaction effects were significant in both animals (Lu, p ⫽ 0.049; Se, p ⫽ 0).
We conducted a similar analysis during Attend-Fixation trials.
Although here the target eccentricity will not play a role because
the animals were attending to the fixation spot, we divided the
trials into outward and inward according to the stimulus configuration. We observed an effect of early and late, as in the previous
analysis, with shorter reaction times in late trials in both animals
( p ⬍ 0.05, two-way ANOVA). These results suggest that task
difficulty was not greatly influenced by the RDPs position in the
visual field, but rather by the probability of the target change over
time. We can conclude that the effects isolated for the two translation directions of the RDPs, as well as during the AttendFixation task, are similarly affected by task timing.
Analysis of neuronal responses
We recorded responses of 157 MT neurons to the stimulus configuration illustrated in Figure 1 A. For the analysis, we selected
only neurons showing a clear response modulation as a function
of the RDP position that could be modeled by a Gaussian function (see Materials and Methods, above). Figure 3A shows the
responses of an example neuron in the two conditions to RDPs
translating outwards. Attend-Fixation responses (Fig. 3A, white
circles) change as a function of the RDPs’ position on the screen
(i.e., distance from RDP onset position). They depart from a
baseline level, progressively increase as the RDPs enter the RF,
peaking at its center, and progressively decrease as the RDPs
move away from the center. During Tracking (Fig. 3A, gray circles), the neurons exhibited a similar response profile. However,
compared with Attend-Fixation, responses depart from baseline
earlier and reach a higher maximum at the RF center. In both
conditions, the responses are well fit by Gaussian functions (Fig.
3A, solid and dashed lines). The same neuron shows no modulation in response to RDPs with local dots moving in the antipreferred direction (Fig. 3A, squares), indicating high direction
selectivity. In contrast, Figure 3B shows the responses of another
example neuron that has been excluded from analysis. The responses to preferred motion RDPs show no position-dependent
increase and are consequently not well fit by the Gaussian model
(Fig. 3B, thick lines). Furthermore, responses to antipreferred motion RDPs (Fig. 3B, squares and thin lines) largely overlap the responses to preferred motion RDPs (Fig. 3B, circles). These results
indicate that the RDPs did not cross the excitatory RF region.
We validated our selection procedure at the level of the population by computing a DSI for each neuron within each response
bin and averaging those across the neuronal population (Fig. 3C).
The average DSI of the group of neurons selected for further
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analysis (Fig. 3C, solid line) shows a
strong increase in direction selectivity
along the trajectory of the RDPs while the
DSIs of the excluded group (Fig. 3C,
dashed line) remain low. A two-way
ANOVA confirmed that both groups
show different degrees of direction selectivity across the spatial dimension ( p ⬍
0.0001). The results indicate that our
selection process is valid and that the responses of the neurons included in the
analysis are modulated by the RDPs position and motion direction. A total of 94 Figure 3. Classification of neurons. A, Example of a neuron selected for analysis. Responses correspond to outward trials (left to
neurons (Monkey Lu, 66; Monkey Se, 28) right; arrow). Thick lines represent the Gaussian model fitted to the average responses evoked by RDPs with local dots moving in
the neuron’s preferred direction during Tracking (gray circles, dashed line) and Attend-Fixation (white circles, solid line). Squares
met this criterion. Of those, 70 matched
represent responses evoked by antipreferred RDPs. B, Example of a neuron discarded from analysis. R 2 values of Gaussian models
the criterion in the outward condition fitted to preferred RDP responses are indicated for both conditions (Attend-Fixation, solid box; Tracking, dashed box). Error bars
(Monkey Lu, n ⫽ 49; Monkey Se, n ⫽ 21; represent SEM. C, Average DSI for the accepted (solid line) and discarded (dashed line) group of neurons. Error bars indicate 95%
average R 2 ⫾ SD: Attend-Fixation, 0.83 ⫾ confidence intervals. Att., Attend.
0.14; Tracking, 0.9 ⫾ 0.09), and 64 in the
inward condition (Lu, n ⫽ 42; Se, n ⫽ 22;
average R 2 ⫾ SD: Attend-Fixation, 0.76 ⫾ 0.17; Tracking, 0.84 ⫾
0.14).
To quantify whether the RDPs evoke responses at larger distances from the RF center during Tracking than during AttendFixation, we defined for each neuron the extent of the RF
excitatory region as the distance between the center of the Gaussian measured during Attend-Fixation and the point where the
predicted values reached half of the Attend-Fixation curve height
(DFR50; see Materials and Methods, above). The example neurons shown in Figure 4, A and B, show larger DFR50 during
Tracking than during Attend-Fixation (Tracking: 5.7°, Attend-Fixation: 4.1°; Fig. 4 A; Tracking: 3.6°, Attend-Fixation:
2.5°; Fig. 4 B).
Figure 4C contrasts the DFR50 obtained during AttendFixation (abscissa) with Tracking (ordinate) for each individual
neuron and for both translating directions (outward: white
squares; inward: gray circles). The majority of the data points fall
above the unity line, indicating that the DFR50 is larger during
Tracking than during Attend-Fixation. To further quantify this
result, we expressed the DFR50 during Tracking relative to the
Figure 4. Example result. A, Single neuron example corresponding to outward trials (left to
DFR50 during Attend-Fixation for each neuron (Fig. 4 D). The
right; arrow). Circles represent the average responses evoked by RDPs with local dots moving in
distributions of these percentages show clear shifts toward posithe neuron’s preferred direction during Tracking (gray) and Attend-Fixation (white). Gaussian
tive values in both groups (outward, p ⫽ 0.00036; inward, p ⬍
fit predicted values are superimposed (Tracking, dashed line; Attend-Fixation, solid line). The
0.0001; Wilcoxon signed-rank test), with median shifts of 12.4%
DFR50 (down arrows) represents the distance from the Gaussian center to the point of half(outward) and 27% (inward). This result suggests that during
maximum response during Attend-Fixation (horizontal line). B, Single neuron example correTracking, the stimuli activated the excitatory RF at a larger dissponding to inward trials (right to left). The same conventions as in A apply. C, Population
tance from the RF center relative to fixation.
analysis. Each data point represents the DFR50 of an individual neuron during Attend-Fixation
One possible explanation for this result is that the animals
(abscissa) and Tracking (ordinate) for outward (black circles) and inward (white squares) trials.
D, The histograms display the DFR50 during Tracking relative to the DFR50 during Attendwere more alert during Tracking than during Attend-Fixation
Fixation. Dark bars summarize number of neurons with DFR50 changes ⬎150%. The arrows
due to different levels of task difficulty. Although trials were randepict
the median. Att., Attend.
domly interleaved, the animals may have quickly adjusted their
alertness at the beginning of the trial, when the FS changed color.
MI, ⫺0.009 [⫺1.8%], p ⫽ 0.33; outward: median MI, ⫺0.03
This hypothesis predicts that the responses during Tracking
[⫺5.8%], p ⫽ 0.19; Wilcoxon signed-rank test). This result sugwould be stronger than during Attend-Fixation at trial onset,
gests that increases in firing rate due to changes in the animals’
before the RDPs entered the RF.
alertness did not cause the observed changes in response.
To test this hypothesis, we analyzed the parameters of the
One possible explanation for the observed effects is that, relGaussian fits corresponding to the two conditions. A higher level
ative to Attend-Fixation, the effective size of the RF remained the
of alertness during Tracking should lead to an increase in the
same during Tracking but its entire area shifted toward the apbaseline parameter relative to Attend-Fixation. Figure 5A shows
proaching patterns. To test this, we compared the location of the
the PMI computed using the baseline parameters of the fits in the
RF center responses (parameter C of the Gaussian fit) between
two conditions for each neuron (Eq. 3). For both inward and
both conditions (Fig. 5B). We found that neither the MIs correoutward trials (Fig. 5A, top and bottom, respectively) we found
sponding to inward trials (median MI: 0.005 [1%], p ⫽ 0.38,
no difference in baseline between conditions (inward: median
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One important question arising from
our results is whether the observed RF expansion is due to a multiplication of the
Gaussian RF profile during Tracking relative to Attend-Fixation. This hypothesis
predicts an increase in the parameter
height without changes in width during
the former relative to the latter condition.
However, a nonlinear expansion of the RF
profile would predict that the width increased during Tracking. We found that
modulation indices between Tracking
and Attend-Fixation corresponding to the
parameter W (Fig. 5E) were not significantly different in the outward group
(median MI: 0.02 [4.1%], p ⫽ 0.1; Wilcoxon signed-rank test), but were significantly larger than zero in the inward
group (median MI: 0.04 [8.3%], p ⫽
0.005; Wilcoxon signed-rank test). To
further confirm this result, we repeated
the DFR50 analysis; however, unlike in the
previous analysis, here the DFR50 was determined with respect to the center of the
Gaussian fit of each condition separately.
The results are similar to those obtained in
the analysis of the parameter W. Tracking
did not cause a significant change in
Figure 5. Analysis of fitting parameters. A–F, The histograms show the modulation indices of fitting parameters (PMI) and the DFR of the outward group (median
50
maximum response for all neurons of the outward (top) and inward (bottom) group. The arrows indicate the median PMI. The icons
shift: ⫺4.7%, p ⫽ 0.49; Wilcoxon signedon top indicate what each PMI measures. A, Baseline. B, Peak location. C, Height. D, Maximum response. E, Width. F, Difference in
rank test), while for the inward group it
AIC for two different Gaussian models fitted to the Tracking data. *p ⫽ 0.023, **p ⫽ 0.006, t test.
caused a clear shift (median shift: 12.2%,
Wilcoxon signed-rank test) nor those corresponding to outward
p ⫽ 0.0014; Wilcoxon signed-rank test).
trials (median MI: ⫺0.009 [⫺1.8%], p ⫽ 0.26; Wilcoxon signedTo further clarify this issue, we conducted an additional analrank test) showed a significant shift in the center parameter beysis. For each neuron, we fitted the Tracking data with two diftween the two conditions.
ferent models. In the first one, all parameters were allowed to
One observation in the previous single neuron example was
vary, but in the second one the width parameter was fixed to the
that the responses close to the center of the RF were larger during
value determined during the Attend-Fixation condition. We then
Tracking than during Attend-Fixation. A parameter of the
computed the AIC for the two different models. Importantly, this
Gaussian function that should capture these response changes is
criterion takes into account the number of free parameters in a
the height of the curve, i.e., the difference between a neuron’s
model, providing an unbiased measurement of the model’s goodbaseline response and the response when RDPs cross the RF cenness of fit that can be used to compare models with different
ter. Indeed, the MIs of both the outward (median MI: 0.11 [25%],
number of parameters. To do the latter, we subtracted the AIC
p ⬍ 0.0001; Wilcoxon signed-rank test) and inward (median MI:
corresponding to both models (⌬AIC; see Materials and Meth0.13 [30%], p ⬍ 0.0001; Wilcoxon signed-rank test) group are
ods, above). A negative ⌬AIC indicates that the model in which
strongly positive, reflecting increases in the neurons’ response at
the width was allowed to vary provides a better fit to the data; a
the RF center during Tracking (Fig. 5C). Together with the effects
⌬AIC value not different from zero means that both models
isolated in Figure 4, these data suggest that the neurons signaled
equally fit the data and therefore the width parameters does not
the presence of the stimulus with stronger firing patterns during
significantly change during Tracking relative to Attend-Fixation.
Tracking compared with Attend-Fixation.
We found that for both outward (mean ⌬AIC: ⫺1.3, p ⫽
Although the previous analysis of the baseline parameter
0.023, t test) and inward (mean ⌬AIC: ⫺2.3, p ⫽ 0.006, t test)
showed that Tracking has no effect on baseline activity, a mild
groups, the ⌬AIC was negative, indicating that the fits signifireduction in baseline firing rate could, in theory, have led to the
cantly improved when the width term was allowed to vary (Fig.
observed increases in the parameter height even if the neurons
5F ). This result suggests that the width of the RF profile changed
peak response remained unchanged. We tested this hypothesis by
during Tracking, and thus that the observed increase in response
comparing the absolute peak responses obtained in both condiacross the RF regions was not proportional.
tions (Fig. 5D). The MIs in both the outward (median MI: 0.07
To determine whether the previously isolated changes in
[15%], p ⬍ 0.0001; Wilcoxon signed-rank test) and inward (mewidth were due to artifacts in the data analysis introduced by the
dian MI: 0.09 [19.8%], p ⬍ 0.0001; Wilcoxon signed-rank test)
fitting procedure, we conducted a different test directly compargroups are strongly positive, indicating that the peak responses were
ing the firing rates of the neurons. Figure 6 A depicts the rehigher during Tracking. This demonstrates that the previously responses of two example neurons during Tracking (dashed lines)
ported increase in height is due to higher neuronal firing rates during
and Attend-Fixation (solid lines). The firing rates in the two conTracking rather than to baseline reductions.
ditions appear to diverge more strongly before the maximum
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Figure 6. Nonlinear RF expansion. A, Single neuron example responses (top) evoked by
preferred direction RDPs during Tracking (dashed line) and Attend-Fixation (solid line), and the
corresponding RMIs (bottom). The arrow indicates the position of the strongest modulation. B,
Population responses. The data represent the average responses evoked by preferred (circles)
and antipreferred (squares) RDPs. C, Population RMIs computed on responses evoked by preferred (squares) and antipreferred (circles) direction RDPs. The arrows depict the bin where the
strongest average modulation occurred. bl, Baseline response without the stimulus. Error bars
indicate SEM. Att., Attend.

firing rate in the Attend-Fixation condition (i.e., the putative RF
center) is reached. We quantified this effect by computing an
RMI for each neuron and response bin along the RDPs trajectory
(see Materials and Methods, above). In both examples, RMIs
were low when RDPs were outside the RF, increased as they entered the RF, and decreased again as the RDPs reached the RF
center. In both cases, the peak attentional modulation occurred
at intermediate distances between the position of the RDPs at
trial onset and the RF center (Fig. 6 A, arrows). The population
averages (Fig. 6 B) and the population RMIs (Fig. 6C, solid lines)
confirm this observation. For both the outward and inward
groups, the strength of the modulation changes along the RDPs’
trajectory (outward, p ⬍ 0.0001; inward, p ⫽ 0.01; one-way
ANOVA), exhibiting peak modulations before the RDPs reach
the putative RF center (Fig. 6C, arrows). This result supports the
hypothesis that RFs undergo nonlinear changes with larger increases in firing rate at positions away from the center during
Tracking.
Using the same method, we tested whether the baseline firing
rates differ between conditions. Figure 6 A, gray boxes, shows the
average firing rates of the example neurons during the cueing
period (590 ms) before the onset of the RDPs. The differences are
very small, indicating that the firing rates were not influenced by
the cue. On the population level, we found the same results (Fig.
6 B). The average firing rates of the two conditions largely overlap
and the RMIs (Fig. 6C) are not significantly different from zero
(outward: mean RMI, ⫺0.009 [⫺1.8%], p ⫽ 0.65; inward: mean
RMI, ⫺0.008 [⫺1.6%], p ⫽ 0.73, t test). This result agrees with
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the previous finding of similar baseline parameters in both conditions (Fig. 5A).
Although the lack of increases in baseline during Tracking
relative to Attend-Fixation argues against the explanation that
the isolated effects were due to the animals adjusting their alertness or level of arousal during a trial, we performed additional
tests to discard this hypothesis. We tested the prediction that
increases in response due to arousal during Tracking should occur for both directions of the local dots in the translating patterns.
This is because a response modulation due to arousal is independent of the stimulus but dependent on the internal state of the
animal. We examined the difference in response between Tracking and Attend-Fixation when the dots in the RDPs moved in the
antipreferred direction.
The square symbols in Figure 6 B represent normalized population responses for the Tracking (gray) and Attend-Fixation
(white) conditions with antipreferred RDPs. They are virtually
identical between conditions and along the spatial extent of the
RF. The RMIs confirm this observation (Fig. 6C, open circles,
dashed line). They are similar along the spatiotemporal dimension of the trial (outward: p ⫽ 0.54; inward: p ⫽ 0.88, one-way
ANOVA). In contrast, responses evoked by the preferred RDPs
(Fig. 6 B, solid lines) show a clear increase in response during
Tracking that departs from the response during Attend-Fixation
and grows larger as the patterns approach the RF center. Since the
differences in performance between Tracking trials (for both directions of the RDPs’ dots) and Attend-Fixation trials were similar (Fig. 2), we conclude that the differences in response when
the patterns moved in the preferred direction were not caused by
increases in the animals’ arousal during Tracking.
Signal detection analysis
To test whether the observed expansion of the RF borders had an
impact on the neurons’ performance at detecting a stimulus in
their RFs, we applied signal detection analysis. This analysis not
only accounts for differences in mean responses between firing
rates but also for the trial-to-trial variability in response to the
same stimuli (Thompson et al., 1996). Additionally, it is independent on the Gaussian fit analysis illustrated in Figure 4, since it
uses the raw firing rates in individual trials. For each neuron, we
computed ROC curves comparing the firing rates during a window when the stimuli appeared outside the RF against the firing
rate in successive windows as the RDPs moved across the screen
and entered the RF. As a measurement of performance (stimulus
detection), we computed the auROC in 1 ms increments, resulting in quasicontinuous curves for each condition. These data
were binned and fitted with a Weibull function. Detection
thresholds were defined to be at 0.75 (Thompson et al., 1996) and
the corresponding spatial position of the RDPs was used to compute the TDD (see Materials and Methods, above).
Figure 7A shows auROC data for two example neurons as a
function of the RDP position relative to the RF center. For both
neurons and conditions, auROC values increase as the RDPs approach the RF center, indicating that responses become steadily
more discernible from baseline. More importantly, both neurons
exhibit shorter TDDs during Tracking (Fig. 7A, dashed line) relative to Attend-Fixation (Fig. 7A, solid line). To validate this
observation at the level of the population, we contrasted the
TDDs obtained during both conditions for all neurons that
reached the threshold criteria (Fig. 7B). For both groups (outward, n ⫽ 66, Fig. 7B, gray circles; inward, n ⫽ 56, Fig. 7B, white
squares), the majority of the data fall above the unity line, indicating that TDDs are shorter during Tracking. This effect was
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Figure 7. Signal detection analysis. A, Left, Example neuron, outward group. Data points
represent the auROC (for details, see text) value as a function of the RDPs’ position during
Attend-Fixation (white circles) and Tracking (gray squares). The data were fitted using Weibull
functions (Tracking, dashed line; Attend-Fixation, solid line). Right, Example neuron, inward
group. B, Population analysis. Each data point displays TDDs during Attend-Fixation (abscissa)
versus Tracking (ordinate) of a neuron. C, Effects of Tracking on TDDs. The histograms display the
difference between TDDs during Tracking and Attend-Fixation. Arrows indicate the median.
Att., Attend.

further quantified by computing the difference between Tracking
and Attend-Fixation TDDs (Fig. 7C). For both groups, the histograms are shifted toward negative values (outward, p ⫽ 0.0028;
inward, p ⬍ 0.0001, Wilcoxon signed-rank test), with median
shifts of ⫺0.2° (outward) and ⫺0.22° (inward) and means
⫺0.64° (outward) and ⫺1.2° (inward). This result suggests that
neurons signaled the presence of the RDPs at a shorter distance
from the initial RDPs’ position, and therefore earlier during
Tracking relative to Attend-Fixation.
Fano factor analysis
Previous studies have reported that attention decreases the variability in neuronal responses, thereby increasing the signal-tonoise ratio corresponding to attended stimuli (Mitchell et al.,
2007, 2009; Cohen and Maunsell, 2009). We tested whether the
changes in performance we found using ROC analysis were accompanied by a decrease in response variability by computing the
Fano factor for each neuron and condition, i.e., the ratio of the
variance of the spike counts across trials divided by the mean of
the spike counts. Figure 8 A shows the Fano factor of two example
neurons computed for responses to preferred direction RDPs as a
function of the patterns’ distance from to their starting position.
In both conditions, the Fano factor decreases as the RDPs enter
the RFs. More importantly, relative to Attend-Fixation (Fig. 8 A,
solid line) the Fano factor during Tracking (Fig. 8 A, dotted line)
drops more sharply as the RDPs approach the RF center. This
indicates that Tracking reduces the response variability and enhances the signal-to-noise ratio of responses evoked by the RDPs.
We found a similar response pattern at the level of the neuronal
population (Fig. 8 B). Fano factors are similar in both conditions
when the RDPs are located outside the RF, but diverge as they
approach the RF center. We quantified this effect by computing
an FFMI (Fig. 8C). For both translating directions, the FFMIs

Figure 8. Fano factor analysis. A, Fano factor as a function of the preferred (up arrow) RDPs’
position of two example neurons. Dotted line and gray squares represent the Fano factor during
Tracking; solid line and white circles represent the Fano factor during Attend-Fixation. B, Population averages. C, FFMI corresponding to the data depicted in B. D, Average Fano factor as a
function of the antipreferred (down arrow) RDPs’ position relative to their onset. E, FFMIs
corresponding to the data depicted in B. Error bars indicate SEM. *p ⬍ 0.05, Bonferroni corrected t test. Att., Attend.

decrease along the RDPs trajectories (outward: p ⬍ 0.0001; inward: p ⫽ 0.004; one-way ANOVA), indicating that the signalto-noise ratio progressively increases during Tracking relative to
Attend-Fixation.
To test whether the decrease in Fano factor during Tracking
also applies to RDPs with local dots moving in the neurons’ antipreferred direction, which produced a weak response from the
neurons (Churchland et al., 2010), we applied the same analysis.
We found a general trend for the Fano factor magnitude to decrease as the RDPs move inside the RF, and to be smaller during
Tracking than during fixation (Fig. 8 D). However, the FFMIs do
not show a significant modulation as the RDPs enter the RF
(outward: p ⫽ 0.88; inward: p ⫽ 0.81; one-way ANOVA; Fig. 8 E).
We found that the FFMI became significantly lower than zero for
only one data point in the inward dataset when using parametric
statistics ( p ⬍ 0.05, Bonferroni corrected t test). These results are
compatible with those reported by Churchland et al. (2010) and
suggest that the more effective preferred stimuli produce a more
robust decrease in response variability during Tracking.
The results of the Fano factor analysis for the RDPs moving in
the preferred direction, together with those appearing in Figure 6,
indicate that the improvement in signal detection during Tracking is due to both an increase in firing rate and a decrease in
response variability.
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Figure 9. Eye position analysis. A, Each data point represents the average eye position (⫾SD) during Attend-Fixation (dark gray) and Tracking (light gray) in one recording session. Data are
aligned to the RF center (arrows). Average deviations across all sessions are indicated by the small circles. The large circles represent the fixation window (1° radius). B, Distribution of differences in
horizontal eye positions between Tracking and Attend-Fixation. Arrows represent the median. Att., Attend.

Eye position analysis
Finally, we tested whether the isolated differences in response
could be explained by systematic deviations in eye positions between the two conditions. For each session, we calculated the
mean eye positions within the 1° fixation window across trials
during both Tracking and Attend-Fixation (Fig. 9A). The data
were rotated around the fixation point, so that the RF centers of
all recorded neurons were aligned with the axis parallel to the
RDPs’ trajectories (Fig. 9A, arrows). During Attend-Fixation, the
average eye positions appear closer to the fixation spot center
[monkey Se: outward (mean distance ⫾ SD): 0.27° ⫾ 0.13°; inward: 0.26° ⫾ 0.1°; monkey Lu: outward: 0.27° ⫾ 0.15°; inward:
0.27° ⫾ 0.15°], while during Tracking they appear slightly shifted
in the direction of the RF (monkey Se: outward: 0.31° ⫾ 0.1°;
inward: 0.37° ⫾ 0.13°; monkey Lu: outward: 0.37° ⫾ 0.15°; inward: 0.35° ⫾ 0.15°). Figure 9B shows the distributions of differences between mean horizontal eye positions in both conditions.
The deviations from the fixation spot are larger during Tracking
(monkey Se: outward, median difference: ⫺0.22°, p ⫽ 0.0015,
inward: ⫺0.24, p ⫽ 0.003; monkey Lu: outward: 0.18, p ⬍ 0.0001,
inward: 0.12, p ⫽ 0.00014; Wilcoxon signed-rank test).
Since the RFs of MT neurons are retinotopically organized
(Born and Bradley, 2005), systematic shifts in eye position must
have different implications for outward and inward trials. For
example, during inward trials, they would cause RDPs to reach
the RF earlier during Tracking than during Attend-Fixation.
Conversely, during outward trials, the shift would cause the opposite effect: RDPs must reach the RF later during Tracking than
during Attend-Fixation. We tested whether the shifts in eye position could explain the relative expansion of the RF borders,
taking into account the relationship between retinotopy and
translation direction. For outward trials, we added the difference
in horizontal eye position of individual recording sessions to the
effects isolated in the DFR50 and ROC analysis of each corresponding neuron and recomputed their magnitude. For inward
trials, we subtracted the differences in eye position from the neuronal effects. We did not find qualitative changes in the patterns
of the results reported previously (DFR50: median shift outward,
21.7%, p ⬍ 0.0001; median shift inward, 20.6%, p ⬍ 0.0001;
ROC: median ⌬TDD outward, ⫺0.48°, p ⬍ 0.0001, median
⌬TDD inward, ⫺0.25°, p ⫽ 0.0031; Wilcoxon signed-rank test).
These results confirm that the isolated effects are not caused by

differences in eye position between the two conditions. However,
taking the eye position effects into account decreases the magnitude of the differences between inward and outward trials.

Discussion
Our study explored the responses of single neurons in area MT of
macaques during two different tasks that required either tracking
two translating stimuli with covert attention, or attending to a
stimulus positioned at the center of gaze while ignoring the translating stimuli. Our results show that MT neurons increase their
responses to tracked stimuli passing across their RF relative to
responses when the same stimuli are behaviorally irrelevant. This
effect is larger at the RF periphery than at its center. Moreover,
the variability of the neurons response (Fano factor) became
smaller as a tracked stimulus approaches the RF center relative to
when the same stimulus is ignored. These changes ultimately
improve the neurons’ detection performance.
One theoretically possible explanation for our pattern of
results is that the animals had different levels of arousal/attentional effort during Tracking relative to Attend-Fixation trials
(i.e., performance during Attend-Fixation was significantly
higher than during Tracking) (Spitzer et al., 1988; Boudreau et
al., 2006; Chen et al., 2008). In our experiments, at least three
factors argue against this explanation. First, during experimental sessions, all trial types were randomly interleaved;
thus, the animals could not anticipate the level of difficulty of
the oncoming trial and adjust their attentional effort accordingly. Second, we did not find systematic increases in response
during Tracking relative to Attend-Fixation before the RDPs
entered the RF. Third, we did not find differences in neuronal
responses between the two conditions when the RDPs moved
in the antipreferred direction. An increase in arousal/attentional effort during Tracking relative to Attend-Fixation predicts that both baseline and antipreferred responses will be
larger during the former relative to the latter condition.
Mechanisms underlying the expansion of the RF
during tracking
One possible mechanism underlying the RF expansion isolated in
our data is that, in anticipation of a tracked object entering the
RF, top-down attentional signals (Moore and Armstrong, 2003;
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Armstrong et al., 2006; Saalmann et al., 2007) decrease the activation threshold of MT neurons to incoming sensory inputs from
upstream areas such as V1 (Reynolds et al., 2000). One could
model the spatial integration of excitatory inputs by an MT neuron (e.g., from V1 direction-selective neurons with small RFs) as
a 2D Gaussian function with more input density at the center and
less in the periphery (Born and Bradley, 2005; Rust et al., 2006),
and a similar proportion of inputs selective for different motion
directions to all RF areas. Under these premises, one could hypothesize that decreasing the threshold for firing action potentials during Tracking would make the MT neuron more sensitive
to fewer activated inputs at the edge of the Gaussian profile, resulting in an expansion of the RF borders.
A second possibility is that the activation threshold does not
change during Tracking for a given MT neuron. Rather, what
may change is the strength of the incoming excitatory inputs due
to an increase in the responses of upstream neurons (e.g., in V1)
that project to the recipient MT neuron. This mechanism has
been proposed in previous studies of attention to explain the
modulation of responses to two stimuli inside the RF of MT and
V4 neurons (Treue and Maunsell, 1999; Ghose and Maunsell,
2008; Ghose, 2009; Khayat et al., 2010a,b). A similar mechanism
has been proposed to explain shifts in MT neurons RF toward an
attended stimulus (Compte and Wang, 2006; Womelsdorf et al.,
2006). A finding that may argue in favor of this input modulation
over the single sensitivity/threshold modulation is that the increases in response during Tracking were proportionally larger at
the RF periphery than at its center. This nonlinearity is difficult to
explain by a single change in the MT neurons’ activation threshold. However, for the case of the input modulation, the nonlinearity could be obtained by differentially changing the strength of
inputs coming from V1 neurons with RFs corresponding to the
periphery (larger gain) and center (smaller gain) of the recipient
MT neuron RF. Such input changes may produce inhomogeneities in divisive normalization across different RF regions. The
latter idea agrees with models proposing that attention acts by
changing the strength of response normalization mechanisms in
visual cortex (Ghose, 2009; Lee and Maunsell, 2009; Reynolds
and Heeger, 2009).
Further supporting the input modulation hypothesis, the RF
expansion was mainly observed for RDPs with local dots moving
in the neurons’ preferred direction. Models of how MT neurons
transform inputs into a response propose that the contribution of
inputs tuned for the preferred direction to a neurons’ activation is
large while the contribution if inputs tuned for the opposite antipreferred direction is small (Simoncelli and Heeger, 1998; Rust
et al., 2006). Thus, increases in the activation strength of inputs
tuned for the preferred direction would increase the response. In
contrast, increases in the activation of inputs tuned for the antipreferred direction would have little effect on the neurons’ response (Khayat et al., 2010). Another possibility that can explain
this finding is that feature-based attention decreases the response
of an MT neuron when its antipreferred direction is attended,
counterbalancing the response increase caused by directing attention into the neuron’s RF (Martinez-Trujillo and Treue, 2004)
and yielding no modulation of the neuron’s firing rate.
We found that during Tracking, some neurons show a small
decrease in the Gaussian baseline parameter relative to AttendFixation. One possible explanation for this effect is that during
Tracking, the patterns entered the RF inhibitory surround before
crossing the excitatory border, producing a small decrease in the
baseline response (Sundberg et al., 2009). Although in our study
we did not have a stimulus in the RF, which is usually needed to
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reveal center surround interactions (Huang et al., 2008), it is
possible that a small amount of inhibition in baseline firing rates
occurred. Nevertheless, such an effect had no repercussions in the
neurons’ ability to detect the stimuli and was largely masked by
the expansion of the excitatory RF.
A puzzling finding in our dataset is that, although the changes
in response were larger at positions away from the RF center, the
decrease in response variability during tracking (i.e., decrease in
Fano factor) was progressively larger as the RDPs moved toward
the RF center. The interpretation of this result is not trivial and
could mean that increases in response during attentive tracking
do not necessarily map into proportional decreases in response
variability (McAdams and Maunsell, 1999). We found that
smaller increases in response at the RF center can still translate
into larger decreases in variability relative to the periphery. This
may be a consequence of response normalization mechanisms,
wherein increases in input summation and therefore in normalization strength may translate into smaller response enhancements (Reynolds and Heeger, 2009) but less variable firing rates.
This issue needs to be further investigated.
Origins of the modulatory signal
The top-down signal that produced the observed changes in response during tracking may originate in saccade-related structures such as frontal eye field (FEF) (Moore and Fallah, 2001) or
the superior colliculus (Cavanaugh and Wurtz, 2004). It is possible that during tracking, signals related to saccade preparation
reach MT neurons activated by the RDPs (Barborica and Ferrera,
2003; Cassanello et al., 2008). Favoring this hypothesis, it has
been reported that FEF neurons are active during attentive tracking (Xiao et al., 2007) and that microstimulation of the FEF produces changes in the RF profile of V4 neurons (Armstrong et al.,
2006). The small differences between the magnitude of the effects
in outward and inward trials may relate to biases in eye movement planning toward concentrically and eccentrically moving
targets (Segraves et al., 1987; Xiao et al., 2006). One issue to be
addressed by future studies is whether changes in the RF or movement field profiles of FEF neurons precede the expansion of MT
RFs described in our study.
Finally, our results provide neuronal correlates of previously
reported increases in ERPs and BOLD-signal amplitude during
tracking (Culham et al., 1998; Drew et al., 2009; Howe et al., 2009;
Doran and Hoffman, 2010). Furthermore, they support behavioral reports linking attention and tracking performance (Yantis,
1992; Sears and Pylyshyn, 2000; Cavanagh and Alvarez, 2005;
Tombu and Seiffert, 2008; Iordanescu et al., 2009; Niebergall et
al., 2010). We propose that the expansion of the RF border accompanied by increases in signal-to-noise ratio in MT neurons
during attentive tracking (McAdams and Maunsell, 1999; Cohen
and Newsome, 2009) produce increases in the neurons’ detection
performance that translate into improvements in the organism’s
ability to track visual targets.
In summary, our findings demonstrate that neuronal RFs in
area MT can effectively expand to improve the ability of neurons
to encode the features of behaviorally relevant stimuli during
tracking. The similarity between the effects of attentive tracking
on MT neurons’ responses isolated here and those observed when
attending to stationary targets by previous studies demonstrate a
highly adaptive attentional mechanism that allows the primate
visual system to cope with a variety of task demands.
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