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Behavior can be guided by neuronal activity in visual, auditory, or somatosensory cerebral cortex, depending on task require-
ments. In contrast to this flexible access of cortical signals, several observations suggest that behaviors depend more on neu-
rons in later areas of visual cortex than those in earlier areas, although neurons in earlier areas would provide more reliable
signals for many tasks. We recorded from neurons in different levels of visual cortex of 2 male rhesus monkeys while the ani-
mals did a visual discrimination task and examined trial-to-trial correlations between neuronal and behavioral responses.
These correlations became stronger in primary visual cortex as neuronal signals in that area became more reliable relative to
the other areas. The results suggest that the mechanisms that read signals from cortex might access any cortical area depend-
ing on the relative value of those signals for the task at hand.
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Significance Statement

Information is encoded by the action potentials of neurons in various cortical areas in a hierarchical manner such that
increasingly complex stimulus features are encoded in successive stages. The brain must extract information from the
response of appropriate neurons to drive optimal behavior. A widely held view of this decoding process is that the brain relies
on the output of later cortical areas to make decisions, although neurons in earlier areas can provide more reliable signals.
We examined correlations between perceptual decisions and the responses of neurons in different levels of monkey visual cor-
tex. The results suggest that the brain may access signals in any cortical area depending on the relative value of those signals
for the task at hand.

Introduction
The idea that the activity of neurons in a given cortical area is
weighted differently in different tasks is well accepted. Clinical
and experimental studies have provided ample evidence indicat-
ing that somatosensory, auditory, or visual discriminations
depend primarily on the activity of neurons in the corresponding
sensory cortices (e.g., Penfield, 1947). At a finer spatial scale,
lesions reveal that visual identification depends on neurons in

areas in the ventral processing pathway, while visual motion
analysis and visually guided movements depend on neurons in
the dorsal pathway (Ungerleider and Mishkin, 1982; Merigan
and Maunsell, 1993; Goodale et al., 1994).

Observations such as these suggest that neurons in any region
of cortex might contribute to behaviors in an equally direct way
when their signals are well suited to the task at hand (see Histed
et al., 2013). However, unlike studies across different sensory
modalities, it is less clear whether the mechanisms supporting
behaviors can selectively draw signals from areas at earlier and
later stages of a cortical pathway for one sensory modality.
Sensory signals are processed in a series of stages in cerebral cor-
tex, with simple features being extracted at early stages and
increasingly complex response properties elaborated in succes-
sive stages (Felleman and Van Essen, 1991; Hong et al., 2016).
Because tradeoffs must be made in going from neurons that reli-
ably signal low-level attributes, such as local contrast, to neurons
that reliably signal object identity (Zoccolan et al., 2007), some
sensory tasks might be better served by signals in earlier rather
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than later stages of cortex. Therefore, low-level sensory discrimi-
nations might be better served by neurons in early sensory cor-
tex, which likely provide more reliable information for those
discriminations than neurons in later sensory cortex.

However, some observations suggest that readout is closely
coupled to higher cortical areas. The contributions of individual
neurons to particular behaviors are frequently studied using the
correlation between trial-to-trial fluctuations of neuronal repre-
sentations of a stimulus and the subject’s perceptual choices
based on the same stimulus, which is often quantified by choice
probability (CP) (Parker and Newsome, 1998; Nienborg et al.,
2012). Studies that compared this correlation across different
cortical areas in monkeys have reported that the neuronal
responses in higher cortical areas are more tightly coupled with
the perceptual reports (Leopold and Logothetis, 1996; Cook and
Maunsell, 2002; Williams et al., 2003; de Lafuente and Romo,
2006; Nienborg and Cumming, 2006; Carnevale et al., 2013).
These studies suggest that the brain relies more on neuronal sig-
nals in higher cortical areas to guide behavior, consistent with
the hierarchical processing of sensory information.

Were this the case, however, then neurons in early cortical
areas would contribute less to behavior even when they provide
more reliable signals. This is unexpected because, within individ-
ual cortical areas, a modest correlation has been described
between CP of individual neurons and the neuronal performance
on the task with which CP was measured (Celebrini and
Newsome, 1994; Britten et al., 1996; Uka and DeAngelis, 2004;
Gu et al., 2007; Price and Born, 2010; Bosking and Maunsell,
2011), suggesting that neurons carrying more reliable signals are
given more weight when the responses are read out to make per-
ceptual decisions (but see Haefner et al., 2013). Moreover, there
is abundant evidence that, for some perceptual tasks using ele-
mentary stimulus features, behavioral performance is well
matched to neuronal sensitivity in early cortical areas (Parker
and Hawken, 1985; Bradley et al., 1987; Vogels and Orban, 1990;
Geisler and Albrecht, 1997), or even that of thalamic (Kang and
Malpeli, 2009) or peripheral (Mountcastle et al., 1972) sensory
neurons.

Here, we examine this question by recording from individual
neurons in the primary visual cortex (V1), the middle temporal
area (MT), and the ventral intraparietal area (VIP) in rhesus
monkeys while they performed a direction-change detection task
that used stimuli optimized for V1 neurons. Consistent with ear-
lier reports, trial-to-trial correlations between the neuronal
response and the monkey’s detection performance grew stronger
from V1 to MT to VIP, although individual V1 neurons carried
the most reliable signals relevant to the behavioral task.
However, when the same task was repeated using stimuli that
favored V1 neurons to a greater extent, trial-to-trial correlation
measures between behavior and the responses of V1 neurons
increased relative to those for MT and VIP neurons.

Materials and Methods
Animal preparation and behavioral task
Two adult male rhesus monkeys (Macaca mulatta; Monkeys 1 and 2),
both weighing 11 kg, were used as subjects. All experimental procedures
were approved by the Institutional Animal Care and Use Committee of
Harvard Medical School. Before training, the monkeys were surgically
implanted with a headpost and a scleral search coil (Robinson, 1963;
Judge et al., 1980) for monitoring eye position.

After recovery from the surgery, the monkeys were trained exten-
sively (5–6months) to perform a direction-change detection task (see
Fig. 1A). At the onset of a trial, a small white spot (0.1° diameter) was

presented on a CRT monitor as a fixation point. After the monkey fix-
ated the fixation point for a variable period (375-625ms), a small Gabor
patch flashed multiple times (240ms per flash) inside the receptive field
of the neuron being recorded, with successive presentations separated by
a variable period (200-307ms). On each flash, the Gabor drifted in the
same direction (reference stimulus), but on a pseudo-randomly chosen
flash, the drifting direction differed (target stimulus). The monkey had
to make a saccade to the target stimulus location between 150 and
600ms after the onset of the target stimulus to get a juice reward. The
target stimulus could be any flash, except for the first two flashes, with
the probability of the target occurring following a decaying exponential
distribution (mean= 1250ms) that was truncated at 4410ms. The reason
that the earliest target occurred at the third flash was because the
response of neurons to the first flash tended to be stronger than those to
the subsequent flashes, which could influence the estimation of neuro-
metric thresholds. To ensure a flat hazard function of the target occur-
rence before the limit, occasional catch trials (;7%) were randomly
interleaved, on which no target stimulus appeared, and the monkey was
rewarded for maintaining fixation for 600ms after the onset of the final
stimulus flash.

Eye positions were sampled at either 200 or 500Hz, and the mon-
key’s fixation behavior was monitored using a square electronic window
(side length between 1.5° and 2°) centered on the fixation point. If the
monkey broke fixation prematurely or failed to respond to the target
stimulus, the trial ended without reward.

Visual stimuli
Visual stimuli were presented on a g -corrected CRT monitor (1024�
768 pixel resolution, 75Hz vertical refresh rate) located at 48 cm from
the monkey’s eyes and subtending 43° horizontally and 33° vertically.
When recording from neurons having a central receptive field (eccen-
tricity � 3.3°; mostly V1 neurons), the monitor was positioned at 61 cm
from the monkey (35° � 27° visual field) to avoid possible loss of con-
trast for high spatial frequencies due to the limited pixel resolution (see
below for stimulus scaling).

Visual stimuli were achromatic and presented on a uniform gray
background with a luminance of 26 cd/m2. The Gabor patches used in
the direction-change detection task (see Fig. 1A) were of the maximum
contrast with the mean luminance same as the background. To explore
whether trial-to-trial correlations between behavior and neuronal
responses in the three cortical areas interact with manipulations of stim-
ulus parameters, we tested cells with two stimulus settings that differed
in their eccentricity scaling factors. At any given retinal eccentricity, the
SD of the Gabor function in the smaller stimulus set was two-thirds that
of the larger stimulus set and the spatial frequency was 3 times higher
(see Fig. 1B). We will refer to the set of larger stimuli as “Set L” and the
set of smaller stimuli as “Set S.” The SD and spatial frequency of Gabor
functions in the two stimulus sets were scaled according to the receptive
field eccentricity using the following formulae:

Stimulus Set L: SD (degree)= 0.075� eccentricity (degree)
Spatial frequency (cycles/degree)= 0.75 cycles/SD.

Stimulus Set S: SD= 0.050� eccentricity
Spatial frequency= 1.50 cycles/SD.

For example, at an eccentricity of 5°, the spatial frequency and SD of
Gabor functions were 2 cycles/degree and 0.375° for stimulus Set L, and
6 cycles/degree and 0.25° for stimulus Set S. We used a fixed temporal
frequency of 4.17 cycles/s, such that the Gabor function drifted one full
spatial cycle during each stimulus flash on a trial, starting and ending
with an odd-symmetric phase.

Electrophysiological recordings
After training was complete for the behavioral tasks described above, a
second surgery was done to implant a stainless-steel chamber (19 mm
outer diameter, Crist Instruments) on the skull to allow a posterior elec-
trode approach to the recording areas at an angle 30° from horizontal in
a parasagittal plane. Placement of the recording chamber, centered 12-14
mm lateral from the midline, was guided by structural MRIs taken
before the initial surgery.
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We made extracellular recordings from 222 cells in V1 (Monkey 1,
140; Monkey 2, 82), 160 cells in MT (Monkey 1, 79; Monkey 2, 81), and
136 cells in VIP (Monkey 1, 72; Monkey 2, 64). Recordings in V1 were
made mostly from the operculum, but 21 V1 cells were recorded from
the calcarine sulcus of Monkey 1. The receptive field eccentricities of V1
neurons ranged from 2.5° to 6.1° (4.2° mean, 1.0° SD) for sites on the
operculum from 2 monkeys, and from 17.6° to 20° (18.8° mean, 0.7° SD)
for sites in the calcarine sulcus from Monkey 1. The ranges of MT and
VIP receptive field eccentricities were 2.5°-25° (11.2° mean, 5.2° SD) and
3°-35° (16.8° mean, 7.2° SD), respectively. Although receptive field
eccentricities differed between the cortical areas, they did not differ
between the two stimulus sets within cortical areas (p. 0.05, t test). The
geometric means of the preferred spatial frequency (typically measured
using at a temporal frequency of 4.17 cycles/s) were 1.94, 0.47, and 0.18
cycles/degree for V1, MT, and VIP, respectively, and those of the pre-
ferred temporal frequency (tested at the preferred spatial frequencies)
were 4.1, 6.7, and 8.2 cycles/s, respectively. It should be noted that many
MT and VIP neurons showed a low-pass tuning for the range of tested
spatial frequencies (typically 0.125–8 cycles/degree), and a high-pass
tuning for the range of the tested temporal frequencies (0.5–16 cycles/s).
Therefore, it is possible that we overestimated the preferred spatial fre-
quency and underestimated the preferred temporal frequency for these
neurons.

Recordings were made with custom-made platinum-iridium electro-
des (Wolbarsht et al., 1960) (0.5–2.5MV at 1 kHz). Signals from the elec-
trode were amplified (Bak or Plexon Electronics), filtered (bandpass
from 0.5–6 kHz) and processed with a time-amplitude window discrimi-
nator (Bak Electronics) for isolation of action potentials of a single unit.

The time of each action potential was stored with a precision of 1 ms.
The opercular regions of V1 were accessed through small craniotomies
(2 mm diameter) made inside the recording chamber. A guide tube and
grid system (Crist et al., 1988) was used for recordings from MT, VIP,
and V1 in the calcarine sulcus. The recording chamber placement was
aimed primarily for recordings from V1 and MT and was not ideal for
accessing VIP. Although we accessed all three areas through one record-
ing chamber, we used a grid with holes aligned 10° dorsomedial from
the cylinder axis for VIP recordings for Monkey 1. MT and VIP record-
ing sites were confirmed by the emergence of strong motion direction
selectivity after typical transitions of gray and white matter assessed by
silence or abundance of multiunit activities for which the coordinates of
penetrations were guided by the structural MRI scans.

For the most part, recordings were made first in V1, next in MT, and
finally in VIP. Because MT and VIP were accessed using guide tubes
that penetrated V1, the V1 representation was necessarily compromised
during MT and VIP recordings (as is common in electrophysiology
experiments). However, because MT and VIP receptive fields were offset
from the affected V1 representation and both the V1 representation and
the visual stimuli were very small, the results from MT and VIP should
be unaffected by the approach. Consistent with this, behavioral thresh-
olds during MT and VIP recording were the same as during V1 record-
ing (see Fig. 2B).

When a single unit was isolated, its receptive field location was deter-
mined and tuning for motion direction, spatial, and temporal frequen-
cies were characterized before the main task was introduced. The
receptive field location was mapped by manually sweeping bars or
Gabor patches on the monitor while the monkey fixated. The spatial and

Figure 1. Behavioral task and visual stimuli. A, The direction-change detection task. After the monkey fixated a small spot (FP) for a randomly selected period (375-625ms), a small drifting
Gabor image flashed (240 ms) multiple times at the center of receptive field of the neuron, separated by blank screens (200-307ms). The Gabor image drifted in the same direction (arrows),
but on one randomly chosen flash the direction changed and the monkey had to make a saccade to the stimulus location within 600 ms. B, Stimulus scaling. Example Gabor images centered
at 3, 5, and 8 degrees are illustrated for the two stimulus sets (Set L in the upper field, Set S in the lower field). Cross represents the center of the gaze. C, Selection of stimulus directions used
in the behavioral task. Each dot represents the average response of a representative MT cell to Gabor patches from Set L drifting in the direction indicated on the horizontal axis. Responses
were quantified as the mean firing rate during a 150 ms interval starting at 30ms from the stimulus onset. Gray curve indicates a least-square fit of a wrapped Gaussian to the mean responses.
Solid vertical line indicates the reference direction of the stimulus used for this cell in the main task. Dashed line indicates the neuron’s preferred direction estimated by fit. Error bars indicate
6 SEM. D, Neurometric threshold. The neurometric performance detecting target stimulus (filled circles) of the same MT neuron whose direction tuning is shown in C is plotted as a function
of direction change of target stimulus from that of the reference stimulus. The neurometric performance for each direction change was defined as the area under ROC curve derived from the
neuronal responses to target stimulus and its immediately preceding reference stimulus. A cumulative Weibull function (gray curve) with the lower asymptote set at 0.5 was fit to determine a
neurometric threshold (arrow). E, Psychometric threshold. The hit rate (filled circles) of the monkey’s responses at different target directions during the recording session for the same MT neu-
ron in C and D is plotted as a function of direction change of the target stimulus. A cumulative Weibull function (gray curve) was fitted to determine a psychometric threshold (arrow), but
with the guess rate estimated from false alarm responses set as the lower asymptote (dashed line; see Materials and Methods). D, E, Error bars indicate 95% CIs estimated from a bootstrap
simulation (2000 iterations).
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temporal tuning properties were characterized in separate blocks of trials
on which Gabor patches were presented multiple times (240ms on fol-
lowed by 250ms off) in the receptive field. Direction tuning was usually
measured first with spatial and temporal frequencies set to values that
drove the neuron well. For most neurons, direction tuning was also char-
acterized using Gabor patches with identical size, spatial and temporal
frequencies to the stimuli used in the subsequent direction-change detec-
tion task. Cells were typically tested for 12 equally spaced directions (an
average of 20 repetitions of each direction) and for 6 logarithmically
spaced spatial and temporal frequencies (an average of 11 repetitions of
each value). The responses measured in direction-tuning blocks were fit-
ted with a wrapped Gaussian. In probing the tuning properties of a neu-
ron, the response magnitude was quantified as spike count during a
210ms interval from 30ms after the stimulus onset. Further data collec-
tion was pursued for all neurons for which a preferred direction could be
determined or that had two peaks that were ;180 degrees apart (mostly
V1 neurons, see below).

In the direction-change detection task (see Fig. 1A), stimuli from the
two stimulus sets were tested in separate blocks of trials. Only a limited
number of cells could be tested using both sets of stimuli before isolation
of the signal was lost or the animal became sated. The direction of refer-
ence stimulus was chosen to lie on one flank of the direction-tuning
curve (see, e.g., Fig. 1C). For cells that had two peaks in their direction
tuning curves (e.g., most V1 cells, which were frequently orientation-
tuned), the direction of reference stimulus was chosen from one of the
four flanks (usually flanking the higher peak). The direction of the target
stimulus on a given trial was pseudo-randomly chosen from a set of fixed
values (typically 6) that spanned behavioral threshold for detecting the
change (see Fig. 1E). The target directions were always closer to the neu-
ron’s preferred direction than the direction of reference stimulus, and
thus elicited stronger neuronal responses. On average, 57 valid trials (i.e.,
hit or miss trials) per target direction were collected. The number of tri-
als for the smallest one or two direction changes were 1.5 times each of
the other target directions so that more trials were available for the calcu-
lation of detect probability (DP) (see below).

Visual stimuli were usually presented at the center of the receptive
field, but for some VIP cells the receptive field borders could not be
defined unambiguously, and stimuli were presented at a location where
stronger responses could be invoked by stimuli. The fixation point was
usually presented at the center of the screen, but for cells with a receptive
field of large eccentricity, it was displaced so that stimuli could be pre-
sented without truncation.

Data analysis
The responses of a neuron to each stimulus in a trial were quantified as
the number of spikes occurred during a 150ms interval beginning 30ms
after the stimulus onset. Spike counts during this same response window
were used to estimate neurometric thresholds (see Fig. 2), DPs and reac-
tion time correlations (RTCs) (see Fig. 4) described below. The onset of
the response window was based on the earliest latency of stimulus-
driven responses, and the offset was set to minimize saccadic responses
because the earliest saccadic reaction times started at ;180ms from
stimulus onset (see Fig. 6). A stimulus deemed valid for analysis when
the monkey’s response to that stimulus fell into one of four categories.
The monkey’s response to a target stimulus was counted as a hit if the
animal made a saccade to the stimulus within the interval between 150
and 600ms from the target onset, or as a miss if it failed to respond and
continued to fixate. The monkey’s response to a reference stimulus was
counted as a correct rejection when it maintained fixation within the fix-
ation window, or as a false alarm if it made a saccade to the stimulus
location. Only the neuronal responses to stimuli to which the monkey
made a valid response were included for further analysis.

Psychometric and neurometric thresholds
To quantify the behavioral performance on the direction-change detec-
tion task during a recording session, a psychometric threshold was meas-
ured by fitting a modified cumulative Weibull distribution to the
proportion of correct trials (i.e., hits/(hits1 misses)) using the following
equation (see Fig. 1E):

pcðu Þ ¼ l1ð1� l Þ � ð1� expð�ðu =aÞb ÞÞ

where u is the absolute value of the direction change (i.e., difference in
direction between target and reference stimulus) on a log scale and
pc(u ) is the proportion correct at u . The psychometric function had two
free parameters that corresponded to the threshold (a) and slope (b ).
The lower asymptote (l ; see Fig. 1E, dashed line), was the guess rate and
estimated as follows:

guess rate ¼
X

i

½FAi � pðiÞ�;

FAi ¼ number of false alarms to ith stimulus
number of trials inwhich target appeared after ith stimulus

where FAi is the false-alarm rate at the ith stimulus flash and p(i) is the
probability of target occurrence at the ith flash determined by the expo-
nential distribution (see Animal preparation and behavioral task).
Because the monkey’s performance at the largest direction change was
perfect in most sessions (74%), we set the upper asymptote of the psy-
chometric function 100% (i.e., a lapse rate of zero). The mean lapse rate
(defined as the miss rate at the largest direction change) was 0.019, and
the lapse rate for 80% of the sessions was smaller than the mean.

Neurometric threshold of a neuron was estimated by comparing the
responses to the target stimulus with those to the reference stimulus
immediately preceding the target using signal detection theory
(Green and Swets, 1966). For each target direction, the detection
performance of an ideal observer was defined as the area under the re-
ceiver-operating characteristic (ROC) curve derived from the distribu-
tions of spike counts for the target and reference stimuli. A neurometric
threshold was determined by fitting the same Weibull function used to fit
the psychometric function, but with l fixed at 0.5, to the area under ROC
curve at different target directions on a log scale (see Fig. 1D). In fitting both
psychometric and neurometric functions, maximum-likelihood estimates for
the two free parameters were obtained using an optimization algorithm
(fminsearch) provided by MATLAB (The MathWorks), and 95% CIs were
estimated from bootstrap simulations (2000 iterations).

For a small number of neurons with a narrow direction tuning, the
range of stimulus values (i.e., direction changes from the reference direc-
tion) that we imposed during data collection extended beyond the neuron’s
preferred direction resulted in a decrease in the mean response
because they were on the opposite flank of the tuning curve. This was to
ensure a reliable estimation of psychophysical thresholds. However, in the
estimation of neurometric thresholds for those neurons, the responses to the
stimulus values on the opposite flank of the direction tuning curve were
excluded (mostly the responses to the largest direction change and mostly
fromV1) to avoid underestimation of neurometric thresholds.

Simulation to estimate population neurometric performance
In the simulation estimating population neurometric performance
shown in Figure 3, the mean and variance of the responses of synthetic
neurons followed those of the neurons recorded during the main task.
To determine the mean response of a synthetic neuron to an arbitrary
stimulus direction, we used direction tuning curves fitted to the neuronal
responses measured in separate blocks of trials (see above). We first
selected neurons with a direction tuning well fit by a wrapped Gaussian
(R2 .0.5; see, e.g., Fig. 3A, gray dots and gray curve; see also Fig. 1C).
These neurons constituted the simulation pool from which the responses
of synthetic neurons were simulated. The number of neurons included
in the simulation pool was 132 from V1 (79 from Monkey 1; 53 from
Monkey 2), 106 (56; 50) from MT, and 109 (51; 58) from VIP for Set L.
For Set S, it was 109 (67; 42) from V1, 71 (27; 44) from MT, and 55 (17;
38) from VIP.

To estimate population performance based on the responses of neu-
rons during the main task, for each selected neuron, we scaled the direc-
tion tuning curve vertically (without changing the parameters specifying
the location of the peak response and the width of the Gaussians) to fit
the firing rates of the neuronal responses measured during the main task
(i.e., spike counts during the 150ms response window; for an example
MT neuron, see Fig. 3A, black dots and curve). If available, we used the
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direction tuning curve assessed using Gabor patches of the same size
and spatial frequency that were used in the main task.

We also wanted to use the neuronal responses measured during the
main task to assign the response variance of synthetic neurons.
However, we found that, for most neurons, Fano factor (i.e., ratio of the
variance to the mean) of the neuronal responses measured during the
main task was not constant, but rather changed systematically as a func-
tion of the mean response (see, e.g., Fig. 3C). Therefore, to assign the
response variance of a synthetic neuron at an arbitrary stimulus direc-
tion, we used a regression of the response variance over the mean
response weighted by the square root of the number of trials repeated
for each stimulus direction (see Fig. 3B, gray line). If available, the neuro-
nal responses measured with both stimulus sets were included to derive
the regression line (e.g., Fig. 3B,C plots the responses of the MT neuron
shown in Fig. 3Ameasured with both stimulus sets).

In each iteration of the simulation to estimate the population per-
formance of a given cortical area for a given stimulus set, a pool of syn-
thetic neurons was generated by randomly sampling neurons from a
subset of the simulation pool (i.e., neurons from the same cortical area
tested with the same stimulus set). Then, the scaled direction tuning
curve of each synthetic neuron was shifted horizontally by a random
amount chosen from [0°, 360°) to distribute preferred directions uni-
formly. Population responses of synthetic neurons for two stimulus
directions differing by 3° were generated by random sampling frommul-
tivariate normal distributions where the means were set from the tuning
curves and the covariance was a diagonal matrix having the response
variances determined from the variance-mean regression as diagonal
entries. Therefore, the responses of synthetic neurons were independent.
Finally, the population neurometric performance was quantified as d9
calculated from the population responses for the two stimulus directions
that were projected onto the axis determined by Fisher’s linear discrimi-
nant (Bishop, 2006).

The number of iterations was inversely proportional to the popula-
tion size such that the expected frequency of each model neuron to be
included in the simulation was the same for different population size.
For example, the number of iterations was 10,000 for sample size of 1,
100 for sample size of 100, and 20 for sample size of 500.

Trial-to-trial correlations between neuronal activity and behavior
Trial-by-trial correlation between the neuronal response and the mon-
key’s perceptual behavior was quantified with DP and RTC (Cook and
Maunsell, 2002). In measuring DP or RTC (see Fig. 4), it is critical to
maintain the same stimulus conditions across trials, so that the correla-
tions are not driven by the variation in the stimulus. Because the behav-
ioral task in this study used Gabor patches with several different
directions, these correlations could be estimated from the neuronal
responses to each stimulus direction as long as sufficient trials are avail-
able for both hits and misses. To estimate single correlation measures for
individual neurons with an increased statistical power, the neuronal
responses to Gabor patches of different directions were combined after
the responses were normalized to remove the stimulus effects on the cal-
culation of DPs and RTCs.

In previous studies in which detect probabilities or choice probabil-
ities were estimated from trials pooled across different stimulus condi-
tions, the neuronal responses were usually normalized within stimulus
conditions to remove the stimulus-induced variance (see Kang and
Maunsell, 2012). However, we found that, for some neurons, the
response to an identical stimulus varied systematically with the stimulus
position in the stimulus sequence within trials: the neuronal response to
the same target stimulus increased as the target appeared later in a trial.
Moreover, in some sessions, the monkey’s detection performance
improved gradually as target stimuli appeared later in a trial. These con-
current modulations in the neuronal response and behavioral perform-
ance can lead to a potentially spurious DP (Kang and Maunsell, 2012).
Indeed, we found that the neuronal responses recorded from Monkey 2
to the same stimulus increased noticeably as a function of the order of
the stimulus presented on a trial in all three cortical areas for both stimu-
lus conditions. Moreover, both monkeys tended to respond more fre-
quently and faster to target stimuli as they were presented later on a trial,

which was indicated by increasing hit rates and decreasing reaction times
with the order of stimulus presentation on a trial. To avoid the confound
in the estimation of DP and RTC caused by these concurrent nonstatio-
narities of the neuronal and behavioral responses over stimulus presenta-
tion order, the neuronal responses to the same stimulus were normalized
within each stimulus position in the stimulus sequence on trials. For
example, the neuronal responses to a target stimulus on trials when it
was presented at the third flash were normalized separately from those
on trials when it was presented at the fourth flash, and so on. These nor-
malized neuronal responses were then pooled across different positions
in the stimulus sequence and across different stimulus directions.

If trial-by-trial correlations between the animal’s perceptual reports
and the neuron’s responses to target stimuli in our task were purely
driven by the shared noise in the neuronal responses, then one can
expect that there would similarly be a correlation between the neuronal
response and behavior to reference stimuli (Price and Born, 2010). To
increase the statistical power, the neuronal responses to reference stimuli
were combined with those to target stimuli in the estimation of DPs and
RTCs. That is, taking the animal’s responses to reference stimuli as those
to zero direction change, the neuronal responses during epochs of cor-
rect rejections were combined with those of misses and the neuronal
responses during epochs of false alarms were combined with those of
hits.

In normalizing the neuronal responses for the estimation of DPs,
spike counts during the 150 ms response window were converted to z
scores using a modified method (Kang and Maunsell, 2012) to correct
for underestimation due to combining samples with uneven numbers of
trials for the two behavioral categories across different stimulus condi-
tions. For each stimulus position in the sequence on a trial, neuronal
responses were included in the calculation of DPs only when at least 5
samples were available for each of the two behavioral response categories
(i.e., hit and miss for a target stimulus; false alarm and correct rejection
for a reference stimulus). The normalized neuronal responses pooled
across different stimulus directions were then compiled into two distri-
butions: one combining the neuronal responses to reference stimuli fol-
lowed by correct rejections and those to target stimuli followed by
misses; the other combining the neuronal responses to reference stimuli
followed by false alarms and those to target stimuli followed by hits. DP
was defined as the area under the ROC curve derived from these two dis-
tributions. The p value of a DP was estimated from a permutation test
with 2000 iterations.

To measure RTCs of individual neurons, we combined hit trials
across different target directions, in which the monkey responded to tar-
get stimuli, as well as false alarm trials in which the monkey responded
to reference stimuli before a target appeared. Neuronal responses were
quantified as spike counts during a window spanning 150ms starting
30ms after stimulus onset (the same window used for estimation of neu-
rometric threshold and DP). Because concurrent modulations in the
neuronal response and behavioral performance within trials can also
introduce a confound in RTCs (Kang and Maunsell, 2012), the neuronal
responses and reaction times were converted into z scores within each
position in the stimulus sequence on a trial before they were pooled
across different positions and target directions. Then the Pearson corre-
lation coefficient was calculated from the combined z scored responses.
Trials within a stimulus position had to have at least 5 samples to be
included in the calculation of RTCs. Reaction time was defined as the
time at which the speed of the eye position signals exceeded 20 degrees/s
(or 30 degrees/s for some V1 cells from Monkey 2 due to higher noise
level in the eye position signals). For both DP and RTC, if the mean
spike count during the 150 ms response intervals at a given stimulus
direction was ,1 (equivalent to a mean firing rate of 6.7 spikes/s), then
those intervals were excluded from further analyses.

The grand DP and RTC shown in Figure 4B, D were calculated from
the z-scored spike counts described above that were pooled over cells
separately for the two behavioral categories (i.e., correct rejections 1
misses vs false alarms 1 hits). The significance of the difference in the
mean DP and RTC between the stimulus sets in each cortical area was
evaluated by a permutation test with 10,000 iterations. More specifically,
under the null hypothesis that the neuronal responses for the two
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behavioral categories were not different between the two stimulus sets,
for each cortical area we first combined the pooled z-scored spike counts
for the two behavioral categories over the two stimulus sets. In each iter-
ation, for each cortical area separately, we permuted the pooled z scores
within a behavioral category and arbitrarily divided them into the two
stimulus sets in proportion to the number of samples of the original
data. We then calculated DP or RTC from the permuted data and
obtained the difference between the two stimulus sets. After we repeated
this 10,000 times, we took the p values of the variables of interest as the
proportion of the differences from the synthetic data that were equal to
or greater than the observed difference.

To evaluate the interaction effects between cortical area and stimulus
condition on DP and RTC, we fit linear mixed effect regression models
predicting DP and RTC using cortical area and stimulus set as fixed
effects and cell as a random effect where the stimulus set is a repeated
variable for cells within cortical areas. The significance of the interaction
by cortical area and stimulus set was tested by the likelihood ratio test
between the null model without the interaction term and the full model
including the interaction by cortical area and stimulus set.

To estimate the time courses of the correlations between the neuro-
nal response and behavior (see Fig. 6), DP and RTC were calculated with
1 ms resolution after spike times on individual trials were smoothed
with an exponential filter (time constant of 25ms). To minimize the car-
ryover effect of smoothing, the tail of the filter was truncated at 1% of
the peak of the kernel (the total length of the kernel = 231ms). Although
smoothing the neuronal responses was necessary for the estimation of
the time courses, it was also crucial to use a shortest filter as possible
with its tail truncated. Otherwise, the time courses will be prolonged and
exaggerated after the stimulus offset during which no significant neuro-
nal responses are present because both correlation measures are sensitive
to the rank of the variables.

To remove the variance of the neuronal response due to the stimulus
order in time during a trial (Kang and Maunsell, 2012) as well as the
stimulus-dependent variance, DPs and RTCs were calculated at every
millisecond from the filtered neuronal responses separately for trials in
which the same stimulus change occurred at the same stimulus position
in time during a trial, and then averaged across the stimulus strength
and position in time. The time courses of RTC in Figure 6D-F were esti-
mated from the neuronal responses and reaction times on both hit and
false-alarm trials (see Fig. 6A-C), and DPs estimated from the neuronal
responses to reference stimuli (false alarm vs correct rejection) as well as
those to target stimuli (hit vs miss) were included in the time courses
shown in Figure 6G-I. To estimate the peristimulus time histograms of
the neuronal responses conditioned on the animal’s perceptual response
(see Fig. 6J-L), the filtered neuronal responses on hit (or false alarm) and
miss (or correct rejection) trials were averaged separately for each stimu-
lus position in time during trials on which the stimulus direction
changed by the same amount, and then these mean responses condi-
tioned on behavior were averaged across stimulus conditions.

At least 5 trials were required for each behavioral category (hit 1
false alarm and miss 1 correct rejection) for the estimation of the time
course for a given stimulus strength (i.e., the amount of direction
change) and stimulus position in time. Cells for which the average firing
rate during 150ms after stimulus onset was lower than 1 spike/s were
excluded. For both DP and RTC, trials in which the animal made a
response earlier than 150ms after the stimulus onset were excluded. To
pool data from 2 monkeys, the time courses were estimated for each
monkey first and then averaged together. The number of trials per stim-
ulus strength and stimulus position in time during a trial was 13 on aver-
age (minimum=5, maximum=136, SD=9) for RTC and 38 for DP (62
misses 1 correct rejections (minimum=5, maximum = 692, SD=89), 13
hits 1 false alarms (minimum=5, maximum = 136, SD= 11). The 95%
CIs of the time courses of DP and RTC were estimated using bootstrap
simulations with 2000 iterations.

To examine whether the neuron-behavior correlations measured in
our study reflected fluctuations in neuronal responses arising from
extraretinal factors, such as attention or overall arousal level, we calcu-
lated DPs and RTCs from the neuronal responses to stimuli immediately
preceding the stimuli from which DPs and RTCs in Figure 4 in the same
way described above, assigning the same behavioral categories.

Effects of fixational eye movements and the mean firing rate on neuron-
behavior correlations
To see whether DPs of V1 neurons measured with stimulus Set S
were confounded by the number of small eye movements during fixation
that might have been different depending on perceptual decision, we
measured small eye movements during the spike counting interval. Eye
position signals were convolved with a Gaussian kernel (SD range, 1.6-
7.5ms), and fixational eye movements were detected using a velocity
criterion (2deg/s with a minimum peak velocity of 6 deg/s). Eye move-
ments could be detected for 91 sessions (62 from Monkey 1 and 31 from
Monkey 2) of 105 sessions shown in Figure 4A. The quality of eye posi-
tion signals from the remaining sessions did not allow reliable detections
of small eye movements due to high-frequency noise. To compare the
neuronal responses during epochs with no fixational eye movements
with those with fixational eye movements (see Fig. 5C), for a given neu-
ron, spike counts during the spike counting interval were converted into
z scores within a stimulus direction. To control for the eye movement
effect on DPs of V1 neurons measured for stimulus Set S (see Fig. 5D),
spike counts during the spike counting interval were converted into z
scores in the same way as DPs of the individual neurons in Figure 4A
were estimated, but separately for those containing eye movements and
for those containing none. This procedure further reduced the number
of trials available for the calculation of DPs; hence, the number of neu-
rons, such that sessions for 85 V1 neurons (55 for Monkey 1 and 30 for
Monkey 2) recorded with stimulus Set S could be included.

To examine whether neuron-behavior correlations were affected by
the response magnitude driven by stimuli, we compared the mean firing
rates of cells across three cortical areas that were included to estimate
DPs and RTCs shown in Figure 4. We found that, within a stimulus con-
dition, the mean firing rates of cells from three cortical areas did not dif-
fer significantly, except for those included in RTC analyses measured
with stimulus Set S, where the mean firing rate of V1 cells were higher
than those of MT and VIP neurons (see Results). To see whether the
increase in RTC of V1 cells for stimulus Set S was due to the higher
mean firing rate of V1 cells, we calculated RTC for subsamples of cells
for which the mean firing rate was matched across the three cortical
areas. To match the mean firing rate, we first built histograms of the
mean firing rates of cells in each cortical area with a bin size of 6.7
spikes/s. For each bin, we randomly sampled the same number of cells
from all three areas that belonged to the same bin such that the sample
size for that bin was determined by the minimum number of cells
belonged to the bin from the three areas. In this way, we randomly sub-
sampled 57 cells from each area and calculated the mean and SE of
RTCs of resampled cells. We repeated this resampling 2000 times.

All data analyses were done using MATLAB (The MathWorks),
except for the linear mixed effect model analyses used to test the signifi-
cance of the interaction effects between cortical area and stimulus condi-
tion on DP and RTC, for which we used R (www.cran.r-project.org).

Results
We recorded well-isolated spikes from individual neurons in V1,
MT, and VIP in 2 macaque monkeys while they performed a
direction-change detection task (Fig. 1A). In this task, a small
Gabor patch flashed multiple times in the neuron’s receptive
field, drifting in the same selected direction, and the monkey had
to make a saccade to the stimulus location when it appeared
drifting in a different direction on one randomly chosen flash.

Our primary goal was to compare the responses of neurons in
different visual cortical areas to a given stimulus. In particular,
we wanted to compare neuronal responses using a stimulus that
was effective for MT and VIP, but which might nevertheless
evoke responses in individual V1 neurons that were more in-
formative for executing the task than those of individual neurons
in MT or VIP. To this end, we chose a drifting Gabor patch as
the task stimulus because drifting gratings are one of the most
effective stimuli for driving responses in V1 neurons (De Valois
et al., 1982; Ringach et al., 2002), but are also very effective in
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driving responses in MT (Movshon et al., 1985; Priebe et al.,
2003) and VIP (Avillac et al., 2007).

Each neuron recorded was tested with the Gabor centered in
its receptive field. Unlike previous studies, we did not adjust the
size of the Gabor to fill the receptive field of each neuron
recorded. Rather, the stimulus size and its spatial frequency were
solely determined by the eccentricity of the receptive field (Fig.
1B). We did not use the same stimulus for all neurons because
size and spatial frequency preferences scale with receptive field
eccentricity, and the receptive field locations of sampled neurons
might differ between the cortical areas. Setting the size and its
spatial frequency based on eccentricity provided more consistent
comparisons across recording sites at different eccentricities than
using a single Gabor size for all measurements. Another purpose
of scaling the stimulus with retinal eccentricity was to obtain
comparable perceptual performance across the visual field
(Rovamo et al., 1978). Thus, the width of Gabor increased and
the spatial frequency decreased with receptive field eccentricity
so that the stimulus contained the same number of cycles of the
carrier sinusoid (Fig. 1B). The stimulus scaling was the same dur-
ing recordings from all three visual areas. We adopted two scal-
ing factors (Fig. 1B; see Materials and Methods). However, in
both cases, the stimulus size was small, such that the stimulus

covered the entire receptive field of V1
neurons, but only a small portion of the
receptive fields of MT and VIP neurons.

To assess how neuronal activity was
related to behavioral performance, we
wanted to examine the responses of neu-
rons that were best equipped to repre-
sent the stimulus. We therefore set the
drift direction to maximize differences
in spiking from each neuron recorded.
The drift direction of the Gabor before
the change (the reference stimulus) was
fixed throughout the recordings for each
neuron, chosen to lie on a flank of the
direction-tuning curve of the neuron.
This maximized the change in neuronal
response for small direction changes
(Fig. 1C). The direction change was
always toward the neuron’s preferred
direction so that the neuronal response
to the target stimulus would be stronger
than the response to the reference stimu-
lus. An example of a reference direction
chosen for an MT neuron is shown in
Figure 1C (solid vertical line), together
with the neuron’s preferred direction
(dashed line), which was derived from a
fitted tuning curve (thick gray line).

To explore whether trial-to-trial cor-
relations between behavior and neuro-
nal responses in the three cortical areas
interact with manipulations of stimulus
parameters, we tested cells with two
stimulus settings that differed in their
eccentricity scaling factors. At any given
retinal eccentricity, the SD of Gabor
function in the smaller stimulus set (Set
S) was two-thirds that of the larger stim-
ulus set (Set L) and the spatial frequency
was 3 times higher (Fig. 1B; see
Materials and Methods).

For both stimulus sets, we expected
that among the three cortical areas V1

neurons would carry the most reliable signals for the task
because the spatial frequency was set closer to those preferred by
V1 neurons than those preferred by MT or VIP neurons: for
eccentricities from 3° to 20°, spatial frequency ranged from 0.5–
3.3 cycles/degree in Set L, and from 1.5-10.0 cycles/degree in Set
S. We also expected that the stimulus manipulations in Set S (i.e.,
decrease in size and increase in spatial frequency) would reduce
response strength and therefore the statistical reliability of the
neuronal responses (Tolhurst et al., 1983) in all three areas.
However, because spatial frequency in Set S was further away
from those preferred by MT and VIP neurons than those pre-
ferred by V1 neurons, we expected that the reduction in statisti-
cal reliability of the neuronal responses might be more
pronounced for MT and VIP than for V1, making the response
of MT and VIP neurons even less informative for the task rela-
tive to V1 when stimuli from Set S were used.

V1 neurons carried the most reliable signals for the task
To quantify the degree to which the animal could rely on the
response of a neuron to perform the task, a neurometric thresh-
old was estimated by comparing the responses to the target stim-
uli with those to the reference stimuli immediately preceding the
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Figure 2. Psychometric and neurometric thresholds. A, Distributions of neurometric thresholds of individually recorded neu-
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target stimuli. For each unit recorded, the monkey was typically
tested on different trials with 6 different target directions, which
were randomly interleaved and spanned the threshold for behav-
ioral detection (Fig. 1E). To measure a neurometric threshold,
the neuronal responses to the target and preceding reference
stimulus on each trial were quantified as the number of spikes
that occurred during a 150ms interval starting 30ms after
stimulus onset. Then, for each target direction, the perform-
ance of an ideal observer detecting the direction change based
on the neuronal responses was estimated as the area under
the ROC curve (Green and Swets, 1966) derived from spike-
count distributions for the target and reference stimuli. A neu-
rometric threshold was defined as the direction change corre-
sponding to an 82% detection rate determined from a
cumulative Weibull function fitted to the performance of the
ideal observer estimated for each target direction. Figure 1D
plots the performance of the ideal observer (filled circles) esti-
mated from the responses of the MT neuron in Figure 1C to
stimuli from stimulus Set L, and the fitted neurometric func-
tion (gray line). The neuronal threshold for detection was
14.3° (arrow, 11.1°–18.1°, 95% CI marked by the bracket).

From behavioral responses that were simultaneously obtained
with the neuronal data, a psychophysical threshold was also
measured by fitting a cumulative Weibull function to the mon-
key’s performance at different direction changes (Fig. 1E). We
estimated the monkey’s chance detection rate (Fig. 1E, dashed
line) from the false alarm rate within each session (see Materials
and Methods) and used it as the lower asymptote of the fitting
function (0.05 for the session in Fig. 1E, median 0.08 for 578 ses-
sions in Fig. 2), and the threshold was defined as the direction
change corresponding to a 63% detection performance of the fit-
ted psychometric function (i.e., the actual hit rate at threshold
was slightly higher owing to the false alarm rate). The behavioral
threshold in this example was 7.6° (arrow, 6.9°–8.4°, 95% CI
marked by the bracket). As was typical for most cells, the behav-
ioral performance was superior to the neurometric performance
of this MT neuron.

Figure 2 shows distributions of neurometric thresholds of
individual neurons recorded from the three cortical areas in 2
monkeys and those of simultaneously measured behavioral
thresholds. Overall, neurometric thresholds (Fig.2A,C, left col-
umns) were higher and more variable than behavioral thresholds
(Fig. 2A,C, right columns) for stimuli both from Set L (Fig. 2A)
and Set S (Fig. 2C), although some neurons had a threshold com-
parable with the behavioral threshold. A few V1 neurons had
thresholds superior to the behavior. The distributions of the neu-
ronal and behavioral thresholds are summarized by their geo-
metric means in Figure 2B and D, which compare the difference
across three cortical areas. Superior behavioral performance is
consistent with previous studies that compared the sensitivity of
individual neurons with the behavior measured in reaction time
tasks similar to ours (Cook and Maunsell, 2002; Cohen and
Newsome, 2009; but see Palmer et al., 2007).

Although the distributions of neurometric thresholds largely
overlapped between the three cortical areas, for both stimulus
sets individual V1 neurons were on average most sensitive and
individual neurons in VIP were least sensitive. Average neuronal
thresholds were higher in all areas for stimuli from Set S (Fig.
2D) compared with Set L (Fig. 2B). However, the increase was
significant only for MT and VIP neurons (p. 0.48 for V1,
p, 10�4 for MT, and p, 10�5 for VIP, t test carried on log
thresholds, Bonferroni-corrected for three simultaneous compar-
isons), and was greatest for VIP.

In contrast to neurometric thresholds that differed systemati-
cally between the areas, behavioral thresholds were relatively uni-
form across the three cortical areas, despite the stimuli being
presented at different visual field locations due to the diverse
receptive field locations of the neurons sampled from the three
cortical areas (for distributions of the receptive field locations,
see Materials and Methods). This suggests that the scaling of
stimuli with eccentricity was successful in achieving similar be-
havioral performance across recordings from the three cortical
areas, excluding the possibility that the differences in the neuro-
metric threshold between the cortical areas arose from the differ-
ence in the receptive field eccentricities of sampled neurons.
Somewhat surprisingly, behavioral thresholds were little affected
by using the smaller stimuli (but see the following section).
Behavior thresholds were elevated only for V1 neurons with
stimulus Set S. For practical reasons, the stimuli from the two
stimulus sets were not randomly interleaved within a block of tri-
als, and it is likely that the animals compensated for the more dif-
ficult stimuli by increasing their effort (Boudreau et al., 2006).

Overall, among the three cortical areas, the responses of indi-
vidual V1 neurons carried statistically the most reliable signals
that the monkey could use to perform the task in both stimulus
conditions. Additionally, the thresholds of MT and VIP neurons
increased markedly when measured with stimulus Set S, while
the corresponding behavioral thresholds were similar in both
stimulus conditions.

Differences between cortical areas in neurometric sensitivity
measured for single neurons are relevant for the population level
In measuring neurometric thresholds of individual neurons
shown in Figure 2, stimulus directions were optimized for each
neuron to probe the best discrimination performance it could
offer, which depends on the slope of tuning curve and the
response variance. Therefore, the superior neurometric perform-
ance of V1 neurons probably reflects a narrower tuning band-
width and/or a higher response gain of V1 neurons than MT or
VIP neurons. However, at population level, where some cells
preferring directions nonoptimal for the task are presumably
pooled as well, the differences in tuning bandwidth and response
gain might be less important. Although we do not have data to
test this possibility directly, we performed a simple simulation to
gain insight about the population performance of the three corti-
cal areas.

We estimated population neurometric performances from
the pooled responses of synthetic neurons whose response prop-
erties were modeled on those of the recorded neurons. In this
simulation, the mean firing rate of a synthetic neuron to an arbi-
trary stimulus direction was determined from the direction tun-
ing curve fitted to responses from a real neuron (Fig. 3A, gray
curve) scaled to fit the responses measured during the main task
for that neuron (Fig. 3A, black dots and curve). The response
variance of the synthetic neuron was determined from a regres-
sion line relating the variance of spike counts to the mean spike
counts measured from the same real neuron at different stimulus
directions, and with different stimulus sets if available, during
the main task (Fig. 3B).

In each iteration of the simulation, a pool of synthetic neu-
rons was generated from randomly selected real neurons, but the
tuning curve of each synthetic neuron was shifted horizontally
by a random amount chosen from [0°, 360°]. Then population
responses for two stimulus directions differing by 3° were gener-
ated by random sampling frommultivariate normal distributions
with the means and covariance specified by the direction tuning
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curves and the variance-mean regressions, respectively. Finally,
the population neurometric performance was quantified as d9
calculated from the population responses for the two stimuli
directions that were projected onto the axis determined by
Fisher’s linear discriminant (Bishop, 2006).

Population neurometric performances simulated from the
responses of neurons recorded from three cortical areas were
plotted as a function of population size separately for Set L (Fig.
3D) and Set S (Fig. 3E). In all cases, the d9 increased linearly with
the square root of sample size, which is expected because the
responses of synthetic neurons were independent. However,
although the population performance was estimated from the
responses of synthetic neurons with uniformly distributed pre-
ferred directions, the simulation replicated the observations
made in Figure 2: the order of three cortical areas in neurometric
sensitivity and the difference between the two stimulus condi-
tions, which is manifested by vertical offsets of the lines in Figure
3D, E. Therefore, V1 neurons carry the most reliable signals for
the task at population level unless one assumes a correlation

structure that would selectively de-
grade the population performance of
V1 neurons, which is highly unlikely
given that both MT and VIP neurons
are likely to receive considerable
amount of input from V1 either
directly or indirectly. In other words,
to explain behavioral performance
from the responses of MT or VIP neu-
rons, one would have to assume a
decorrelation mechanism that removes
noise correlations aligned with stim-
ulus tunings (i.e., differential correla-
tions) (Moreno-Bote et al., 2014)
present in V1 population. One inter-
esting finding from the simulation is
that the population performance of
V1 neurons for stimulus Set S was
slightly better than that for Set L,
which might explain why psycho-
physical thresholds differed little
between the two stimulus conditions
(Fig. 2), although this could be due to
the difference in the animal’s effort
(see Discussion).

Trial-to-trial correlations between
neuronal response and behavior
across cortical areas interact with
stimulus condition
We next examined the degree to
which the neuronal responses in these
cortical areas were correlated with the
monkey’s detection behavior on trial-
by-trial basis. For this, we measured
correlations between the neuronal
response and two aspects of the mon-
key’s behavioral response: perceptual
report and reaction time.

Trial-by-trial correlation between
the neuronal response and the mon-
key’s perceptual report was quantified
with DP (Cook and Maunsell, 2002;
Bosking and Maunsell, 2011), which
reflects the probability that one can
correctly predict the monkey’s detec-
tion behavior on single trials from the

responses of the neuron being recorded. DP is analogous to CP
in a discrimination task, which has been often used to assess the
causal relation of the neuronal response to a perceptual behavior
(Britten et al., 1996; Nienborg et al., 2012). The trial-to-trial cor-
relation between the neuronal response and the animal’s reaction
time (RTC) has also been used as a measure to probe a linkage
between a sensory cortical area and behavior (Cook and
Maunsell, 2002; Masse and Cook, 2008; Cohen and Newsome,
2009; Price and Born, 2010; Bosking and Maunsell, 2011). This
correlation is expected if the neuronal response contributes to
the perceptual behavior and the variation in the sensory process
is a source for the variation in the motor response, including
reaction time (Osborne et al., 2005).

Figure 4 shows distributions of DP (Fig. 4A) and RTC (Fig.
4C) for individual neurons recorded from the three cortical areas
(columns) in the two stimulus conditions (rows). To calculate
DP and RTC, the neuronal response to each stimulus on a trial
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was quantified as the number of spikes occurred during a 150ms
interval starting 30ms after stimulus onset (the same interval for
which the neurometric performance was measured in Fig. 2).
Because each neuron was tested with several target directions,
DP and RTC could be calculated for each target direction for
which sufficient numbers of hit and miss trials were both avail-
able. To obtain single estimates of DP and RTC for each neuron
and to increase the statistical power of these estimates, we com-
bined the neuronal responses to target stimuli across different
target directions, as well as those to reference stimuli. That is, we
combined the neuronal responses to reference stimuli when the

animal made a false alarm response with those to target stimuli
when the animal made a hit response, and the neuronal
responses to reference stimuli when the animal made a correct
rejection with those to target stimuli when the animal made a
miss (for details of combining the neuronal responses across dif-
ferent stimuli and behavioral categories, see Materials and
Methods).

When the monkeys performed the detection task with stimuli
from stimulus Set L, the correlation between neuronal responses
and detection behavior grew progressively stronger from V1 to
MT and VIP (Fig. 4A, top row). The mean DP of VIP neurons
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t(118) = 1.53, p. 0.1; MT-SD = 0.054, t(106) = 4.37, p, 10�4; VIP-SD = 0.078, t(100) = 6.17, p, 10�7; and for stimulus Set S: V1-SD = 0.077, t(104) = 5.07, p, 10�5; MT-SD = 0.082,
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was 0.55, whereas those of the MT and V1 populations were 0.52
and 0.51, respectively. Among these, the mean DPs of VIP and
MT neurons differed statistically from 0.50 (p, 0.001; t test,
Bonferroni-corrected for 6 simultaneous comparisons; p values
of t tests reported below are all Bonferroni-corrected for multiple
comparisons unless otherwise stated; for individual statistics and
uncorrected p values, see Fig. 4 legend). Consistent with DP, the
mean RTC magnitude was largest in VIP (�0.103), smallest in
V1 (�0.022), and intermediate in MT (�0.072; Fig. 4C, top
row). The mean RTC were significantly different from zero for
MT and VIP (p, 10�8 for both MT and VIP; t test), but not for
V1. These results are consistent with previous studies that
observed tighter correlations between the neuronal responses
and perceptual reports in higher cortical areas than earlier ones
(Leopold and Logothetis, 1996; Cook and Maunsell, 2002;
Williams et al., 2003; de Lafuente and Romo, 2006; Nienborg
and Cumming, 2006; Carnevale et al., 2013).

Greater trial-by-trial correlations with behavior for the
responses of neurons in later stages of cortical processing despite
the poorer neurometric performance estimated for the same
populations of neurons (Fig. 2A) suggest that a tighter correla-
tion between the neuronal response and behavior in higher corti-
cal areas might be a general feature regardless of the statistical
reliability of the neuronal response with which the brain can
extract information relevant to the perceptual task from individ-
ual neurons. However, the results obtained with stimulus Set S
differed. The mean DPs of MT and VIP neurons measured with
stimulus Set S (Fig. 4A, bottom row) were similar to those meas-
ured with the Set L, although the mean DP of MT did not statisti-
cally differ from 0.5. However, unlike MT and VIP neurons, DPs
of V1 neurons increased appreciably when measured with stimu-
lus Set S: the mean DP was 0.54 and significantly different from
0.50 (p, 10�4).

The same interaction between cortical area and stimulus con-
dition was also observed for the correlations between the neuro-
nal response and the monkey’s reaction time (Fig. 4C). The
mean RTC of V1 neurons became more negative (�0.081) when
measured with stimulus Set S, indicating that the responses of
V1 neurons became more strongly correlated with the monkey’s
reaction time, whereas the mean RTCs of MT and VIP neurons
changed little: �0.050 and �0.092, respectively. The mean RTCs
of all three areas differed statistically from zero when measured
with stimulus Set S (p ,10�9 for V1, p=0.002 for MT, and
p, 10�4 for VIP).

The comparisons of DP and RTC in Figure 4A and C indi-
cated that the correlation between the neuronal responses
and perceptual decisions in three cortical areas interacted with
the stimulus condition. This interaction was statistically signifi-
cant when tested using a linear mixed effect model with the stim-
ulus set as a repeated variable (x 2

(2) = 7.68, p=0.022 for DP;
x 2
(2) = 13.84, p, 0.001 for RTC; see Materials and Methods for

details), although it was not always significant for each monkey
individually (significant for DP in Monkey 1 and RTC in
Monkey 2). Multiple comparisons revealed that only V1 neurons
had statistically different mean DPs and RTCs between the two
stimulus conditions (t test, p=0.003 for DP and p, 0.001 for
RTC), and this underlies the significant interaction between the
cortical area and stimulus condition.

To quantify the population statistics in a different way, we
calculated a grand DP from the z-scored spike counts combined
across all cells from the same cortical area tested with the same
stimulus set (Fig. 4B; for details, see Materials and Methods).
Similarly, a grand RTC was calculated between the z-scored spike

counts and reaction times that were combined across cells within
a given cortical area and stimulus set (Fig. 4D). Population grand
DPs and RTCs closely followed the corresponding population
mean values in Figure 4A and C, recapitulating the interaction
effects between cortical area and stimulus condition on the neu-
ron-behavior correlations. When tested with a permutation test,
the difference in the grand correlation measures between the two
stimulus conditions was statistically significant for V1 (p, 10�4

for both grand DP and grand RTC) but not for MT or VIP
(p. 0.05 for both grand DP and grand RTC). Consistent
changes were seen in both animals individually, although the
DPs and RTCs for Monkey 1 were further from 0.5 and 0.0,
respectively.

It is somewhat surprising to find only a modest DP (0.52) for
MT neurons (Fig. 4A,B), although we used stimuli with strong
motion energy. One possible explanation for this small magni-
tude is that we used a short interval (150ms) to measure the neu-
ronal response, whereas many of previous studies measured CP
from longer intervals (typically 1 or 2 s; e.g., Britten et al., 1996;
Dodd et al., 2001; Chen et al., 2013). Another possibility is that
trial-to-trial correlation between the neuronal response and per-
ceptual decision might be more pronounced in MT for less-
structured stimuli such as random dot kinematograms.

Within a cortical area, previous studies often found a modest
correlation between CP (or DP) of individual neurons and their
neurometric performance on the behavioral task with which the
neuron-behavior correlations were measured (Celebrini and
Newsome, 1994; Britten et al., 1996; Uka and DeAngelis, 2004;
Gu et al., 2007; Price and Born, 2010; Bosking and Maunsell,
2011). We examined whether this correlation existed for our
data. Although many of the correlations between DP and neuro-
metric threshold of individual neurons had the expected (nega-
tive) sign (r = �0.24 to �0.03, but r=0.23 for V1 neurons
measured with Set S), they reached statistical significance in only
a few cases (t test, uncorrected for multiple comparisons). The
observation that DP and RTC changed in the same way with
stimulus condition across the cortical areas suggests that DP and
RTC of individual neurons are correlated, which is expected if
these two measurements reflect the same source of the varia-
tion between the neuronal response and behavior. Indeed, we
found a negative correlation between DP and RTC for most
of cortical areas in both stimulus condition (r = �0.67 to
�0.09). This correlation was strongest in VIP (r = �0.67 for
Set L, �0.62 for Set S).

Other variables that might affect the neuron-behavior correla-
tions: eye movement, mean firing rate, motivation, and percep-
tual learning
Any variables modulating the neuronal responses can affect DP
and RTC if they covary with perceptual decisions. Eye movement
is one such variable (Uka and DeAngelis, 2004; Nienborg and
Cumming, 2006, 2014; Herrington et al., 2009; Martinez-Conde
et al., 2013). Given the response modulations associated with
microsaccades (Martinez-Conde et al., 2013), a systematic differ-
ence in the number of microsaccades between hit and miss trials
could affect the estimation of DP (Herrington et al., 2009). Also,
a systematic difference in gaze angle between the two perceptual
decisions could influence the estimation of CP and DP. These
are of particular concern for V1 neurons because of their small
receptive fields relative to the tolerance of gaze deviations
allowed in most studies (1.5°–2° square in our study), and DP
and RTC changed significantly only for V1 neurons between the
two stimulus conditions in our study (Fig. 4).
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To see whether the increase in DP of
V1 neurons in the small stimulus condi-
tion was confounded with the difference
in the eye position during fixation (i.e., the
difference in stimulus position relative to
the neuron’s receptive field), we compared
the mean fixational eye position between
the two behavioral response categories (i.
e., hit 1 false alarm vs miss 1 correct
rejection). For the sessions in which V1
neurons shown in Figure 4A were
recorded with the small stimulus set, the
distributions of the mean eye position
during fixation were nearly identical for
the two behavioral response categories
(Fig. 5A,B). The difference in the mean
eye position was 0.001° for Monkey 1 and
0.018° for Monkey 2.

We also examined whether small eye
movements during fixation affected DP of
V1 neurons while the monkeys performed
the task with stimulus Set S. For a subset
of the V1 neurons shown in Figure 4A
that were recorded with the stimulus Set S
(61 and 31 cells from Monkeys 1 and 2,
respectively), we found that the neuronal
response during the spike counting inter-
val was slightly but significantly lower
when small eye movements were present
than when they were absent for Monkey 1
(a mean difference of �0.08 in z score,
t test, p, 10�20), but not different for
Monkey 2 (a mean difference of 0.009 in
z score, t test, p=0.58; see Fig. 5C).
Although statistically significant in 1 mon-
key, these differences are quite small, cor-
responding to a difference of 0.16 spikes
in Monkey 1, and 0.02 spikes in Monkey
2, for which the mean spike counts
were 2.80 and 4.04 spikes, respectively.
Moreover, the number of fixational eye
movements was quite similar for the two
behavioral categories, although the differ-
ence was statistically significant in 1 ani-
mal because of the large number of
samples: the means were 0.46 (hits and
false alarms; n = 41,327) versus 0.45 (misses and correct
rejections; n= 10,747) in Monkey 1 (t test, p=0.002), and 0.33
(n=20,246) versus 0.35 (n=3057) in Monkey 2 (t test,
p=0.17).

To further check that our estimation of DP was not affected
by these small differences in the number of fixational eye move-
ments, we recalculated DPs by normalizing the neuronal
responses separately for epochs with and without fixational eye
movements. For 85 cells (55 fromMonkey 1, 30 from Monkey 2)
that had enough samples to allow calculation of a DP, the recal-
culated DPs were not different from the original ones shown in
Figure 4A (Fig. 5D). The mean of the recalculated and the origi-
nal DPs was 0.54 and 0.55 for Monkey 1 (t test, p= 0.64), and
0.52 and 0.52 for Monkey 2 (t test, p=0.88; see Fig. 5D). Based
on these analyses, we conclude that any differences in fixation
eye position or fixational eye movements did not affect our esti-
mation of DPs from the response of V1 neurons measured with
stimulus Set S.

Mean firing rate of the neuronal response is another factor
that could influence the magnitude of DP (Kang and Maunsell,
2012). We compared the mean firing rates during the spike
counting interval between stimulus conditions and across three
cortical areas. For the cells included in DP analyses, the mean fir-
ing rates measured with stimulus Set L were 35.5, 34.3, and 36.0
spikes/s for V1, MT, and VIP, respectively, and those measured
with Set S were 27.9, 23.2, and 27.2 spikes/s. Although the mean
firing rate was greater for Set L than Set S within a cortical area
(p, 0.05, t test, p values Bonferroni-corrected for multiple com-
parisons), they were not different across the cortical areas within
a stimulus condition (one-way ANOVA, F(2,324) = 0.12, p=0.88
for Set L, F(2,243) = 1.47, p=0.23 for Set S). Also, the variance of
the mean firing rate of the cells included in the DP comparison
in Figure 4 did not differ across the three cortical areas within a
stimulus condition (Levene’s test, F(2,324) = 0.78, p=0.46 for Set
L, F(2,243) = 1.29, p= 0.28 for Set S).

We did the same analyses for the cells included in RTC com-
parison in Figure 4. We found that the mean firing rates
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Figure 5. Effects of fixation behavior on DPs of V1 neurons measured for stimulus Set S. A, For stimulus epochs that were
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measured with stimulus Set L (49.8, 44.0, and 46.3 spikes/s for
V1, MT, and VIP, respectively) were also greater than those
measured with Set S (40.2, 30.5, and 30.5 spikes/s; p, 0.05)
within a stimulus condition (t test, p values Bonferroni-corrected
for multiple comparisons). Across the cortical areas, the mean
and variance of the mean firing rates did not differ significantly
for Set L (one-way ANOVA: F(2,360) = 1.02, p= 0.36; Levene’s
test: F(2360) = 1.27, p=0.28). For Set S, they differed (one-way
ANOVA testing the mean: F(2,272) = 5.29, p=0.006; Levene’s test
for the variance: F(2,272) = 4.04, p= 0.018). For example, the mean
firing rate of V1 cells measured with Set S was significantly
higher than MT or VIP (p, 0.05, t test, Bonferroni-corrected),
whereas those of MT and VIP cells were not different each other
(p=0.99, t test). However, the mean RTC values of random
resamples of a subset of cells measured with Set S for which the
mean firing rate was matched for three cortical areas (57 cells
from each area) did not differ from the population values (see
Materials and Methods). Therefore, we conclude that the signifi-
cant change in DP and RTC we observed for V1 neurons
between the two stimulus sets is unlikely to be explained by the
difference in the mean firing rate across the cortical areas.

We quantified trial-to-trial correlations using DP and RTC.
Unlike CP, DP and RTC are susceptible to fluctuations in neuro-
nal responses arising from extraretinal factors, such as attention
or overall arousal level (Nienborg et al., 2012). For example, a
significant DP (or RTC) would be seen if attention varied from
trial to trial and greater attention made neuronal responses
stronger and made subjects more likely (or faster) to detect a
change in the stimulus. If this were the case, then one could
expect that the neuronal response to stimuli before the target
would also show a correlation with behavior, although perhaps a
weaker one than the response to the target (Cohen and
Maunsell, 2009). We examined DP and RTC of the neuronal
responses to stimuli presented immediately before the target
stimuli. We found in all three areas that the correlations of these
neuronal responses with perceptual decision were either absent
or very weak. The mean values of DPs measured for preceding
stimuli ranged from 0.495 to 0.507 for all cortical areas and stim-
ulus conditions, which did not differ from 0.5 (t test, p. 0.05),
except for VIP neurons measured with stimulus Set S (0.521,
p, 10�3). The mean values of RTC measured for preceding
stimuli differed from zero only for VIP neurons (�0.020,
p=0.02 for Set L; �0.032, p= 0.03 for Set S), but not for V1 or
MT neurons (p. 0.05, the mean RTC ranged from �0.018-
0.003 for both stimulus sets). Moreover, for individual cells, the
DP and RTC measured for the two stimuli (i.e., target and the
stimulus before target) were mostly uncorrelated (r = �0.02-
0.19, p. 0.05, Pearson correlation coefficient), except for a few
cases: DP of MT (r=0.36, p, 0.01) and VIP neurons (r= 0.51,
p, 10�4) measured with Set S, and RTC of VIP neurons meas-
ured with Set L (r=0.29, p, 0.01). These results suggest that it is
unlikely that the correlations shown in Figure 4 were driven by
trial-by-trial fluctuations in the animal’s attentional state or
arousal level.

Before data collection, the monkeys were trained for the main
behavioral task extensively for stimuli from both stimulus sets at
various locations until behavioral performance stabilized, antici-
pating diversity in receptive field locations between the three
cortical areas. Nevertheless, it is possible that data from the three
cortical areas and for the two stimulus conditions might have
been collected at different time points in perceptual learning
given that recordings were made sequentially from V1, MT, and
VIP. This is of particular concern because a previous study

reported that CP of MT neurons increases with perceptual learn-
ing even while neuronal sensitivity to stimuli is unchanged (Law
and Gold, 2008). Therefore, it is conceivable that MT neurons
had smaller DP and RTC values than V1 neurons in Set S
because the monkeys were less trained for stimuli presented at
different locations than the V1 receptive fields. However, for the
neurons shown in Figure 4, the geometric mean of psychometric
thresholds measured with Set S was higher for V1 sessions than
MT sessions in Monkey 1 (14.7° vs 6.0°, p, 0.01, t test), and not
different from MT sessions in Monkey 2 (6.8° vs 6.8°, p. 0.05).
Also, those measured with Set L did not differ between V1 and
MT sessions for both monkeys (8.1° vs 7.6°, for Monkey 1, 6.9°
vs 6.7° for Monkey 2, p. 0.05,). On the other hand, DP and
RTC of V1 neurons might have been greater for Set S than Set L,
a critical observation in our study, because the monkeys were
more fully trained for Set S. However, the geometric mean of
psychometric thresholds from V1 sessions was higher for Set S
than Set L in Monkey 1 (8.1° vs 14.7°, p, 0.01) while they were
similar in Monkey 2 (6.9° vs 6.8°, p. 0.05). Therefore, psycho-
metric thresholds were not consistent with the differences in DP
and RTC measured between V1 and MT neurons arising from
the degree to which perceptual learning progressed.

To further examine whether a significant perceptual learning
occurred during each stimulus condition within a cortical area,
for the cells included in Figure 4, we compared psychometric
thresholds from the early, middle, and late one-third of sessions.
For both monkeys, the geometric means of psychometric thresh-
olds were not significantly different across the three groups of ses-
sions (one-way ANOVA, p. 0.05), except for 3 cases described
below. The geometric means of the late one-third of sessions of
V1 neurons in Monkey 1 differed significantly from those of the
early and middle one-third of sessions for both stimulus condi-
tions. The mean thresholds for Set L were 7.4°, 6.6°, and 11.3° for
the early, middle, and late sessions, respectively (p, 10�6 for
early vs late sessions; p, 10�8 for middle vs late sessions, Tukey-
Kramer multiple comparison), and those for Set S were 13.9°,
16.4°, and 8.6° (p, 0.01 for early vs late sessions; p, 10�5 for
middle vs late sessions). In Monkey 2, the mean psychometric
threshold of the early MT sessions for Set S (7.8°) was different
from the middle (6.2°, p, 0.01) but not from the late one-third
of sessions (6.6°, p. 0.05). Overall, stable psychometric thresh-
olds across the three temporally grouped sessions suggest that no
significant perceptual learning progressed over recording sessions
within cortical areas, although Monkey 1 might not have been
fully trained for Set S. We also found that the mean DP and RTC
values were not significantly different across the three temporally
grouped sessions (one-way ANOVA, p. 0.05), except for DP of
V1 neurons for Set S in Monkey 1 in which the mean DP from
the early sessions (0.60) was significantly different from the late
(0.51, p, 0.001), but not from the middle one-third of sessions
(0.55, p. 0.05). These results suggest that the differences in the
neuron-behavior correlations we observed across different stimu-
lus conditions and cortical areas are unlikely explained by the dif-
ferences in the degree of perceptual learning at the time the date
were collected.

Time courses of correlations between the neuronal response and
behavior reveal that only V1 neurons show a difference between
stimulus conditions
For the analyses above, we measured the neuronal responses during
a short interval after stimulus onset before the animal made a
response (see reaction time distributions in Fig. 6A–C). That inter-
val was selected to minimize neuronal activity related to motor
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preparation or response execution, and also feedback from higher
centers in our measurement of the neuronal response. Nevertheless,
it has been demonstrated that these correlations, especially choice
probabilities, tend to increase after the subject’s choice has been
made, casting a doubt whether these measures indeed reflect the
causal effect of the neuronal responses on behavior. (Nienborg and
Cumming, 2009; but see Ni et al., 2018). To explore this issue, we
examined how these DP and RTC evolved over time in our task
(Fig. 6).

We first smoothed spike times on individual trials with an ex-
ponential filter, and then calculated DP and RTC at 1ms resolu-
tion based on the filtered neuronal responses. To minimize the
carryover effect of filtering on these correlation measures, we
used a filter with a short time constant (25ms) that was trun-
cated at 1% of the peak of the kernel (total kernel length of
231ms; see Materials and Methods).

In Figure 6, the time courses of RTC (Fig. 6D–F) and DP
(Fig. 6G–I) in the three cortical areas (V1, left; MT, middle; VIP,
right column) for the two stimulus conditions (blue for Set L, or-
ange for Set S) are plotted. Figure 6A–C shows the distributions

of reaction times on trials that contributed to the estimation of
RTC time courses (Fig. 6D–F), and Figure 6J–L plots the mean
firing rates for the two behavioral categories (darker color for hit
1 false alarm responses, and lighter color for miss 1 correct
rejection responses) that were used to estimate the DP time
courses (Fig. 6G–I). The neuronal responses on individual trials
were included in the estimation of the time courses up to the
point when the animal initiated its response. As a result, fewer
trials contribute to later times, and the time courses shown in
Figure 6 are truncated at 440ms after stimulus onset (i.e., 200ms
after stimulus offset).

Consistent with the previous reports (Nienborg and
Cumming, 2009), in all three cortical areas DP tended to increase
after stimulus onset with peak seen only in V1 and VIP at
;350ms, at which point the animal had made most of its
responses. This again raises the question of whether DP in our
study reflects the causal effect of the neuronal response on the
perceptual decision. Nevertheless, the time courses of DP for the
two stimulus sets diverged in V1 during the early period before
the animal made a response (Fig. 6G), whereas those of MT and
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VIP neurons were more or less indistinguishable between the
two stimulus conditions (Fig. 6H,I), which mirrors the results
shown in Figure 4A and B.

Unlike DP, however, RTC reached a maximum earlier (Fig.
6D–F), during the interval for which the neuronal responses
were measured to calculate DP and RTC shown in Figure 4
(demarcated by two gray vertical lines in Fig. 6D–L). This can be
seen most clearly in the time courses of RTC for stimulus Set S in
V1 (Fig. 6D, orange curve) and both conditions in VIP (Fig. 6F).
It is surprising that the two measurements of trial-to-trial corre-
lations between the neuronal response and behavior showed dif-
ferent time courses with the stimulus condition given that they
are significantly correlated. However, it also makes sense for the
correlation between neuronal responses in a sensory cortical area
and reaction time to peak before the time that the animal made
responses if the neurons are causally linked to the behavior.
Notably, only the responses of V1 neurons show differences in
DP and RTC between the two stimulus conditions during the
early period, in which the neuronal responses were less likely to
be influenced by feedback.

Discussion
Previous studies have found stronger correlations between neu-
ronal responses and behavior in later cortical areas (Leopold and
Logothetis, 1996; Cook and Maunsell, 2002; Williams et al.,
2003; de Lafuente and Romo, 2006; Nienborg and Cumming,
2006), suggesting that cortical readout is more tightly coupled to
later stages of the hierarchical processing. However, only a few
studies have measured neuronal sensitivity across multiple corti-
cal areas using the same task for which CP or DP was compared
(e.g., Nienborg and Cumming, 2006). To address this, we ana-
lyzed trial-to-trial correlation between the neuronal response
and behavior and neurometric performance across cortical areas
using stimuli optimized for earlier stages of the visual hierarchy.
In line with earlier reports, correlations between the neuronal
response and perceptual decision measured for stimulus Set L
increased monotonically and were strongest in VIP, despite the
superior neuronal performance in V1. However, we also found
that when the stimulus was scaled such that the responses of V1
neurons carried far more reliable signals than those of MT and
VIP neurons (Fig. 2), correlations between the neuronal
responses and the monkey’s perceptual decisions increased con-
siderably for V1 neurons, exceeding those measured from MT
neurons, and approaching those in VIP (Fig. 4).

The strongest neuronal-behavioral correlations were always
in VIP, despite the fact that V1 neurons provided more reliable
signals. This is consistent with many earlier reports suggesting
that greater weight is given to later stages of sensory cortex when
making perceptual decisions. Nevertheless, the changes we saw
between the two stimulus sets suggest that this weighting is not
fixed, and that decisions can be guided to a greater or lesser
extent by neurons in earlier or later visual cortex depending on
which areas contain the most reliable information for the task at
hand. Such flexibility would be consistent with the widely sup-
ported observation that modality-specific discriminations are
guided primarily by the activity of neurons in the corresponding
sensory cortices, and that visual identification and motion analy-
sis depend on activity in the ventral and dorsal pathways, respec-
tively (Ungerleider and Mishkin, 1982; Merigan and Maunsell,
1993; Goodale et al., 1994).

Because we used drifting gratings for the change detection
task, the subjects might have adopted a strategy of detecting

orientation changes rather than direction changes, or combined
signals from both orientation- and direction-sensitive neurons to
detect changes. In humans, sensitivity to changes in the direction
of drifting gratings is comparable to sensitivity to changes in the
orientation of static gratings (Heeley and Timney, 1988; Heeley
and Buchanan-Smith, 1992). Interpretation of the results would
be complicated if the subjects relied exclusively on orientation
changes and detection of orientation changes were mediated by
cortical visual areas other than MT and VIP. That possibility is
unlikely for multiple reasons. Although orientation is critical for
object recognition, which is predominantly mediated by the ven-
tral visual pathway, assessment of orientation of an object in
space (e.g., a grating) involves different computations. Both abla-
tion studies (Gross, 1978) and neurophysiological records
(Tsutsui et al., 2005) point to object orientation being supported
by the dorsal pathway. The fact that the absolute sizes of DPs
and RTCs for MT and VIP were as large as those for V1 (Fig. 4B,
D) also supports the idea that the dorsal pathway was strongly
engaged in the detection task used in our study.

When trial-to-trial correlations between neuronal responses
and behavioral reports were first observed in sensory cortex
(Celebrini and Newsome, 1994), they were thought to reflect a
causal link between neuronal responses and behavior that arose
from shared noise in afferent inputs (Zohary et al., 1994; Shadlen
et al., 1996). However, subsequent studies recognized that CP (or
DP) can arise either because a cell contributes to the behavioral
outcome or because the activity of that cell is correlated with the
activity of other neurons that contribute to the behavior (Shadlen
et al., 1996; Cohen and Newsome, 2009; Nienborg et al., 2012;
Goris et al., 2017). Haefner et al. (2013) showed analytically that
the CP of a neuron can be little affected by the readout weight
compared with effects from spiking that is correlated with other
neurons in the population that contribute to the behavioral
response. Some aspects of our data, such as stronger DP and RTC
in later areas, might reflect differences between areas in the magni-
tude of their interneuronal correlations, rather than more readout
weight assigned to later areas. However, several considerations
make it difficult to explain the effects we found with different
stimulus sets as arising changes in interneuronal correlations
rather than changes in readout weight.

Compelling experimental evidence suggests that top-down
signals dominate interneuronal correlation related to CP in early
visual cortex (Nienborg et al., 2012; Bondy et al., 2018). One
prominent candidate of such top-down signals is attention.
There are three ways that attention might have affected the inter-
neuronal correlations we measured, and hence DP and RTC.
First, different levels of attention might have been directed to-
ward stimuli in Sets L and S. Although we did not measure the
attentional effort of the animals in our experiments, the transi-
tion from stimulus Set L to stimulus Set S likely resulted in a
higher level of attention because the animals achieved similar be-
havioral thresholds with both stimulus sets. When animals pay
more attention to a visual stimulus, the average pairwise correla-
tion in the spiking of neurons responding that stimulus decreases
in tasks like the one used here (Cohen and Maunsell, 2009;
Mitchell et al., 2009; Zenon and Krauzlis, 2012; Herrero et al.,
2013), but not all tasks (see Ruff and Cohen, 2014). This would
be expected to reduce DP and RTC. However, DP and RTC of
V1 neurons were stronger with stimulus Set S. Additionally, any
changes in interneuronal correlations that arose from attention
differences between the two stimulus sets would be expected to
be larger in later cortical areas, where attention-related modula-
tions are larger (see Maunsell and Cook, 2002). Instead, changing
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stimulus sets had the biggest effects on DP and RTC in V1.
Second, fluctuations in attention from trial to trial can introduce
interneuronal and neuronal-behavioral correlations. Indeed, the
more robust DP and RTC values seen in later stages of cortex
might depend on the greater modulation of firing rate by atten-
tion that is seen in those areas (see Maunsell and Cook, 2002). It
is possible that attention was more variable when animals
worked with stimulus Set S, introducing the stronger DP and
RTC seen with those stimuli. But again, the difference between
the two stimulus sets would also be expected to be larger in later
cortex areas where attention-related modulations are larger, not
in V1. Third, changes in attention affect average rates of firing,
and lower rates of firing can be associated with lower spike corre-
lations (Cohen and Maunsell, 2009; Cohen and Kohn, 2011).
Here, too, the changes in DP and RTC are opposite to that
expected from greater attention during stimulus Set S. Overall, it
is difficult to explain the changes in DP and RTC as arising from
changes in interneuronal correlations related to attention.

Top-down influences other than attention might have affected
interneuronal correlations in V1. For example, it has been pro-
posed that V1 plays a role as a cognitive blackboard that higher
levels modulate to mediate processes, such as segmentation or
working memory (Roelfsema and de Lange, 2016). Conceivably
such modulation alters interneuronal modulations in V1 differ-
ently depending on which stimuli are present. However, the ab-
sence of any measurable DP or RTC for the neuronal responses to
stimuli immediately preceding stimuli to which the animal
responded (see Results) argues against the idea that these correla-
tion measures were largely driven by fluctuations such top-down
factors.

Bottom-up effects that change interneuronal correlations
could also affect DP and RTC without any changes in readout
weights. Stimuli from Sets L and S produced different rates of fir-
ing, with stronger responses associated with Set L (Fig. 6J–L),
presumably because more neurons preferred the lower spatial
frequencies in that set. Once again, this does not easily explain
the stronger DP and RTC seen with stimulus Set S in V1 because
lower rates of firing typically produce weaker interneuronal cor-
relations (Cohen and Maunsell, 2009; Cohen and Kohn, 2011)
and the difference in firing rates in V1 was small (Fig. 6J).

Although trial-to-trial correlations between the responses of V1
neurons and behavior increased in the small stimulus condition,
the neuronal-behavioral correlation was largest in VIP in both
stimulus conditions. It might be that greater weight is always given
to activity in later stages of visual cortex because the more abstract
representations found in later stages are somehow critically impor-
tant for mediating perceptual decisions. Alternatively, it might indi-
cate that area VIP is not a purely sensory area, but instead, like LIP
(Gold and Shadlen, 2007), receives abundant top-down decision-
related inputs. Decision-related signals are expected to be strongly
correlated with behavioral responses (Goris et al., 2017). In line
with this possibility, studies investigating the activity of VIP neu-
rons in relation to heading discrimination suggest that sensory in-
formation present in the response of VIP neurons is not decoded
in generating perceptual choices (Pitkow et al., 2015), but rather
the response of VIP neurons reflect top-down signals reflecting the
perceptual choice (Zaidel et al., 2017). Consistent with this, inacti-
vation of neurons in VIP or neighboring LIP does not impair per-
formance in a visual heading discrimination task (Chen et al.,
2016), or sensitivity to direction of motion in a direction discrimi-
nation task using dynamic random dots (Katz et al., 2016). While
we think it is less likely, it is still possible that the increases we saw
in DP and RTC in V1 with Set S were unrelated to howmuch those

neurons contributed to the perceptual reports, but instead were a
sign of stronger top-down inputs to V1 that reflected the percep-
tual choice when that stimulus set was used.
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