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Figure 4. Target and distractor related
information. (A) Decoding accuracy at classifying
target vs. distractor (mean +/- s.e., in %). Classifier
is trained on hit trials and tested on hits (gray),
misses (pink) and false alarm trials (purple).
Accuracies are calculated over a 100 to 200 ms
post-target or post-distractor time interval. Dotted
horizontal line corresponds to chance level (50%).
(B) Confusion matrices of the classification in A for
hit trials (B.1), misses (B.2), and false alarms (B.3).
Rows correspond to actual presented stimulus
(distracter or target) and columns correspond to
the predicted stimulus by the classifier. For false
alarms, the target is taken as distractor that elicited
the response T(D), all other stimuli are considered
as distractors. (C) Euclidian multidimensional
distance of MUA over all channels: target related
response (y-axis) vs. distracter related response (x-
axis) for hit (gray), miss (pink), and false alarm
(purple) trials. Each dot corresponds to one
session. Solid lines correspond to an orthogonal
regression fit. Corresponding  Spearman’s
correlation statistics are indicated.

We then computed the MDD-
distractor (figure 4.C, x-axis), when
the presented stimulus was a non-
selected distractor stimulus. For
both computations, distances were
computed using neuronal activities
averaged over 100 to 200ms post-
MDD

stimulus presentation.

following target and distracter
presentations are strongly
correlated for all three types of
trials (figure 4C, hits, gray: p<0.001,

r’= 0.88; misses, pink: p<0.001,

r’=0.80; false alarms, purple:
p<0.01, r?=0.54). Furthermore,
MDD is  significantly  higher

following target presentation as

compared to after distracter

presentation for correct trials
(average 238 MUA/s vs. 81 MUA/s,
p<0.001, Wilcoxon paired test). The

same relationship can be observed

for false alarm trials when considering the distracter that evoked the erroneous response as

the target (average 244 MUA/s vs. 125 MUA/s, p<0.001, Wilcoxon paired test). During miss
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trials there is a moderate though significant increase in the MDD following target
presentation as compared to after distracter presentation (157 MUA/s vs. 127 MUA/s,
p<0.01). This may indicate the co-existence of an active selection process associated with an
overt behavioral response (in hits and false alarm trials) which coincides with enhanced
neuronal responses following the visual stimulus, and an active suppression mechanism that
is associated with the absence of overt behavioral response which coincides with decreased
neuronal response following a visual stimulus (i.e. compare neuronal responses following a
distractor in hit trials with those following a target in miss trials).

In a last step, we sought to test whether these active filtering and selection processes were
associated with a change in the coefficient of variation of the neuronal responses. We thus
calculated for each channel, on each session, the ratio between the standard deviation and
the mean, following target or distractor presentation, for each trial type (hits, misses and
false alarms). A 2-way ANOVA (trial type x target vs. distracter) revealed a significant main
effect of target vs. distracter presentation (p<0.001). Further post-hoc tests show that this
coefficient of variation was significantly lower following target as compared to after
distracter presentation for correct trials (target: 0.30, distracter: 0.32, p<0.001, Wilcoxon
paired test). This was also true during false alarm trials (distractor eliciting the response:
0.30, distracter: 0.31, p<0.05). During miss trials, no difference was observed (target: 0.31,
distracter: 0.32, p=0.42). In other words, stimulus selection was associated with more
reliable neuronal responses and a 10 to 20% decrease in the coefficient of variation of the

neuronal responses.
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Behavioral correlates of perceived target/distractor location

In Astrand et al. (2016), we show that the distance between the attentional spotlight, as
decoded from FEF activity account for overt behavior: 1) the closer the spotlight from the
upcoming target, the lowest the miss rates and the fastest the reaction times; 2) the closest
the spotlight from the upcoming distractor, the highest the false alarm rates and the fastest
the reaction times. The same holds true for the distance between the perceived location of
the target or distractor, as decoded from FEF activity (figure 5). Specifically, both monkeys
show a significant correlation between median reaction times and mean distances between
actual target location and (x,y) decoded target location in 20 equally sized distance bins
(estimated on average neuronal responses from 100 to 200ms after target onset), on correct
trials (figure 5A, M1: r? = 0.42, p<0.001, M2: r?> = 0.35, p<0.001). Likewise, a significant
correlation is observed on false alarm trials between median reaction times and mean
distances between actual distracter location (the distractor that evoked the response) and
(x,y) distractor decoded location, in 20 equally sized distance bins, estimated on average
neuronal responses from 100 to 200ms after distractor onset (figure 5B, M1: r? = 0.16,
p<0.05, M2: r? = 0.40, p<0.001). In addition, the proportion of misses over correct trials
increases as the distance between target location and (x,y) target decoded location
increases (figure 5C, M1: r? = 0.79, p<0.001, M2: r? = 0.79, p<0.001). In accordance, as the
distance between distracter location (the distractor that evoked the response) and (x,y)
distractor decoded location decreases, the proportion of false alarms over correct trials
increases (figure 5D, M1: r? = 0.77, p<0.001, M2: r?> = 0.93, p<0.001). These results provide a
strong indication that where visual items are perceived in space, whether targets or

distractors, influence both reaction times and overt responses.
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Figure 5. Reaction times (A) and detection
performance (B) as a function of target to
decoded target distance. Target to decoded
target distance are calculated on a time interval
running from 100 to 200ms post target
presentation. For false alarms, the target is taken
as the distractor that elicited the response T(D).
Data are represented for hits (left panels), and
false alarms (right panels). Each dot corresponds
to the mean distance and median reaction times
(A) or mean trial-type proportion rate (B) in each
out of 20 equally sized distance bins (black,
monkey M1, red, monkey M2). Data was fitted
with an orthogonal regression (solid lines) and the
corresponding statics of Spearman’s correlation
are indicated. Locations (10° or 13° eccentricity
depending on the session) are normalized across
sessions so that target locations are mapped to an
eccentricity of +/- 1.

Population target location estimates
reflect onto underlying MUA

The distance between the actual
visual stimuli and where they are
represented in space as decoded
from the FEF neuronal responses is a
population estimate. Here, we probe
how much this population estimate
reflects onto the underlying MUA
responses. In other words, do MUA
responses correlate with decoder
output? Figure 6 represents the
correlation between the normalized
amplitude of MUA and the distance
between target (distracter evoking a
response for false alarm trials)
location and (x,y) decoder output.

MUA signals that had a significant

modulation of their response, on

correct trials, in the 100 to 200ms time window following target presentation, as compared

to the -200 to -100ms prior to target presentation (Wilcoxon paired tests, p<0.05), were

selected for further analysis. The target-to-decoder output distance was averaged within 20

equally sized distance bins and the MUA from the corresponding trials within each bin was

averaged. On correct trials (figure 6, gray), a significant correlation between target-decoder
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output distance and MUA amplitude can be observed (r? = 0.48, p<0.01). On false alarm
trials, overall MUA amplitude is lower compared to hit trials (p<0.001, Wilcoxon test) but a
significant correlation can also be observed between MUA amplitude and distracter-decoder
output distance (r? = 0.32, p=0.01). On miss trials, the MUA amplitude is substantially lower
as compared to hit trials (485 MUA/s vs. 360 MUA/s, p<0.001, Wilcoxon test). For these
trials, a trend towards significance can be observed between the correlation between MUA
amplitude and target-decoder output distance (r? = 0.23, p=0.06). Overall, FEF MUA activity

thus reflects perceived location, rather than actual stimulus physical location.
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Discussion

Visual perception is defined as the conscious representation of a visual item. It is
experimentally assessed by requesting an overt report by the subject that can take different
forms: a detection, a discrimination, a verbal report etc. In this work, we identify the
neuronal prefrontal correlates of visual perception from a neuronal population perspective
(Astrand et al. 2014, 2015, 2016). Specifically, we show that when a stimulus is reported,
whether this stimulus is the target of behavior or a distractor, the neuronal FEF population
precisely encodes its location. In contrast, when a stimulus is not reported, whether this
stimulus is the target of behavior or a distractor, its location, as encoded by the FEF, doesn’t
match its actual location. We describe a strong correlation between the error in the
estimation of the position of the visual stimulus in space as coded by the neuronal
population with respect to its actual physical location, and overt behavior. These

observations are discussed below.

Visual perception

In the absence of attentional pre-orientation (cued), single-unit neuronal activity in the FEF
during pop-out visual search, driven by bottom-up mechanisms, has been shown to reliably
encode the presence of a visual stimulus within the neuron’s receptive field (RF)
independently of whether the stimulus is a target or a distracter (Trageser et al. 2008). This
indicates that, in this task, the FEF does not contribute to the behavioral report. In contrast,
on a difficult cued target detection task, driven by top-down mechanisms, the speed and
accuracy of the behavioral response on individual trials is predicted by the magnitude of
single neuron responses to the target when presented in the neuron’s RF, this magnitude

being lower both on error trials and on trials with longer response times (Monosov and
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Thompson 2009). The spatial selection of this non-salient task-relevant visual information
(target) arise in the spiking activity prior to the local field potentials of the FEF, suggesting
that spatial selection emerges in the prefrontal cortex (Monosov et al. 2008). Corroborating
this observation, the neuronal responses to non-salient targets arise earlier in the prefrontal
cortex than in the parietal cortex (lbos et al. 2013). At the neuronal population level, we
show very high classification rates of both targets and distractors when these are selected to
produce a behavioral response (hits and false alarm trials). This translates into a confined
localization on the decoding probability maps around the actual physical location of the
target/distractor. In other words, on these trials, the location of the target or of the
distractor is precisely represented in the prefrontal cortex. In contrast, classification rates of
both targets and distractors are below the 95% confidence interval when these are not
selected (misses and correct rejections). This corresponds to an unreliable localization on the
target/distractor decoding probability maps. In other words, visual stimulus selection
correlates with a reliable neuronal population representation of stimulus location on a trial-

to-trial basis.

Prefrontal sensory representations accounts for perception and overt behavior

As discussed in the previous section, in cued target detection tasks, the speed and accuracy
of the overt response on individual trials is predicted by the magnitude of single neuron
responses to a target in the RF (Monosov and Thompson 2009). Here we show that the
spatial estimate of target/distractor location provided by the FEF neuronal population
accounts for behavior. Specifically, an accurate spatial representation coincides with 1)
shorter reaction times, 2) lower proportions of misses and 3) higher proportions of false

alarms when the location of the target/distractor is estimated at its veridical position as
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compared to further away (figure 5). In other words, the population estimate of
target/distractor location parametrically accounts for behavior, with an explained variance
of miss and false alarm rates ranging between 70% and 90%. Multi-unit activity in response
to the target/distractor presentation also co-varies with this population estimate. However,
in this case, the explained variance is much lower and ranges between 20% (MUA response
to target in misses) and 50% (MUA response to target in hits). This indicates that the
neuronal population better accounts for overt behavior than single neuron or multi-unit

activity.

Target selection vs. distractor filtering

Suzuki and Gottlieb (2013) show that the dorsolateral prefrontal cortex single-unit neural
spiking activity following a distracter (that is identical to the target) is positively correlated to
error rates. On a population level we corroborate and extend this finding by showing that
behavioral performance, in terms of accuracy and response times, correlates with the spatial
perceptual representation of a distracter in the FEF. Specifically, we show that as the
distance between the FEF neuronal population estimate of the locus of perception and the
actual position of the distracter decreases (i.e. as the error of the spatial estimation
decreases), the false alarm rate increases and response times during false alarm trials
decrease. We further observe that multiunit activity following distractor presentation
negatively correlates with the error between the perceived distracter location in false alarm
trials and its actual physical location. This indicates that the selection of a distractor for
behavioral report co-varies with this perceptual distance error measure. The shorter the
distance the higher the selection. Likewise, target selection co-varies in a similar manner

with the error between the perceived target location in hit trials and its actual physical
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location. We similarly observe that the multiunit activity following target presentation
negatively correlates with this distance error measure.

Hit trials correspond to trials in which the target has been selected. In contrast, false alarm
trials correspond to trials in which a distractor failed to be filtered. By task design, target and
distractors were identical physical stimuli, the only distinguishing factor being whether the
stimulus was presented at the cued location or not. As a result, one expects that, when
perceived, targets and distractors would be represented in identical manners. Average
normalized multi-unit in response to a detected target or to a detected distractor were
significantly higher than the average normalized multi-unit in response to a missed target.
Average normalized multi-unit in response to a detected target was only slightly stronger
than the average normalized multi-unit in response to a detected distractor. The neuronal
population doesn’t discriminate between an unselected target and an unselected distractor.
Likewise, the neuronal population equally discriminates between selected and unselected
target and selected and unselected distractors. Overall, this suggests that once a stimulus
has been selected, targets and distractors are undistinguishable to the neuronal population.

But what triggers selection?

Interactions between attention and perception

Under low signal or high noise conditions, spatial attention has been shown to facilitate
perception at the locus of attention. Indeed, behavioral responses to attended stimuli are
faster (Yantis and Jonides 1990) and visual sensitivity at attended locations is enhanced
(Bashinski and Bacharach 1980; Carrasco 2011). At the neuronal level, attention has been
proposed to operate through a variety of mechanisms including enhanced neuronal

response to visual stimuli when attention is oriented towards the receptive field of the
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neuron (e.g. McAdams and Maunsell 1999); a shrinkage of visual receptive fields (RF) and a
shift towards the attended location (Ben Hamed et al. 2002; Womelsdorf et al. 2006, 2008);
a decreased trial-to-trial variability of individual neuron’s response (Cohen and Maunsell
2009); an increased synaptic efficacy (Briggs et al. 2013); a decrease in noise correlations
between neurons (Cohen and Maunsell 2009), and decreased neuronal response latencies
(Galashan et al. 2013). This is proposed to have as overall effect to enhance perceptual
processing, possibly through local (Chalk et al. 2010; Panagiotaropoulos et al. 2012) and
long-range (Popov et al. 2017) neuronal coupling mechanisms.

The correlations we describe between overt behavior and prefrontal target-related spatial
representations could be interpreted as a change in the strength of the percept associated
with the target or the distractor rather than as a change in the estimate of its spatial
position; a strong percept at the time of target correlating with higher probability of correct
detections and a strong percept at the time of distractor correlating with higher probability
of false alarms. Two arguments speak against this. First, the classification we are applying is
not discriminating perception vs. failed perception trials, but rather associating the observed
neuronal activities to a spatial estimate. Second, and most importantly, the position of
attention orientation in space, as inferred from FEF population activity just prior to target or
distractor presentation, is highly predictive of both behavioral speed and accuracy (Monosov
and Thompson 2009; Astrand et al. 2016) but also, as we show here, of the spatial estimate
of perception. A target has a higher probability of eliciting correct detections when attention
is decoded close to this target. Likewise, a distractor has a higher probability of eliciting false
alarms when attention is decoded close to this distractor. In other words, both the
prefrontal spatial estimates of spatial locus of attention and of target location (as decoded

from the population activity) are predictive of behavior.
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In conclusion, we show that the population neuronal responses in the FEF not only inform on
whether a stimulus has been perceived or not, but also on how accurately it was localized in
space, irrespectively of whether the stimulus was an actual target of behavior or an
irrelevant stimulus. The accuracy of this spatial representation strongly correlates with overt
behavior in terms of speed and accuracy. A strong prediction of this is that in a cued-target
detection task in which a spatial response is required (e.g. saccade or pointing), overt error
will correlate with the internal prefrontal representation of target location. From a
fundamental perspective, while perception is often viewed as an all or nothing variable, our
study associates evidence for a measure of reliability of the percept: when a stimulus is
detected, this detection can be associated with a very good spatial estimate or with a poor
spatial estimate. This view challenges classical models of decision-making or at least calls for
the integration of this spatial dimension. From an applied perspective, understanding the
neuronal population substrates of stimulus selection, distractor filtering and overt behavior
is crucial for developing novel technological advances to improve abilities related to visual
discrimination and selection of relevant information in noisy environments or in pathological

conditions.
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