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Dissociating components of visuo-spatial attention

Abstract

Neuronal signals related to visuo-spatial attention are found in widespread brain regions,
and these signals are generally assumed to participate in a common mechanism of attention.
However, the effects of visuo-spatial attention on the behavioral performance of human and
animal observers can be separated into two distinct components. When a subject directs its
attention to a visual location, the subject can change either its criterion or its sensitivity between
the attended and unattended locations. I first found that when monkeys are trained to do a
variant of the Posner attention paradigm, a task used in many single-neuron studies of visuospatial attention, enhanced performance is typically associated with both changes in the
subject’s criterion and changes in its sensitivity. This finding indicates that the neuronal
modulations attributed to visuo-spatial attention in previous studies could be associated with a
behavioral change in sensitivity, a change in criterion, or a combination of both.
To measure how neuronal signals across the brain are associated with the two
components of attention, I designed a task to isolate attentional changes in either the criterion or
the sensitivity of the subject. While monkeys were performing this task, I recorded from area V4
of their visual cortex and found that attention-related neuronal modulations in V4 corresponded
to behavioral changes in sensitivity, but not changes in criterion. Subsequently, I recorded from
prefrontal cortex (areas 45 and 46) and found that unlike V4, visual responses in prefrontal
cortex were modulated when either the animal’s sensitivity or its criterion was changed between
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visual locations. Either an enhancement in sensitivity or a liberal change in criterion was
associated with an increase in the firing rates of visual neurons in prefrontal cortex.
These findings show that attention-related neuronal signals across the brain are not
equivalent in their contribution to the mechanisms of visuo-spatial attention. Neuronal
modulations in prefrontal cortex contribute to behavioral changes in both criterion and sensitivity,
while modulations in visual cortex contribute to only changes in sensitivity. The results indicate
that visuo-spatial attention is not a single neurobiological process but instead consists of at least
two separable mechanisms mediated by overlapping groups of brain structures.
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Introduction

Attention refers to the phenomenon that among all sensory stimuli that reach an animal’s
nervous system, only a small fraction of the stimuli affects the animal’s behavior. An example is
dichotic listening: a human subject listens to two different speech messages through
headphones in the left and right ears and has to repeat the words from one of the messages.
When the subject is repeating one of the messages, he or she does not recognize any of the
words or even the language of the message from the other ear (Cherry, 1953). Both messages
reach the subject’s ears, but only one affects the subject’s behavior.
A large number of behavioral and perceptual phenomena have been described as
instances of attention, and they have been extensively characterized (Carrasco, 2011; Chun et
al., 2011). However, the neuronal mechanisms underlying the behavioral phenomena that we
refer to as attention remain elusive. Correlates of attention in the activity of single neurons have
been studied for more than five decades (early studies include Hubel et al., 1959 and Goldberg
and Wurtz, 1972), and important advances have been made in understanding these neuronal
correlates, such as the finding the neuronal modulations in visual cortex are influenced by
normalization mechanisms (Lee & Maunsell, 2009; Ni & Maunsell, 2012). But it remains
unknown how the neuronal correlates of attention give rise to the associated attention-related
behaviors. A major challenge in achieving this goal is that the definition of attention remains
unclear.
Attention has been described as a “filter” (Broadbent, 1958) or a “spotlight” (Posner et al.,
1980), and more formal definitions of attention have been proposed with specific components
(Knudsen, 2007) or a taxonomy (Chun et al., 2011). But we do not have a definition of attention
based on neurobiological mechanisms, and our understanding of the behavioral effects we
associate with attention and of their underlying mechanisms depend on operational definitions—
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that is, attention in each experiment is specified by the behavioral task designed by the
experimenter and the behavioral parameters the experimenter had chosen to measure. As a
result, our hypotheses of attention depend on the behavioral paradigms that have been most
popular among investigators. Attention has been studied using paradigms including dichotic
listening (Cherry, 1953; Broadbent, 1958), visual search (Treisman and Gelade, 1980; Wolfe et
al., 1989), and covert orienting of visuo-spatial attention (Posner et al., 1980). Among these
paradigms, the latter has been used most extensively in single-neuron studies of attention, and
our hypotheses of the neuronal mechanisms of attention depend mostly on observed neuronal
correlates of visuo-spatial attention.

Visuo-spatial attention

Most single-neuron studies of attention use a behavioral task that is a variant of the
visuo-spatial attention paradigm designed by Posner and colleagues (Posner et al., 1980). In
the Posner attention paradigm, an observer fixates on a point at the center of a display and is
tasked to detect the appearance of a visual target. The target appears at a random time and can
appear at either of two visual locations, such as to the left and right of the fixation point. In each
trial, the target is more likely to appear at one location than the other, such as a probability of
0.8 at one location versus 0.2 at the other, and the observer is cued to the more likely location at
the beginning of each trial. But regardless where the observer is cued, he or she is required to
maintain fixation at the central point, and as a result, uses the cue not by explicitly moving his or
her eyes but by shifting attention “covertly” to the cued location.
The Posner paradigm offers the opportunity to compare the observer’s behavioral
performance in response to a target at a location when that location is cued (high attention
condition) versus when that location is not cued (low attention condition). Typically, the observer
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responds to a target at the cued location with a shorter latency (Figure Intro-1). Moreover, if the
target is barely visible to the observer, he or she can typically detect a larger proportion of
targets at the cued location than at the uncued location (Figure Intro-2). These behavioral
differences—shorter response latency and higher detection rate—are generally interpreted to
indicate that visuo-spatial attention enhances the processing of sensory information, even
without moving the eyes.

Figure Intro-1
Reaction times were reduced when the target appeared during the valid condition (high
probability of target appearance) and lengthened when it appears during the invalid condition
(low target probability). Validity referred to whether the cue was valid in indicating the location of
the subsequent target. Figure 1 of Posner et al., 1980.
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Figure Intro-2
Hit rate, or the frequency at which the subject detected the target when it appeared, is higher in
the valid condition (high probability of target appearance) than in the invalid condition (low target
probability). Figure 2 of Eckstein et al., 2002.

The Posner paradigm offers valuable advantages. The eye positions of the subject are
fixed during the task, and any observed change in behavior or in neuronal responses are
therefore not related to eye movements or different retinal position of the stimuli. In addition,
because the visual stimuli are the same across attention conditions, the behavioral and neuronal
differences cannot be attributed to changes in the features of the stimuli. Finally, unlike visual
search paradigms, the experimenter using the Posner paradigm can control the focus of
attention of the subject in each trial using a cue. This level of control allows comparison of
behavioral performance and neuronal activity across different levels of attention.
Because of the advantages of the Posner attention paradigm, it has been used in many
single-neuron studies of attention. In these studies, monkey subjects were trained to perform a
variant of the Posner paradigm, and appropriate shifting of attention is often confirmed by
comparing the subject’s reaction time or hit rate between the high and low attention conditions.
While the animal is performing the attention task, recording would be made from single neurons
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in different areas of the brain, and in most brain structures examined, attention-related signals
have been found. These experiments have observed changes in neuronal responses related to
attention in visual cortex (e.g. Reynolds et al., 2000; Cohen and Maunsell, 2009), parietal cortex
(Herrington and Assad, 2001), prefrontal cortex (Armstrong et al., 2009), superior colliculus
(Robinson and Kertzman, 1995), and even the LGN nucleus of the thalamus (McAlonan et al.,
2008). These neuronal correlates form the basis of current hypotheses of the neuronal
mechanisms of visuo-spatial attention.

Hypothesis of the mechanisms of visuo-spatial attention

When the subject attends to a visual location that corresponds to the visual receptive
fields of a neuron, firing rates of that neuron are higher than when the subject attends to a
different visual location. For neurons in the cerebral cortex, because of the approximately
Poisson statistics of neuronal spiking, the increase in firing rate improves the signal to noise of
the sensory representation of these neurons (McAdams and Maunsell, 1999b). This
improvement in signal-to-noise means that an ideal observer is better able to use the firing rates
of the neurons in visual cortex to discriminate between two similar visual stimuli, such as
between a 30º grating and a 60º grating. As a result, it is generally thought that behavioral
effects of visuo-spatial attention are brought about through enhancement in the representational
quality of visual cortical neurons (Reynolds & Chelazzi, 2004; Knudsen, 2007). In agreement
with this view, attention was subsequently found to also reduce the spike count correlation
between pairs of neurons (also known as noise correlation), and this reduction in pairwise
correlation has a potent effect in enhancing sensory representations in visual cortex (Cohen and
Maunsell, 2009; Mitchell et al., 2009).
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While firing rate increases in visual areas enhance sensory representations, the firing
rate increases in neurons later visual areas such as prefrontal cortex or parietal cortex are
unlikely to directly improve sensory representation, because these neurons shows much weaker
visual feature selectivity compared to earlier visual areas. Instead, attention-related signals in
higher brain areas are thought to represent a control signal, or attentional template, that selects
the task-relevant stimulus (Buschmann and Miller, 2007; Bisley & Goldberg, 2010). The control
signal from these higher areas are thought to propagate to the earlier visual areas and modulate
the firing rates of the neurons representing the attended stimulus, thereby enhancing the visual
representation of the attended stimulus.
This hypothesis—that the behavioral effects of attention arise from the feedback of
signals from later visual areas to guide earlier visual regions to enhance sensory
representations—is used to interpret the results from most studies of visuo-spatial attention, and
it is commonly used to guide the design of new experiments. The hypothesis is plausible, but it
has many untested assumptions. An important premise of this hypothesis is that the attentionrelated signals across earlier and later visual areas contribute to the same mechanism of visuospatial attention. However, psychophysical studies have shown that visuo-spatial attention
changes behavior in distinct ways, and that visuo-spatial attention may consists of separable
mechanisms.

Behavioral improvements can arise from enhancement of sensory processing or
changes in decisional strategy

In the psychophysics literature, it has been well appreciated that the reduction in reaction
times observed in the Posner paradigm does not necessarily imply an enhancement in sensory
representation (Shaw, 1984). The same improvements in performance can be attained if the
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subject requires less sensory evidence to respond to the attended location or is biased to
respond more toward the attended location.
This issue of whether the behavioral benefits of attention are mediated by improved
sensory processing or a shifted decision criterion was present in even in the initial study by
Posner and colleagues (Posner et al., 1980). There were hints that the cuing procedure might
have changed the subject’s response tendencies. Compared to the condition in which the
subjects attended to both locations equally (neutral), attending to either location increased the
number of false alarms (referred to as “anticipatory responses”). This increase in false alarms
suggests a shift in the subject’s criterion between the different attention conditions, and such a
shift would benefit the subject’s performance. Control experiments (Experiment 3 and 4, Posner
et al., 1980) were carried out to exclude the possibility of a change in the subject’s response
strategy, but these experiments used a design (discrimination) that was different from that of the
initial experiment (detection). Therefore, the reported decrease in response time associated with
visuo-spatial attention remained ambiguous as to whether it was associated with a change in
the subject’s sensory processing or a change in the subject’s decisional strategy or response
tendency.
Reaction times are ambiguous in indicating whether changes in sensory processing or
response strategies are involved. Intuitively, shorter reaction times could reflect either facilitated
processing of sensory stimuli or the subject’s requiring less sensory evidence for making a
response. More empirically, reaction times in detection and discrimination tasks are well
described by diffusion decision models (Ratcliff & McKoon, 2008; Gomez et al., 2007), and in
this class of model, reductions in reaction times could reflect either an enhancement of the
underlying signal (drift rate) or changes in the decision criterion.
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Signal detection theory was used to study the mechanisms of visuo-spatial attention

The issue of whether visuo-spatial attention enhances sensory processing or adjusts the
subject’s decisional strategy or response tendency was investigated in a number of
psychophysics studies (Bashinski and Bacharach, 1980; Müller and Findlay, 1987; Downing,
1988; Hawkins et al., 1990; Müller and Humphreys, 1991; Rahnev et al., 2011; Wyart et al.
2012; reviewed in Kinchla, 1992). Because of the ambiguity in measuring reaction times, these
studies instead measured the subject’s accuracy in a detection task and analyzed the subject’s
behavioral performance using signal detection theory.
Signal detection theory is a statistical model for the underlying process of an observer
detecting a barely visible stimulus, and it has been shown to accurately describe human and
animal behavior (Green & Swets, 1966; Macmillan and Creelman, 2004). It is directly relevant to
the issue of the mechanisms of visuo-spatial attention because of the two behavioral indices it
provides: sensitivity (d’) and criterion (c). The index sensitivity, or d’, is put forward by the model
to represent the quality of sensory processing of the subject, and the index criterion, or c, is
posited to represent the subject’s decisional strategy or response tendency. These two indices
are independent (orthogonal) from one another. Therefore, measuring how these two indices
are changed across attention conditions would give a clearer assessment of whether the
subject’s sensory processing or response tendency are modulated during shifts of spatial
attention.
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Figure Intro-3
Signal detection theory.

In the signal detection model, the target detection process is assumed to be separated
into two independent, serial stages. In the first, a sensory processing stage, each external
stimulus is converted to an internal representation that is characterized by a strength variable
(Figure Intro-3a). In the second, a decision stage, the subject compares the strength of the
internal representation of the stimulus against a criterion to decide whether the stimulus is a
target or non-target.
When a stimulus is transformed into an internal representation, the signal strength of the
representation varies across different repetitions of the same stimulus. The same stimulus could
trigger a stronger representation in one trial and a weaker representation in a later trial. On
average, the internal representation evoked by a target is stronger than the representation
elicited by a non-target, but the distributions of target-evoked and non-target-evoked internal
representation overlap (Figure Intro-3a). As a result, at no point on the signal strength axis (the
x-axis) can the observer be entirely confident that the internal representation corresponds to a
target or to a nontarget. To make a decision, the subject uses a fixed criterion, which is a point
on the signal strength axis, and compares the strength of each internal representation against
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the criterion. When a representation is stronger than the criterion, the observer decides that the
stimulus is a target and makes a response. When a representation is weaker than the criterion,
the observer decides that the stimulus is a nontarget and withholds from a response.
The signal detection model is fully described by two indices. Sensitivity (d’) is a measure
of the quality of sensory processing. In the model, d’ is the horizontal offset between the two
Gaussian distributions, and d’ is measured in z-scores, standard deviations of the Gaussian
distributions. A larger d’ indicates a better quality of sensory processing. The index d’
characteristically ranges from zero to infinity, though negative d’ values can result from sampling
errors. Criterion (c) is a measure of the observer’s response tendency or decision strategy.
When c = 0, the observer shows no bias towards reporting targets or nontargets. In the signal
detection model (Figure Intro-3a), this non-biased position is the x value where the two
Gaussian distributions intersect. When c < 0, the subject exhibits a bias towards reporting
targets (a liberal criterion), and when c > 0, a bias towards nontargets (a conservative criterion).
The criterion divides the area under the target distribution and the area under the
nontarget distribution each into two portions. An important result of the postulates of signal
detection theory is these four different areas correspond to the four possible outcomes when a
stimulus appears: hit, miss, false alarm, or correct rejection (Figure Intro-3b). A hit occurs when
a target stimulus is presented, and the observer correctly responds to the stimulus. A miss
occurs when the observer fails to respond to the target stimulus. When the stimulus is a
nontarget, the outcome is a false alarm if the observer incorrectly responds to the stimulus, and
it is a correct rejection if the observer withholds from a response. Because signal detection
theory posits that the observer makes a response whenever the internal signal is stronger than
the criterion, the area under the target distribution to the right of the criterion corresponds to the
proportion of hits, and the area under the nontarget distribution to the right of the criterion
corresponds to the proportion of false alarms. When the internal signal is weaker than the
10

criterion, the subject withholds from a response. Hence, the area under the target distribution to
the left of the criterion corresponds to the proportion of misses, and the area under the
nontarget distribution to the left of the criterion corresponds to the proportion of correct
rejections.
The correspondence between the proportion of different outcomes and different areas
under the distributions is important because it allows us to compute the indices d’ and c based
on the relative proportion of different behavioral outcomes. Because the distributions in the
signal detection model are generally assumed to be Gaussian, the indices of d’ and c can be
computed using the inverse normal cumulative distribution function Φ-1.

d ' = Φ−1(hit rate) − Φ−1(false alarm rate)

c = − 21 [Φ−1(hit rate) + Φ−1(false alarm rate)]
€

€
The relationship
between hit rate and false alarm rate and the indices from signal
detection theory is illustrated in Figure Intro-3c. Hit rate and false alarm are plotted against
each other, and isopleths of d’ and c are drawn on this plot. The index d’ increases as hit rate
increases and false alarm rate decreases. On the other hand, the index c decreases as both hit
rate and false alarm rates increase, and c increase as both hit rate and false alarm rate
decrease.
Besides c and d’, there are other indices in signal detection theory for criterion and
sensitivity. This document will use only c and d’ because they have the advantages that they are
independent (orthogonal), c is well-defined for d’ = 0, and c and d’ have the same unit (z-score)
to simplify comparison. Nonetheless, all results and discussion here generalize for other indices
in signal detection theory, such the likelihood ratio (β) and area under the ROC.
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As a technical note, the criterion measure β is commonly used in earlier psychophysical
studies of visuo-spatial attention. It is the measure of choice in Green & Swets, 1966. But as
pointed out in Macmillan & Creelman, 1990, β has a number of disadvantages: it is not defined
for d’ = 0, and it varies with, and hence dependent on, d’. However, β has the advantage that it
is readily interpretable as the subject’s relative value for a correct rejection versus a hit. For
example, a β of 2 means that the subject values a correct rejection twice as much as a hit. My
own rule of thumb is to examine both β and c when d’ is not changing, but use only c when d’ is
varying.

Attention can improve performance by increasing sensitivity or by lowering criterion

I have compiled in Table Intro-1 the psychophysics studies that sought to address
whether visuo-spatial attention changes the subject’s sensitivity or criterion, and the details of
the compilation are described in the Appendix (“Compilation of Table Intro-1”). The attention
cuing procedure of these studies are categorized as a manipulation of probe probability, target
probability, or a combination of both. Probe probability refers to how often the subject is asked
to report whether a target was present at a stimulus location. A location with a high probe
probability is more relevant to the subject than a location with a low probe probability. On the
other hand, target probability refers to the probability of a target occurring at a stimulus location.
At a location with a high target probability, the optimal strategy is for the subject to respond with
a liberal or lax criterion (c < 0), while at a location with a low target probability, the strategy is
optimal when adopting a conservative or stringent criterion (c > 0). For an observer with limited
processing capacity, the optimal strategy is to change only his or her sensitivity when probe
probability is manipulated, and change only his or her criterion when target probability is
manipulated.
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Table Intro-1
Cuing procedures and behavioral measurements from psychophysical studies investigating
whether visuo-spatial attention changes the subject’s sensitivity or the subject’s criterion.

Experiment
Müller and Findlay, 1987
(Experiment 1, letter detection)
Müller and Findlay, 1987
(Experiment 2, luminance
detection)
Downing, 1988
(Experiment 1, detection)
Downing, 1988
(Experiment 2-4, discrimination)
Hawkins et al., 1990
(Experiment 1, peripheral cue)
Hawkins et al., 1990
(Experiment 2, central cue)

Cuing procedure
Target
probability
Target
probability
Probe probability
&
target probability
Probe probability
&
target probability
Probe probability
Probe probability

Sensitivity (d’)
Enhanced
+0.6 z-score (+33%)

More liberal
–0.44 z-score

Not changed
+0.03 z-score
(+1.5%)

More liberal
–0.22 z-score

Enhanced
+0.5 z-score (+100%)
Enhanced
+0.7 z-score (+210%)
Enhanced
+0.4 z-score (+18%)
Enhanced
+0.6 z-score (+44%)

Müller and Humphreys, 1991
(Experiment 1, peripheral cue)

Target
probability

Enhanced
+0.6 z-score (+203%)

Müller and Humphreys, 1991
(Experiment 2, central cue)

Target
probability

Enhanced
+0.24 z-score (+52%)

Probe probability

Reduced
-0.25 z-score (–13%)

Rahnev et al., 2011
(Experiment 1)
Wyart et al., 2012
(Manipulation 1)
Wyart et al., 2012
(Manipulation 2)

Probe probability
Target
probability
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Criterion (c)

More liberal
–0.45 z-score
No change
–0.0 z-score
More liberal
–0.55 z-score
More liberal
–0.37 z-score
Not changed
–0.03 z-score
More liberal
–0.28 z-score
Less liberal
+0.65 z-score

Enhanced
+0.6 z-score (+203%)

Not changed
+0.1 z-score

Not changed
+0.1 z-score (+12%)

More liberal
-0.4 z-score

Table Intro-1 shows that across these studies, spatial attention is associated with an
enhancement in the subject’s sensitivity, a liberal shift in the subject’s criterion, or both. These
two types of behavioral changes are often correlated in that an enhancement in sensitivity is
associated with a liberal shift in the subject’s criterion. However, with sufficiently well-designed
manipulations, like those of Wyart et al., 2012, a cuing procedure can either change subject’s
sensitivity alone or change the subject’s criterion alone. The fact that changes in sensitivity and
changes in criterion can be dissociated, even though the two are typically correlated in shifts in
spatial attention, suggests that visuo-spatial attention is composed of separable mechanisms
rather than a single process.
The effects of attentional cuing are highly varied across the studies in Table Intro-1. For
example, in the study by Rahnev et al., 2011, changes in sensitivity and criterion are in the
opposite direction from all other studies (though the change in criterion and sensitivity are
coupled in the same way as in the other studies). It is possible that the subjects in this
experiment were misled by attentional cues. Another aspect of variability in Table Intro-1 is
that the type of cuing procedure does not produce the effect as one would expect it to have on
an optimal observer. As described above, the optimal strategy for a resource-limited observer is
to modulate his or her sensitivity only when probe probability is manipulated and modulate
criterion only when target probability is manipulated. This ideal behavior is often not observed. A
possible explanation for the heterogeneous, non-ideal effects of attention cuing procedures
across these studies is that the subjects in these studies did not have enough practice to act as
optimal observers and to take full advantage of the cuing procedure. This potential explanation
is supported by the fact that in most of these reports, the subject’s criterion in each attention
condition was not optimized to the target probability of that condition (Appendix: Table A-1).
Thus, while covert attention can change either sensitivity or criterion, whether sensitivity,
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criterion, or both is actually changed depends on the design of a task as well as the training and
inclination of the subject.
Psychophysics studies that use other approaches besides conventional signal detection
analyses also arrived at similar results regarding criterion and sensitivity: numerous studies
show clear improvements in sensitivity related to attention (Lu and Dosher, 1998; Carrasco et al.,
2000), while many others show that attention can improve behavior entirely through a decisionrelated mechanism (Shaw, 1984; Shiu and Pashler, 1995 Eckstein et al., 2002). These results
are not contradictory, rather they suggest that visuo-spatial attention consists of at least two
distinct mechanisms, and one or both of these mechanisms can be recruited to improve
behavioral performance. The hypothesis that visuo-spatial attention comprises multiple
mechanisms is consistent with psychophysical studies showing other effects associated with
visuo-spatial attention: cuing alters perceived contrast even when it is irrelevant to performance
(Carrasco et al., 2004), and cuing enhances spatial resolution, even in a stimulus configuration
in which a resolution enhancement impairs discrimination performance (Yeshurun and Carrasco,
1998).
Furthermore, other modalities of attention besides visuo-spatial attention likely also
consists of the separate mechanisms of criterion and sensitivity. For example, in studies of
selective attention during dichotic listening, subjects exhibit both an enhanced d’ as well as a
more liberal c for the attended message than the unattended message (Broadbent & Gregory,
1963; Treisman and Geffen, 1967). As a technical note, these two studies indexed the subject’s
criterion using the likelihood ratio (β) and found no differences in β between the subject’s
response to the attended and unattended message. However, β is not a valid measure of
criterion because it varies with d’, and d’ did indeed changed between attention conditions. The
results of these studies were re-analyzed using the measure criterion (c), which is independent
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of d’, and the analysis shoed about a decrease in c of 1.1 z-scores in (Treisman & Geffen, 1977)
and 0.2 z-score decrease in (Broadbent & Gregory, 1963).

Sensitivity and criterion may not separately depend on perceptual and non-perceptual
mechanisms

An important consideration in interpreting the indices of criterion c and sensitivity d’ of
signal detection theory is that they may not distinguish perceptual and non-perceptual
processes. While sensitivity and criterion are orthogonal dimensions of an observer’s behavior,
these two dimensions may not neatly separate into a perceptual mechanism and a nonperceptual mechanism. Whether that is the case is an empirical question, and the answer may
depend on the specific task in which the observer’s criterion and sensitivity are measured. For
example, a subject’s sensitivity may depend on the readout of the decisional variable by the
motor effectors; noise introduced during this transformation would reduce sensitivity in the same
way as noise introduced in the sensory representation stage. On the other hand, criterion could
depend on neuronal responses in sensory areas. For example, neuronal signals related to
whether a visual stimulus is a target or nontarget are observed in V4 and other areas of the
ventral visual pathway (Chelazzi et al., 2001; Pagan et al., 2013). A simple perceptual
mechanism of criterion shifts could be to selectively control the gain of these signals for different
spatial locations. Because the neuronal mechanisms that underlie an observer’s criterion and
sensitivity are unknown, particularly in visuo-spatial attention tasks, it would be unwarranted to
interpret behavioral measurements of sensitivity to reflect a perceptual mechanism and
measurements of criterion to correspond to a non-perceptual mechanism.
However, even though sensitivity and criterion may not separately depend on a
perceptual and a non-perceptual mechanism, they are independent, orthogonal measures of a
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subject’s behavior. Hence, they are likely to be mediated by separable neuronal mechanisms.
Understanding the underlying neural mechanisms for attentional shifts of criterion and sensitivity
may reveal separate neuronal mechanisms of visuo-spatial attention that are previously thought
to reflect a single process.

Single-neuron studies of attention have not controlled criterion and sensitivity

The observations from psychophysics studies that changes in criterion and sensitivity
are correlated in shifts of spatial attention, and that these two changes can be dissociated,
suggest that visuo-spatial attention is composed of at least two separable neurobiological
mechanisms. However, this possibility has not yet been addressed by single-neuron studies of
attention. Before my thesis work, no neurophysiological study of attention (single-unit recording,
microstimulation, or pharmacological inactivation study) had controlled and isolated attentional
shifts in criterion and sensitivity. To show this, I sorted the behavioral tasks used in neuronal
studies of visuo-spatial attention into four categories: 1) detection 2) discrimination 3) visual
search and 4) others; the tasks in all categories did not dissociate criterion and sensitivity.
Tasks in category 1, which involves the detecting of a target, such as an orientation change or a
luminance increment, are most appropriate for measuring and controlling criterion and sensitivity.
However, many of the detection tasks used in attention studies do not allow comparison of
detection performance both at the cued and uncued positions.
Table Intro-2 shows the different types of detection tasks used in studies of spatial
attention. For a number of these tasks, the target appeared at only the cued position (Table
Intro-2A). The absence of targets at the uncued position means that a hit rate could not be
measured for both the cued and uncued positions, and performance could not be compared
between those two positions. The second, and most common, type of detection tasks presented
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targets at both the cued and uncued positions, but the animal was instructed to ignore the
targets at the uncued position (Table Intro-2B). Responding to targets at the uncued position
was considered an error and terminated the trial without a reward. Tasks of this type are
sometimes called “filtering” tasks. These tasks are not appropriate for comparing behavioral
performance between the cued and uncued positions because when the animal withheld from
responding to a target at the uncued position, it still might had detected it. Hence, the animal’s
performance for stimuli at the uncued position may not reflect its sensory perception.
In a third type of tasks (Table Intro-2C), targets appeared at both the cued and uncued
positions, and responses to targets at either position were rewarded. However, in these tasks, a
single response system, such as a lever, was used to report a target at either the cued or
uncued stimulus position. The limitation of using a single response system is that it does not
distinguish whether false alarms were made in response to the cued or uncued stimulus position.
This limitation could be overcome with a task design using a post-stimulus probe, but a poststimulus probe was not used in any single-neuron study of attention that used a single response
system. As a result, there was no unambiguous measurement of false alarm rate for either the
cued or uncued position. Without a false alarm rate, neither c nor d’ could be calculated.
Finally, in the fourth type of tasks, the animal was trained to respond by making a
saccade to the stimulus (Table Intro-2D), and in these studies, both c and d’ could be
measured. But from my analyses of the behavioral data from one of these experiments (Cohen
and Maunsell, 2009), I found that often there were too few false alarms at the uncued position to
reliably measure c or d’ (these experiments were not designed to measure c or d’).
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Table Intro-2
Types of detection tasks typically used in single-neuron studies of visuo-spatial attention. The
list of references are not exhaustive but meant as examples.

Targets can appear at both the cued and uncued stimulus positions
Reponses to targets at the uncued position
are rewarded
A) Targets appear
only at the cued
stimulus position

Bushnell et al., 1981
Martinez-Trujillo & Treue, 2002
Saalmann et al., 2007
Treue and Maunsell, 1999

B) Responses to targets
at the uncued position are
errors and unrewarded

C) The same
behavioral response
for reporting a target
at the cued and
uncued positions
(e.g. pressing a key)

Connor et al., 1997
Fries et al., 2001
Gregoriou et al., 2009
Herrero et al., 2013
Khayat et al., 2010
Lee and Maunsell, 2009
Lennert and Martinez-Trujillo, 2011
Luck et al., 1997
Neibergall et al., 2011
Ni and Maunsell, 2012
Reynolds et al., 1999
Treue & Martínez-Trujillo, 1999
Tremblay et al., 2014
Williford & Maunsell, 2006
Wolmesdorf et al., 2006
Zénon & Krauzlis, 2012

Briggs et al., 2013
Cook & Maunsell, 2002
Ghose and Maunsell, 2002
Herrington & Assad, 2010

D) Different
behavioral responses
for reporting a target
at each stimulus
position (e.g.
saccade to the left or
right).
Cavanaugh & Wurtz, 2004
Cohen & Maunsell, 2009
Chen & Seidemann, 2012
Mayo & Maunsell, 2016
Moore & Fallah, 2001
Ruff & Cohen, 2016
Steinmetz & Moore, 2014
Measured reaction times
instead of hit rates:
Petersen et al., 1987
Robinson & Kertzman, 1985

Many of the studies listed as category B-D validated that the animal appropriately
shifted its attention by comparing the animal’s hit rate between the condition when the animal
was cued to a location and the condition when the animal was cued to a different location.
However, a difference in hit rate does not provide any information on whether the subject’s
criterion or its sensitivity is changed across attention conditions. Figure Intro-4 shows that any
difference in hit rate could equivalently reflect a change in criterion or a change in sensitivity.
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Comparison of hit rate alone is therefore insufficient to determine whether there is a change in
criterion or sensitivity. Another approach of validating a deployment of attention is to use a
reduction in response time (e.g. Robinson & Kertzman, 1985), but as discussed above, a
decrease in response time can equivalently reflect a liberal shift of the subject’s criterion
(requiring less sensory evidence for making a response) or an enhancement of the subject’s
sensitivity.

Figure Intro-4
Improvements in hit rate could equivalently correspond to a change in criterion or a change in
sensitivity. (a) Signal detection models showing that a difference in hit rate of 0.50 versus 0.93
could correspond to only a change in criterion (Δc only) or only a change in sensitivity (Δd’ only).
(b) The same difference in hit rate of 0.50 versus 0.93 shown on the receiver operating
characteristic (ROC) plot. The blue dashed line is the iso-sensitivity line for d’ = 2, and the
orange dashed is the iso-criterion line for c = 1. A change in only criterion (Δc) takes place along
an iso-sensitivity line, and a change in only sensitivity takes place along an iso-criterion line.
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Table Intro-3
Types of tasks used in visuo-spatial experiments other than those using a detection procedure.
The references listed are not exhaustive but meant as examples.

Discrimination
Performance
measured at both the
cued and uncued
positions
Baruni et al., 2015
Bisley & Goldberg, 2003
Ignashchenkova et al. 2003
Lovejoy & Krauzlis, 2010

Visual search

Performance
measured at only the
cued position
Motter, 1993
Seidemann & Newsome, 1999
Ruff & Cohen, 2014
Match-to-sample
Moran & Desimone, 1985
McAdams & Maunsell, 1999

Bichot et al., 2001
Chelazzi et al., 2001
Wardak et al., 2004
Buschmann & Miller, 2007
Bichot & Desimone, 2015
Thompson et al., 2005

Others

Saccade preparation
Goldberg & Wurtz, 1972
Tracking
Mitchell et al., 2007
Sundberg et al., 2009
Tracing
Stanisor et al., 2013
Pooresmaeili et al., 2014

Table Intro-3 shows the other types of tasks typically used in neurophysiological studies
of attention. In discrimination tasks, each stimulus can have one of typically two possible
features, such as a Landolt ring with either a gap in the left or a gap in the right, and the subject
has to decide which feature the stimulus has. In studies where performance is measured at both
the high attention condition and low attention condition, the subject generally achieves a higher
percentage of correct at the high attention condition (Bisley & Goldberg, 2003; Ignaschenkova et
al., 2003; Baruni et al., 2015). This increase in percentage correct is likely related to an
enhancement in the subject’s perceptual sensitivity, and therefore, the neuronal modulations
observed in these studies are likely related to changes in sensitivity. However, between different
attention conditions, behavioral changes might have also occurred in the subject’s criterion for
detecting a target, but these studies could not measure such changes (Appendix: “Undetected
criterion changes in discrimination tasks”). Therefore, from the studies that report an
enhancement in percentage correct in discrimination tasks, we can infer that neuronal
modulations are likely associated with changes in behavioral sensitivity in the brain areas
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studied: LIP (Bisley & Goldberg, 2003); superior colliculus (visual and visuomotor neurons,
Ignaschenkova et al., 2003); area V4 (Baruni et al., 2015; this study was published after the
publication of my results in Chapters 1-2). However, it is unknown whether the neuronal
modulations observed in these studies are also related to, or more closely related to, behavioral
changes in the subject’s criterion that could have occurred but not measured in these studies.
The remaining types of tasks listed in Table Intro-3 also do not provide clues as to
whether the observed neuronal modulations are related to changes in the subject’s criterion or
its sensitivity. Visual search tasks generally measured reaction times and are not appropriate for
signal detection analysis. Tasks grouped as “Others” did not require either detection or
discrimination at either the cued or uncued position, and as result, performance could not be
compared between the cued and uncued positions. These tasks challenged the animals in other
ways, such as by requiring the subject to covertly track and remember a moving target (Mitchell
et al., 2007).

Dissociating components of attention

The definitions that have been proposed for attention all suggest that attention consists
of multiple components, but the specific components vary across proposals (Posner and
Petersen, 1990; Petersen & Posner, 2012; Knudsen, 2007; Chun et al., 2011). For example,
one proposal breaks down attention into orienting, target detection, and alertness (Posner and
Petersen, 1990), while another separates attention into working memory, top-down sensitivity
control, competitive selection, and bottom-up filtering (Knudsen, 2007). Given the large number
of different phenomena observed within visual attention alone (Carrasco, 2011), it is likely that
the behavioral and neuronal phenomena referred to as attention correspond to multiple, distinct
neurobiological processes, rather than single mechanism. For example, the biological
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mechanism that underlies selective attention in dichotic listening may be distinct from the
mechanism underlying visuo-spatial attention. Single-neuron studies of attention have not tested
whether the different proposed components of attention correspond to separable neurobiological
mechanisms. If attention indeed consists of a conglomerate of separable mechanisms, then
investigations that conflate these different mechanisms may produce perplexing observations.
Therefore, efforts to dissociate mechanisms of attention—or efforts to determine whether the
mechanisms are dissociable—are likely a fruitful approach toward understanding the biological
mechanisms of attention.
Much of the evidence for constructing hypotheses for the mechanisms of attention
depends on experimental paradigms that manipulate visuo-spatial attention. But even within this
rather narrow modality of attention, psychophysical studies suggest that at least two distinct
behaviors are involved. During shifts of visuo-spatial attention, human observers tend to both
enhance their sensitivity and lower their criterion at the attended location, but these two different
behaviors can be isolated using a specifically designed task. The presence of two correlated but
separable behaviors associated with visuo-spatial attention suggests that it consists
distinguishable neuronal mechanisms. Characterizing how attention-related changes in
sensitivity and criterion correspond to different attention-related neuronal signals in the brain
would likely provide useful insights for framing hypotheses of mechanisms of attention.
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Chapter 1

Monkey subjects change both their criterion and their sensitivity in a task commonly
used in single-neuron studies of attention

*The chapter is an extended discussion of the first experiment reported in Luo & Maunsell, 2015.

The majority of single-neuron studies of attention trained monkeys to perform a variant of
the Posner cuing procedure in which the animal had to detect the appearance of a target (Table
Intro-2). As described above, these studies did not measured or controlled the subject’s
criterion ands sensitivity, and therefore it is unknown whether the cuing procedures in these
studies changed the animal’s criterion or sensitivity. This ambiguity in the animal’s behavior
means that modulations in neuronal activity attributed to visuo-spatial attention in these studies
could be associated with shifts in the subject’s criterion or sensitivity, or both.
The experiment described in Chapter 1 assessed whether previously reported neuronal
modulations associated with attention are likely related to the changes in subject’s criterion or
changes in the subject’s sensitivity. To do this, I measured the behavior of two monkeys
performing a visuo-spatial task similar to those used in other neurophysiological studies of
visuo-spatial attention.

Methods

Two monkeys (F and L) were trained to perform a variant of the Posner attention task
that required the animal to detect a target that could appear at the cued or uncued stimulus
positions (Table Intro-2D). The animal was placed 57 cm away from a cathode ray tube display
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that had a frame rate of 100 Hz. Eye movements were tracked using a video system (EyeLink
1000, 500 Hz).
Both animals were previously used in visuo-spatial attention experiments with a highly
similar task design (monkey F used in Verhoef and Maunsell, 2015; monkey L used in Ni and
Maunsell, 2012). Compared to previous tasks, the key features in this particular variant are a
lower target to nontarget probability and a larger number of targets that could appear at the
uncued position. These two features encourage the animal to commit a higher overall number of
false alarms than in previously studies, so that more reliable measurements of c and d’ can
made. The animals were trained for a few weeks to learn this particular variant before I began
measuring their behavior.
The sequence of the task is shown in Figure 1-1a. In each trial, monkeys fixated within a
1.5° window in the center of a video display. Two Gabor stimuli flashed on for 200 ms and off for
200-400 ms, one in each visual hemifield. At an unexpected time, a target stimulus appeared in
one of the two locations. The monkey had to look at the target to receive a juice reward. The
target was a change in the stimulus: an orientation change for monkey L and a small white spot
in the center of the Gabor for monkey F. When the target appeared, the monkey had to saccade
to it within 100-500 ms to receive a juice reward. The target could appear on the third through
seventh stimulus presentation, selected from a uniform distribution to discourage guessing at
the beginning of trials. No target appeared in 5% of the trials, and the monkey received a reward
if it maintained fixation past the seventh stimulus appearance.
Monkeys alternated between blocks of 100-200 trials in which attention was directed to
one of two locations. Attention was controlled by setting the target probability to be 2 to 4 times
higher at the attended location, or in different sessions, by setting the reward size to be 2 to 4
times larger at the attended location. In the remaining sessions, both target probability and
reward size were manipulated.
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To compute c and d’, each stimulus presentation in which a target could occur (third to
seventh) was categorized as a hit (H), miss (M), false alarm (FA), or correct rejection (CR). A
stimulus presentation with no target was classified as either a correct rejection or a false alarm,
and a presentation with a target were categorized as either a hit or a miss. Each presentation
that was categorized as a correct rejection was scored for both stimulus locations, and each
presentation that was classified as a hit, false alarm, or miss was scored only for the stimulus
location where the target occurred or the saccade was directed. For a presentations that was a
hit, a false alarm, or a miss, it was equally valid to score a correct rejection for other stimulus
location or not to do so. I tried both methods of scoring, and the results were highly similar
because of the large number of correct rejections. I chose not to score a correct rejection for the
other stimulus location for presentations that were hits, misses, or false alarms.

Results

Behavioral performance was measured for two monkeys while they performed a visuospatial attention task of the sort typically used in single-neuron studies of attention. As in
previous studies, both monkeys detected a higher proportion of targets in the high attention
condition compared to the low attention condition (Figure 1-1b). Signal detection analysis
shows that both monkeys performed with a lower criterion (responded more often) and higher
sensitivity (discriminated better) at the attended location relative to the unattended location
(Figure 1-1b). Across days, different types of cuing procedures were used to elicit slightly
different behavior, but criterion and sensitivity both changed in the same pattern regardless of
whether attention was directed using higher target probability, larger reward size, or both
(Figure 1-2). Detailed behavioral measurements for each session are shown in Figure 1-3. The
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magnitudes of sensitivity change and criterion change were correlated for monkey F (ρ = -0.44;
p = 10-3) but not significantly so for monkey L (ρ = -0.21; p = 0.15).
Given that both criterion and sensitivity were changed across attention conditions, an
analysis was carried out to examine to what extent the shifts in criterion and the shifts in
sensitivity accounted for the behavioral improvement in hit rate. This analysis isolated the
portion of the change in hit rate that was due to the change in criterion and the portion that was
due to the change in sensitivity. Detailed methods for this analysis are described in Appendix:
“Isolating contributions of criterion and sensitivity to hit rate”. The result of this analysis shows
that criterion changes accounted for most of the behavioral improvement in a typical session for
both monkeys (Figure 1-4).

Figure 1-1
Both criterion and sensitivity were changed in a typical variant of the Posner attention task. (a)
The subject had to detect a target (orientation change) that occurred at either of two stimulus
locations. In alternating blocks of trials, the subject directed more attention to one of two
locations. (b) Monkeys detected targets more frequently at the high attention location. (c)
Between the attended and unattended conditions, monkeys increased their sensitivity as well as
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(Continued) lowered their criterion. (b-c) Monkey F, n = 65 sessions; monkey L, n = 50. Data
are shown as mean ± s.e.m.

Figure 1-2
Different manipulations of visuo-spatial attention all changed both criterion and sensitivity
between attention conditions. Data are from the same sessions shown in Figure 1-1. In some
sessions, attention was controlled by setting the target probability to be 2 to 4 times higher at
the attended location (n = 17). In different sessions, the reward size was 2 to 4 times larger at
the attended location (n = 75). In the remaining sessions, both target probability and reward size
were changed (n = 23). Data are shown as mean ± s.e.m. (a) All three manipulations increased
the subject’s hit rate between attention conditions. (b) Both criterion c and sensitivity d’ changed
between attention conditions for all three manipulations.
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Figure 1-3
Behavioral performance for each session for each of the two monkeys. (a-b) Top: monkey F;
bottom: monkey L. The bootstrapped 95% confidence interval is shown for a representative
session for each monkey. (a) Changes in criterion (Δc) and sensitivity (Δd’) between attention
conditions in each session. (b) Criterion c and sensitivity d’ for attention condition of each
session. Each circle represents the behavior in one attention condition of each session, and
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(Continued) each line connects the two attention conditions of each session. (c) Plots of the hit
rate and false alarm rate of each attention condition of each session. Each circle represents the
behavior in one attention condition of each session. Each solid line connects the two attention
conditions of each session. Dashed lines indicate iso-sensitivity and iso-criterion lines. Because
the overall false alarm rates were low (~10% or less), the x-axis is plotted in logarithmic scale.
(d) Median values of behavioral measurements across sessions.

Figure 1-4
Criterion changes accounted for most of the improvement in hit rate. (a-c) Monkey F, n = 65
sessions; monkey L, n = 50. (a) Because changes in either criterion or sensitivity could
contribute to the changes in hit rate, for each session I isolated the proportion of the change in
hit rate due to the change in criterion (Δc) or due to the change in sensitivity (Δd’). (b) Because
Δc and Δd’ interact nonlinearly to produce the change in hit rate, I also computed the
theoretically minimum proportions of the observed change in hit rate separately due to the
observed Δc and Δd’. (c) The theoretically maximum proportions. All measures indicate that
criterion changes accounted for most of the changes in hit rate in the standard attention task.
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Discussion

I found that in a task similar to that used in many single-neuron studies of attention,
monkey subjects changed both their criterion and their sensitivity between different attention
conditions. This result likely extends to other paradigms used in single-neuron studies of
attention (Table Intro-2 and Table Intro-3). The finding that animals changed both their
criterion and sensitivity during shifts of visuo-spatial attention means that the neuronal
modulations observed in association with visuo-spatial attention in previous studies could reflect
either or both of these components of attention. The neuronal signals reported in previous
studies were observed in widespread brain regions, including different cortical areas (visual,
parietal, and prefrontal) and different subcortical structures (superior colliculus and thalamus). It
is therefore unknown which of these brain regions contribute to behavioral changes in criterion
and which contribute to changes in sensitivity. Understanding how different brain areas
contribute to distinct components of attention will likely provide further insights into the
mechanisms of attention.
The result from this experiment is unlikely to depend on the particular attention
manipulation, because different types of attention manipulation (reward size, target probability,
or both) all showed the same pattern of results. Similar results were found for the behavioral
performance of other monkeys from studies from the same laboratory (Cohen & Maunsell, 2009;
Mayo & Maunsell, 2015; Verheof & Maunsell, 2015), in that all these monkey subjects changed
both their criterion and their sensitivity during shifts of visuo-spatial attention, and that criterion
changes contributed more than sensitivity changes to the animal’s improvement in hit rate.
Furthermore, the finding that criterion changes contributed much more the improvement in hit
rate than did the sensitivity changes suggest that even though both psychophysics and neuronal
studies typically focus on the sensitivity changes related to visuo-spatial attention (Carrasco,
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2011; Reynolds and & Chelazzi, 2004), attention-related criterion changes may be the more
ethologically relevant mechanism of visuo-spatial attention, at least for rhesus monkeys. In
agreement with this possibility, a visuo-spatial psychophysics experiments involving human,
monkey, and honeybee observers found that the behavioral change across the three species of
subjects can be well described by a criterion difference between the cued and uncued locations
(Eckstein et al., 2013). Although sensitivity changes may be the more appealing mechanism of
attention—for it relates the well characterized responses of sensory cortical neurons to the
animal’s behavior—criterion changes should not be disregarded because it appears to be an
essential feature of animals’ attentional behavior.

32

Chapter 2

Neuronal modulations related to attention in area V4 of visual cortex are related to
changes only in sensitivity and not criterion

*This chapter is an extended discussion of the second experiment reported in Luo & Maunsell,
2015.

Chapter 1 reports that monkey subjects changed both their criterion and sensitivity in a
task used frequently in many single-neuron studies of attention. This finding indicates that
neuronal signals that were previously attributed to visuo-spatial attention could correspond to
either or both types of behavioral changes. A question raised by this finding is whether these
two components of attention are mediated by the same or different brain areas, and addressing
this question would give insight into whether attention is a single brain mechanism or consists of
separable mechanisms mediated by different brain structures.
To address this question, I designed a task that isolates spatially selective behavioral
changes in either the criterion or the sensitivity of the monkey subject. While the subject was
changing either its criterion or its sensitivity, I recorded from area V4 of visual cortex to measure
how neuronal responses there are affected by the different attention-related behavioral changes.
Previous studies found that area V4 shows robust modulation by visuo-spatial attention (e.g.
Moran & Desimone, 1985), and area V4 has been examined in numerous studies of attention
(reviewed in Reynolds & Chelazzi, 2004; Maunsell, 2015). This experiment would give insight
into which component of visuo-spatial attention area V4 supports.
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Methods

I designed a variant of the Posner attention task that allowed me to isolate behavioral
changes in the animal’s criterion and sensitivity (Figure 2-1). In this task, the monkey began
each trial by fixating for 400-600 ms within a 1.5° window. Two sample stimuli (full contrast
Gabors) appeared on opposite sides of the fixation point for 200 ms. After a delay of 200-300
ms, a single test stimulus appeared at one of the two sample locations for 200 ms. The monkey
had to decide whether the test had a different orientation from the sample that had appeared at
the same location. The location of the test was randomly selected, and the test was equally
likely to be the same or different from the sample. If the test differed from the sample, the
monkey had to saccade to it within 100-500 ms to receive a juice reward. If the test was the
same as the sample, the monkey had to wait to saccade to a second test stimulus that
appeared at the same location as the first test stimulus. The second test always differed from
the sample, and it was used to ensure that the monkey was engaged during correct rejection
trials. The monkey rarely failed to respond to the second test stimulus (< 1%), and these failures
were not included in analyses.
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Figure 2-1
Task for isolating behavioral changes in criterion and sensitivity. (a) Monkeys detected a target
(orientation change) that occurred on either the first or the second test stimulus. Behavioral
responses to the first test stimulus were categorized as hits (H), misses (M), correct rejections
(CR), or false alarms (FA). (b) Reward manipulations used to isolate spatially selective changes
in the monkey subject’s criterion (c) or its sensitivity (d’).

Each trial was categorized as a hit, miss, false alarm, or correct rejection based on the
response to the first test stimulus. A target trial was a hit if the monkey responded to the
changed test stimulus and a miss otherwise. A nontarget trial was a false alarm if the monkey
incorrectly responded to the unchanged first test stimulus, and it was a correct rejection if the
monkey waited to respond to the changed second test stimulus.

Session Types
Each daily recording session was either a “sensitivity session” or a “criterion session.” In
a sensitivity session, I maximized the behavioral difference in the animal’s d’ between attention
conditions while minimizing the difference in c. On other days, in criterion sessions, I maximized
the behavioral difference in c while minimizing the difference in d’. Within each daily session,
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there were two different attention conditions. In sensitivity sessions, throughout one attention
condition, the animal performed at high d’ for one stimulus location and at low d’ for the other
location. In the other attention condition, performance was reversed for the two locations. For
both conditions, criterion was controlled to be unbiased (c = 0 or, equivalently, likelihood ratio β
= 1). On separate days, in criterion sessions, the animal performed at low c for one location and
high c for other location and switched performance for the two locations between attention
conditions. Sensitivity was similar across attention conditions for each location.
The animal alternated between two attention conditions in blocks of 240-360 trials. Each
attention condition was termed high d’, low d’, low c, or high c according to the animal’s
performance at the stimulus location represented by the recorded neurons.
Task difficulty was similar between criterion and sensitivity sessions for each monkey.
For monkey F, the orientation change averaged 20º (16º to 23º) in criterion sessions and 18º
(14º to 25º) in sensitivity sessions. For monkey L, the change was 90º for both criterion and
sensitivity sessions.
The session type was alternated every six to eight days for monkey F. For monkey L, I
alternated after 31 days, but neuronal signals from the array degraded after 41 days of
recording. For each monkey and each session type, the results from the first half of the sessions
were highly similar to the results to the second half.

Reward Manipulations
To control criterion and sensitivity, I adjusted reward sizes for hits and correct rejections
for each stimulus location (average reward ~150 µL). At each location, criterion was controlled
primarily by the ratio of the reward given for hits and correct rejections (H:CR reward ratio) at
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that location. The difference in sensitivity between the two locations was controlled primarily by
the relative difference in the overall reward size (across H and CR) between locations.
In criterion sessions, the H:CR reward ratio was > 1 at the low c location (on average
1.5) and < 1 at the high c location (on average 0.5). The overall reward at each location (across
H and CR) was adjusted to maintain similar d’ across attention conditions. The overall reward at
the low c location averaged 90% of the overall reward at the high c location.
In sensitivity sessions, reward at the high d’ location was set to be 2 to 6 times larger
than the reward at the low d’ location (on average 5 times larger). The H:CR reward ratio was
adjusted independently for each location to control criterion to be unbiased at that location. The
H:CR reward ratio averaged 0.7 at the high d’ location and 1.1 at the low d’ location.
To achieve clear behavioral dissociation within each session, reward values were titrated
throughout the session (Figure 2-1). In criterion sessions, reward was titrated after every 10-20
trials. If the animal’s d’ fluctuated to be higher at one location than the other, the overall reward
size for the location with higher d’ was decreased by a small amount, and reward at the location
with lower d’ was increased by the same amount. The H:CR ratios were adjusted to keep the
criterion at the low c location near c = –1 and at the high c location near c = 1, while sensitivity
was kept constant between the two conditions at a value ranging from d’ = 1 to d’ = 2.5. I found
these values to produce the largest criterion difference while providing statistically reliable
measures of c and d’ given the number of trials an animal typically worked in a day.
In sensitivity sessions, rewards were adjusted after each error trial. After each miss trial
at either location, the hit reward at that location would be increased by a small amount (typically
10%) and the CR reward at that location would be decreased by the same amount. After each
FA trial, the CR reward would be increased by a small amount and the hit reward would be
decreased by the same amount at the location of the error. The ratio in overall reward size
between the high d’ and low d’ locations averaged 5:1, and this ratio was adjusted after every
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10-20 trials. This difference in reward size between locations was adjusted to maximize d’
difference while at the same time keeping the animal motivated to respond to the low d’ location
so that I could obtain accurate behavioral measures at that location.

Figure 2-2
Reward time course for an example criterion session and example sensitivity session. Priming
trials are excluded from the time course.

Priming Trials
At the beginning of each attention condition (one block of 240-360 trials), 10-80 priming
trials were presented to habituate the monkey to the reward contingencies of that attention
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condition. In priming trials, the test stimulus occurred at only one stimulus location, rather than
appearing at a random one of the two locations. Priming trials were presented as a continuous
sequence and never interleaved with non-priming trials and not used in behavioral or neuronal
analyses.
Priming trials were important for producing large, isolated differences in criterion or
sensitivity. Repeatedly testing the same location helped the animal to recognize the reward
contingencies at that location and stabilized its behavior. Typically, priming trials were presented
to test a single location until the monkey’s behavior stabilized for that location, and then priming
trials were presented to test the other location until behavior stabilizes there. Occasionally, a
continuous sequence of 5-20 priming trials was presented in the middle of a block to stabilize
the animal’s behavior. On average, priming trials made up 8% of all trials in a session for
monkey F and 10% of all trials for monkey L.

Sessions
Task difficulty was similar between criterion and sensitivity sessions for each monkey.
For monkey F, the orientation change averaged 20º (16º to 23º) in criterion sessions and 18º
(14º to 25º) in sensitivity sessions. For monkey L, the change was 90º for both criterion and
sensitivity sessions.
The session type was alternated every six to eight days for monkey F. For monkey L, I
alternated after 31 days, but neuronal signals from the array degraded after 41 days of
recording. For each monkey and each session type, the results from the first half of the sessions
were highly similar to the results to the second half.
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Confidence intervals
I calculated binomial confidence intervals for the hit rate and false alarm rate in each
attention condition. Confidence intervals for c and d’ in each attention condition were computed
through a bootstrapping method assuming binomial error around the observed hit rate and false
alarm rate. Confidence intervals were similarly calculated for the difference in c and d’ between
the two attention conditions of each session.

Neuronal Analyses
Action potential waveforms were sorted offline using spike-sorting software (Plexon) that
computes principal component analysis scores for each spike. Waveforms were classified as a
single unit if the waveforms formed a cluster that was separate from other waveforms. In each
session, I recorded from a median of 66 units (4 single units, 62 multiunits).
A neuronal unit was classified as visually responsive if its firing rate in the sample period
(60 ms to 260 ms after the onset of the sample stimulus) was on average greater than its firing
rate during the fixation period (200 ms to 0 ms before sample onset), and if its responses in the
two periods were significantly different (p < 0.01, t-test). The median number of responsive units
per session and their percentage among all recorded units were 50 units and 88% for monkey F
and 80 units and 93% for monkey L. Only responsive neurons were included in the PSTH in
Figure 3A and in analyses of firing rate and Fano factor. All neurons regardless of
responsiveness were considered for computing pairwise noise correlation (the results were
almost identical if only responsive neurons were used).
Single units and multiunits were combined for analyses. Separate analyses for the two
populations showed highly similar results, corresponding to previous findings (Cohen and
Maunsell, 2009).
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Both correct (H and CR) and incorrect (M and FA) trials were used for neuronal analyses,
but I excluded trials with premature fixation breaks and priming trials. The results were highly
similar if only correct trials were used instead of both correct and incorrect trials. I included both
correct and incorrect trials in the analyses because that would allow us to use the same set of
trials to calculate behavioral and neuronal changes.
Noise correlation between each pair of simultaneously recorded neurons was computed
as the Pearson’s correlation coefficient of their firing rates across all trials.

ρ (FRi , FR j ) =

Cov (FRi , FR j )

σi σ j

(

)

The noise correlation of the ith neuron and jth neuron, denoted ρ FR i , FR j , is the covariance
of the firing rates of the two neurons across trials divided by the product of the standard

€

deviations of each neuron’s firing rates.

In Figure 2-5, the noise correlation of each pair of neurons is binned according to the
geometric mean of the evoked response of the two neurons. The evoked response of each
neuron was calculated as the firing rate during the sample period (60 ms to 260 ms after sample
stimulus onset), averaged across trials, minus the firing rate in the fixation period (200 ms to 0
ms before sample onset), also averaged across trials. The bin less than 0 spikes/s includes all
pairs of neurons whose geometric mean evoked response is less than 0 spikes/s, and the bin
greater than 30 spikes/s includes all pairs of neurons whose mean evoked response is greater
than 30 spikes/s.
A single value of Fano factor was computed for each attention condition of each session.
For each attention condition, the spike count variance of each responsive unit was plotted
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against its spike count mean, and I then fitted a line that was constrained to pass through zero.
The slope of the regression line was then taken as the Fano factor. Similar results were found if
I instead computed a single Fano factor for each responsive neuron in each attention condition
and then average across neurons to compute the Fano factor for that attention condition.

Modulation index
Modulation indices of firing rate were defined as the difference in mean firing rate
between the two attention conditions divided by the sum. In sensitivity sessions, the modulation
index was defined such that a positive index indicates higher firing rates in the high d’ condition.

Δd '
MIFR
=

(FR
(FR

high d '

− FR low d '

high d '

+ FR low d '

)
)

In criterion sessions, a positive index indicates higher firing rates in the low c condition (the

€ higher hit rate).
attention condition with the
Δc
MIFR
=

(FR
(FR

low c

− FR high c

low c

+ FR high c

)
)

Modulation indices for noise correlation and Fano factor were similarly defined: a positive

€ in the high d’ condition in sensitivity sessions and a higher value
index indicates a higher value
in the low c condition in criterion sessions.
For firing rates, a modulation index was computed for each neuron and then averaged
across the visually responsive neurons recorded in each session to provide a single modulation
index for that session. Highly similar results were found if I pool spikes across visually
responsive neurons to compute a population firing rate and calculate a modulation index of the
population firing rate.
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Noise correlation was first averaged across all pairs of simultaneously recorded neurons
for each attention condition. The noise correlation of the two attention conditions of a daily
session was then used to compute the modulation index for that session.
Fano factor was computed for each attention condition as a single value (as described
above), and the modulation index was calculated using the Fano factor of each condition.
In each session, the sample stimuli had one of two orientations: the base or the base
plus change (e.g. 40° and 60° in a session in which the orientation change was 20°). Using two
orientations for sample stimuli prevented the animals from identifying changes based on
orientation of the test stimulus alone. Modulation indices were computed separately for each
orientation and then averaged between the two orientations to provide a single index for each
session.

Results

I designed a task that allowed me to isolate the behavioral changes in criterion and
sensitivity that are observed during shifts of visuo-spatial attention (Figure 2-1a). In each trial,
two stimuli (“samples”) appeared concurrently for a brief time. After a short delay, a single
stimulus (“test”) appeared at one of the two sample locations, selected at random. The monkey
had to saccade to the test if it differed in orientation from the sample at the same location. If not,
the monkey had to wait and saccade to a second test stimulus that always differed from the
sample. The response to the first test stimulus in each trial was categorized as a hit, miss, false
alarm, or correct rejection, and these responses were used to compute c and d’.
As in other neurophysiological experiments, I controlled attention by manipulating reward
contingencies, but here with additional refinements to control the subject’s criterion and
sensitivity (Figure 2-1b). The relative reward between hits and correct rejections was
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manipulated independently at each stimulus location to control criterion for that location. The
relative overall reward between the two locations was used to control the difference in sensitivity
between locations. These reward parameters were varied between two attention conditions of
each daily session to isolate a change in either criterion (in “criterion sessions") or sensitivity (in
“sensitivity sessions”). These isolated behavioral changes were spatially selective and unrelated
to the global changes due to arousal.
For this task, I trained the same two monkeys (F and L) who were subjects in the
psychophysical experiment described in Chapter 1. The behavioral performance in an example
criterion session and example sensitivity session is shown in Figure 2-3. In the example
criterion session, in one attention condition (low c condition), both the hit rate and the false
alarm rate were high, while in the other condition (high c), both the hit rate and the false alarm
rate were low. Sensitivity d’ was not significantly different between the two attention conditions,
while c differs by about 1.5 z-score between the two attention conditions. The condition in which
the subject adopts a large and negative c means that the animal was responding frequently to
the stimulus location, while in the other condition, a large, positive c indicates that the subject
was responding only rarely to that location. The difference in criterion between the two
conditions in this session is equivalent to the subject valuing a target 11 times more in one
condition than the other condition. In the sensitivity session, the subject performed with a high
hit rate and a low false alarm rate in one condition (high d’ condition), and in the other condition,
with a low hit rate and a high false alarm rate. Criterion c was not significantly different between
the two conditions, but d’ differed by more than 1.5 z-score. The difference in d’ in this session
is equivalent to a difference of 85% correct versus 60% correct (percent correct averaged
across hit rate and CR rate).
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Figure 2-3
Behavioral performance of monkey F in a criterion session, and behavior of monkey L in a
sensitivity session. Error bars for hit rates (H) and false alarm rates (FA) indicate 95% binomial
confidence intervals, and error bars for d’ and c are bootstrapped confidence intervals based on
the 95% binomial errors of hit rates and false alarm rates. Behavioral performance is shown for
only the stimulus position subtending the receptive field of the neurons being recorded.

I achieved behavioral isolation of either criterion or sensitivity in more than 90% of
sessions (44/45 for monkey F and 41/47 for monkey L). A session was considered to reach
successful isolation if the targeted behavioral difference was at least four times the off-target
behavioral difference. The sessions with successful isolation are shown in Figure 2-4 (22
sensitivity sessions and 22 criterion sessions for monkey F; 25 sensitivity sessions and 10
criterion sessions for monkey L). The median values of behavioral measurements are shown in
Table 2-1. The magnitude of criterion shifts isolated in this task is similar to the changes
observed in a typical variant of the Posner attention task used in single-neuron studies (~1 zscore, compared to Figure 1-3d). The isolated sensitivity changes are much larger than the
sensitivity shifts observed in the standard attention task (1.5 z-score vs. 0.3 z-score).
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To my knowledge, this is the first demonstration of consistent, precise separation of
attentional shifts in criterion and sensitivity. One human psychophysics study was able to
achieve approximate isolation only when pooling across subjects and sessions (Wyart et al.,
2012), and no animal study independently controlled criterion and sensitivity.

Figure 2-4
Isolation of behavioral changes in the subject’s criterion and changes in sensitivity. (a) ROC plot.
Each circle is the behavior in one attention condition from one daily session, and a solid line
connects the two conditions of each session. Dashed lines are iso-criterion and iso-sensitivity
lines. (b) Criterion (c) and sensitivity (d’) of each attention condition from each session. Each
circle plots the behavior of each attention condition, and each line connects the two attention
conditions of each session. (c) Differences in criterion and sensitivity between the two attention
conditions of each session. (a-c) Error bars represent 95% confidence intervals. N = 22 criterion
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(Continued) sessions and 22 sensitivity sessions for monkey F; N = 10 criterion sessions and
25 sensitivity sessions for monkey L.

Table 2-1

While the animals were performing in the sessions described above, I recorded neuronal
responses from area V4 in their visual cortex to measure how neuronal activity is modulated as
the animal shifted either its criterion or sensitivity. Recording was made from a 10x10
microelectrode array implanted in one hemisphere of each animal. At the beginning of each
recording session, I mapped the receptive fields of the neurons being recorded and placed one
stimulus in their receptive fields with parameters optimized to drive as many the neurons as
possible. The other stimulus was placed in the opposite hemifield. The receptive fields of
neurons recorded were in the lower hemifield and had eccentricities 2-4° for monkey F and 5-7°
for monkey L.
Because criterion changes accounted for most of the behavioral improvements in a
typical attention task (Chapter 1), I expected attention-related modulations in V4 to be primarily
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associated with shifts in criterion. But when behavioral changes in criterion and sensitivity were
isolated, I found that attention-related changes corresponded to changes in sensitivity and not
criterion (Figure 2-5). In sensitivity sessions, neuronal responses were stronger in the high d’
condition than in the low d’ condition, but in criterion sessions, responses were similar between
low c and high c conditions despite large behavioral changes in criterion. To quantify the
difference in neuronal responses between the two attention conditions of each session, I
calculated a modulation index using responses to the sample stimulus (firing rates 60 ms to 260
ms after sample onset). The modulation index was defined such that a positive modulation index
for a sensitivity session indicates a higher firing rate in the high d’ condition, and a positive index
for a criterion session indicates stronger responses in the low c condition. Modulation indices
differed significantly from zero in sensitivity sessions but not in criterion sessions, and
modulation indices from sensitivity sessions were significantly larger than indices from criterion
sessions (Table 2-2).
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Figure 2-5
Neuronal modulations in V4 correspond to behavioral changes in sensitivity, but not criterion. (a)
Peristimulus histograms showing the population response to the sample stimuli. Histograms
used 1-ms bins and were smoothed with a Gaussian filter (σ = 5 ms). Responses were
modulated by changes in sensitivity but not in criterion. (b) Noise correlations between pairs of
simultaneously recorded neurons binned by the geometric mean of their evoked responses.
Noise correlations were reduced when behavioral sensitivity increased, but were unaffected by
shifts in criterion. The y-axis scaling differs for monkeys F and L.
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Table 2-2
Modulation indices of attention-related neuronal changes. Each of the four columns to the left
reports the mean ± SEM aross sessions and the probability that the indices have a mean 0 (ttest). The remaining two columns indicate the probability that the modulation indices from the
two types of sessions have the same mean (paired t-test). A single modulation index was
computed for each session. A positive index for a sensitivity session indicates a higher measure
(e.g. firing rates) in the high d’ attention condition, and a positive index for a criterion session
reflects a higher measure in the low c condition. Indices were computed using both correct and
error trials, but results are highly similar if only correct trials were used.

I also analyzed the firing rates during the delay period between the sample and the first
test stimulus (60 ms to 260 ms after sample offset). Similar to responses to the sample stimulus,
firing rates during the delay were stronger in conditions of higher d’, and there was no
detectable modulation by criterion changes (Table 2-2). The modulation by sensitivity was
stronger during the delay epoch than during the sample stimulus period (91% and 290% larger
and p < 10-6 and p < 10-10, t-test, for monkeys F and L, respectively), but there was still no
detectable modulation associated with criterion changes.
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I next examined two other neuronal correlates of attention in visual cortex. Attention is
associated with a modest decrease in the trial-to-trial variability in the responses of individual
neurons, measured as the Fano factor (Mitchell et al., 2007), and a large reduction in the
correlated variability in pairs of neurons, measured as noise correlation (Cohen and Maunsell,
2009; Mitchell et al., 2009). Fano factor and noise correlation were calculated using the sample
period. Reduction in both Fano factor and noise correlation both corresponded to enhancement
in sensitivity but not shifts in criterion (Figure 2-5 and Table 2-2). Taken together with the
observations on firing rates, these results indicate that multiple aspects of attention-related
modulation of V4 neuronal activity all correspond to shifts in sensitivity but not criterion.

Discussion

I designed a task to dissociate two components of visuo-spatial attention that have not
been previously controlled in neurophysiological studies of attention. Using this task, I found that
the neuronal modulations related to attention in area V4 of visual cortex corresponded to shifts
in the subject’s sensitivity but not in the subject’s criterion. This result shows that spatially
selective criterion changes must be mediated by brain structures separate from V4 and likely
outside of visual cortex. Furthermore, the result indicates that separate brain areas contribute to
different components of visuo-spatial attention, which suggest that visuo-spatial attention
consists of multiple, separable neurobiological mechanisms rather than a single mechanism.

Increased task difficulty may reveal undetected criterion-related changes
Because the magnitude of attention-related modulation of firing rates in V4 is larger for
tasks of greater difficulty (Boudreau et al., 2006), the modulations related to sensitivity shifts
would likely be larger in a more difficult task. A more challenging task might also reveal
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modulation associated with criterion changes that are not detected in this experiment. But even
if criterion-related modulation were found in a more difficult task, it is likely to be much smaller
than the sensitivity-related modulation in the same task, and hence, V4 modulations would still
be dominated by behavioral changes in sensitivity and not criterion. In the task used here, the
firing rate modulation related to criterion changes was ten-fold smaller than the modulation
related to sensitivity changes (Table 2-2). Even if V4 modulation related to criterion shifts were
revealed in a more difficult task, it is unlikely that V4 contributes substantially to the animal’s
changes in criterion.

Quantitative relationship between firing rate modulation and behavioral change in
sensitivity
Within the range of sensitivity shifts that I isolated (0.8 to 2.1 z-scores), I was not able to
detect a correlation across sessions between the size of sensitivity change and the average
firing rate modulation for a session (monkey F: ρ = 0.05, p = 0.81; monkey L: ρ = -0.02, p =
0.92). One reason may be because I varied the position, orientation, and size of the stimuli each
day to drive different sets of neurons. Neurons in visual cortex vary in their levels of attentional
modulation, and the variance in the specific population of neurons driven each day may obscure
a relationship between neuronal firing rate modulation and change in the animal’s d’.
Alternatively, the relationship between neuronal modulations in V4 and behavioral change in d’
may plateau after only a small change in d’ (< 0.8 z-score). In this latter case, attentional
modulation of V4 activity by sensitivity change can be approximated as an all-or-none
phenomenon. The latter explanation is consistent with the small sensitivity change measured in
the psychophysical experiment in Chapter 1 (~0.3 z-score).
An experiment that would provide more power for measuring the quantitative relationship
between neuronal changes in V4 and behavioral changes in d’ is to use a stimulus configuration
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used in studies examining the relationship between attention and normalization (Ni & Maunsell,
2012; Verhoef & Maunsell, 2015). In this design, two stimuli are placed within or near the
receptive fields of the neurons being recorded, and one or more stimuli are placed far from the
receptive fields. The animal would be trained to shifts its sensitivity between the two closely
spaced stimuli. For neuronal units that prefer one stimulus more than the other, switching
attention between the preferred and non-preferred stimuli results in much stronger attentional
modulation than switching attention between a stimulus inside a neuron’s receptive field and a
stimulus far outside the receptive field. The stronger attentional modulation would provide more
statistical power for assessing a relationship between behavior and neuronal activity. More
importantly, such a design allows the measurement of the normalization properties of each
neuron, which account for a large portion of the variance in attentional modulation across
neurons (Ni & Maunsell, 2012; Verhoef & Maunsell, 2015). Therefore, a stimulus configuration
with stimuli both within and outside the receptive fields of the recorded neuron would provide
much more power for assessing the quantitative relationship between neuronal modulations in
V4 and changes in the animal’s d’.
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Chapter 3

Visual responses in prefrontal cortex are modulated when the subject changes either its
criterion or its sensitivity

The absence of criterion-related modulations in area V4, reported in Chapter 2, implies
that brain areas other than V4 underlie the animal’s ability to change its criterion between visual
locations. To further pursue the possibility that visuo-spatial attention can be parsed into
separate neurobiological mechanisms related to changes in either subject’s criterion or changes
in the subject’s sensitivity, a key question to address is how are other brain structures
associated with these two behaviors related to visuo-spatial attention. Among the many regions
in which attention-related neuronal modulations have been observed, prefrontal cortex is
generally thought to play a unique role as the source of attention signals to the rest of the brain
(Knudsen, 2007; Miller & Buschman, 2012). But it is unknown whether prefrontal cortex
supports the same or a different mechanism of visuo-spatial attention as that supported by V4
or other brain areas related to attention.
One possibility is that the attention-related neuronal modulations in prefrontal cortex are
entirely related to behavioral changes in sensitivity, as I had observed for area V4. This outcome
would suggest that other visual cortical areas, all of which are anatomically connected with
prefrontal cortex or area V4, are likely also associated with only changes in sensitivity. This
outcome would furthermore suggests that behavioral changes in criterion depend on subcortical
structures, and that sensitivity and criterion might be a particularly useful distinction for
separating cortical and subcortical mechanisms of attention. However, given that prefrontal
cortex is anatomically connected to a large number of attention-related areas as well as other
systems in the brain (Yeterian et al., 2012), it is unlikely it contributes to only sensitivity or only
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criterion. Measuring how neuronal responses in prefrontal cortex are modulated by changes in
criterion and by sensitivity therefore would not only address which mechanism of visuo-spatial
attention to which prefrontal cortex contributes, but also provide clues as to which mechanism of
spatial attention other brain areas support.
Neuronal activity within and near prefrontal cortex has been reported to be associated
with behavioral measures related to a subject’s criterion. In a speed categorization task,
neurons in frontal eye fields changed their responses in correspondence to changes in the
subject’s criterion for categorizing speeds as either fast or slow (Ferrera et al., 2007). In a
different study, neuronal activity in medial premotor cortex during a detection task was
correlated with not only the presence or absence of a target, but also with whether the subject
reported or rejected the presence of a target (de Lafuente & Romo, 2005). These experiments
suggest that a component of neuronal activity in prefrontal cortex is associated with attentionrelated changes in a subject’s criterion. However, visuo-spatial attention was not manipulated in
either of these experiments. Furthermore, the neuronal changes in frontal eye fields associated
with the subject’s criterion for speed categorization (Ferrera et al., 2007) could be equivalently
regarded as neuronal changes associated with feature attention. Therefore, it remains unknown
whether neuronal responses in prefrontal cortex are associated with spatially selective changes
in either the subject’s criterion or sensitivity, or both types of attentional changes.

Methods

Attention task
Two different monkeys (C and Y) were trained on the visuo-spatial attention task
described in Chapter 2 (Figure 3-1a). The task for these monkeys is identical to the previous
task except for a small change in the stimulus duration and interstimulus timing. The duration of
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each stimulus was 400 ms rather than 200 ms, and interstimulus intervals were 150-250 ms
rather than 200-300 ms. The increase in stimulus duration was an effort to accommodate the
wider distribution of neuronal latencies in prefrontal cortex than in V4.
The Gabor stimuli were full contrast gratings with a sigma of 1º and spatial frequency of
0.75 cycle/°. They were placed 11º away from the fixation in opposite hemifields and
diametrically opposed across the fixation point. Each day, the orientation of the Gabors was
changed by 45º, and the Gabors were placed on the horizontal axis, on an axis rotated 30º
clockwise from the horizontal axis, or an axis rotated 30º counterclockwise.

Figure 3-1
Visuo-spatial attention task and reward manipulations. (a) In the attention task, monkeys had to
detect a target (orientation change) that occurred on either the first or the second test stimulus.
Behavioral responses to the first test stimulus were categorized as hits, misses, correct
rejections (CR), or false alarms (FA). (b) Reward sizes for each outcome (H or CR), the average
reward received per trial in each attention condition, and behavioral performance averaged
across all sessions across both monkeys (for the stimulus location contralateral to the arrays).
The unit of criterion c and sensitivity d’ is z-score.

56

As in the previous experiment, to control the subject’s criterion and sensitivity, I titrated
the reward given for a hit or a CR at each stimulus location (a total of four reward parameters;
Figure 3-1b). On days when I isolated a change in the animal’s sensitivity d’ (“sensitivity
sessions”), rewards for a hits and CRs were set to be large on the side with high d’ and small on
the side with low d’ condition. But when the reward was large, animals tended to adopt a lower
(more liberal) criterion. To counteract against this tendency, at the location with large rewards,
the hit reward was set to be smaller than the CR reward. High d’ and low d’ performance were
alternated between the left and right stimulus locations in blocks of 180 trials. The blocks in
which the animal performed with a high d’ at the stimulus location contralateral to the implanted
arrays were referred to as the high d’ attention condition, and the other blocks as the low d’
condition.
On separate days, I isolated changes in the animal’s criterion c (“criterion session”). In
criterion sessions, the overall reward given for hits and CRs was set to be similar between the
two stimulus locations. At one location, the reward given for hits was set to be equal or larger
than the reward for CRs to encourage a low/liberal criterion (c < 0), and at the other location, the
reward given for CRs was set to be larger than the reward for hits to encourage a
high/conservative criterion (c > 0). Low c and high c performance were alternated between the
left and right stimulus locations in blocks of 180 trials. The blocks in which the animal performed
with a low c at the stimulus location contralateral to the implanted arrays were referred to as the
low c attention condition, and the other blocks as the high c condition.
The average reward received per trial by the animal in sensitivity sessions was larger in
the high d’ condition than in the low d’ condition: on average, monkey C received 285 µl in high
d’ condition and 60 µl in the low d’ condition; monkey Y received 207 µl in high d’ condition and
17 µl in the low d’ condition. During criterion sessions, the average reward received per trial was
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similar between the low c condition and the high c condition: monkey C received an average of
179 µl in the low c condition and 170 µl in the high c condition; monkey Y received 125 µl in the
low c condition and 127 µl in the high c condition.
To improve control over the animals’ behavior, sensitivity sessions and criterion sessions
were alternated across weeks rather than across days. Six daily sensitivity sessions were
followed by six criterion sessions.

Memory-guided saccade task
Each recording session began with the animal's performing a memory-guided saccade
task. After fixating for 400-600 ms, a saccade target (white square, 0.4º) appeared for 400 ms in
either the left or right hemifield, at the same positions as the Gabors displayed in the
subsequent attention task (eccentricity of 11º). After a delay of 750 ms to 1000 ms, the fixation
point disappeared, and the animal had to make a saccade to within 5° of the remembered
location of the target to receive a juice reward. Each animal completed at least 20 correct trials
at each stimulus location each day.

Selectivity index
To assess the spatial selectivity of each neuronal unit, I computed a selectivity index for
the visual, delay, and peri-saccadic responses of that unit. The index was based on a receiver
operating characteristic (ROC) analysis, with area under the ROC as the index. I used an effectsize measure, rather than a p-value, to specify which neurons were spatially selective because I
found it to be more reliable for my data. The results were similar if I had selected neurons
according to a p-value.
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The selectivity index ranged from 0 to 1. An index greater than 0.5 corresponded to a
stronger response to the contralateral target, while an index less than 0.5 corresponded to a
stronger response to the ipsilateral target. The value of 0.75 was chosen as the threshold for
contralateral-selective units, 0.25 for ipsilateral-selective units. These criteria were selected after
inspecting the individual PSTH’s of neurons with a range of selectivity indices.
In addition, instead of using a fixed time window for counting spikes to compute the
selectivity index, I selected the time window with the maximum response for each neuron and
for each location where the target could occur. This approach was taken because the recorded
neurons showed a large range of the latencies (Figure 3-2a), and some neurons had different
latencies for responses to the contralateral and ipsilateral target locations (Figure 3-2b). To
compute the visual selectivity index, the time window was a 100 ms interval that could vary from
[0, 100] ms to [300, 400] ms after the onset of the visual target. Then, the peak responses for
the contralateral target and the peak responses for the ipsilateral target were compared using a
ROC analysis, with the resulting area under the ROC curve set to be the selectivity index.
Selecting the peak response based on a varying time window should not bias the selectivity
index toward a value of either 0 or 1 because the window was varied independently for
responses to the contralateral target and for responses to the ipsilateral target.
For the peri-saccadic selectivity index, the time window was also a 100 ms interval, and
it could vary from [-300, -200] ms to [200, 300] ms relative to saccade onset. The delay period
selectivity index was computed using a fixed time window of 250 ms to 550 ms after target offset.
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Figure 3-2
Latencies of visual responses in prefrontal cortex. (a) Peri-stimulus time histograms (PSTH) of
units from different quartiles of latencies. Each PSTH is the average across that quartile. Only
responses to the contralateral stimulus are shown, and only units with a visual response index >
0.75 are included. (b) Distributions of the center of the peak response window across units with
a visual response index > 0.75 for either the contralateral or ipsilateral target. Responses to the
ipsilateral target were typically slower than responses to the contralateral target.

Results

I implanted a pair of 6x8 microelectrode arrays in lateral prefrontal cortex (areas 45 and
46) in each of two monkeys (C and Y). In each daily recording session, two Gabor stimuli were
placed in different hemifields and opposite one another across the fixation point. Their positions
and orientations were varied across days to drive responses from different overlapping sets of
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neurons. On average, I recorded from 94 units per session (11 single units, 83 multiunit
clusters).

Behavioral performance
I isolated a behavioral change in either the animal’s criterion or its sensitivity during 48
recording sessions: 12 sessions of criterion change and 12 sessions of sensitivity change for
each of two monkeys. Behavioral performance in these sessions is shown in Figure 3-3. Three
sessions in which I failed to adequately isolate criterion or sensitivity were excluded and not
shown. An isolation was considered satisfactory if the targeted behavioral shift at the stimulus
contralateral to the implanted microelectrode arrays was at least four times the off-target
behavioral shift (median target:off-target ratio is 26:1). Isolation was based on only the
contralateral stimulus because the majority of spatially selective units preferred the contralateral
stimulus. For each session the same type of behavioral shift was targeted for the two locations
(Figure 3-4). The behavioral shift at each location was spatially selective and hence not related
to global changes in arousal, and the spatial selectivity of the behavioral change is indicated by
the anti-correlation in behavior between the two locations across blocks of trials (Figure 3-5a).
The quality of behavioral isolation was typically worse for the ipsilateral location than for the
contralateral location because to achieve precise behavioral isolation,
To achieve precise behavioral isolation, at the beginning of each block, 20-30 priming
trials were used to familiarize the animal to the reward contingencies at each stimulus location.
Because the animals worked a limited number of trials, and to maximize the number of nonpriming trials, fewer priming trials were used for the ipsilateral stimulus location (on average 21
trials) than for the contralateral stimulus location (on average 33 trials). As a result, the quality of
behavioral isolation was poorer for the ipsilateral location. Nonetheless, in 33/48 (69%) of the
sessions, behavioral shifts for both the ipsilateral and contralateral stimulus locations were well
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isolated (Figure 3-5b). When the analyses on neuronal responses were confined to this subset
of sessions, the same results were observed as when analyses were done on all sessions
(Figure A-5).

Figure 3-3
Behavioral performance during sessions in which either criterion or sensitivity was isolated and
neuronal responses were recorded. Shown here is only the animal’s performance at the
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(Continued) stimulus position contralateral to the implanted array; see Figure 3-4 and Figure
3-5 for the animal’s behavior at both stimulus positions. (a) Hit rates and false alarm rates of
each attention condition of each daily session. The two circles representing the two attention
conditions of the same day are connected by a solid line. The crosshair on each circle
represents the 95% binomial confidence interval. For each criterion session (orange), the two
attention conditions straddled different isocriterion lines (dashed orange lines) but laid near the
same isosensitivity line (dashed blue lines). In contrast, for each sensitivity session (blue), the
two attention conditions straddled different isosensitivity lines but laid near the same isocriterion
line. (b) Criterion and sensitivity of each attention condition of each daily session. The two
circles representing the two attention conditions of the same day are connected by a solid line.
The crosshair on each circle represents the bootstrapped confidence interval estimated based
on the 95% binomial errors of the hit rates and false alarm rates. (c) Criterion change and
sensitivity change in each session. Crosshairs represent 95% bootstrapped confidence intervals.
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Figure 3-4
Behavioral performance at the contralateral and ipsilateral stimulus positions. (a) Criterion (c)
and sensitivity (d’) at the contralateral position plotted against c and d’ at the ipsilateral
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(Continued) position, separately for each monkey and each type of session. The c or d’ of the
two conditions of the same session are connected by a line. Cross-bars represent 95%
confidence intervals, and for clarity, they are plotted only for a few points lying near the
periphery of the cluster. (b) Criterion change (Δc) and sensitivity change (Δd’) at the
contralateral position plotted against Δc and Δd’ at ipsilateral position, separately for each type
of session.
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Figure 3-5
Behavioral performance at the contralateral and ipsilateral stimulus positions. (a) Behavior at
the contralateral and ipsilateral stimuli are anti-correlated across blocks. Criterion (c) and
sensitivity (d’) were computed for each block within each session and then averaged across
sessions. Half of the sessions for each monkey began with the first block attending to the
contralateral stimulus, and the other half began with first block attending to the ipsilateral
stimulus. To compute the average across sessions, sessions that began attending to the
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(Continued) ipsilateral stimulus are shifted in time by one block to align with the sessions that
began attending to the contralateral stimulus. (b) Ratios of targeted behavioral change to offtarget behavioral change for each stimulus location in each session. Dashed lines indicate ratios
= 1. In criterion sessions, the ratios were Δc : Δd’ for each position, and in sensitivity sessions
the ratios were Δd’ : Δc. A target : off-target ratio ≥ 4 was considered to be a well controlled
behavioral isolation. All ratios at the contralateral position were greater than 4. The gray region
indicates the subset of the sessions in which the ratios for both the contralateral and isolation
positions ≥ 4. In Figure A-5, neuronal activity is shown for this subset of sessions.

Selectivity of recorded neurons
At the beginning of each day’s recording, the animal performed a memory-guided task
during which I measured each neuronal unit’s visual responses and saccade-related activity
(Figure 3-6). In this task, a saccade target appeared for 400 ms in either the left or right
hemifield, at the same positions as the Gabors in the subsequent attention task. After a delay of
750 ms to 1000 ms, the fixation point disappeared, and the animal had to make a saccade to
the remembered location of the target to receive a juice reward.
Previous studies have shown that only units with a visual response are modulated by
visuo-spatial attention (Thompson et al., 2005; Gregoriou et al., 2012). Therefore, for most of my
analyses, I selected units that had a spatially selective visual response using an effect-size
measure that compares each unit’s contralateral response to its ipsilateral response (see
Methods). Using this approach, 492 units (10%) showed a spatially selective visual response to
the contralateral stimulus. Each of these units had a statistically significant difference between
their contralateral and ipsilateral peak visual responses (two-sampled t-test, maximum p-value
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across the 492 units was 0.005). Most of the subsequent analyses focus on these 492
contralateral-selective visual units, and the last analysis examines the entire population of
recorded neuronal units.
The contralateral-selective visual units recorded from criterion sessions and those
recorded from sensitivity sessions have similar peri-stimulus time histograms (PSTH) in
response to stimuli in the memory-guided saccade task (Figure 3-6c), with the slight differences
coming from that the different types of sessions were recorded on separate days. Between the
two types of sessions, contralateral-selective visual neurons did not show detectably different
selectivity indices for the visual or the peri-saccadic period (two-sample t-test, maximum p-value
for each period for each monkey is p = 0.09).

Figure 3-6
Neuronal responses in the memory-guided saccade task. (a) After fixating, a saccade target
appeared for 400 ms in either the left or right hemifield. After a delay of 750 ms to 1,000 ms, the
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(Continued) fixation point disappeared, and the animal had to make a saccade to the
remembered location of the target. (b) A visual selectivity index was computed for each
neuronal unit based on its visual response to the saccade target in the memory-guided saccade
task (see Methods). An index greater than 0.5 corresponded to a stronger response to the
contralateral target, while an index less than 0.5 corresponded to a stronger response to the
ipsilateral target. The median index across the entire population was 0.53. Units with an index
greater than 0.75 (492 units, 10% of all 4,834 units) were considered as contralateral-selective
visual neurons and selected for subsequent analyses. (c) Peri-stimulus time histograms (PSTH)
of contralateral-selective visual neurons. PSTHs were constructed with bin sizes of 5 ms and
smoothed with a Gaussian filter with standard deviation of 25 ms. Solid lines indicate trials in
which the target appeared in the contralateral hemifield, and dashed lines indicate trials in which
the target appeared in the ipsilateral hemifield. Orange lines represent units recorded in criterion
sessions, and blue lines represent units from sensitivity sessions. The PSTHs between the two
types of sessions differ slightly because recording took place on separate days. Each unit’s
PSTH was normalized to its peak response. Shading indicates s.e.m.

Contralateral-selective visual neurons were modulated by behavioral changes in either
sensitivity or criterion
To assess how attentional changes in criterion and sensitivity modulate the responses of
prefrontal neurons, I focused my analyses on the sample stimulus period of the attention task,
because during this period visual stimulation was the same across attention conditions, and no
task decision or eye movement was made during this epoch. Responses of the contralateralselective visual neurons were stronger either when sensitivity (d’) was enhanced or when
criterion (c) was lowered (Figure 3-7a). To quantify these changes in the neuronal response, I
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measured firing rates in a time window 80 ms to 480 ms after sample stimulus onset. This time
window was selected based on the population PSTHs, and the earliest eye movement occurred
no earlier than 220 ms after the end of this epoch. I then computed the standard modulation
index: (Attended – Unattended) / (Attended + Unattended). During a sensitivity session, a
positive index indicates that firing rates in the high d’ condition (blocks in which the animal
performed at high d’ at the contralateral stimulus position) were stronger than the firing rates in
the low d’ condition. During a criterion session, a positive index indicates stronger firing rates in
the low c condition than in the high c condition. The modulation index in both sensitivity sessions
and criterion sessions for each monkey were all significantly greater than zero, indicating that
either enhancing sensitivity or lowering criterion is associated with an increase in the firing rates
of contralateral-selective visual units in prefrontal cortex (Figure 3-7b). The same pattern of
results was present when neuronal activity was analyzed separately for each array implanted in
each monkey (Figure A-2).
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Figure 3-7 (Continued)
Neuronal responses during the sample period of the attention task. (a) PSTHs during the
sample stimulus period of the attention task. The left two columns show units recorded from
monkey C, and the right two columns show units from monkey Y. Blue plots represent activity in
sensitivity sessions and orange plots represent activity in criterion sessions. Histograms were
constructed with bin sizes of 1 ms and smoothed with a Gaussian filter with standard deviation
of 5 ms. Shading indicates s.e.m. The gray bar near the x-axis indicates the 80 to 480 ms time
window used for computing the firing rate modulation index. Either an increase in sensitivity or a
decrease in criterion increased the firing rates of contralateral selective visual neurons in
prefrontal cortex. (b) Histograms of the modulation index of firing rates. The modulation index
for a sensitivity session was calculated as (FRhigh d’ – FRlow d’) /(FRhigh d’ + FRlow d’); a positive
index indicates stronger firing rates in the high d’ condition. The modulation index for a criterion
session was calculated as (FRlow c – FRhigh c) /(FRlow c + FRhigh c); a positive index indicates
stronger firing rates in the low c condition. The black solid line indicates the median of each
distribution. P-values were computed using the one sample t-test.

Because the indices c and d’ were measured in the same units (z-score), I can compare
the strength of the firing rate modulation associated with the two types of behavioral changes.
To do this, I selected a subset of days from each type of sessions such that the size of
behavioral changes from the two types of sessions have the same mean (monkey C: 5/12
criterion sessions and 5/12 sensitivity sessions; monkey Y: 6/12 criterion sessions and 6/12
sensitivity sessions). Within these sessions, neuronal spike rate modulation indices associated
with sensitivity shifts were larger than modulation indices associated with criterion shifts
(monkey C: 0.16 vs. 0.08; monkey Y: 0.22 vs. 0.11), and the differences were significantly
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different (two-sample t-test: monkey C: p = 10-4; monkey Y: 10-3). These results indicate that
while shifts in either sensitivity or criterion modulate visual responses in prefrontal cortex,
sensitivity changes have a greater effect.
Furthermore, I estimated the quantitative relationship between behavioral changes in
criterion or sensitivity and the associated changes in firing rates. To do this, I normalized the
mean firing rate change in each session by the behavioral shift measured in that session and
then averaged the normalized firing rate changes across sessions. This analysis assumes that
firing rate varies multiplicatively with behavioral change, which has been shown for area V4 of
visual cortex (McAdams & Maunsell, 1999a) and that this multiplicative relationship is linear for
the range of behavioral change I isolated here. This analysis showed that one z-score increase
in sensitivity is associated with an average of 29% increase in the firing rates of contralateralselective visual neurons in prefrontal cortex (monkey C: 24%, Y: 35%), and one z-score
decrease in criterion is associated with a 17% increase (monkey C: 13%, Y: 20%).
Across sessions, I might have re-sampled the same neuronal units across different days,
and therefore the previous analysis of pooling units across days might have inflated my sample
size. To be conservative, I reduced the sample size to the number of unique electrodes. For
contralateral-selective visual neurons recorded from the same electrode (either across different
days or within the same day), I averaged their firing rate modulation indices to give a single
index for that electrode. The resulting distributions of indices for each type of attentional shift
and for each monkey were significantly different from zero, with the p-value computed using a ttest. For monkey C, behavioral shifts in sensitivity were associated with an average firing
modulation index of 0.20 across 41 electrodes that had contralateral-selective visual neurons (p
= 10-8), and criterion changes were associated with a mean index of 0.08 across 37 electrodes
(p = 10-5). For monkey Y, sensitivity changes were associated a mean index of 0.24 across 25
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electrodes (p = 10-8) and criterions changes a mean index of 0.08 across 19 electrodes (p = 103

).
I next examined other neuronal effects associated with attention to see whether they are

also associated with behavioral changes in criterion and sensitivity. Reductions in noise
correlation between pairs of simultaneously recorded neurons, like increases in firing rate, were
observed in V4 to be associated with behavioral changes in only sensitivity, but not changes in
criterion (Chapter 2). Here I found that either an enhancement of sensitivity or a liberal shift in
criterion reduced noise correlation in prefrontal cortex (Figure 3-8). These reductions were
present when neuronal pairs were segregated based on the location of the array and based on
whether the neurons in a pair came from separate arrays (Figure A-3). As above, I also
performed the more conservative analysis on the noise correlation data by reducing the sample
size to unique electrode pairs (Figure A-4). This analysis showed a reduction that was
statistically significant for monkey C during both types of sessions, and for monkey Y during
sensitivity sessions but not criterion sessions.

Figure 3-8
Pairwise correlation are reduced in association with behavioral changes in both criterion and
sensitivity. P-values were computed using the one sample t-test. Error bars represent s.e.m.
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(Continued) Correlations were mean-matched between conditions; mean-matching retains on
average 80% (65% to 94%) of neuronal pairs.

Similar to comparison between increases in firing rate, I compared the reductions in
noise correlation associated with the two types of behavioral changes. To do this, I used the
same subsets of sessions among which the average size of criterion change across criterion
sessions was the same as the average size of sensitivity change across sensitivity sessions.
For this subset of sessions, the magnitude of reduction in pairwise correlation was larger when
associated with sensitivity changes than when associated with criterion changes (monkey C: 0.12 associated with Δd’ and -0.04 with Δc; monkey F: -0.08 associated with Δd’ and -0.02 with
Δc). A two-factor ANOVA (type of attention x attended location) showed that the interaction
effect is significant for each monkey (monkey C: 10-6; monkey F:10-4).
Previous studies have observed that the Fano factor, a measure of the variability of the
responses of individual neurons, was reduced in association with attention. However, I did not
observe a reliable change in the Fano factor among the contralateral-selective visual neurons in
prefrontal cortex (Figure A-6). It has been observed before that Fano factor was not detectably
modulated despite reliable increases in firing rate rates in both visual cortex (McAdams &
Maunsell, 1999b) and in frontal eye fields (Chang et al., 2012). Attention-related changes in
Fano factor are typically weak, and our data might not have provided sufficient statistical power
to detect any reduction (or increase).

Comparison between the modulation of prefrontal neurons and V4 neurons
Criterion-related modulation was detected in prefrontal cortex but not in area V4 of visual
cortex. This difference between the two brain areas could be a trivial result of the stronger
overall attention-related modulation in prefrontal cortex than in V4. To address this possibility, I
74

compared the firing rate modulation indices of contralateral-selective visual neurons in prefrontal
cortex with the modulation indices of previously recorded neurons from area V4. I computed the
firing rates for V4 responses from the time window 60 ms to 460 ms after sample stimulus onset,
so that the time windows are similar for both brain areas. For each session, I computed a single
modulation index in firing rate that was the average of all contralateral-selective units recorded
from that session. The indices across sessions were combined across monkeys because
different pairs of monkeys were used for recording each brain area. I then performed a twofactor ANOVA with the factors being type of attentional change (criterion vs. sensitivity) and
brain region (PFC vs. V4). As expected, the ANOVA indicates significant main effects for the
type of attentional shift (p = 10-22) and brain area (p = 10-36). The first main effect indicates that
sensitivity-related modulations were stronger than criterion-related modulations in both brain
areas, and the second main effect shows that both types of modulations were stronger in
prefrontal cortex than in V4.
More importantly, the ANOVA shows a significant interaction effect between the type of
attentional shift and brain region (p = 10-5). The difference between sensitivity-related
modulation indices and criterion-related modulation indices was larger in prefrontal cortex (0.21
vs. 0.10) than in V4 (0.06 vs. 0.006). The significant interaction effect shows that the
observation of criterion-related modulation in prefrontal cortex but not in V4 was not trivially due
to a stronger overall modulation in prefrontal cortex than in area V4. Instead, prefrontal cortex is
associated with robust criterion-related neuronal modulations that are essentially absent in area
V4.
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Sensitivity changes and criterion changes modulate overlapping and similar populations
of neurons
I have shown that contralateral-selective visual neurons, a subset (10%) preselected
according to the memory-guided saccade task, were modulated by behavioral changes in either
the subject’s criterion or its sensitivity. I now consider whether criterion and sensitivity affect the
same neurons, or if different populations are affected by criterion and by sensitivity. Because
neither animal worked for long enough each day for me to isolate both criterion shifts and
sensitivity shifts within the same day, I cannot directly address whether the same individual
neurons are modulated by these different attentional changes. Instead, I address this question
through three indirect analyses.
First, I computed the minimum fraction of contralateral-selective visual neurons that was
modulated by both criterion and sensitivity. To do this, I first computed the fraction of
contralateral-selective visual neurons whose firing rates were significantly increased by an
enhancement in sensitivity during sensitivity sessions and also the fraction whose firing rates
were increased by a decrease in criterion during criterion sessions (rank-sum test, statistical
threshold at p < 10-3). These two fractions corresponded to neurons recorded on separate days.
But because neurons recorded from the two different types of sessions were likely random
samples drawn from the same population of neurons, the minimum overlap between the two
fractions can be estimated. This is a reasonable assumption because the two types of sessions
were interleaved. The expression for the minimum overlap between two fractions, x and y, is x –
(1 – y), or x + y – 1. If the sum of the two fractions was equal to 1 or less, then it was possible
than no neuron was affected by both criterion and sensitivity. But if the sum of the two fractions
as greater than 1, then there was at least one neuron modulated by both.
For monkey C, 0.79 of contralateral-selective visual neurons recorded in sensitivity
sessions had their firing rates increased by an enhancement in sensitivity, and 0.50 of neurons
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recorded in criterion sessions increased their responses during a liberal shift in criterion. This
means that at least 0.29 (bootstrapped 95% interval [0.20, 0.39]) of contralateral-selective visual
neurons from the prefrontal cortex of monkey C were modulated by both criterion and sensitivity.
For monkey Y, 0.89 of contralateral-selective visual neurons were modulated by sensitivity and
0.62 by criterion, giving a minimum of 0.50 [0.36, 0.65] of neurons modulated by both sensitivity
and criterion. This analysis shows that shifts in criterion and shifts in sensitivity modulate
overlapping populations of neurons in prefrontal cortex, and that at least 29% of contralateralselective visual neurons are modulated both when the animal changed its criterion and when it
changed its sensitivity. This value is a lower bound estimate of the overlap. Because the
modulated neurons were selected based on a statistical criterion, more trials being recorded
each session would show a larger percentage of overlapping neurons.
For the second analysis, I identified electrodes from which contralateral-selective visual
neurons were recorded during at least one criterion session and during at least one sensitivity
session. For each electrode, I averaged across contralateral-selective neurons recorded from
criterion sessions and across contralateral-selective neurons from sensitivity sessions to give a
modulation index for each type of sessions. I then asked whether the modulation indices were
positively or negatively correlated between criterion sessions and sensitivity sessions. A large
positive correlation would indicate that sites (and potentially individual neurons) that are strongly
modulated by sensitivity changes tend to be also strongly modulated by criterion changes. I
found that the firing rate modulation indices were strongly and positively correlated between
criterion sessions and sensitivity sessions (Figure 3-9; ρ = 0.61, p = 10-4), and the correlation
values were similar between the two monkeys (C: ρ = 0.67, p = 10-3, n = 27; Y: ρ = 0.47, p =
0.09, n = 14). This result indicates that in prefrontal cortex, highly overlapping populations of
neurons are modulated by criterion and sensitivity.
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Figure 3-9
Firing rate modulate index of contralateral-selective visual neurons recorded from the same
electrodes during criterion sessions and during sensitivity sessions. Each point corresponds to
one electrode and represents the average modulation index of contralateral-selective visual
neurons recorded from that electrode across multiple sessions. Across the two monkeys: ρ =
0.61, p = 10-4; monkey C: ρ = 0.67, p = 10-3; monkey Y: ρ = 0.47, p = 0.09.

For the third and final analysis, I asked whether neurons modulated by criterion and
neurons modulated by sensitivity exhibit similar or different visual and saccade-related spatial
selectivity. To do this, I selected from the entire population of neurons a subset whose firing
rates were modulated by a change in either criterion or sensitivity in the attention task, and then
examined the responses of this subset in the memory-guided saccade task. Neurons with a
modulation index greater than 0.1 (during the sample period, 80 to 480 ms after sample stimulus
onset; equivalent to a 22% increase in firing rates) and an overall firing rate of at least 3 Hz were
considered to be reliably modulated by shifts in criterion or by shifts in sensitivity (Figure 3-10a).
These selected neurons showed similar response profiles in the memory-guided saccade task
(Figure 3-10b), and the slight differences in PSTHs are because criterion-modulated neurons
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and sensitivity-modulated neurons are recorded on separate days. To quantify the response
properties of these neurons, a selectivity index was computed for each unit for each of three
task periods in the memory-guided saccade task (Methods). No significant difference was
found in the selectivity indices between neurons modulated by criterion changes and neurons
modulated by sensitivity changes (Figure 3-10c; ANOVA, main effect of attentional shift:
monkey C, p = 0.31; monkey Y, p = 0.38).
I furthermore plotted the selectivity indices for all neurons with overall firing rates > 3 Hz
regardless of modulation by attention and binned by their firing rate modulation indices (Figure
3-10d). I did not detect any difference in the relationships between selectivity and firing rate
modulation between neurons recorded in criterion sessions and those recorded from sensitivity
sessions. The lack of detectable difference in the responses in the memory guided saccade task
between criterion-modulated neurons and sensitivity-modulated neurons indicate that they are
likely come from the same underlying population.
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Figure 3-10
Neurons modulated by behavioral shifts in either criterion or sensitivity. (a) Distribution of firing
rate modulation indices (MI) from the attention task. Firing rates were calculated using the
sample period (80 ms to 480 ms after sample onset), and neurons with average firing rates
greater than 3 Hz were included in the distributions. Neuronal units with firing rate MI greater
than 0.1 (equivalent to a 22% increase in firing rate) were considered to be strongly modulated
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(Continued) by shifts in criterion or by shifts in sensitivity. (b) PSTH from the memory-guided
saccade task of the neurons modulated by criterion or by sensitivity. Shading indicates s.e.m.
(c) Selectivity indices of neurons modulated by criterion or by sensitivity during different periods
of the memory-guided saccade task. An index > 0.5 indicates a stronger response to the
contralateral stimulus, and an index < 0.5 indicates stronger response to ipsilateral stimulus.
Error bars represent s.e.m. (d) Selectivity indices of neurons binned by their firing rate
modulation index. Linear correlation coefficient (ρ) was computed before binning the data.

Discussion

Recording from prefrontal cortex while the animal was changing either its sensitivity or its
criterion between visual locations showed that contralateral-selective visual neurons were
modulated by either of the two attentional changes. These neurons increased their firing rates
when the animal performed with a better sensitivity at the stimulus location corresponding to the
neurons’ receptive field. Contralateral-selective visual neurons in prefrontal cortex also
increased their firing rates when the animal adopted a more liberal criterion in responding to
targets at the receptive field location. In addition, noise correlation between pairs of
contralateral-selective visual neurons was reduced by an enhancement in sensitivity or a liberal
change in criterion. Further analyses showed that the neurons modulated by criterion and those
modulated by sensitivity were overlapping populations with highly similar visual and saccaderelated selectivities, and that at least 30% of contralateral-selective visual neurons were
modulated by both criterion and sensitivity. These results indicate that prefrontal cortex is
associated with both mechanisms of visuo-spatial attention. This role of prefrontal cortex in
visuo-spatial attention differs from the role of area V4, which is associated with behavioral
changes in only the animal’s sensitivity and not changes in its criterion. The difference between
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these two areas suggest that the different mechanisms of visuo-spatial attention are mediated
by distinct but overlapping brain structures.
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Conclusion

When an observer attends to a visual location, he or she is able to detect a higher
frequency of targets at the attended location than at unattended locations, and the observer is
able to respond to these targets with shorter delays. Psychophysical studies have found that the
differences in the observer’s behavior between the attended and unattended visual locations
can arise from two distinct behavioral changes: the observer can have a better sensitivity at the
attended location, or the observer can adopt a more liberal criterion for responding to targets at
the attended location. Psychophysics further suggest that these two types of behavioral
changes associated with visuo-spatial attention tend to occur together. But with a specifically
designed task, these two behavioral changes can be dissociated. The presence of two distinct
behaviors that are correlated but dissociable suggest that there are distinguishable underlying
neurobiological mechanisms. However, the possibility of multiple, distinct neuronal mechanisms
involved in visuo-spatial attention had not been addressed by single-neuron studies of attention.
Pursuing this possibility, I first show (in Chapter 1) that behavioral changes in criterion
and sensitivity were conflated in a behavioral paradigm that has been used extensively to study
neuronal correlates of attention. This finding indicates the previously reported neuronal
modulations related to visuo-spatial attention could correspond to either or both types of
behavioral changes. It was therefore unknown which of the brain areas associated with attention
support changes in criterion, which support changes in sensitivity, and which support both. To
address this question, I designed a variant of the Posner paradigm (described in Chapter 2) that
allowed me to independently change a subject’s criterion or its sensitivity between visual
locations. While monkeys performed this task, recording from area V4 of their visual cortex
showed that the neuronal modulations in V4 were associated only with changes in the animal’s
sensitivity and not with changes in their criterion. In a subsequent experiment (described in
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Chapter 3), I recorded from prefrontal cortex while similarly isolating behavioral changes in
either the animal’s criterion or its sensitivity. The result in prefrontal cortex differed from that of
V4. Spatially selective visual neurons in prefrontal cortex changed their activity in association
with a behavioral change in either the criterion or sensitivity of the animal.
The combined results from area V4 and prefrontal cortex indicate that different brain
areas are not equivalent in their contribution to visuo-spatial attention. Instead, they contribute in
different extents to two different mechanisms of visuo-spatial attention. The results indicate that
behavioral changes in criterion and sensitivity are mediated by two overlapping sets of brain
areas. Area V4 is among the structures underlying changes in sensitivity, while prefrontal cortex
is part of both the group of structures contributing to sensitivity change as well as the structures
underlying criterion changes. The overall finding—that distinct groups of brain structures are
associated with different behaviors associated with visuo-spatial attention—indicates that visuospatial attention is not a unitary process but consists of distinguishable biological mechanisms.

Possible brain structures contributing to sensitivity and criterion
The results from neuronal recordings in V4 (Chapter 2) suggest that the visual areas of
the cerebral cortex (V1,V2, V4, MT, IT) are likely associated with only changes in the subject’s
sensitivity. Recordings in prefrontal cortex (Chapter 3) suggest that cortical areas with similar
neuronal response properties as those prefrontal cortex, such as the frontal eye fields and LIP,
are associated with changes in both criterion and sensitivity. The superior colliculus, a
subcortical structure, likely contributes to behavioral changes in both the subject’s criterion and
its sensitivity. In one experiment, inactivation of superior colliculus changed monkeys’ criterion
but not sensitivity (McPeek and Keller, 2004). However, in different experiments,
microstimulation of colliculus selectively changed the subject’s sensitivity at the visual location
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corresponding to the stimulus site (Cavanaugh & Wurtz, 2004; Müller & Newsome, 2005), and
neuronal recordings showed that increases in firing rates of visual neurons in the colliculus are
associated with enhancement in the subject’s sensitivity (Ignashchenkova et al., 2003).
There may be a brain structure that is associated with behavioral changes in the
subject’s criterion and not its sensitivity. A recent experiment linked the direct pathway of the
basal ganglion with a spatially selective change in the subject’s criterion but not a selective
change in its sensitivity (Wang & Krauzlis, 2016). In this experiment, mice detected an
orientation change that could appear at either the left or right stimulus location and reported the
target by licking a spout. Direct-pathway medium spiny neurons in the striatum were
optogenetically stimulated during the task. Optogenetic stimulation caused a decrease in
sensitivity d’ for both visual locations and a liberal shift in the animal’s criterion c for both
locations. However, the criterion changes were much larger for the contralateral visual location
than the ipsilateral location, suggesting that the direct pathway of the basal ganglia contributes
to spatially selective shifts in criterion.
However, there does not need to be an entire brain structure associated with changes in
only the subject’s criterion. Within brain areas that are associated with both criterion and
sensitivity, a subpopulation of neurons that are uniquely associated with behavioral changes in
criterion would be sufficient to endow the rest of the neurons in that population with criterionrelated modulation and allow the animal to change only its criterion between visual locations.
Finally, an issue to consider in searching for the mechanism of behavioral criterion is
that even if a brain area does not show any changes in firing rates associated with changes in
criterion, that brain area may still contribute to changes in criterion. For example, criterion
changes may be mediated by a change in the synaptic weight of neurons in a visual area
projecting to neurons a motor area. If this were the case, criterion changes would be associated
by changes in firing rates in only the motor area but not in the visual area. Nonetheless, in this
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case the neurons in the visual area still participate in the mechanism that controls the animal’s
criterion.

Contribution of prefrontal cortex to visuo-spatial attention
Prefrontal cortex is often viewed as a primary source of the neuronal signals related to
visuo-spatial attention for the rest of the brain (Miller & Cohen, 2001; Moore & Fallah, 2003).
The strongest support for this view comes from experiments in which microstimulation or
pharmacological activation of prefrontal cortex enhanced the responses of V4 in spatially
selective manner, similar to the effects of spatial attention on V4 (Moore & Armstrong, 2003;
Noudoost & Moore, 2011). Similar microstimulation of prefrontal cortex also enhanced the
subject’s behavioral sensitivity at the stimulus location corresponding to the stimulation site,
thus in a spatially selective way similar to the effects of spatial attention (Moore & Fallah, 2001,
2004; Noudoost & Moore, 2011). These experiments suggest that prefrontal cortex provides an
attention control signal, or attentional template, to earlier visual cortical areas, such as area V4,
and underlies the behavioral improvement related to visuo-spatial attention.
However, a number of other experiments raised concerns for the hypothesis that
prefrontal cortex is a privileged source of attention-related signal to the rest of the brain.
Unilateral lesion of prefrontal cortex along with the transection of corpus collosum had only a
modest effect on attention-related behavioral performance, unless attention was required to be
shifted frequently (Rossie et al., 2007). Also, resection of prefrontal cortex had only a modest
effect on the attention-related modulations in V4 (Gregoriou et al., 2014). Pharmacological
inactivation of prefrontal cortex had no detectable effect on the firing rates of V4 (Noudoost &
Moore, 2014). Lastly, microstimulation of other brain areas elicit attention-like behavioral
changes similar to the effects achieved by microstimulating prefrontal cortex (superior colliculus:
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Cavanaugh & Wurtz, 2004 and Müller et al., 2005; posterior parietal cortex: Cutrell & Marrocco,
2002). These studies indicate that prefrontal cortex is unlikely to be the primary source of
attention-related neuronal signals to the rest of the brain, and instead likely plays a similar role
as other areas associated with visuo-spatial attention.
The results in this thesis indicate that separate brain areas may not contribute in the
same way to visuo-spatial attention. Prefrontal cortex is associated with multiple components of
visuo-spatial attention, while area V4 is associated with only one of these components. Since
visuo-spatial attention consists of at least two distinct mechanisms, it may not be very fruitful for
future investigations to address which brain area is more dominant in the hierarchy of a unitary
visuo-spatial attention signal. Instead, more useful insights may be obtained by addressing the
unique contributions of each attention-related brain structure to visuo-spatial attention. For
example, the result of Rossi et al., 2007 and other studies suggest that prefrontal cortex is
closely related to the rapid switching of visuo-spatial attention. Understanding whether prefrontal
cortex is unique in its contribution to rapid attentional switching may provide useful insight into
how different brain areas contribute to visuo-spatial attention.

Alternative interpretation of attention-related neuronal modulations
In the experiments described in Chapter 2 and 3, the isolated changes in behavioral
sensitivity depended on a difference in reward size between the two stimulus locations.
Therefore, the neuronal modulations associated with sensitivity in V4 and PFC could be more
closely related to a difference in reward size than a difference in behavioral sensitivity. The
issue of whether the same signal underlies the neuronal modulations attributed to attention and
modulations attributed to reward has been considered has been a focus of investigations, but it
is not resolved (Maunsell, 2004; Stanisor et al., 2013; Baruni et al., 2015). To further examine
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this issue, a recent experiment used a difference in task difficulty between the two stimulus
locations to induce a difference in behavioral sensitivity, and this experiment showed the
neurons in area V4 were modulated in similar ways and in similar magnitude as when a reward
difference was used to induce a sensitivity change (Ghosh and Maunsell, personal
communciations). This experiment indicates that the neuronal modulations related to sensitivity
in area V4 do not require a difference in external reward size, and furthermore, that these
modulations are more closely related to the subject’s behavioral sensitivity than to the size of
the reward delivered by the experimenter. It is unknown, however, whether the sensitivityrelated modulations in prefrontal cortex are more closely related to reward size or to the
animal’s sensitivity.
In the experiments described in this thesis, the animal responds to a target by making a
saccade to the target’s stimulus location, and the behavioral changes in criterion were
measured as changes in the frequency of saccades to the stimulus location. Could the criterionrelated modulations be better described as modulations related to saccade frequency? The
current data is not suitable for addressing this question, but it can addressed in a separate
experiment. In this potential experiment, the animal performs the same task but it has to
respond using either a manual response or a saccade response. The response type would be
varied across different blocks of trials. There would be task conditions: 1) manual response / low
criterion; 2) manual response / high criterion; 3) saccade response / low criterion; 4) saccade
response / high criterion. Sensitivity and overall reward would be fixed across these conditions.
After recording from neurons in PFC, a two-factor ANOVA (response type and criterion level)
can be performed on the activity of each neuron to determine if the activity of that neuron is best
described by a dependence on response type, criterion level, or both. The percentage of
neurons modulated by only criterion and not response type would indicate whether the criterion-
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related modulations in PFC are associated more closely associated with behavioral criterion or
saccade frequency.

Attention as an aggregate process
Attention is associated with a broad range of perceptual and behavioral phenomena.
These include increased perceived contrast and spatial resolution, even when these effects are
irrelevant or impair behavioral performance (Carrasco et al., 2004; Yeshurun and Carrasco,
1998). Psychophysical studies show that sensitivity enhancement can be separated further into
multiple component mechanisms (Lu and Dosher, 2000). In many studies, visual attention is
defined not as the orienting of resources as here (Posner et al., 1980), but as the detection
process itself (Juan et al., 2004; Buschman and Miller, 2007). In addition, visual attention is
tightly entwined with saccade target selection, and covert attention and saccade selection may
be mediated by highly overlapping circuits (Rizzolatti, 1983). Thus, criterion and sensitivity shifts
are only a subset of the many mechanisms of selective processing associated with the term
attention. Given its heterogeneity, future investigations into attention would be most fruitful when
focusing the specific mechanism of selective processing rather than relying solely on the
umbrella term attention.
An alternative view would be to limit the term attention to sensitivity changes and
exclude criterion shifts and other processes. While that approach could be taken, it would
exclude many phenomena commonly attributed to attention, including not only selection of
external stimuli but also selection of internal representations in memory, task rules, and motor
responses (Chun et al., 2011). Moreover, the current definitions of attention, which ascribe
selective processing as a central property, can aptly describe mechanisms other than
behavioral sensitivity (Carrasco, 2011). In particular, spatially specific shifts in criterion, which
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selectively improve performance at a visual location, are entirely consistent with these
definitions.
Finally, it is likely that complex brain processes such as attention all consist of disparate
neurobiological mechanisms. Memory, another complex process, is composed of different subprocesses that depend on separate brain structures (Squire, 2004). Other cognitive functions
such as decision-making may also comprise distinct mechanisms. Experiments that can
dissociate the components of such processes are likely to be needed for elaborating the circuits
that mediate higher behaviors.
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Appendix

Compilation of Table Intro-1

Müller and Findlay, 1997. Data for Experiment 1 (letter detection) was taken from the hit rates
and false alarms Table 4 of the article. The “Single Cue” condition and not the “Double Cue”
conditions was used to because the attention-related effects are expected to be larger when
only one cue is involved (although they were not). The calculations of hit rates and false alarms
were based on the “Detection + Localization” method because the “Detection” method pools
across stimulus locations and does not provide accurate measures for individual locations.
Specifically, the valid hit rate was 0.877, valid false alarm rate 0.108, invalid hit rate 0.663, and
invalid false alarm rate 0.084. Data for Experiment 2 (luminance increment detection) was taken
from the “Single Display” condition, and the valid condition was taken as the “V1” condition.
Specifically, the valid hit rate was 0.805, valid false alarm rate 0.072, invalid hit rate 0.733, and
invalid false alarm rate 0.048.

Downing, 1988. Sensitivity (d’) values were estimated from the Figure 3, and only values from
the widely spaced configuration were used. Valid d’ were based on the points at 0º from the cue
and invalid d’ were estimated based on the points at 7º from the cue. The estimated valid and
invalid d’ were 1.0 and 0.5 (Experiment 1, luminance detection), 1.2 and 0.55 (Experiment 2,
brightness discrimination), 1.0 and 0.25 (Experiment 3, orientation discrimination), and 1.05 and
0.25 (Experiment 4, form discrimination). Likelihood ratio (β) values were taken from Table 3;
again valid values were 0º from the cue and invalid values were 7º from the cue. The
combination of d’ and β were used to compute values of criterion location (c) for each
experiment and each attention condition, assuming an equal-variance signal detection model, c
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= log (β) / d’. Results were different between Experiment 1 and Experiments 2-4, and hence
they are compiled separately in the table.

Hawkins et al., 1990. For Experiment 1 (peripheral cuing), d’ values were taken from Table 1,
from the high detectability and low eccentricity attention condition. These d’ values were used as
opposed to those from other conditions of stimulus detectability or eccentricity because these
are the highest d’ overall, and higher d’ values allow for more reliable measurement of β values
(as long as the d’ values are not at ceiling, near d’ = 4). Likelihood ratio (β) values were taken
from Table 2. Values for Experiment 2 were taken from Tables 3 and 4. Values from Experiment
3 were not used because Experiment 3 is highly similar to Experiment 2, but has low overall d’
values. Criterion (c) values were computed based on the d’ and β values, assuming an equalvariance signal detection model, c = log (β) / d’.

Müller and Humphreys, 1991. For Experiment 1 (peripheral cuing), d’ values were taken from
Table 1, in the Four-location display condition, as the average d’ values across subjects. The β
values were taken from the text. Criterion (c) values were computed based on the d’ and β
values as described above. Data for Experiment 2 (central cuing) were taken from Table 3 and
the text.

Rahnev et al., 2011. Values of d’ and c were estimated from Figure 1a: valid d’ 1.75, invalid d’ 2,
valid c 0.4, and invalid c 0.25.
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Wyart et al., 2012. Values were estimated based on Figure S1. In the target probability
manipulation (“Relevance” manipulation), valid d’ 1.2, invalid d’ 0.6, valid c 0.1, invalid c 0. In the
target probability manipulation, valid d’ 0.9, invalid d’ 0.8, valid c -0.2 invalid.
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Table A-1
Measured versus optimal criterion. Boxes with dark shading indicate the optimal criterion. To
facilitate comparison, criterion values were rounded to the nearest tenth. The table shows that
observers in these studies are often not performing at the optimal criterion.
Cued
(z-score)

Uncued
(z-core)

0

0.5

0.2

1.6

0.1

0.4

0.3

1.5

Downing, 1988
(Experiment 1, detection)

-0.8

-0.3

-1.4

0

Downing, 1988
(Experiment 2-4, discrimination)

-0.2

-0.2

-1.4

0

Hawkins et al., 1990
(Experiment 1, peripheral cue)

0

0.5

0

0

Hawkins et al., 1990
(Experiment 2, central cue)

0

0.4

0

0

Müller and Humphreys, 1991
(Experiment 1, peripheral cue)

0

0

-1.5

0

Müller and Humphreys, 1991
(Experiment 2, central cue)

-0.3

0

-2

0

Rahnev et al., 2011
(Experiment 1)

0.4

0.3

0

0

0.1

0

0

0

-0.2

0.2

-0.8

0.9

Experiment
Müller and Findlay, 1987
(Experiment 1, letter detection)
Müller and Findlay, 1987
(Experiment 2, luminance detection)

Wyart et al., 2012
(Relevance manipulation)
Wyart et al., 2012
(Target probability manipulation)
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Undetected criterion shift in discrimination tasks

In visuo-spatial attention tasks using a discrimination procedure, there could be a shift
between attention conditions in the subject’s criterion for detecting a target, but the experimenter
would not be able to measure such a shift. The criterion measured by the experimenter in
discrimination tasks is the criterion the subject use to categorize between two different target
stimuli, and this “discrimination criterion” is distinct from the criterion the subject would use to
categorize between a target stimulus and a nontarget stimulus. The latter criterion, the
“detection criterion,” is not measured by the experimenter in a discrimination task. There could
be large shifts in the subject’s detection criterion between attention conditions, but such shifts
are not unmeasured by the experimenter.
To be concrete, I will explain the distinction between a discrimination criterion and a
detection criterion using the task used in Bisley & Goldberg, 2003. In this study, the animal
monitored four stimulus positions for the appearance of a Landolt ring, and the animal had to
discriminate between a ring with a gap on the left and a ring with a gap on the right. The Landolt
ring appeared at a random one of four stimulus positions, while a nontarget stimulus, a gapless
ring, appeared at the other three stimulus positions. To discriminate correctly, the animal
needed to detect the Landolt ring among the nontarget gapless rings and then determine the
location of the gap.
The discrimination process can be portrayed using a two-dimensional signal detection
model (Figure A-1a). In this model, the location and the size of the gap in the Landolt ring
evoke independent internal signals in the subject. There are two criteria necessary for the
discrimination process: a criterion for detecting the Landolt ring among the gapless nontarget
rings, and a different criterion for discriminating between a ring with a left gap and a ring with a
right gap. The detection criterion determines whether a stimulus contributes weight to the final
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left gap vs. right gap decision, and the discrimination criterion indicates whether the subject is
biased toward the left gap or toward the right gap. To arrive at a decision, the subject would
select among the stimuli that evoke a signal stronger than the detection criterion, average
across the signals of these supra-threshold stimuli, and then determine whether the average
signal is stronger than the discrimination criterion.
There are two important features to this model: first, the detection criterion is
independent of the discrimination criterion. Because the experimenter measures only the
discrimination criterion, shifts in the detection criterion are not measurable by the experimenter.
Second, an non-optimal detection criterion at a stimulus position would lower the percentage
correct for that position even if the subject’s d’ and discrimination criterion at that position are
unchanged (Figure A-1b). That means if the subject’s detection criterion is too conservative at
the unattended position—as it is typically observed in tasks using a detection paradigm (Figure
4)—then a lower percentage correct at the low attention condition compared to the high
attention condition would reflect a difference in the subject’s detection criterion, rather than a
difference in d’.
This two-dimensional model is consistent with the behavioral measurements in studies
using discrimination paradigms (Bisley & Goldberg, 2003; Ignaschenkova et al., 2003; Baruni et
al., 2015). This model is particularly useful for explaining how attention can operate in tasks in
which a subject has to completely ignore target stimuli at an uncued position (e.g. Lovejoy &
Krauzlis, 2009).
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Figure A-1
Two-dimensional signal detection model for a Landolt-ring discrimination task. (a) The model.
The horizontal axis is the signal strength for the size of the gap in the Landolt ring: the larger the
gap of a stimulus, the more to the right will be the signal evoked by the stimulus. The vertical
axis is the signal strength for the location of the gap in the Landolt ring. The signal strength on
the vertical axis, which represents gap location, is independent of the signal strength on the
horizontal axis, which represents gap size. The dashed circle indicates the 2-D distribution for a
gapless ring, the nontarget stimulus. Each solid circle represents the 2-D distribution for a
Landolt ring with a gap, a target stimulus. The blue line is the subject’s criterion measured in the
discrimination task: it indicates whether the subject is biased toward reporting a left gap or a
right gap. The orange line is the subject’s criterion for detecting a Landolt ring among the
nontarget gapless rings. The criterion used for detecting a gap, represented by the orange line,
is a necessary component of the subject’s discrimination process, but it is not measured by the
experimenter. (b) The detection criterion could be shifted between attention conditions, and this
shift would be measured as a difference in percentage correct. In this hypothetical scenario,
sensitivity d’ is not different between attention conditions, but the subject’s criterion for detection
is shifted between attention conditions. The detection criterion is optimal in the high attention
condition (solid orange line), but sub-optimally conservative in the high attention condition
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(Continued) (dashed orange line). As a result, the subject achieves a lower percentage correct
in the low attention condition than in the high attention condition, even though there is no
change in the subject’s discrimination criterion, which is the criterion measured by the
experimenter. The difference in the detection criterion between attention conditions would be
measured as a difference in d’ between attention conditions, even though no change in d’
occurred.

Isolating contributions of criterion and sensitivity to hit rate

I. Proportion of the change in hit rate (Δ H) separately due to criterion change (Δ c) alone
or due to sensitivity change (Δ d’) alone

In most sessions, changes in both criterion and sensitivity contributed to the changes in
hit rate between attention conditions in the standard attention task. Figure S2 shows analyses
that isolate the proportion of the change in hit rate (ΔH) separately due to the change in criterion
(Δc) or the change in sensitivity (Δd’). The intuition behind these analyses is to recalculate ΔH
while keeping either c or d’ to be the same in the high attention condition as in the low attention
condition. The recomputed ΔH is then divided by the observed ΔH to obtain a proportion of the
observed ΔH that is due to Δc alone or due to Δd’ alone.
I first denote the hit rate (H) as a function of c or d’:

$d ' '
H = Φ & − c)
%2
(

€
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In this equation, Φ is the normal cumulative distribution function. The hit rate for each attention
condition (high attention or low attention) can be denoted as a function of the c and d’ measured
in that condition.

#d '
&
H high attention = Φ % high attention − c high attention (
2
$
'
#d '
&
H low attention = Φ % low attention − c low attention (
2
$
'

For each session, the observed change in hit rate (ΔH) between the two attention conditions is
the difference in hit rate between the high attention condition and the hit rate in the low attention
condition.

ΔH = H high attention − H low attention
$d '
'
ΔH = Φ & high attention − c high attention ) − H low attention
2
%
(

I first show the calculations for the proportion of ΔH due to Δc alone. To obtain this
proportion, I recalculate ΔH as ΔH
To compute ΔH

Δc

Δc

, the change in hit rate solely due to the change in criterion.

, I recalculated the hit rate for the high attention condition by fixing the d’ to be

the same as the d’ in the low attention condition:

€
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d ' equalized
ΔH Δc = H high
attention − H low attention

$d '
'
ΔH Δc = Φ & low attention − c high attention ) − H low attention
2
%
(

d ' equalized
The expression for H high
attention is the expression for H high attention except that d'high attention is

changed to d 'low attention . Finally, to obtain the proportion of ΔH solely due to the Δc, I divided

€
ΔH Δc by observed ΔH.

€

€

€

€

ΔH Δc
Proportion of ΔH due to Δc alone =
ΔH

€ due to Δd’ alone. To obtain this proportion,
I then similarly calculate the proportion of ΔH
I need to calculate ΔH

€

Δd '

, the change in hit rate solely due to the change in sensitivity.

c equalized
ΔH Δd ' = H high
attention − H low attention

% d 'high attention
(
ΔH Δd ' = Φ '
− c low attention * − H low attention
2
&
)

In the second €
equation, the first term is the expression for H high attention except with c high attention
changed to c low attention . Finally, to obtain the proportion of ΔH solely due to the change in d’, I
divided ΔH

Δd '

by the observed ΔH.

€

€

€
Proportion of ΔH due to Δd’ alone =

€

€
100

ΔH Δd '
ΔH

These proportions are computed for each session and averaged across sessions to
provide the plot in Figure S2A.

II. Minimum and maximum proportions of the change in hit rate (Δ H) separately due to
criterion change (Δ c) alone or due to sensitivity change (Δ d’) alone

The analyses shown in Figure S2B and S2C were performed because Δc and Δd’
interact nonlinearly to determine ΔH. For each session I computed the theoretically minimum
and maximum proportions of the observed ΔH separately due to the observed Δc and Δd’.
I first show computations for the minimum proportion of observed ΔH that could be
Δc
attributed to the observed Δc. To obtain this proportion, I needed to calculate ΔH min
, the
Δc
minimum ΔH that could be attributed to Δc. In calculating ΔH min
, criterion values for both

€

attention conditions are not changed from the observed values, while d’ is a parameter that is

€ attention conditions.
varied to minimize the difference in hit rate between

[

Δc
varying d '
varying d '
ΔH min
= min H high
attention − H low attention
d'

]

+ %d '
(
%d '
(.
Δc
ΔH min
= min -Φ ' − c high attention * − Φ ' − c low attention * 0
d' ,
&2
)
&2
)/

[

d ' ∈ d 'low attention , d 'high attention

]

€ of d’ is chosen for both attention conditions to minimize ΔH Δc . This value of d’ is
A single value
min
selected from the interval delimited by the observed d’ values in the low attention and high

€
attention attention conditions (d’low attention and d’high attention, respectively).
The d’ that minimizes
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Δc
was obtained using the MATLAB algorithm fminbnd. Finally, I obtained the minimum
ΔH min

proportion of observed ΔH that could be attributed to the observed Δc:

€
Minimum proportion of ΔH due to Δc =

Δc
ΔH min
ΔH

€
I similarly computed maximum proportion of observed
ΔH that could be attributed to the
observed Δc:

[

Δc
varying d '
varying d '
ΔH max
= max H high
attention − H low attention
d'

]

+ %d '
(
%d '
(.
Δc
ΔH max
= max -Φ ' − c high attention * − Φ ' − c low attention * 0
d'
)
&2
)/
, &2

[

d ' ∈ d 'low attention , d 'high attention

€

]

Maximum proportion of ΔH due to Δc =

Δc
ΔH max
ΔH

€
The minimum and maximum proportions of observed
ΔH that could be attributed to the
Δd '
Δd '
observed Δd’ were similarly calculated. I first computed ΔH min
and ΔH max
, the minimum and
Δd '
Δd '
maximum ΔH that could be attributed to Δd’. To obtain ΔH min
and ΔH max
, sensitivity values for

€ values, while c is a parameter that
both attention conditions are not changed from€the observed
€ in hit rate
€ between attention conditions.
is varied to minimize or maximize the difference
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Δd '
varying c
varying c
%
ΔH min
= min #$H high
attention − H low attention &
c

# (d '
+
(d '
+%
Δd '
ΔH min
= min .Φ * high attention − c - − Φ * low attention − c -/
c
2
2
,
)
,&
$ )
c ∈ #$c high attention , c low attention %&

[

Δd '
varying c
varying c
ΔH max
= max H high
attention − H low attention
c

]

+ % d 'high attention
(
% d 'low attention
(.
Δd '
ΔH max
= max -Φ '
− c* − Φ '
− c *0
c
2
2
)
&
)/
, &

[

c ∈ c high attention , c low attention

]

€ of c is chosen for both attention conditions to minimize ΔH Δd ' or maximize ΔH Δd ' ,
A single value
min
max
and this value comes from the interval determined by observed c values in the low attention and

€ ΔH Δd ' and
high attention attention conditions (clow attention and chigh attention, €
respectively). Finally,
min
Δd '
are each divided by ΔH to obtain the proportions:
ΔH max

€
€

Minimum proportion of ΔH due to Δd’ =

€

Δd '
ΔH min
ΔH

Δd '
ΔH max
Maximum proportion of ΔH due to Δd’ =
ΔH

€
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Additional figures for Chapter 3

Figure A-2
Responses of contralateral-selective visual neurons separately from each array. Shading
indicates s.e.m. In the histograms, the vertical solid black line represents the median of the
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(Continued) distribution. (a) Array in area 46V of monkey C. (b) Array in area 46V of monkey Y.
(c) Array in area 45 of monkey C (d) Array in area 46D of monkey Y.
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Figure A-3
Mean-matched pairwise correlation for simultaneously recorded neuronal pairs from each array
from each monkey. The bottom row plots the correlation of pairs from separate arrays.
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Figure A-4
Mean-matched pairwise correlation for unique electrode pairs.

107

Figure A-5
Attention-related modulations of contralateral-selective visual neurons in sessions in which
behavioral isolation was achieved at both stimulus positions (sessions in gray box in Figure 35b). (a) Histogram of firing rate modulation in the attention task. (b) Pairwise correlations.
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Figure A-6
Fano factor was not reliably modulated by attentional shifts in criterion and sensitivity. Plotted
are the 95% confidence intervals of the mean-matched Fano factor, computed in 50 ms bins
stepped at 10 ms. For each bin, firing rates were mean-matched between attention conditions.
Among the neurons retained after mean-matching, each neuron’s spike count variance was
plotted against its spike count mean, and a line was fitted such that the line was constrained to
pass through zero and weighted by the square root of the number of trials contributing to each
point. The slope of line was taken as the Fano factor. The 95% confidence interval was
estimated though the linear regression.
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