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SUMMARY

Whether driving a car, shopping for food, or paying
attention in a classroom of boisterous teenagers,
it’s often hard to maintain focus on goals in
the face of distraction. Brain imaging studies in hu-
mans implicate the dorsal anterior cingulate cortex
(dACC) in regulating the conflict between goals
and distractors. Here we show that single dACC
neurons signal conflict between task goals and
distractors in the rhesus macaque, particularly for
biologically relevant social stimuli. For some neu-
rons, task conflict signals predicted subsequent
changes in pupil size—a peripheral index of arousal
linked to noradrenergic tone—associated with
reduced distractor interference. dACC neurons
also responded to errors, and these signals pre-
dicted adjustments in pupil size. These findings
provide the first neurophysiological endorsement
of the hypothesis that dACC regulates conflict, in
part, via modulation of pupil-linked processes
such as arousal.

INTRODUCTION

Humans and other animals preferentially process information

that has predicted biologically relevant events, either in personal

or evolutionary history. For example, both sudden onset stimuli

(Remington et al., 1992) and social stimuli such as faces (Cerf

et al., 2009; Ebitz et al., 2013) supersede goal-relevant targets

for gaze in primates. Thus, pursuing important goals like foraging

in complex, dynamic environments may require regulation of

conflicting demands on attention and action. Understanding

how this conflict between prepotent processing of salient dis-

tractors and goal pursuit is regulated may help to develop new

treatments for disorders, such as attention deficit hyperactivity

disorder or schizophrenia, in which these regulatory mecha-

nisms are disrupted, as well as to devise new strategies for
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improving performance in school or attention-demanding jobs

like air-traffic control.

The dorsal anterior cingulate cortex (dACC) appears to

contribute to managing conflict and regulating focus in humans.

Functional and anatomical differences in dACC accompany dis-

orders of distractibility (Bush et al., 1999; Seidman et al., 2006),

and dACC activity is correlated with trial-by-trial variation in dis-

tractor interference on task performance (Weissman et al., 2006).

In humans, dACC responds to conflict between a prepotent task

response and alternative responses (Botvinick et al., 1999, 2004;

Carter et al., 1998; Kerns et al., 2004; Sheth et al., 2012;

MacDonald et al., 2000; Pardo et al., 1990), and conflict signals

evolve over multiple trials, with dACC BOLD activity on one trial

predicting decreased interference of conflicting information on

later trials (Kerns et al., 2004; Sheth et al., 2012). In humans, con-

flict signals are apparent in the firing rates of single dACC neu-

rons (Sheth et al., 2012), but surprisingly there is no evidence

for conflict signaling by dACC neurons in monkeys (Cole et al.,

2009; Hayden et al., 2011; Ito et al., 2003; Amiez et al., 2006;

Rushworth et al., 2005; Nakamura et al., 2005). This disconnect

may reflect methodological differences in studies in monkeys

and humans. Conflict paradigms used in humans typically evoke

conflict at both the level of the task set (‘‘task conflict’’) and the

physical action (‘‘action conflict’’), while studies in monkeys

focus on action conflict (Ito et al., 2003; Amiez et al., 2006; Naka-

mura et al., 2005). Alternatively, conflict signaling may be a

unique feature of human dACC (Cole et al., 2009).

It also remains unclear how conflict signals in dACC translate

into subsequent adjustments in behavioral regulation. One hint is

that conflict is not the only task condition that elicits dACC acti-

vation. Error signals are commonly reported in dACC in both hu-

mans (Carter et al., 1998; Critchley et al., 2005; Holroyd et al.,

2004) and monkeys (Ito et al., 2003), linking dACC to perfor-

mance monitoring (Shenhav et al., 2013; Alexander and Brown,

2011; Brown and Braver, 2005; Carter et al., 1999). Moreover,

dACC is required for behavioral adjustment following changes

in task rules in macaques (Shima and Tanji, 1998; Kennerley

et al., 2006) and errors in humans (Swick and Turken, 2002), sug-

gesting this area may integrate multiple sources of information

about task conditions and performance to regulate behavior

(Shenhav et al., 2013).
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One pathway by which dACC could shape behavioral control

is via subcortical projections to regions implicated in arousal, a

state of physiological activation, characterized by pupil dilation

and increased heart rate, blood pressure, and perspiration (Kan-

del et al., 2000). Arousal is associated with increased reactivity to

goal-irrelevant stimuli (Ebitz et al., 2014; Anthony and Graham,

1985) and thus poorer performance in many tasks. dACC targets

implicated in arousal include amygdala (Pandya et al., 1981), hy-

pothalamus (Ongür et al., 1998), and locus coeruleus (LC)

(Aston-Jones and Cohen, 2005), a major source of cortical nor-

epinerphrine (NE). The LC broadcasts NE signals that shape

learning rate (Anlezark et al., 1973; Hu et al., 2007) and distract-

ibility (Carli et al., 1983; Witte and Marrocco, 1997). Pupil size

under constant luminance, in parallel, also predicts learning

(Nassar et al., 2012; Eldar et al., 2013) and distractibility. Pupil

size is commonly used as an index of NE signaling (Nassar

et al., 2012; Eldar et al., 2013; Gilzenrat et al., 2010; Jepma

and Nieuwenhuis, 2011), and NE tone is positively correlated

with pupil size under constant luminance (Aston-Jones and Co-

hen, 2005; Gilzenrat et al., 2010). Pupil size thus provides a

potentially useful measure to test the hypothesis that dACC

adjusts cognitive control, in part, by regulating processes like

autonomic arousal and/or NE tone.

We tested these ideas in an animal model in which the precise

temporal dynamics of dACC neuronal activity can be linked to

behavioral performance and pupil dynamics. To do this, we re-

corded from single neurons in dACC and tracked pupil size in

monkeys making goal-directed saccades for juice reward while

periodically confronting themwith biologically salient distractors.

We previously showed that large pupil size at fixation predicts

increased distractor interference in this task (Ebitz et al., 2014),

suggesting a modulatory role for pupil-linked processes in con-

flict regulation. We used faces as distractors because they su-

persede other stimuli for attention in primates (Cerf et al., 2009;

Ebitz et al., 2013), require no training to acquire salience, and

continue to intrude on task performance over tens of thousands

of trials. Single neuron recordings allowed us to determine the

distribution of distractor and pupil size signals within the smallest

functional subunits of dACC, which constrains the computations

the region could perform. We also examined the relationship be-

tween error signals and pupil size signals within single neurons in

order to determine how they are linked.

Distractors could be in one of three locations relative to the re-

warded target. Specific contrasts across these locations allowed

us to differentiate between signals related to different forms of

conflict. There is no single accepted operational definition of

conflict, and definitions have not always been consistent be-

tween studies in humans and monkeys. Our task evokes two

types of conflict. First, as is typically done in studies in monkeys

(Ito et al., 2003; Amiez et al., 2006; Nakamura et al., 2005), we

examined conflict evoked when opposing saccade plans are

simultaneously active, bymanipulating the relative physical loca-

tions of a rewarded target and an irrelevant distractor. This

‘‘action conflict’’ was operationalized as slowing of saccade initi-

ation when a distractor appeared in a location incongruent with

the location of the saccade target. Second, we examined the

intrusion of prepotent, task-irrelevant information on goal pur-

suit, a second form of conflict that may also be induced in Stroop
or flanker tasks used in studies of conflict in humans (Botvinick

et al., 1999, 2004; Carter et al., 1998; Kerns et al., 2004; Sheth

et al., 2012; MacDonald et al., 2000; Pardo et al., 1990). Here

we define ‘‘task conflict’’ as any change in task performance

induced by distractors, irrespective of their spatial location or

saccade congruence (see also Supplemental Information).

We found that firing rates of single neurons in dACC differen-

tiated between distractors that impacted task performance and

those that did not, demonstrating for the first time that dACC

neurons signal conflict in the macaque. Importantly, the primary

conflict signal we observed was task conflict. By contrast, action

conflict signals were absent in the initial time-locked distractor

response and heterogeneously signed across the dACC popula-

tion, consistent with previous reports inmonkeys (Ito et al., 2003;

Amiez et al., 2006; Nakamura et al., 2005).

We also addressed the functional significance of task conflict

signals in dACC for changes in pupil size.We found a decrease in

pupil diameter on trials following both distractors and errors,

consistent with long-term and potentially homeostatic downre-

gulation of arousal. Across the dACC population, some neurons

responded to distractors and/or errors, some scaled their re-

sponses with pupil size, and others signaled information about

task events on the current trial and predicted subsequent

adjustments in pupil diameter on the next trial. Thus, the dACC

population signals information about multiple aspects of task

performance, including task conflict, errors, and current pupil

size, and predicts subsequent adjustments in pupil size associ-

ated with reduced distraction. These findings endorse the hy-

pothesis that dACC contributes to cognitive control, in part,

through pupil-linked changes in arousal.

RESULTS

Distractors Interfere with Task Performance
In the social interference task (Figure 1B), distractors (intact and

phase-scrambled faces; Figure 1B) were briefly flashed (67 ms)

during visually guided saccades. On a subset of trials, distrac-

tors were also flashed during the ITI (‘‘ITI distractors’’) to disso-

ciate neural responses to distraction during task performance

from responses to a flashed image (Ito et al., 2003). Task distrac-

tors were spatially congruent, incongruent, or in a neutral

position relative to the target. Interference of distractors on

task performance was affected by their location (p < 0.0001,

F[1,2] = 204.79) and social content (Figure 1C; interaction with

location p < 0.02, F[1,2] = 3.99). Neutral distractors did not influ-

ence saccade response time (<1.5 ms different from absent

response times, ±4ms across session STE; p > 0.5). Incongruent

distractors slowed response times (p < 0.0001; average slow-

ing = 47 ± 7 ms), but congruent distractors speeded response

times (p < 0.0001, post hoc Tukey LSD compared to distractor

absent trials; average facilitation = 25 ± 3 ms). Distractors also

evoked errant saccades not directed toward the target (14.5%

following distractors ± 2% STE versus 8% ± 2%without distrac-

tors; p < 0.0001, paired Wilcoxon rank sum, z[55] = 6.31). Errant

saccades were more frequent after both congruent (11% ± 2%;

p < 0.002, z[55] = 3.20) and incongruent distractors (24.6% ±

2%; p < 0.0001, z[55] = 6.48) compared to neutral distractors

(9.5% ± 2%; paired Wilcoxon rank sum tests).
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Figure 1. Social Interference Task

(A) Distractors were briefly flashed (67 ms) during performance of a simple

visually guided saccade task. Distractors could be in three spatial locations

relative to the target—congruent, incongruent, or a neutral position outside the

plane of possible targets. In addition, distractors could be flashed in one of

these three locations during the ITI.

(B) Distractor images could either be rhesus monkey faces or phase-scram-

bled versions of the same images.

(C) Distractors interfered with response times according to both target

congruence and social content.
Social distractors (intact faces) evoked greater response time

effects than nonsocial distractors (phase-scrambled faces).

Incongruent social distractors slowed response times more

than incongruent nonsocial distractors (13 ms slower, ± 5 ms

STE; p < 0.05, Tukey LSD), and there was a trend toward

congruent social distractors speeding response times relative

to congruent nonsocial distractors (7 ms faster, ± 3 ms STE;

p = 0.06, Tukey LSD). Across all distractor locations, errant sac-

cades were more common for social distractors (15.5% ± 2%)

than for nonsocial distractors (13.5% ± 2%; paired Wilcoxon

rank sum, p < 0.0001, z[55] = 3.90).
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Both congruent and incongruent distractors affected

response time and errant saccade likelihood, relative to both

neutral distractors and the distractor absent baseline. Although

congruent distractors sped target responses, they did so by

capturing oculomotor resources, not by enhancing target detec-

tion or processing (Supplemental Information). Therefore both of

these distractor types intruded on task performance and evoked

task conflict. By contrast, action conflict arises from simulta-

neous preparation of different saccades and is manifest by

slowed response times following incongruent distractors. Thus,

in this task, congruent and incongruent distractors together

evoke task conflict, but only incongruent distractors evoke ac-

tion conflict. Social distractors increased both action conflict

and task conflict, relative to nonsocial distractors.

Pupil Size at Fixation Predicts Distractor Interference
Pupil size during fixation (Figure 2A) predicted the magnitude of

distractor effects on errant saccade likelihood and response

times. As baseline pupil size increased, the proportion of trials

with errant saccades also increased, regardless of distractor

location (Figure 2B; GLM, interaction term, p < 0.05, b3 =

0.001, see Equation 1 in Experimental Procedures). Baseline

pupil size did not predict errant saccade frequency in

absence of distractors (p > 0.66), suggesting an increase in

distractibility rather than a lower threshold for saccade initiation

with increasing pupil size. Increasing pupil size also

magnified the response time effects of distractors by slowing

response times for incongruent distractors (p < 0.002, b3 =

0.036, see Equation 2 in Experimental Procedures) and

speeding response times following congruent distractors

relative to this baseline (p < 0.01, b3 = �0.043). Thus, larger

initial pupil size predicted increases in the impact of distractors

on performance.

Baseline pupil size was smaller following trials with distractors

than following trials without distractors (Figure 2C; p < 0.0001,

F[1,3] = 20.47), regardless of distractor location (paired post

hoc t test, p < 0.0001, t[55] = 8.16), but this effect was larger

following incongruent and congruent distractors compared to

neutral distractors (p < 0.0001, t[55] = 4.69). There were no

effects of distractor congruency on pupil size on the next trial

(p > 0.8), nor effects of social versus nonsocial distractors for

any single location on pupil size on the next trials (incongruent

and congruent, p = 0.95, t[55] = 0.06; neutral, p = 0.67, t[55] =

0.43). Thus, on trials following distractors, downregulation in

baseline pupil size predicted reduced distractibility.

Conflict Signaling by dACC Neurons
A majority of dACC neurons (recording sites in Figure 3A) re-

sponded to distractors (84%; 79 out of 94 cells, Figure 3B). Sig-

nificant fractions of this population only responded to distractors

presented within (task only, 15%, 14 cells) or outside (ITI only,

29%, 27 cells) the task. The largest population of distractor-

responsive cells, however, signaled distractor presence during

both the task and ITI (40%, 38 cells). Within this population,

responses to task and ITI distractors differed (Figure 3C), indi-

cating these cells did not simply signal onset of a flashed stim-

ulus. Instead, the majority of distractor-responsive neurons

were sensitive to behavioral context, firing at higher rates when
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Figure 2. Baseline Pupil Size Is Modulated by Last-Trial Distractor Type and Predicts Task Performance

(A) Example traces of pupil size measurements during trials. Baseline pupil size was determined by taking the mean pupil size over the first 350 ms following

fixation acquisition (gray-shaded region). The transient change in pupil size at fixation acquisition is due to the saccade toward the fixation spot, and the

depression in pupil size after fixation is due to the pupil light response to distractors (see Supplemental Information).

(B) The presence and location of distractors predict subsequent adjustments in pupil size, normalized to the no-distractor (absent) baseline for each session.

(C) Baseline pupil size predicted increased frequency of errant saccades. As baseline pupil size increased, so did the frequency of errant saccades following

distractors. Scale bars indicate ±SEM.
a distractor was presented during the task, rather than outside it

(Figures 3B and 4A).

Incongruent and congruent distractors, which interfered with

task performance and evoked task conflict, elicited greater

dACC activity than did neutral distractors, which did not interfere

with task performance and did not evoke task conflict (Figures

4A and 4B, top panel). Several cells (18/94, 19%) showed signif-

icantly different responses to congruent and incongruent dis-

tractors, as determined by permutation tests, consistent with

action conflict. However, the sign of these effects was heteroge-

neous across the population (Figure 4B, top panel). Although

fewer neurons signaled task conflict by differentiating between

neutral distractors and both incongruent and congruent distrac-

tors (15/94, 16%), this signal was consistent across the

population. These neurons tended to increase firing rate for

both incongruent and congruent distractors, compared to

neutral distractors (Figure 4B, bottom panel). Thus, while task

conflict signals were apparent in the peristimulus time histogram

(PSTH) and consistently signed across the dACC population, we

observed inconsistent action conflict signaling in the population.

The population average neuronal response appears biphasic,

with two distinct peaks in the PSTH. However, only a small

minority of individual cells (10%, nine cells) showed biphasic dis-

tractor responses, based upon visual inspection. Biphasic re-

sponses at the population level may reflect heterogeneous

response latencies of individual neurons across the population

(Figure 4C). The largest single subpopulation of neurons first

began responding to the distractors within 50–150ms of presen-

tation (17%, 16 cells), and we call these the ‘‘early-responding

population’’ (Figures 4C and 4D).

Firing rates in the early-responding population scaled with

both the social content and location of distractors. Specifically,

firing rates of these neurons weremodulated by whether distrac-

tors were social or nonsocial (Figure 4D, first panel, p < 0.05,

F[1,1] = 4.08) in the 800 ms following distractor onset. Within

early-responding cells, firing rates were also enhanced for both
incongruent and congruent distractors compared with neutral

distractors (Figure 4D, p < 0.0001, F[1,2] = 15.32). Post hoc

analyses revealed no significant effect of distractor congruence

in these cells (p > 0.6, z[15] = 0.46). Thus, early-responding neu-

rons signaled the same distractor properties that determined de-

gree of task conflict. By contrast, no action conflict signals were

observed in the early-responding population.

dACC Neuronal Responses Predict Future Adjustments
in Pupil Size
Other neurons began responding to distractors throughout the

1,000 ms after distractor onset (Figure 4C). Many neurons only

signaled distractor presence after trial conclusion, suggesting

these neurons did not contribute to resolving distraction on the

present trial but might contribute to behavioral regulation on

subsequent trials. Therefore, we next asked whether neuronal

activity predicted task-facilitating adjustments in pupil size on

subsequent trials. Firing rates of 31 of the distractor-responsive

neurons predicted adjustments in pupil size on the next trial, and

26 of these cells showed significant interactions between dis-

tractor presence and adjustments in pupil size (corrected for

multiple comparisons). Example neurons illustrating the hetero-

geneity of distractor and future pupil size signals are shown in

Figures 5A–5D. Phasic responses of neurons 1 and 2 predicted

pupil size on the subsequent trial. For neuron 2, the slope of

the relationship between firing rate and future pupil size de-

pended on distractor presence. Neurons 3 and 4 showed tonic

modulations in firing rate. Firing rates of neuron 4, for example,

predicted future pupil size before distractor onset, but neverthe-

less a significant interaction between distractor presence and

pupil adjustments emerged after distractor onset.

One concern is that neuronal signals may only predict future

pupil size due to autocorrelations in baseline pupil size over tri-

als. To address this issue, we used a generalized linear model

(GLM) to estimate effects of distractors, current pupil size, and

future adjustments in pupil size on current-trial firing rate
Neuron 85, 628–640, February 4, 2015 ª2015 Elsevier Inc. 631
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Figure 3. The dACC Population Signals Task Conflict

(A) Shown are recording sites (in gray) on a flattened, midline view of the cingulate sulcus. Neurons were recorded on the dorsal and ventral banks of the cingulate

sulcus, dorsal to the genu of the corpus callosum.

(B) Grand average population PSTH, aligned to task, ITI, or sham distractor onset. Shading indicates ±SEM.

(C) Proportion of cells that responded to only task distractors (light red), only ITI distractors (dark red), both task and ITI distractors (bright red), or that did not

respond to any distractors (dark gray). Among the large minority of cells that responded to both task and ITI distractors (38/94 cells, 40%), different effect sizes

were observed for task and ITI distractors (scatter plot of Cohen’s d0 for the difference between distractor present and distractor absent responses in each

condition). Inset is the distribution of effect size differences.
(Equation 3). In this analysis, a small number of cells responded

to distractors but did not scale with either current pupil size or

subsequent adjustments in pupil size (11/94 cells, 12%). Half

of these cells (6/11) were previously classified as early-respond-

ing cells. Moreover, this effect was temporally specific—dACC

activity only predicted pupil adjustments made one or two trials

into the future, and had no relationship with past adjustments

(see Supplemental Information available online).

Many single neurons that responded to task distractors ac-

cording to this analysis also tracked current pupil size or pre-

dicted subsequent adjustments in pupil size (Figure 5). Across

the population, firing rates of 31% (29/94 cells) of neurons that

responded to distractors also scaled with baseline pupil size

on the current trial. Moreover, some neurons signaled both pres-

ence of distractors on the current trial and subsequent adjust-

ments in pupil size (18/94 cells, 19%). Another subset of neurons

did not respond to distractors, but did signal future adjustments

in pupil size (22/94 cells, 23%), and almost all of these predictive

cells tracked pupil size on the current trial (20/22, 91%). Finally,

firing rates of amodest fraction of neurons scaled onlywith base-

line pupil size on the current trial, but did not distractor presence

or future pupil size (15/94 cells, 16%). Thus, the activity of some

neurons encoded distractor presence independently from

tracking pupil size, and the activity of some neurons integrated

information about task conflict with pupil size. Thus dACC

does not merely inherit information about distractor presence

from another region that has already combined it with informa-

tion about pupil size. Rather, dACC contains the necessary

distribution of neuronal signals to integrate information about

distractors and current pupil-linked processes to generate future

adjustments in pupil-linked processes such as arousal.

The co-occurrence of these signals within cells suggests that

the dACC populations that encode distractors and pupil size are

not separate. Moreover, there was a strong positive correlation

between distractor signals and pupil adjustment signals both
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within neurons that responded to distractors and tracked pupil

size (Pearson’s r = 0.60, p < 0.008, Spearman’s rho = 0.42, p <

0.09; Figure 5B) and across the whole population (Pearson’s

r = 0.28, p < 0.007, Spearman’s rho = 0.28, p < 0.006). This cor-

relation suggests that distractor signals and pupil regulatory sig-

nals are linked within dACC.

Finally, we asked whether the sign of pupil adjustment signals

in dACC was consistent across the population (Figure 5C; see

Experimental Procedures). For this analysis, we examined a

2,000 ms epoch beginning at fixation acquisition, a timescale

useful for comparison with fMRI studies in the literature (e.g.,

Botvinick et al., 1999, 2004; Carter et al., 1998; Kerns et al.,

2004; MacDonald et al., 2000). We found that the dACC popula-

tion response showed a significant negative correlation between

firing rate and pupil size adjustments (Figure 5G). Increasing

firing rate correlated with decreases in pupil size on subsequent

trials at the population level (Pearson’s r, mean = �0.013, p <

0.01; Spearman’s rho, mean = �0.015, p < 0.02). This observa-

tion suggests that downregulation of baseline pupil size, or

events that predict such downregulation, may yield an increased

BOLD signal in macaque dACC, a hypothesis remaining to be

tested.

dACC Signals Mediate Pupil Adjustment to Conflict
One goal of the present study was to evaluate the hypothesis

that dACC contributes causally to behavioral control via changes

in pupil-linked arousal following distracting events. Though the

present study was observational rather than interventional, we

could determine whether the basic tenets of this hypothesis

were supported by our data. First, we observed a confluence

of signals in dACC consistent with this hypothesis. Second, the

time course of the signals was appropriate; dACC activity on

one trial predicted adjustments in pupil size in the future but

not the past. Third, the consistently signed relationship between

distractor and pupil-adjustment signals suggested that their
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Figure 4. dACC Neurons Signal Task Conflict

(A) Population average PSTH shows differences in the population response to distractors in different locations.

(B) Distractor location effect sizes. (Top panel) Several individual neurons encoded distractor congruency (different responses to congruent and incongruent

distractors, 18 cells, in red). However, the sign of these effects was heterogeneous within the congruency-selective population (mean, red arrow) and across the

whole population (mean, gray arrow), indicating that action conflict did not increase dACC firing rate. (Bottom panel) Task conflict signals. Same as in top panel,

but for congruent and incongruent versus neutral. Significant neurons selectively increased firing rate for both incongruent and congruent distractors, which

induced task conflict, compared to neutral distractors, which did not affect task performance (Wilcoxon rank-sum, p < 0.05).

(C) Histogram of response latencies to task distractors. Latencies were heterogeneous across the population of responsive cells, apart from one population of

early-responsive cells in green.

(D) Early-responding cells encoded task conflict. (Left) Social distractors, which had a greater impact on response time than nonsocial distractors, elicited more

activity in these neurons than did nonsocial distractors (p < 0.04, z[15] = 2. 12). (Right) Activity was enhanced following both incongruent and congruent distractors

compared to neutral distractors (p < 0.001, Wilcoxon rank-sum, z[15] = 3.31), indicating that early-responding neurons signaled task conflict. No effect of

distractor congruence (action conflict) was observed in these cells (p > 0.6, z[15] = 0.46).
co-occurrence within neurons was not coincidental, but rather

indicated a lawful relationship. Nevertheless, the number of neu-

rons that significantly encoded both distractors and future ad-

justments in pupil size was small (19%, 18/94) and may have

simply occurred by chance, given the independent probabilities

of observing pupil adjustment signals (42.6%, 40/94 neurons)

and distractor signals (42.6%, 40/94; joint probability = 18%).

To overcome these limitations, we used structural equation

modeling to determine whether our data were better explained

by a model in which dACC neurons predicted adjustments in

pupil size or by a model in which the correlations between

dACC activity and adjustments in pupil size were a coincidental

byproduct of shared influences of current arousal and distractor

presence. This approach allowed us to simultaneously model

effects on both adjustments in pupil size and dACC activity.

We fit two models to the activity of the population of neurons

that both tracked distractors and predicted adjustments in pupil
size (18/94 neurons). These models differed only in whether

dACC activity was allowed to mediate the relationship between

distractors and future adjustments in pupil size.

The first model assumed that there was no causal link between

dACC and future adjustments in pupil size (Equation 4, with the

b1 and b2 terms fixed at 0), and distractor signals could only

be independently inherited from their shared input. Fit quality

of the inherited signal model was reasonable by several standard

metrics (df = 72; c2 = 817.77; CFI = 0.968; NFI = 0.921; IFI =

0.968; goodness-of-fit index, 0.999; AIC, �46,741.23). Never-

theless, model fit was substantially improved by allowing a

causal link between dACC activity and future adjustments in

pupil size.

This second model (Equation 4 with all terms fitted; illustrated

graphically in Figure 6) assumed that dACC mediates the rela-

tionship between distractor occurrence and future adjustments

in pupil size. Themodel includes an interaction (or ‘‘moderation’’)
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Figure 5. Relationship between Distractor

Responses and Pupil Size

(A–D) Example neurons that signaled distractor

presence and predicted future pupil size. Traces

are sorted by pupil size quantile bin on the next

trial, separately for distractor present (shades of

red) and distractor absent (shades of gray) trials.

Lighter shades reflect smaller pupil sizes on sub-

sequent trials, while darker shades reflect larger

pupils.

(E) Distribution of distractor and pupil signaling in

the dACC population.

(F) For neurons that both responded to distractors

and tracked pupil size, responses to distractors

and adjustment in future pupil size were corre-

lated. Line indicates least-squares fit.

(G) Population tuning for reductions in pupil size.

Across all recorded neurons, whole trial activity

tended to be increased in advance of decreasing

adjustments in pupil size (Pearson’s r is illustrated).

Individual cells that had significant correlations

between mean firing rate and adjustment in pupil

size in either the Spearman (19 cells) or Pearson

(14 cells) correlations are in blue. Overlay,

nonparametric kernel density estimate.
effect, wherein dACC activity predicts different adjustments in

future pupil size, depending on the presence or absence of a

distractor. Fit quality for the mediation model was better

than the inherited signal model (df = 36; c2 = 616.72; CFI =

0.975; NFI = 0.974; IFI = 0.976 goodness-of-fit index: 0.999;

AIC, �46870.28). The Akaike weight (Burnham and Anderson,

2002) of the inherited signals model was less than 1 3 10�28,

indicating that the mediation model was 1028 more likely to

minimize information loss. Thus, it is extremely unlikely that the

co-occurrence of these signals was epiphenomenonal. Rather,

activity of single neurons in dACC predicts trial-by-trial fluctua-

tions in pupil adjustment beyond what can be explained by dis-

tractor presence alone.

dACC Error Signals and Pupil Dynamics
Our findings suggest dACC combines information about task

conflict with information about current pupil size, into signals

that predict downregulation in pupil size. However, it remains un-

clear whether dACC neurons tracked other aspects of task per-

formance in a similar, pupil-linkedmanner. To address this issue,
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we asked how error signals in dACC

interact with current and future pupil size

signals. Error responses are commonly

found in both human (Carter et al., 1998;

Critchley et al., 2005; Holroyd et al.,

2004) and monkey dACC (Ito et al.,

2003) and inform many unifying hypothe-

ses about dACC function (Shenhav et al.,

2013; Alexander and Brown, 2011; Brown

and Braver, 2005; Carter et al., 1999).

Moreover, errors provoke changes in

pupil diameter in humans, and both errors

and the pupil response to errors are en-
coded in an overlapping region of human dACC (Critchley

et al., 2005). Therefore, we hypothesized that dACC error signals

may be related to pupil size signals within single neurons in

macaque dACC.

Monkeys showed smaller pupils on trials following errors (Fig-

ure 7A; paired t test across sessions, p < 0.0001, t[55] = �5.6),

much as they did on trials following distractors. These pupil

size adjustments were not better explained by the increased like-

lihood of distractors on trials when an error was committed. Even

on distractor-absent trials, error commission on one trial pre-

dicted reduced pupil size on the subsequent trial (p < 0.0001,

t[51] = �4.49; four sessions omitted because no errors were

committed in the absence of distractors). Thus, error commis-

sion provided an additional event type, decoupled from distrac-

tor presentation, to which themonkeys exhibited downregulated

arousal on subsequent trials.

A large number of neurons showed significant error responses

(79%, 74/94 cells), by the same bootstrapping criterion used

to initially identify distractor sensitive cells. Within error-

responsive cells, 58% were also sensitive to distractors (43/74
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gressions, double-headed arrows are covariances. Paths are labeled with

estimated coefficients, ± robust standard errors. Additional coefficients for

current pupil size, random effects of cell identity, and disturbance terms

for eachmeasured variable were included in the model, but not shown here for

clarity.
error-responsive cells; 46% of the total population of recorded

cells responded to both). Thus, the populations of distractor

and error-responsive cells overlapped but were not identical.

We asked whether error responses in dACC were linked to

current and future arousal state as indexed by pupil size (Fig-

ure 7B). The activity of most error-responsive cells scaled with

current pupil size (39/74, 53%) and the activity of many also

scaled with subsequent adjustment in pupil size (28/74, 38%)

when all three terms were included in a GLM (significance

threshold corrected for multiple comparisons). The activity of

only 24/74 (32%) of all error-responsive neurons did not have

any relationship with pupil size. Like distractor responses, error

responses were significantly correlated with pupil size signals

within cells that responded to both (Figure 7C; Pearson’s r =

0.32, p < 0.05, Spearman’s rho = 0.39, p < 0.02; n.sig across

the whole population, Pearson’s r = 0.14, p > 0.1, Spearmans’

rho = 0.17, p > 0.05). Approximately 70% of the cells that

responded to errors and also tracked pupil size (19/27) were sen-

sitive to distractors, suggesting these neurons integrated multi-

ple types of task information with subsequent adjustments in

pupil size.

DISCUSSION

We found that neurons in macaque dACC respond to salient,

goal-irrelevant distractors, and do so largely by increasing firing

rates. These signals are not mere visual responses, but instead

reflect the conjunction of task demands and distractor presence.

We found consistently signed signals related to task conflict—

the contrast between distractors that intruded on task perfor-

mance and those that did not. Conversely, signals related to

action conflict—the contrast between physically incongruent

and congruent distractors—were inconsistent across neurons,

and the overall direction of the trend (higher firing rate for

congruent distractors) was inconsistent with a global increase
in dACC firing rate with action conflict. The population distractor

response includes an early-responding subpopulation of neu-

rons that tracks social information content, a factor that system-

atically shaped the magnitude of both task and action conflict.

However, this early responsive population only signaled informa-

tion about task conflict and carried no information about action

conflict. Other neurons respond to distractors too late to

contribute to performance on the current trial, butmay contribute

to subsequent adjustments in behavioral state.

Pupil size under constant luminance is a peripheral index of

arousal (Kandel et al., 2000) that is correlated with other auto-

nomic measures (Tursky et al., 1969; Bradley et al., 2008), has

been linked to NE signaling (Aston-Jones and Cohen, 2005; Gil-

zenrat et al., 2010), and predicts behavioral performance inmany

tasks (Ebitz et al., 2014). Several studies have examined phasic

pupil responses during task performance, and found that the

pupil transiently dilates in response to salient stimuli (Sokolov,

1963), conflict (Gilzenrat et al., 2010), and errors (Critchley

et al., 2005). Here we examined tonic changes in baseline pupil

size across trials, rather than within trials. We found that larger

pupils predicted increases in both error likelihood and impact

of distractors on response times. Surprisingly, pupil size

decreased, rather than increased, on trials following either dis-

tractors or errors, consistent with an adaptive or homeostatic

regulation of distraction via pupil-linked mechanisms.

Many distractor-responsive dACC neurons signaled informa-

tion about current pupil size and/or predicted adjustments in

future pupil size. Similarly, error-responsive neurons also

signaled pupil size. Moreover, there was a consistently signed

relationship between error and distractor responses on one trial

and subsequent adjustments in pupil size on the next trial. We

found that a model in which dACC activity mediates trial-by-trial

changes in pupil size better explained our results than a model

that assumes these signals are independent and inherited from

a common source. Together, our findings suggest dACC com-

bines information about current arousal state, as indexed by

pupil size, with errors and/or task conflict. These signals predict

adjustments in pupil size, which are associated with enhanced

cognitive control and improved task performance.

We found that predictive pupil-change signals are linked to the

distractor responses of single dACC neurons. Distractor features

that determine distractor interference but do not predict adjust-

ments in pupil size are only weakly signaled in dACC, compared

to features that predict adjustments in pupil size. The social infor-

mation content of distractors, for example, influences the

response time interference of distractors but does not predict

pupil adjustments and is only weakly signaled in dACC. Similarly,

congruent and incongruent distractors differentially impact task

performance and action conflict, but these two classes of dis-

tractors have similar effects on pupil size and are not well-differ-

entiated by dACC neurons.

In humans, conflict signals have been reported in the activity of

single dACC neurons (Sheth et al., 2012); however such signals

have, until now, proven elusive in macaque dACC (Cole et al.,

2009; Hayden et al., 2011; Ito et al., 2003; Amiez et al., 2006;

Rushworth et al., 2005; Nakamura et al., 2005). This dearth of

evidence for conflict signals in nonhuman primate dACC has

fueled speculation that this areamay serve a different, potentially
Neuron 85, 628–640, February 4, 2015 ª2015 Elsevier Inc. 635
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Figure 7. An Overlapping Population of Sin-

gle Neurons Responds to Errors and Signals

Pupil Size

(A) On trials immediately following error commis-

sion, baseline pupil size was reduced, mirroring

the effects found on trials following distractor

presentation.

(B) The majority of single neurons responded

to errors (69%, 65/94, in red and purple);

however, only a minority of this group had

pure error responses (26%, 24/94, in red).

Instead, 44% (41/94) of all recorded cells

signaled both errors and either current or

future pupil size (purple). Other populations

of cells were not classified in this analysis

(11% 10/94, in gray), or signaled only current

or future pupil size (20%, 19/94 in blue). Significance thresholds were corrected for multiple comparisons.

(C) Error responses and pupil size adjustment signals were correlated within the neurons that both responded to errors and scaled with pupil size (Pearson’s

r = 0.32, p < 0.05). Line reflects least-squares fit.
unique, function in humans (Cole et al., 2009). One study often

cited in support of this hypothesis found that lesions of macaque

dACC had no effect on postconflict behavioral adjustments

(Mansouri et al., 2007). Unlike our study, that report did not

operationalize conflict in terms of interference with task perfor-

mance, linked postconflict behavioral adjustment to rule-

learning, and may have induced a form of conflict that did not

result in adjustments in pupil-linked processes. Moreover,

dACC lesions may not affect postconflict adjustments in control

state in humans (Swick and Turken, 2002; Fellows and Farah,

2005). To our knowledge, only one study has reported conflict-

like signals in any part of the macaque cingulate cortex, albeit

in pregenual ACC, not dACC (Amemori and Graybiel, 2012).

Nevertheless, conflict was operationally defined in that experi-

ment as decision difficulty, rather than suppression of a prepo-

tent, task-irrelevant process competing with task goals. By

contrast with these studies, we found clear evidence that firing

rates of dACC neurons are selectively enhanced by task conflict.

There are several possible explanations for the apparent

discrepancy between the results we report here and previous

studies in monkeys. One possibility is that previous studies of

conflict inmonkeysmanipulated conflict at the level of the action,

but did not examine task conflict, as we do here. In those prior

studies, the command to shift gaze to a particular target in space

was either opposed (high conflict) or facilitated (low conflict) by

additional information, such as a color cue instructing an

opposing saccade (Nakamura et al., 2005), a stop signal (Ito

et al., 2003; Nakamura et al., 2005), the presence of alternatives

(Amiez et al., 2006), or the discrepancy in reward value of alter-

natives (Hayden et al., 2011). By contrast, in standard human

task conflict paradigms a prepotent task rule (e.g., read the

word, look at the biologically salient distractor) must also be sup-

pressed to perform a goal-oriented task (e.g., name the color,

saccade to the rewarded target). Task conflict emerges from

the intrusion of irrelevant information on performing the current

task. Critically, both forms of conflict are induced in human con-

flict paradigms such as the Stroop and Flanker tasks, but the

present study dissociated action and task conflict. We observed

little evidence of action conflict at the level of the dACC popula-

tion, compared to the task conflict signals apparent in the popu-
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lation PSTH, and no evidence of action conflict in the early

distractor response. Another, not mutually exclusive, explana-

tion is that conflict signals in dACC may be inextricably linked

to arousal. In this view, previous studies in monkeys may not

have provoked conflict sufficient to trigger adjustments in pupil

size or other measures of arousal (indeed, some argued that

they did not; Nakamura et al., 2005).

Critically, it remains unclear whether the signals we report here

were specific to pupil size or reflect more general adjustments in

autonomic arousal. In humans, dACC activity varies with non-

pupil measures of autonomic arousal. For example, human

dACC activity is positively correlated with autonomic responses

to errors (Critchley et al., 2005) and dACC microstimulation

evokes increases in autonomic arousal in patients, and these

changes are accompanied by a subjective sense of preparation

to overcome a challenge (Parvizi et al., 2013). In parallel, the

dACC BOLD signal increases during self-generated downregu-

lation of arousal in humans (Critchley et al., 2002). These findings

resonate with observations that microstimulation in feline dACC

causes both pupil dilation and constriction at intermingled sites

(Hodes and Magoun, 1942). Thus, dACC may both signal

arousing events and trigger downregulation of arousal in ani-

mals, and arousal regulation may be an evolutionarily conserved

aspect of dACC function.

The correlation between dACC activity and baseline pupil size

that we observed in a majority of neurons resonates with prior

studies showing dACC responds to a broad range of task events

that are correlated with baseline pupil size. For example, in

humans, classic dACC-activating factors such as task conflict

(Gilzenrat et al., 2010) and errors (Critchley et al., 2005) also

evoke changes in pupil diameter. Human dACC activity also in-

creases with task difficulty (Paus et al., 1998), increases linearly

with response time (Grinband et al., 2011), and predicts the likeli-

hood of committing errors (Carter et al., 1998; Brown andBraver,

2005) (firing rates of dACC neurons also predicted error likeli-

hood in our study; Figure S1). Pupil size under constant lumi-

nance also scales positively with task difficulty (Gilzenrat et al.,

2010; Goldwater, 1972), scales positively with response time

(Ebitz et al., 2014), and, at least in the present task, predicts error

likelihood. dACC neurons also differentiate between habitual



behavioral states and flexible, exploratory modes of behavior in

macaques (Procyk et al., 2000; Quilodran et al., 2008) and rats

(Karlsson et al., 2012), and larger baseline pupil size predicts

exploratory decisions in humans (Jepma and Nieuwenhuis,

2011). dACC activity is heightened following movement switch-

ing or task switching (Johnston et al., 2007; Shima and Tanji,

1998) and is modulated over the course of a series of actions

that must be performed to receive a reward (Toda et al., 2012;

Shidara and Richmond, 2002). In parallel, pupil size tracks the

execution of movements and scales positively with movement

complexity (Richer and Beatty, 1985), in addition to scaling posi-

tively with reward expectancy over time (Bijleveld et al., 2009).

Given these many parallels, and the breadth of putatively cogni-

tive signals previously reported in dACC, it may be more

parsimonious to consider that dACC responds to all of these

disparate factors for the common reason that each is associated

with baseline pupil size—and by extension arousal. Additional

work will be necessary to determine to what extent dACC signals

related to each of these factors is independent of the pupil size

tracking signals we report here.

Previous studies suggest dACC contributes to cognitive con-

trol via connections to other cortical regions (Botvinick et al.,

1999; Kerns et al., 2004; Sheth et al., 2012; Shenhav et al.,

2013), although the necessity of dACC for adjustments in post-

conflict control is debated (Swick and Turken, 2002; Fellows

and Farah, 2005). We did not find evidence of distractor effects

on executive control that were independent of pupil size, but

there were several differences between our study and previous

studies. First, we did not have a trial-by-trial index of control

state, so our measures of executive control required averaging

over multiple trials, with different initial control states. Heteroge-

neity in control states may have masked real behavioral effects

by introducing additional variability that was unrelated to the

effects of distractors. Second, executive control may have

been countered by other processes, like arousal, resulting in a

null effect on behavior. Regardless, the cortico-cortico mecha-

nisms by which dACC could influence control state are clear

(Kerns et al., 2004; MacDonald et al., 2000; Johnston et al.,

2007).

Regulation of processes associated with pupil size such as LC

activity or autonomic arousal would be a simple, complimentary

mechanism by which dACC could globally alter behavioral state.

Although future manipulation studies will be needed to deter-

mine what causal role dACC plays in downregulating arousal, a

wealth of anatomical data (Pandya et al., 1981; Rempel-Clower

and Barbas, 1998; Ongür et al., 1998; Aston-Jones and Cohen,

2005) and limited microstimulation results in both humans (Par-

vizi et al., 2013) and cats (Hodes and Magoun, 1942) suggest

dACC activity may be sufficient to initiate adjustments in auto-

nomic arousal. Larger baseline pupil size predicted increased

distraction and poorer performance in our study, and in other

tasks, larger baseline pupil size also predicts increased likeli-

hood of nonreward maximizing decisions (Jepma and Nieuwen-

huis, 2011), increased variability in evidence accumulation

during perceptual decision-making (Murphy et al., 2014), and

reducedBOLD responses to task-relevant stimuli during learning

(Eldar et al., 2013). Additional work will be needed to (1) deter-

mine to what extent baseline pupil size and/or other measures
of arousal are linked to cognitive control and (2) to determine

the relative contributions of cortico-cortical and pupil-linked

mechanisms to mediating the relationship between task conflict

or errors, dACC activity, and adjustments in control on subse-

quent trials.

Our findings raise many questions for future study. It remains

unclear whether cognitive control is linked to pupil size in other

circumstances. It remains unclear whether dACC activity pre-

dicts adjustments in other measures of autonomic arousal or if

the signals we report are specific to pupil size. It remains

unknown to what extent dACC is causally involved in regulating

pupil-linked processes. And it remains unclear whether other

signals previously reported in dACC (such as reward or explora-

tion) are related to autonomic arousal. Given these open ques-

tions, future studies of cognitive control and/or dACC activity

would benefit from including arousal-linked measures such as

pupil size in their experimental design.

EXPERIMENTAL PROCEDURES

Behavioral Techniques

Details of the social interference task (Figure 1) were reported previously (Ebitz

et al., 2013, 2014). Briefly, monkeys performed simple, visually guided sac-

cades while distractors were briefly flashed. Eye position was monitored by

video at 1,000 Hz (Eyelink). Monkeys first fixated a 1� spot (±6� of error) for

450–650 ms and then shifted gaze to an eccentric target (1� square, 14� offset)
appearing left or right of fixation. Fixation on the eccentric target (±6� of error)
for 150–450 ms resulted in a juice reward. Pupil size was measured during the

first 350 ms of fixation, to ensure constant luminance (example traces in

Figure 2A).

On a randomly chosen 75% of trials, a distractor image was briefly flashed

(67 ms) at one of three locations relative to the target—congruent (same hemi-

field, eccentric to the target), incongruent (opposite hemifield), or neutral

(directly above fixation)—selected randomly, and with a variable onset asyn-

chrony relative to the target. Distractors were large (7� width) images of rhesus

macaque faces or phase-scrambled versions of the same faces. On a variable

subset of trials (10%–75%), distractors were also flashed during the ITI, to

allow us to compare responses to distractors within and outside of the context

of the task.

Electrophysiological Recording

We recorded from single neurons with sharp tungsten electrodes (Frederick

Haer) from the dorsal bank, ventral bank, and fundus of the cinculate sulcus,

dorsal to the genu of the corpus collosum (area 24c; Figure 3A). Neurons

were selected based on quality of isolation only. Additional details of the

recording procedures have been reported previously (Platt and Glimcher,

1997) and are included in the Supplemental Information.

Data Analysis

In order to determine whether baseline pupil size predicted a distractor-

dependent change in errant saccade frequency or the response time effects

of distractors, we fit GLMs. The model for errant saccade frequency was as

follows:

log

�
pðerrantÞ

1� pðerrantÞ
�
=b0 + b1ðpupilÞ+ b2ðgÞ+ b3ðgÞðpupilÞ+ bsession:

(Equation 1)

Baseline pupil size was Z scored within session and included in themodel as

the ‘‘pupil’’ term; g is a logical vector reflecting the presence (1) or absence (0)

of a distractor. Main effects of each session were included with one term for

each session minus one. b3 thus captured the interaction of distractor pres-

ence and pupil size in predicting errant saccade likelihood. b1 described any

effect of baseline pupil size in the absence of distractors, and b2 captured
Neuron 85, 628–640, February 4, 2015 ª2015 Elsevier Inc. 637



the offset between the two conditions. Fits from this model are shown in

Figure 2B.

The model for the response time effects of distractors was as follows:

rt = b0 + b1ðpupilÞ+b2ðaÞ+ b3ðaÞðpupilÞ+ bsession: (Equation 2)

Here, a reflected whether a distractor was incongruent (1) or congruent (0).

In this model, b3 captured the interaction of distractor congruence with pupil

size in predicting response time, b1 described any effect of baseline pupil

size on response times following congruent distractors, and b2 captured the

offset between the two conditions. Main effects of each session were included

as additional terms, with one term for each session minus one.

Initial identification of distractor and error-sensitive neurons was done via

bootstrapping (Supplemental Experimental Procedures). To examine the rela-

tionship between pupil size signals and distractor or error signals, the following

GLM was run independently on the response of each cell,

d=pupilt + 1 � pupilt
logðfrÞ= b0 + b1ðgÞ+ b2ðpupiltÞ+ b3ðdÞ ; (Equation 3)

where ‘‘fr’’ was the spike count in the 800 ms following event occurrence and

was modeled as Poisson distributed. The term g was a binary vector express-

ing the presence or absence of the event of interest (distractor presence or

error comission). Error trials were excluded from the distractor response anal-

ysis. b1 thus captured any offset in firing rate due to event occurrence, b2

described the relationship between firing rate and pupil size on the current trial,

and b3 described the relationship between firing rate and pupil size on the

next trial.

To evaluate the hypothesis that dACC played amediating role in the relation-

ship between distractor presence and pupil size, we took a structural equation

modeling (SEM) approach. This approach allows us to determine whether the

data can be explained by the relationships we hypothesize between the mul-

tiple dependent variables, or, alternatively, if our causal hypotheses are a poor

fit to the data. Because we were interested in interactions between distractors

and pupil size adjustment that depended on dACC activity and we observed

interactions in these signals at the level of single neurons, we developed a

multilevel model based on standard modulated-mediation path analysis (see

Supplemental Experimental Procedures).

fr = a0 + a1g+ ε

d=b0 + c0g+ ðb1 +b2gÞfr (Equation 4)

Here, g is a binary vector describing the presence (1) or absence (0) of dis-

tractors. ‘‘fr’’ is a vector ofmean firing rates observed over the 800ms following

distractor presentation. d is the difference between pupil size on the next trial

(t + 1) and pupil size on the current trial (t). In the inherited signals version of the

model, the b1 and b2 coefficients of the model (the links between dACC activ-

ity and pupil adjustments) were fixed to 0. The inherited signals model thus

explicitly assumed that any correlations between firing rate and adjustments

in pupil size were due to parallel inheritance of information about current pupil

size and distractor presence in the two dependent variables, without any

causal linkage between the two. Figure 6 shows a graphic depiction of the

full model, with fitted coefficients.
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