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SUMMARY
Cognitive control involves flexibly combining multiple sensory inputs with task-dependent goals during de-
cision making. Several tasks involving conflicting sensory inputs and motor outputs have been proposed to
examine cognitive control, including the Stroop, Flanker, and multi-source interference task. Because these
tasks have been studied independently, it remains unclear whether the neural signatures of cognitive control
reflect abstract control mechanisms or specific combinations of sensory and behavioral aspects of each
task. To address these questions, we record invasive neurophysiological signals from 16 patients with phar-
macologically intractable epilepsy and compare neural responses within and between tasks. Neural signals
differ between incongruent and congruent conditions, showing strong modulation by conflicting task de-
mands. These neural signals are mostly specific to each task, generalizing within a task but not across tasks.
These results highlight the complex interplay between sensory inputs, motor outputs, and task demands un-
derlying cognitive control processes.
INTRODUCTION

The ability to flexibly route information is central to daily

activities, especially when faced with a complex and conflicting

interplay of sensory information, choices, and goals. Cognitive

control refers to the ability to regulate actions toward achieving

overriding goals and is mentally effortful due to the necessity to

suppress autonomous responses toward salient but goal-irrele-

vant stimulus attributes.1,2 Such costs are required for success-

ful adaptation to various environments.3 Impairment in cognitive

control is associated with a wide range of mental disorders,

including addiction, depression, and schizophrenia.4–6 An

essential component of cognitive control is conflict resolution,

which entails mental operations involving conflict detection

and monitoring,7 response selection and inhibition,8 perfor-

mance monitoring and evaluation,9 and error-detection.9–11

Many experimental tasks have been used to study cognitive

control during conflict resolution. Paradigmatic examples

include the Stroop task,12 the Eriksen-flanker task (referred

to as "Flanker" throughout the text13), and the multi-source

interference task (MSIT, referred to as "Number" throughout

the text14). Common to all these tasks is the comparison be-

tween congruent and incongruent conditions (Figure 1). In the
This is an open access article under the CC BY-N
Stroop task, subjects name the font color of a color word

(e.g., "red," "green," or "blue") when the semantic meaning

of the word agrees (congruent condition) or disagrees (incon-

gruent condition) with its font color. In the Flanker task, sub-

jects have to recognize a symbol, such as a letter or an arrow,

embedded among the same symbols (congruent condition) or

different symbols (incongruent condition).13,15,16 The multi-

source interference task14 combines multiple dimensions of

cognitive interference from the Stroop, Flanker, and Simon17

tasks. The MSIT stimulus consists of three numbers (chosen

from 0, 1, 2, or 3) in which one number (target) is always

different from the other two numbers (distractors). Subjects

are instructed to identify the target number under conditions

where it is congruent (e.g., 100) or incongruent (e.g., 313)

with its position.

The behavioral signature of this family of tasks is the longer

reaction time (RT) for incongruent stimuli (containing conflict)

than congruent stimuli (conflict-free). For example, in the Stroop

task, subjects take longer to name the font color of the word

‘‘RED’’ when shown in green or blue font than in red font. The in-

crease in reaction time during incongruent conditions is due to

interference from irrelevant but conflicting information and the

selection among competing motor plans.2,8,12
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Figure 1. Experimental paradigms

(A–C) Subjects performed the Stroop (A), Flanker (B), and Number (C) tasks in

one session during intracranial neurophysiological recordings with depth

electrodes. A standard session contained 18 blocks and each block

comprised 30 trials of one task.

(A) The Stroop task required subjects to say the font color. In the congruent

condition, the semantic meaning coincided with the font color, while the two

conflicted in the incongruent condition.

(B) The Flanker task required subjects to press the left or the right key to

indicate the direction of the central arrow. In the congruent condition, all the

arrows pointed to the same direction while in incongruent condition, the arrow

in the middle (target) pointed oppositely from the others (flankers or dis-

tractors).

(C) The Number task required subjects to say the position (‘‘one,’’ ‘‘two,’’ or

‘‘three’’) where the unique number was located. In the congruent condition, the

target number and its position were the same while in the incongruent con-

dition these were different. All trials in this figure show incongruent conditions.
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Multiple studies have examined brain signals associated with

eachoneof thesecognitivecontrol tasks, includingmeasurements

derived fromhumanneuroimaging,14,18–22humanscalp electroen-

cephalography,21,23,24 human invasive neurophysiology,11,25–28

and monkey neurophysiology.29–32 These studies have described

anextensive network of frontal andparietal regions, and toa lesser

extent temporal and other regions, that demonstrate distinct

activation patterns during congruent and incongruent trials.

Here, we evaluated whether there are shared mechanisms

involved in conflict processing that are common across different

sensory inputs and motor outputs. We focused on how conflict is

represented in the brain by directly comparing neurophysiological

responses during three cognitive control tasks, analyzing

intracranial field potentials from 694 bipolarly referenced
2 Cell Reports 42, 111919, January 31, 2023
electrodes implanted in patients with pharmacologically intrac-

table epilepsy. Our first hypothesis is that conflict-related re-

sponses should show invariance to the stimulus properties within

each task (within-task invariance). For example, in the Stroop

task, we would expect that neural responses would distinguish

congruent (RED/red, GREEN/green, or BLUE/blue) from incon-

gruent (RED/green, RED/blue, GREEN/red, GREEN/blue, BLUE/

red, or BLUE/green) conditions, irrespective of the specific

semantic/color combination. Extending this hypothesis of

within-task invariance to the comparison among different tasks,

the assumption of an abstract notion of conflict led to our second

hypothesis, that neural responses would distinguish conflict irre-

spective of whether incongruency is dictated by color, shape, or

number stimuli, and also regardless of the specific response

modalities involved (cross-task invariance). Our results are

consistent with the first hypothesis; neural signals that show

modulation by conflict are invariant to stimulus attributes within

a task. In contrast, our results are inconsistent with the second

hypothesis; the majority of the neural conflict modulation is task

specific and does not generalize across tasks. These observa-

tions are consistent with models of cognitive control2 that rely

on the augmentation of task-specific processing pathways.

RESULTS

We recorded intracranial field potentials from 16 epilepsy

patients implanted with depth electrodes (Table S1). Subjects

performed three cognitive control tasks: Stroop, Flanker, and

Number (STAR Methods, Figure 1). Importantly, subjects per-

formed the three tasks during the same session, therefore

enabling direct comparison among the tasks. Each trial began

with a fixation cross shown for 500ms at the center of the screen.

The Stroop task stimulus consisted of color words (‘‘RED,’’

‘‘GREEN,’’ or ‘‘BLUE,’’ STAR Methods) shown in red, green, or

blue font. Subjects were instructed to name the font color (Fig-

ure 1A). Conflict arose when the font color did not match the

meaning of the word. The Flanker task stimulus consisted of

five arrows in a horizontal row, and subjects were asked to press

the left or the right key to indicate the direction of the center ar-

row (Figure 1B). Conflict arose when the center arrow pointed in

the opposite direction to the other four arrows. The Number task

required subjects to say the position of the unique number

(‘‘one,’’ ‘‘two,’’ or ‘‘three’’) among three numbers shown in a hor-

izontal row (Figure 1C). Conflict arose when the position of the

unique number did not match the actual number (e.g., number

‘‘3’’ in position 1 in the stimulus ‘‘322’’). For all the tasks,

congruent and incongruent conditions, as well as the stimulus

dimensions (word, color, arrow direction, number identity, and

position), were randomly interleaved and counterbalanced.

Subjects showed behavioral evidence of conflict in the
three tasks
Subjects showed high accuracy in all three tasks (Figures S1A–

S1D): Stroop (congruent) = 96.8% ± 0.9%; Stroop (incon-

gruent) = 90.1% ± 2.2%; Flanker (congruent) = 96.3% ± 2.8%;

Flanker (incongruent) = 90.2% ± 2.9%; Number (congruent)

= 96.6% ± 1.7%; Number (incongruent) = 90.4% ± 2.3%

(mean ± SEM). On average, performance was higher in the



Figure 2. Subjects were slower in incon-

gruent trials in the three tasks

(A–C) Violin plots showing distribution of reaction

times for each subject for congruent trials (gray)

and incongruent trials (red) during the Stroop (A),

Flanker (B), and Number (C) tasks. Only correct

trials are shown. Black bars indicatemean reaction

times. The asterisks denote statistically significant

differences (permutation test, 10,000 iterations,

a = 0.05).
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congruent condition than the incongruent condition in all three

tasks; this difference reached statistical significance in the

Stroop task (p = 0.007, permutation test, 10,000 iterations), but

not in the Flanker (p = 0.33) or Number (p = 0.39) tasks. These

observations are consistent with previous works,11–15,28,33 and

are mostly ascribed to a ceiling effect.34 Since accuracy was

high in all the tasks, there were not enough error trials to have

sufficient power to distinguish incongruent from congruent trials

statistically. We focused exclusively on correct trials for the

remainder of the study.
C

A hallmark of conflict in cognitive con-

trol tasks is the longer reaction time asso-

ciated with incongruent than congruent

trials (Figure 2). As demonstrated in previ-

ous works,11,15,28 reaction times were

longer during incongruent trials for all

three tasks (Stroop: 1,122 ± 8 versus

953 ± 7 ms, p < 0.001; Flanker: 875 ± 11

versus 722 ± 9 ms, p < 0.001; Number:

1,110 ± 8 versus 972 ± 8 ms, p < 0.001;

mean ± SEM, permutation test, 10,000

iterations). The longer reaction times dur-

ing incongruent trials were also statisti-

cally significant at the individual subject

level in the majority of cases (Stroop: 16/

16 subjects; Flanker: 14/16 subjects;

Number: 15/16 subjects). Subject number

4 showed no significant difference in the

Flanker and Number tasks, but this sub-

ject completed only half of a standard

session. Absolute reaction times differed

across tasks because of the distinct

response modalities (verbal or keypress)

because of the different number of

response options (2 or 3), and because

of the different sensory properties (lan-

guage, shape, or number). Therefore, to

assess the difficulty of each task, we

computed the ratio of reaction times in

incongruent versus congruent trials.

There was no significant difference in

difficulty among the three tasks (Fig-

ure S1E, p = 0.16, non-parametric one-

way ANOVA). In sum, behavioral results

were consistent with previous works and

demonstrated almost ceiling accuracy
and longer reaction time associated with incongruent trials in

all three tasks.

Neural responses were modulated by conflict
We recorded intracranial field potential activity from 1,877

electrodes (Table S1 reports the number of electrodes in each

subject). We analyzed the activity from 694 bipolarly referenced

electrodes that were not in the white matter (STAR Methods);

Figure 3 and Table S2 report the distribution of electrode

locations. We focused on the neural activity in the theta band
ell Reports 42, 111919, January 31, 2023 3



Figure 3. Electrode locations

(A–D) Each sphere reflects one of each pair of

nearby electrodes that were bipolarly referenced

(n = 694), overlaid on the Desikan Killiany Atlas with

different views: (A) left lateral; (B) right lateral;

(C) left medial; (D) right medial. Colors denote brain

regions in the Desikan Killiany Atlas.
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(4–8 Hz) because it constitutes a key component of cognitive

control35–38 and also in the high-gamma band (70–120 Hz) given

its significance in sensory, motor, control, and other cognitive

functions.11,27,39–41 Additional results in other frequency bands

(alpha, beta, low-gamma) are reported in Table S8. In previous

work,11 we reported that multiple electrodes showed activity in

the high-gamma band that was modulated by the presence of

conflict during the Stroop task. Consistently, Figure 4 (left)

depicts the high-gamma activity during the Stroop task of an

electrode, located in the left orbitofrontal cortex, that showed

enhanced responses during incongruent trials compared with

congruent trials when aligning the neural signals to the behav-

ioral response. The differences between incongruent and

congruent trials were highly robust and could even be discerned

in individual trials (compare Figure 4C, left, versus Figure 4B,

left). Notably, the enhancement associated with conflict was

also evident when the neural responses were aligned to stimulus

onset (Figure 4D, left).

An electrode was considered to be conflict-modulated if the

band-filtered power during incongruent conditions was signifi-

cantly different from that during congruent conditions for at least

150 consecutive milliseconds (permutation test, 5,000 iterations,

a = 0.05) both when responses were aligned to the behavioral

response (Figure 4A, left) and to the stimulus onset (Figure 4D,

left, STAR Methods). These strict selection criteria using both

alignment to behavior and stimulus were implemented to

exclude potential false positives. For example, signals from a

visually responsive electrode could be confused for conflict

modulation when aligning the neural responses to behavior

due to the different reaction times between congruent and incon-

gruent trials (Figure 2). An example visually responsive electrode

located in the right lateral occipital cortex is shown in

Figures S2A and S2B. Even though there was a difference

between incongruent and congruent conditions when neural
4 Cell Reports 42, 111919, January 31, 2023
signals were aligned to the behavioral

response (Figure S2A), this difference

was absent when the neural signals

were aligned to the stimulus onset (Fig-

ure S2B). Therefore, we did not consider

this type of response to reveal any conflict

modulation. Similarly, a motor responsive

electrode could also be confused for

conflict modulation when aligning the

neural signals to stimulus onset for the

same reasons (Figures S2C and S2D).

Thus, the evaluation criteria for conflict

modulation excluded purely sensory and

purely motor responses.

Figure 4 shows an example electrode

that revealed conflict modulation in the
high-gamma band during the Stroop task. Electrodes demon-

strating robust conflict modulation were also observed during

the Flanker and Number tasks. Figure 5A (middle) depicts the

responses of an electrode in the right superior parietal lobule

that showed enhanced activity during incongruent trials in the

Flanker task only. As described for the Stroop task, conflict

modulation was observed in single trials (Figure S3A, middle)

and also when aligning the responses to stimulus onset (Fig-

ure S3B, middle). Figure 5B (right) depicts the responses of an

electrode in the right precuneus that showed enhanced activity

during incongruent trials in the Number task only. Figure S4A

(right) shows conflict modulation for this electrode during single

trials and Figure S4B confirms this conflict modulation when

aligning neural activity to the stimulus onset.

Similar results were observed when considering the theta

frequency band. Figure S5 shows an example electrode in

the right pars triangularis that demonstrated conflict modula-

tion in the theta band during the Stroop task only. Such mod-

ulation can be appreciated both in response-aligned signals

(Figure S5A) and stimulus-aligned signals (Figure S5C), as

well as in individual trials (Figure S5B). Conflict modulation

within the theta band also occurred in the Flanker and Number

tasks.

Out of the total of 694 electrodes, we identified 134 electrodes

(19%) that exhibited conflict modulation in at least one task in the

high-gamma band (Table S3) and 109 electrodes (16%) when

considering the theta band (Table S4). Table S5 displays the

number of electrodes modulated by conflict in each subject.

Given the heterogeneity in electrode locations, which are

dictated by clinical criteria, the distribution of electrodes modu-

lated by conflict varies among subjects. In most cases, conflict

modulation was characterized by enhanced band power in the

incongruent condition than the congruent condition, as illus-

trated in the three example electrodes in Figures 4 and 5.



Figure 4. Example electrode in the left orbi-

tofrontal cortex showing conflict modula-

tion in the high-gamma band during the

Stroop task only

(A) The traces show the mean ± SEM Z-scored

high-gamma power aligned to behavioral

response time for incongruent trials (red) and

congruent trials (black) for each of the three tasks

(column 1, Stroop; column 2, Flanker; column 3,

Number). The vertical dashed lines denote the

average stimulus onsets. Yellow background

indicates statistically significant power differences

between congruent and incongruent trials (per-

mutation test, 5,000 iterations, a = 0.05, STAR

Methods). Legend shows the number of congruent

(C) and incongruent (I) trials. The electrode location

is shown on the right.

(B andC) Raster plots showing the neural signals in

individual trials (see color scale on the right) for

congruent (B) and incongruent (C) trials. The white

dashed lines show the average stimulus onsets.

These lines are shifted to the left in (C) compared

with (B), reflecting the longer reaction times during

incongruent trials (see Figure 2). Gray and white

bars on the left represent different blocks.

(D) Z-scored high-gamma power (mean ± SEM)

aligned to stimulus onset. Vertical dashed lines

denote the average behavioral response times.

Yellow background indicates statistically signifi-

cant power difference between congruent and

incongruent trials (permutation test, 5,000 itera-

tions, a = 0.05, STAR Methods).
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A few electrodes exhibited the reverse modulation direction

where the congruent response was higher than the incongruent

one (Figure S9A, middle). Figure S6 shows the distribution of lo-

cations of electrodes revealing conflict modulation in each task.

In sum, using strict criteria, we found electrodes that demon-

strated robust conflict modulation in each of the three tasks,

considering both high-gamma and theta band signals, evident

in both behavior-aligned and stimulus-aligned responses, and

even in single trials.

Neural signals in the high-gamma band during
incongruent trials correlated with reaction times
Next we examined whether the neural signals are correlated with

reaction times. For each conflict-modulated electrode, we

plotted the mean high-gamma band power as a function of the

reaction time in each trial (STAR Methods). Figure S7A shows

an example electrode located in the left rostral middle frontal
C

cortex that was modulated by conflict

during the Stroop task. The mean high-

gamma power was not correlated with

reaction times during congruent trials

(p = 0.3, Figure S7A, left), but there was

a significant correlation during incon-

gruent trials (p = 0.03, Figure S7A, right).

Similarly, Figure S7B shows an example

electrode in the right superior frontal

cortex that showed a correlation with
reaction times during the Flanker task and Figure S7C shows

an example electrode in the right inferior temporal cortex that

showed a correlation with reaction times during the Number

task. In all, 8.3%, 12.2%, and 10.2% of the conflict modulated

electrodes showed a correlation with reaction times during

incongruent trials, but not congruent trials, for the Stroop,

Flanker, and Number tasks, respectively.

These observations did not extend to the theta band. Signals

in the theta band showed a weaker correlation with reaction

times. We found only four conflict-modulated electrodes (two

in the Flanker task, two in the Number task, and none in the

Stroop task) that demonstrated statistically significant correla-

tion between theta band power and reaction times. These results

are consistent with a previous study that examined multiple

frequency bands but only observed correlation with reaction

times in the high-gamma but not theta or beta bands using the

Stroop paradigm only.11
ell Reports 42, 111919, January 31, 2023 5



Figure 5. Example Flanker-specific (A) and Number-specific (B) electrode in the high-gamma band

(A and B) The traces showmean ± SEM Z-scored high-gamma power aligned to behavioral response time for incongruent trials (red) and congruent trials (black)

for each of the three tasks (column 1, Stroop; column 2, Flanker; column 3, Number). The vertical dashed lines denote the average stimulus onset. Yellow

background indicates statistically significant differences between congruent and incongruent trials (permutation test, 5000 iterations, a = 0.05, STAR Methods).

Legend indicates the number of congruent (C) and incongruent (I) trials. Electrode locations are shown on the right: (A) right superior parietal; (B) right precuneus).
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Conflict representation exhibitedwithin-task invariance
In each task, there were different stimuli that defined conflict. For

example, in the Stroop task, there were six different word/color

combinations that were incongruent and three that were

congruent (Figure 6A–I). Our first hypothesis states that conflict

modulation is invariant to the different stimuli defining incongru-

ence within a task. To test this hypothesis, we evaluated whether

the modulation of neural signals underlying conflict was evident

only for certain stimuli defining incongruent trials but not other

stimuli within each task, as opposed to a uniform modulation

due to incongruent trials across the different stimuli within

each task.

One might expect stimulus specificity given the extensive

documentation of selective responses to different sensory

inputs (e.g., Liu et al.,40 among many others). For example, an

electrode located in visual cortical area V4 might be selective

for color and respond differentially to red but not to blue or

green. Indeed, consistent with previous work, we found multiple

visually selective electrodes (Stroop: 15 electrodes; Flanker: 8

electrodes; Number: 0 electrodes; total = 23 electrodes; STAR

Methods; Table S6). Similarly, we found 36 motor-selective

electrodes (verbal response: 26 electrodes; keypress response:

10 electrodes; total = 36 electrodes; STAR Methods; Table S7).

Among these 23 + 36 = 59 electrodes, there were only 5 elec-

trodes (3 visually selective electrodes and 2 motor-selective

electrodes) that showed both visual or motor selectivity and

conflict modulation in the same task. These 5 electrodes consti-

tute 8% of the visual/motor selective electrodes and 4% of all

the electrodes that showed conflict modulation. Thus, the
6 Cell Reports 42, 111919, January 31, 2023
majority of electrodes that showed conflict modulation were

not visually or motor selective.

To further investigate whether conflict modulation generalized

across different sensory inputs, we directly compared the re-

sponses to all possible stimuli within each task. Figures 6A–6I

describe the responses of an electrode in the left inferior parietal

cortex for every word/color combination during the Stroop task.

Conflict modulation cannot be ascribed to responses to specific

semantic/color combinations; that is, conflict modulation

showed within-task invariance with enhanced responses during

incongruent trials for the six different possible incongruent

semantic and font color combinations compared with the three

different possible congruent semantic and font color combina-

tions. Similarly, Figures 6J–6M describe the responses of an

electrode in the right superior frontal gyrus for every combination

of central and peripheral arrow directions during the Flanker

task. Conflict modulation in the Flanker task was also invariant

within the task; that is, there was higher activity during the two

incongruent target/flanker combinations compared with the

two congruent combinations. Figures 6N–6S describe the

responses of an electrode in the right superior parietal lobule,

showing that conflict modulation was evident for all the different

incongruent conditions in the Number task. Such within-task

invariance was also observed in the theta frequency band.

To characterize the degree of within-task invariance at the

electrode ensemble level, we used a machine learning decoding

approach to assess whether we could decode the presence of

conflict in individual trials (Figures 6T and 6U). In all the decoding

analyses, a support vector machine (SVM) classifier with a linear



Figure 6. Neural signals showed within-task invariance

(A–S) Example task-specific electrodes demonstrating within-task invariance (Stroop (A–I), left inferior parietal; Flanker (J–M), right superior frontal; Number

(N–S), right superior parietal). Z-scored high-gamma power (mean ± SEM) aligned to behavioral response time (black for congruent and red for incongruent).

Vertical dashed lines denote the average stimulus onsets. Subplot titles indicate specific stimulus types. Conflict modulation occurred in all incongruent color/

word (Stroop), target/flanker (Flanker), and target/distractor (Number) combinations.

(T andU) Accuracy of support vector machine (SVM) classifier in discriminating incongruent from congruent trials extrapolating across conditions within each task

(within-task invariance) using high-gamma (T) and theta (U) band power. Stroop task: the first bar labeled ‘‘RED’’ was trained using the ‘‘GREEN’’ trials (as in (D–F))

and ‘‘BLUE’’ trials (as in (G–I)), and tested on ‘‘RED’’ trials (as in (A–C)). A similar procedure was followed for the other combinations. In bar 2, the SVMwas trained

using ‘‘RED’’ and ‘‘BLUE’’ trials, and tested on ‘‘GREEN’’ trials. In bar 3, the SVMwas trained using RED andGREEN trials, and tested on BLUE trials. Flanker task:

in the fourth bar, the SVM was trained on ‘‘<<<<<’’ and ‘‘<<><<,’’ and tested on ‘‘>>>>>’’ and ‘‘>><>>.’’ In the fifth bar, training and testing data were reversed.

Number task: in the sixth bar, the SVM was trained on trials where the correct answer was ‘‘two’’ (as in (P and Q)) or ‘‘three’’ (as in (R and S)), and tested on trials

where the correct answer was ‘‘one’’ (as in (N and O)). Similarly in bar 7, the SVM was trained on ‘‘one’’ and ‘‘three,’’ and tested on ‘‘two.’’ In bar 8, the SVM was

trained on ‘‘one’’ and ‘‘two,’’ and tested on trials whose target answer was ‘‘three.’’ For each task, the training and testing data for each condition were randomly

subsampled to contain an equal number of congruent and incongruent trials. Electrodes that had very few correct trials in any condition were removed from this

analysis. Error bars indicate SEM over 50 sessions. The dashed line indicates chance performance (50%). Asterisks denote higher than chance accuracy

(permutation test with 10,000 iterations, p < 0.001 for all bars).
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kernel was trained after concatenating all the conflict modulated

electrodes in each task. We used two neural features: the

maximum and the mean band power during each trial (STAR

Methods), either for the high-gamma band (Figure 6T) or the

theta band (Figure 6U). In all cases, we used cross-validation,

separating the data into a training set and an independent test

set and randomly subsampled the data to ensure that the

number of congruent trials matched the number of incongruent

trials. To evaluate within-task invariance, the classifier was

trained using only a subset of the different stimulus combinations

and tested on different stimulus combinations. For example, in

the first bars in Figures 6T and 6U, the SVM classifier was trained

with the neural responses to GREEN/red, GREEN/green,

GREEN/blue, BLUE/red, BLUE/green, and BLUE/blue. The clas-

sifier’s performance was tested using the remaining conditions:

RED/red, RED/green, and RED/blue. Even though the classifier

was never exposed to the neural responses to any stimulus

with the word ‘‘RED’’ during training, the classifier could extrap-

olate to identify conflict with those novel stimuli in the same task.

Similar conclusions were reached for the other possible combi-

nations of training and test stimuli within the Stroop task

(Figures 6T and 6U, red bars) and also for the different combina-

tions in the Flanker (yellow bars) and Number (blue bars) tasks. In

sum, both at the individual electrode level and the electrode

population level, and both in the high-gamma and theta bands,

the results support the hypothesis that the neural signals modu-

lated by conflict are largely independent of the specific sensory

combination of stimuli that give rise to incongruence within

each task.

Conflict-modulated electrodes were task specific
Given the extrapolation across stimuli within a task, we next

considered the hypothesis that neural signals representing con-

flict would also be independent of the specific sensory andmotor

characteristics of the task. We asked whether electrodes

showing conflict modulation were task specific (i.e., showing

activity modulation during incongruent trials in some but not all

tasks) or task invariant (i.e., showing activity modulation during

incongruent trials in all three tasks). The examples in Figures 4,

5, and S3–S5 illustrate example electrodes with high specificity

in their degree of conflict modulation. The electrodes in Figures 4

and S5 only reveal conflict modulation during the Stroop task

(compare leftmost column to middle and rightmost columns).

Similarly, the electrodes in Figures 5A and S3 show conflict

modulation only during the Flanker task (middle column), and

the electrodes in Figures 5B and S4 only during the Number

task (rightmost column). These types of neural responses were

representative of the majority of the data. Out of the total of

134 electrodes that showed conflict modulation in the high-

gamma band, 118 electrodes (88%) exhibited modulation in

one task but not in the other two tasks. Similarly, out of the total

of 109 electrodes that showed conflict modulation in the theta

band, 92 electrodes (84%) exhibited modulation in one task

but not in the other two tasks.

Although most electrodes demonstrated conflict modulation

in one task only, there were 16 electrodes in the high-gamma

band (12%) and 17 electrodes (16%) in the theta band that

showed conflict modulation in two tasks. Three example
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electrodes that showed conflict modulation in two tasks are illus-

trated in Figures S8 and S9. In Figure S8A, an electrode in the left

inferior parietal cortex exhibited conflict modulation during the

Stroop and Flanker tasks, but not during the Number task. Simi-

larly, Figure S8B shows an electrode at the right supramarginal

gyrus, demonstrating conflict modulation in the Stroop and

Number tasks, but not during the Flanker task. Figure S8C shows

an electrode in the insula exhibiting conflict modulation during

the Flanker and Number tasks, but not during the Stroop task.

These electrodes also showed conflict modulation when the

neural signals were aligned to stimulus onset (Figure S9).

Tables S3 and S4 report the locations and task specificity for

all the dual-task modulated electrodes for the high-gamma and

theta bands, respectively.

In sum, most electrodes demonstrated conflict modulation in

one task and a few electrodes showed conflict modulation in

two tasks. Remarkably, we did not find any electrode that was

modulated by conflict in all three tasks. Given the absence of

any task-invariant electrode, we asked whether it is possible

that we missed indications of invariance due to our stringent

criteria. First, we considered whether it is possible that having

elevated activity in the congruent condition could be a prerequi-

site to observe conflict modulation. The electrode in Figure 4

showed conflictmodulation in the Stroop task but not in the other

two tasks. During the Flanker task, this electrode showed no

elevated response whatsoever, and, during the Number task,

therewas a high responsewith respect to baseline starting about

0.7 s before the behavioral response, but this increase was very

much the same for congruent and incongruent trials. Thus, there

can be activation in the congruent condition without conflict

modulation. Similarly, in the example electrode in Figure 5B,

there was an elevated response in the congruent condition

during all three tasks; however, conflict modulation occurred

only in the Number task. In total, 302 electrodes showed

elevated high-gamma band responses during the congruent

condition in at least one task. Among these electrodes, only 80

(26%) also showed conflict modulation. Moreover, the majority

of these electrodes (70 out of 80) did not share the same task

specificity, i.e., tasks showing conflict modulation did not match

tasks displaying responses during the congruent conditions. In

sum, multiple electrodes responded during the congruent

condition without conflict modulation, and multiple electrodes

showed conflict modulation only in some task(s) while still

showing a response during the congruent condition in other

task(s). Thus, an elevated response during the congruent condi-

tion is neither necessary nor sufficient to show evidence of

conflict modulation. Lack of task invariance cannot be attributed

to lack of response during the congruent condition.

Second, we asked whether lack of invariance could be attrib-

uted to the behavioral performance by subjects in a given task. If

conflict signals from a subject demonstrated Stroop specificity,

one may ask whether this subject only performed the Stroop

task adequately. In an extremely hypothetical situation, if a sub-

ject closed their eyes during the other two tasks we would not

expect to observe conflict signals in the other tasks. Several

pieces of evidence argue against this possibility. Most subjects

showed high accuracy in all tasks, except subjects 1 and 6,

who performed less well on the Number and Flanker tasks,
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respectively (Figures S1A–S1C). Subject 6 performed the

Flanker task only slightly above chance, but this subject still

had Flanker-modulated electrodes. Furthermore, almost all

subjects showed a clear behavioral conflict effect in the three

tasks (Figure 2), except for subject 4 who performed half of the

sessions and did not show behavioral conflict in the Flanker

and Number tasks (Figures 2B and 2C). All subjects experienced

conflict during the Stroop task at the behavioral level (Figure 2A).

However, electrodes, such as the ones shown in Figures 5, S3,

S4, and S8C, clearly demonstrated no evidence of conflict

modulation in the Stroop task. One may also ask whether

Stroop-specificity could arise due to increased or reduced diffi-

culty in the Stroop task, but this is not the case either. Subject 2

showed comparable reaction times with the Stroop and Number

tasks and similar differences in reaction time between congruent

and incongruent trials. However, this subject had zero Stroop-

specific electrodes but 22 Number-specific electrodes consid-

ering the high-gamma band. Furthermore, by calculating the

radio of incongruent RT to congruent RT as a proxy of task diffi-

culty, there was no significant variation in how difficult these

tasks were. Finally, and even more conclusively, there were

many examples of different electrodes in the same subject

showing task specificity for conflict modulation in different tasks.

Therefore, lack of task invariance cannot be ascribed to cases

where subjects showed adequate performance or conflict effect

in one task but not others at the behavioral level.

Third, the results presented thus far focus on the high-gamma

and theta frequency bands. Although different frequency bands

of intracranial field potential signals tend to be correlated,42 it is

conceivable that some of the electrodes may reveal task invari-

ance in conflict modulation in other frequency bands. To eval-

uate this possibility, we repeated all the analyses in the following

frequency bands (STAR Methods): alpha (8–12 Hz), beta

(12–35 Hz), and low-gamma (35–70 Hz). Table S8 reports the

number of electrodes that showed conflict modulation for each

task and for each frequency band. Summarizing Table S8, we

found conflict modulation in all frequency bands, although the

total number of electrodes that showed modulation was highest

in the high-gamma band, followed by the theta band. Consistent

with the results described in the previous sections, the vast ma-

jority of electrodes revealed conflict modulation only in one task:

alpha, 88%; beta, 94%; low-gamma, 93% (cf. 88% for the high-

gamma band and 84% for the theta band). In all frequency

bands, we observed a small fraction of electrodes that showed

conflict modulation in two tasks. Importantly, we did not find

any electrode that showed task invariance in any of these other

frequency bands.

Finally, the results presented thus far relied on highly rigorous

pre-processing through bipolar referencing and stringent selec-

tion criteria by requiring a long window of 150 ms to identify

significant differences between incongruent and congruent trials

and 5,000 iterations of a permutation test. We relaxed all of these

constraints by using global referencing, by evaluating a shorter

duration threshold of 50 ms, and using a t test. We analyzed

748 electrodes (this is more than the 694 electrodes reported

so far because bipolar referencing reduces the number of

electrodes). Using these more liberal criteria, we found two elec-

trodes in the high-gamma band that showed task invariance, one
located in the left superior frontal gyrus and the other in the right

rostral middle frontal gyrus. Neural responses from one of these

two electrodes is shown in Figure S10. Although the neural

signals from this electrode are less compelling than the exam-

ples showing task modulation in one or two tasks, these obser-

vations hint at the possibility of a weaker signal common across

tasks. Yet, even under these liberal selection criteria, only 0.3%

of the total number of electrodes that we studied demonstrated

task invariance in the high-gamma band and none in the other

frequency bands.

In sum, these observations show that most of the electrodes

reveal conflict modulation in only one task, and few electrodes

show conflict modulation in two tasks. These results led us to

reject our second hypothesis of task invariance in cognitive con-

trol at the level of individual electrodes in most part of the brain.

Electrode population level responses revealed task-
specific conflict modulation in individual trials
It is conceivable that individual electrodes could show task spec-

ificity while multiple electrodes might reflect task invariance.

First, task specificity relied on a statistical threshold and there

could be weak modulation in other tasks that did not pass our

strict statistical criteria. Second, machine learning classifiers

show more power in detecting small changes in activity in indi-

vidual trials when combining data across electrodes. To evaluate

the possibility that task invariance may appear within electrode

ensembles, we investigated whether we could decode the pres-

ence of conflict at the electrode population level in individual tri-

als following the same procedure described in Figures 6T and

6U. Depending on the specific question about task specificity,

each calculation used different combinations of training and

test sets, as described below.

As a sanity check to evaluate the methodology, we first tested

classifiers trained using all conflict-modulated electrodes (Fig-

ure S11). These classifiers were able to detect conflict at above

chance levels in all three tasks and showed minimal extrapola-

tion across tasks. Similar conclusions are reached when consid-

ering all electrodes (regardless of whether conflict-modulated or

not) in specific regions that may be thought to be involved in

cognitive control, such as the prefrontal cortex (Figure S12).

However, this analysis does not allow us to assess whether there

is a task-invariant representation because the classifier includes

multiple electrodes that show modulation in different tasks.

Therefore, we asked whether the population of electrodes

modulated by one task could classify the presence of conflict

from another task. We trained nine different classifiers using

the features of high-gamma (Figure 7A) and theta (Figure 7C)

band power. Following the methods in the decoding analysis

for assessing within-task invariance, we used the maximum

and the mean power as the training and test features for each

trial. The first three bars used Stroop-only electrodes (like the

one in Figure 4), the middle three bars used Flanker-only elec-

trodes (like the one in Figure 5A), and the last three bars used

Number-only electrodes (like the one in Figure 5B). The classi-

fiers were trained and tested using cross-validation incorpo-

rating features from the Stroop task only (red), Flanker task

only (yellow), or Number task only (blue). The Stroop-only elec-

trode population yielded classification performance that was
Cell Reports 42, 111919, January 31, 2023 9



Figure 7. Task specificity in population-

based decoding of conflict in single trials

(A and C) Accuracy of SVM classifier in congruent/

incongruent discrimination when using a popula-

tion of Stroop-specific electrodes (first three bars),

Flanker-specific electrodes (next three bars), or

Number-specific electrodes (last three bars). The

SVM classifier was trained and tested with 10-fold

cross-validation 3 50 sessions of random sam-

pling of trials using the high-gamma (A) and theta

(C) band power data from the Stroop (red), Flanker

(yellow), or Number (blue) tasks. Asterisks indicate

that performances are significantly higher than

chance (permutation test, 10,000 iterations, one-

sided, p < 0.001, a = 0.05).

(B and D) Cross-task training and testing using

high-gamma (B) and theta (D) band power. Here,

we used the same three populations from parts

(A) and (C). The SVM classifier was trained on one

task and tested on the other two tasks. The diag-

onal corresponds to training and testing within the

same task and the off-diagonal entries show

cross-task extrapolation. p values indicate the

comparison between within-task and cross-task

testing performances in each electrode population

(permutation test with 10,000 iterations, one-

sided). Accuracy is reflected by the color of each

square (see color map on the right).
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significantly higher than chance when trained and tested on the

Stroop task (p < 0.001, permutation test, 10,000 iterations, one-

sided, Figures 7A and 7C, bar 1), and the Flanker-only population

yielded significant classification performance when trained and

tested on the Flanker task (p < 0.001, Figures 7A and 7C, bar

5). The population of Number-only electrodes yielded significant

classification performance when trained and tested on the

Number task (p < 0.001, Figures 7A and 7C, bar 9), but also

when trained and tested on the Stroop task (p < 0.01,

Figures 7A and 7C, bar 7). Although the Number-only electrode

population could detect conflict in the Stroop task, the perfor-

mance on the Number task was still significantly higher than

that on the Stroop task (p < 0.001).

We next sought to assess whether a classifier trained only with

data from one task could extrapolate to detect conflict in

different tasks. We trained three classifiers, one taking features

from the Stroop task only, one taking features from the Flanker

task only, and one taking features from the Number task only

for high-gamma (Figure 7B) and theta (Figure 7D) bands. Then

we tested each classifier with data from the Stroop, Flanker,

and Number tasks, respectively. We performed this analysis us-

ing Stroop-only, Flanker-only, and Number-only electrodes.

Note that this was different from the analyses in Figures 7A

and 7C, where the training and test data were always from the

same task for each classifier, whereas, here, the training and

test data could be from different tasks. Here, evenwhen the clas-

sifier was trained and tested using features from the same task,

we still performed cross-validation among trials to avoid overfit-

ting. The results of these cross-task classification analyses are

presented in Figures 7B (high-gamma) and 7D (theta). The high-
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est classification accuracies were observed for within-task

training and testing (diagonal tiles). These three conditions not

only exhibited better than chance accuracies (high-gamma:

82.6% ± 6.9%; theta: 79.5% ± 8.2%, mean ± SEM), but also

significantly higher performance than all the corresponding

cross-task accuracies (high-gamma: 55.3% ± 4.3%, p < 0.001;

theta: 53.6% ± 5.0%, p < 0.001, permutation test, 10,000 itera-

tions, one-sided). In sum, even at the electrode population level,

we observed minimal ability to detect conflict when a decoder

was trained and tested in different tasks. In contrast, using

exactly the same approach but even fewer trials in each condi-

tion, there was high accuracy in distinguishing conflict in individ-

ual trials within each task. These results show that, at the same

electrode population level, within-task invariance is significantly

more prominent than cross-task invariance.

DISCUSSION

We studied the neural mechanisms underlying conflict resolution

during cognitive control by recording intracranial field potentials

from 694 electrodes in 16 subjects who performed three different

tasks: Stroop, Flanker, and Number (Figure 1). Subjects showed

increased reaction times during incongruent trials compared

with congruent trials (Figure 2), a hallmark of cognitive con-

trol.12–14,16 Consistent with previous studies,11,25,26,43 we found

robust modulation of neural signals in the high-gamma fre-

quency band when comparing incongruent versus congruent tri-

als (Figures 4 and 5). Conflict modulation was also present in the

theta band (Figure S5) and other frequency bands (Table S8).

Modulation was evident both when aligning neural signals to
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the behavioral responses and to stimulus onsets (Figures 4, S3–

S5, and S9), could be appreciated even in single trials (Figures 4

and S3–S5), and showed within-task invariance to the different

combinations of visual inputs (Figure 6). Surprisingly, despite

this robust within-task invariance, most of the electrodes

showed task specificity, with clear incongruent/congruent

modulation in only one task but not in the other two (Figures 4

and 5). A few electrodes showed task-modulation in two tasks

but not the third task (Figures S8 and S9).

Wewere concerned about multiple potential factors that could

masquerade as task specificity. First, if subjects failed to perform

a given task adequately or failed to show conflict at the behav-

ioral level in a given task, one may wrongly conclude that there

is task specificity but no task invariance in the neural responses.

However, all subjects revealed high accuracy in the three tasks

(Figures S1A–S1D), and the vast majority of subjects showed

conflict at the behavioral level (Figure 2).We observed task spec-

ificity in the neural signals even in subjects that showed conflict

at the behavioral level in all three tasks. Furthermore, there were

electrodes in the same subject with different task specificity,

ruling out an explanation of task specificity based on behavioral

differences. Another potential behavioral factor that could corre-

late with task specificity would be if one task showed more

"conflict" or was more difficult than the other tasks. However,

the reaction times showed that the three tasks were comparable

in terms of their degree of behavioral conflict (Figure S1E). We

used stringent criteria to ascribe conflict modulation to an elec-

trode (STARMethods). We considered whether it is possible that

task specificity could be dictated by a lack of response in certain

tasks even during the congruent trials, but it turned out that this is

not the case. We showed that an elevated response during the

congruent condition was neither necessary nor sufficient to

show evidence of conflict modulation. We also considered

whether our strict selection criteria could have biased the inter-

pretation of our results. However, an inspection of individual tri-

als reveals robust modulation during incongruent trials

comparedwith congruent trials in some tasks but not others (Fig-

ures 4, 5, and S3–S5). Even after relaxing pre-processing by

using a global reference and a much less stringent statistical

threshold, only two electrodes (less than 1%) revealed task

invariance. Similar conclusions were reached when examining

other frequency bands (Table S8).

We focused on the timewindowwithin a trial, from the stimulus

onset to the behavioral response time, when conflict resolution

processes take place. We did not consider pre-stimulus and

post-response time periods, which may represent estimation

of the conflict element in upcoming trials and post-response

feedback signals. Neural responses in these distinct windows

may carry different operations and should not be confused

with each other, which requires methods with high temporal res-

olution, such as intracranial recordings.

We also considered an electrode ensemble machine learning

decoding approach (Figures 6 and 7). Population-based decod-

ing is highly sensitive and could, in principle, uncover a task-

invariant representation even if we mainly observe specificity in

individual trials and individual electrodes. However, the decod-

ing results also support the conclusion of clear within-task

invariance (Figures 6T and 6U) and a largely task-specific
representation (Figure 7). It is important to note that we used

the same electrode populations, covering exactly the same brain

regions, in the two analyses. These decoding results cannot be

ascribed to drifting neural signals or non-stationarities in the

data. First, previous work showed that intracranial field poten-

tials tend to be very stable within a session, and even across

recording sessions spanning multiple days.42 Second, the total

of 18 blocks with different tasks were randomly interleaved

and the signals were still more consistent within a task than

across tasks.

The task-specific electrodes were located in multiple regions

within the frontal, parietal, and temporal lobes, and, to a lesser

degree, the occipital lobe. Several studies documented differen-

tial activation during incongruent versus congruent trials in the

frontal cortex.11,18,20,21,25,28,44,45 The locations shown in Fig-

ure S6 and Tables S3 and S4 are also consistent with many

studies documenting responses during cognitive control in the

parietal cortex,14,18–20 temporal cortex,14,20 occipital cor-

tex,20,24,46 and other brain areas, such as the insula.47 These re-

sults suggest that cognitive control processes recruit distributed

and task-specific networks rather than a single brain re-

gion.20,48–50 Furthermore, the results are consistent with the

theoretical notion that conflict enhances selective and task-rele-

vant signals in cortex.

Several previous studies reported signals that differ between

incongruent and congruent trials at the level of individual

neurons,28,51 intracranial field potentials,11,25–27 in scalp electro-

encephalography signals,21,23,24 and in functional neuroimaging

signals.8,18,44,45 Most previous studies leveraged a single task,

precluding the possibility to assess task invariance and task

specificity in conflict modulation. It is possible to draw inferences

about potential invariance by comparing results in different

studies; however, precise anatomical comparisons across sub-

jects can be challenging, especially when considering coarse

signals that smooth over large numbers of neurons. Inferences

across studies do not necessarily imply that the same neural

circuits represent conflict in an abstract format. Another poten-

tial confound is the distinction between signals aligned to the

stimulus or to the behavioral response, which requires a careful

comparison of the temporal dynamics of the neural responses.

Stimulus-specific neural signals could be misconstrued as con-

flict modulation if neural responses are aligned to the motor

output (e.g., Figures S2A and S2B), and motor-specific neural

signals could be misconstrued as conflict modulation if neural

responses are aligned to the stimulus onset (e.g., Figures S2C

and S2D). Thus, either due to single-task studies or spatial and

temporal averaging, it is difficult to differentiate whether the con-

flict-associated neural activities in many previous studies re-

flected task-specific modulation or an abstract conflict signal.

We deliberately designed the tasks to be different in terms of

the sensory inputs and motor outputs. Conflict relies on a

discrepancy between color and semantic meaning (Stroop),

comparison between shapes (Flanker), and the meaning of

numbers and positional encoding (Number). Subjects used

either verbal responses (Stroop, Number) or keypress responses

(Flanker) as output. We conjectured that a general, abstract,

signature of cognitive control should be independent of the in-

puts and outputs that define conflict. However, we found no
Cell Reports 42, 111919, January 31, 2023 11
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such task-invariant conflict signals. It is tempting to assume that

neural signals from electrodes that show conflict modulation in

two tasks (e.g., Figures S8 and S9) correlate with the common

aspects of two tasks. For example, electrodes that showed

modulation exclusively during the Stroop and Number tasks

(e.g., Figure S8B) might be involved in conflict expressed

through verbal output. However, caution should be exercised

in this type of interpretation because we did not test the Flanker

task using a verbal output. Future experiments may incorporate

diverse output and input modalities within and across tasks to

address this question. The majority of electrodes responded in

a task-specific manner, arguably demonstrating engagement

in conflict through specific sensory-motor combinations. These

task-specific electrodes exhibit generalized conflict signals

within a task. Collectively, our results indicate that cognitive con-

trol is orchestrated by largely distinct and distributed networks

dictated by shared processes within a task and the specific de-

mands of each task.

Limitations of the study
The results on within-task invariance are based on demon-

strating similar responses for different sensory-motor combina-

tions in each task. The results showing task specificity are based

on positive evidence of electrodes that separately showmodula-

tion by conflict in each of the three tasks. In contrast, the results

on lack of cross-task invariance are based on not finding any re-

gions demonstrating an abstract representation of conflict. We

performed extensive controls to search for such an abstract rep-

resentation (single trials, averages over trials, different frequency

bands, behavioral controls, and electrode population analyses

based on machine learning). However, as often stated, absence

of evidence does not imply evidence of absence.

First, our sampling of brain locations was extensive but

certainly not exhaustive (Figure 3). By combining multiple sub-

jects we achieved a fairly good coverage of most regions (Fig-

ure 3). However, it is still quite possible that there are other brain

regions that represent conflict in a task-invariant fashion that we

could not sample here.

Second, our study focuses on intracranial field potentials;

these signals combine the activity of large numbers of neurons.

It is conceivable that individual neurons might show more, or

less, task invariance than the results reported here. Studies

examining single-unit activity in the frontal cortex are also

consistent with a lack of task invariance in cognitive con-

trol.10,51,52 Several studies have shown that frontal cortex neu-

rons demonstrate ‘‘mixed selectivity.53’’ Such mixed selectivity

is a good summary of the results described here at the level of

intracranial field potentials, which seem to reflect a combination

of conflict and task-specific demands. However, the contrast

between within-task invariance and cross-task specificity could

not be easily predicted from the theory of mixed selectivity. Our

results are partially echoed by two recent single-neuron studies.

One study54 examining neurons in the dACC and pre-SMA,

regions that were traditionally believed to be primarily involved

in domain-general cognitive control processes, found clear evi-

dence of task-specific single-neuron activity. This study also

showed conflict responses common to two tasks, Stroop and

Number, when using the same behavioral response mode
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(button press). These observations are consistent with those

electrodes that show conflict modulation in two tasks (e.g., Fig-

ure S8). It is possible that the responses in both tasks highlight

the common sensorimotor transformation component, espe-

cially given that dACC neurons are specialized for representing

task-state variables relevant for behavior and are tuned for a va-

riety of sensory andmotor elements.55 In contrast, we compared

three tasks with either keypress or verbal responses and the fact

that a great proportion of dual-task electrodes were selective for

the Stroop and Number tasks but not the Flanker task adds

weight to this interpretation. Another single-unit study52

concluded that firing rates of dACC neurons more likely amplify

task-relevant sensorimotor information to facilitate conflict reso-

lution than signal conflict abstractly. Furthermore, the role of the

dACC during cognitive control has been called into question

given that dACC ablation does not lead to changes in interfer-

ence-dependent behavior.28
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Toolbox

(Groppe et al., 2017)56 https://github.com/iELVis/iELVis

Freesurfer 6 (Dale et al., 1999)57 https://surfer.nmr.mgh.harvard.edu/

Chronux Toolbox (Mitra and Bokil, 2008)58 https://www.chronux.org
RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to and will be fulfilled by the lead contact, Gabriel Kreiman (Gabriel.Kreiman@

childrens.harvard.edu).

Materials availability
This study did not use or generate any reagents.

Data and code availability
All the behavioral and neurophysiological data are publicly available at: https://klab.tch.harvard.edu/resources/

XiaoEtAl_CognitiveControl.html and https://doi.org/10.5281/zenodo.7317346.

All the code used to analyze the data are publicly available at: https://klab.tch.harvard.edu/resources/XiaoEtAl_CognitiveControl.

html and https://doi.org/10.5281/zenodo.7317346.

Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects and recording procedures
Subjects were 16 patients (8 female, ages 12–62, Table S1) with pharmacologically intractable epilepsy treated at Taipei Vet-

erans General Hospital (TVGH), Boston Children’s Hospital (BCH), Brigham and Women’s Hospital (BWH), and Johns Hopkins

Medical Hospital (JHMH). The electrode locations are purely dictated by clinical considerations, precluding any quantitative

estimation of sample size at study design. The target number of subjects, 16, was decided during study design based on

historical data of electrode distributions from previous studies. This study was approved by the institutional review board in

each hospital and was carried out with subjects’ informed consent. Subjects were implanted with intracranial depth electrodes

(Ad-Tech, Racine, WI, USA). The electrode locations were dictated by the clinical needs to localize the seizure focus in each

patient.59 The total number of electrodes was 1,877 (Table S1). Neurophysiological data were recorded using XLTEK (Oakville,

ON, Canada), Bio-Logic (Knoxville, TN, USA), Nihon Kohden (Tokyo, Japan), and Natus (Pleasanton, CA). The sampling rate

was 2048 Hz at BCH and TVGH, 1000 Hz at JHMH, and 512 Hz at BWH. All data were bipolarly referenced, unless stated

otherwise. There were no seizure events in any of the sessions. Electrodes in epileptogenic foci, as well as pathological areas,

were removed from analyses.
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METHOD DETAILS

Task procedures
Each subject completed three tasks in a single recording session: Stroop, Flanker, and Number. A schematic rendering of the tasks is

shown in Figure 1. Each session contained 18 blocks, with 30 trials of one task (Stroop, Flanker, or Number) per block. The target

number of trials was pre-defined based on the results of one of our previous studies11 and based on a pilot study with 4 healthy

volunteers where we confirmed that conflict (i.e., reaction time difference between congruent and incongruent trials) could be

robustly detected with this number of trials. Per our IRB protocols, subjects can stop testing at any time; subjects who completed

different numbers of blocks are indicated in Table S1 in bold font. Subjects completed the tasks in normally lighted and quiet rooms.

The experiments were written and presented using the Psychtoolbox extension in Matlab_R2016b (Mathworks, Natick, MA).

Subjects viewed and completed the experiment using a 13-inch Apple Mac laptop. Stimuli subtended approximately 5 degrees of

visual angle and were centered on the screen. Before each experiment started, each subject went over a short practice session until

the instructions were fully understood. During the actual experiment, no correct/incorrect feedback was provided.

All trials started with 500 ms of fixation, followed by stimulus presentation. The stimulus was presented for 2,000 ms (Stroop,

Number), or until the minimum of 2,000 ms and the subject’s key response time (Flanker). The stimuli were presented in white

(Flanker, Number) or red/green/blue font color (Stroop), on a black background. For those subjects in Taipei, Stroop task stimuli

were presented in traditional Chinese characters. Subjects provided a verbal response recorded using a Yeti microphone with an

8,192 Hz sampling rate (Stroop, Number), or a two-alternative keypress response using the left and right keys on the experiment

laptop (Flanker).

Electrode localization
We used the iELVis56 pipeline to localize the depth electrodes. Pre-implant MRI (T1, no contrast) was processed and automatically

segmented by Freesurfer,57,60 followed by co-registering the post-implant CT to the processed MR images. Electrodes were then

identified visually and marked in each subject’s co-registered space using the BioImage Suite.61 Each electrode was assigned an

anatomical location (parcellated cortices,62 white matter, subcortical regions, or unknown locations) using the Freesurfer localization

tool. Unknown locations could be due to brain lesions or pathological brain areas. Electrodes in the white matter, ventricles,

cerebellum, and unknown locations were excluded from analyses. Out of a total of 1,877 electrodes, we included 694 bipolarly refer-

enced electrodes in the analyses. To show the position of electrodes from different subjects (Figures 3 and S6), electrode locations

were mapped onto the MNI305 average human brain via an affine transformation.63

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral analyses
The content of verbal responses (Stroop and Number tasks) was transcribed offline. The transcription was blind to the ground truth

answers as well as neural responses. The behavioral reaction time for verbal response (Stroop and Number tasks) was determined as

the first time the energy of the soundtrack was three standard deviations above the mean energy of the whole trial. Any noise

(e.g., door slam, coughing, etc.) before the actual trial response was carefully identified and smoothed to prevent false automatic

identification of behavioral response time. The keypress reaction time (Flanker task) was recorded by the Psychtoolbox code.

Reaction times are shown in Figure 2.

Preprocessing of intracranial field potential data
A zero-phase digital notch filter (Matlab function "filtfilt") was applied to the broadband signals to remove the AC line frequency at

60 Hz and harmonics. For each electrode and each task, trials with amplitudes (max-min voltage from fixation onset to stimulus

off) larger than three standard deviations above the mean amplitude across all trials were considered as containing artifacts and

excluded from analysis.42 The percentage of trials excluded by this criterion was 1.05% (Stroop), 1.25% (Flanker), and 1.29%

(Number).

Single electrode analysis of modulation by conflict
We computed the high-gamma band (70–120 Hz), low-gamma band (35–70 Hz), beta band (12–35 Hz), alpha band (8–12 Hz), and

theta band (4–8 Hz) power of the intracranial field potential signals by using amulti-taper moving-window spectral estimationmethod

implemented in the Chronux toolbox.58 The time-bandwidth product, number of tapers, and size of moving window used for each

frequency band are listed in Table S7.11 Throughout the paper, we focus on the high-gamma band and theta band signals. The power

in the corresponding frequency band was z-scored by subtracting the mean high-gamma power during the baseline period (500 ms

before stimulus onset) and dividing by the standard deviation of the high-gamma power during the baseline. Only correct trials were

included in the analyses.

First, we examinedwhether an electrode exhibited any response at all to the stimuli. An electrodewas defined as "responsive" if the

z-scored high-gamma power during the congruent condition was larger than 1 for at least 150 consecutivemilliseconds (153 200ms

window shifted by 10 ms), starting from stimulus onset to average behavioral response time. To determine whether an electrode
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showed conflict modulation (Tables S3 and S4, and S7), we compared the band power between the congruent and incongruent

conditions of each task. For each time bin (200 ms shifted by 10 ms), we compared the band power of incongruent versus congruent

trials using a permutation test with 5,000 iterations (a = 0.05). An electrode was denoted as showing conflict modulation if the

following two criteria were satisfied: (1) The band power of incongruent trials was significantly different from the high-gamma power

in congruent trials for at least 150 consecutive milliseconds (15 3 200 ms window shifted by 10 ms); (2) Criteria (1) was satisfied in

both behavioral response-aligned and stimulus-aligned conditions.11 When the band power was aligned to behavioral response,

selection criteria were applied to the time window starting from the average stimulus onset to the behavioral reaction time. When

the band power was aligned to the stimulus, the time window was from stimulus onset to average behavioral reaction time.

An electrode was considered to be visually responsive if the maximum z-scored high-gamma band power was larger than 2 during

the 300 milliseconds after stimulus onset. An electrode was considered showing motor responsive if the maximum z-scored

high-gamma band power was larger than 2 during 300 milliseconds before behavioral response and the power continually increased

during this time window. An electrode was considered to be visually selective for a particular task if it was visually responsive to

stimuli only in one task. An electrode was deemed to show motor selectivity if it was motor responsive to verbal output (Stroop

and Number) only or keypress (Flanker) only. These analyses are summarized in Tables S5 and S6.

To assess the correlation between conflict responses and reaction times (Figure 6), a linear regression (‘‘fitlm’’ function in Matlab)

was performed between reaction time and the mean high-gamma or theta band power of each trial for all conflict-modulated

electrodes. An electrode was considered to show a significant correlation if the p value of the linear regression slope was smaller

than 0.05.

Classifier analyses
We quantified whether we could distinguish between congruent and incongruent trials in individual trials based on the activity of

pseudo-populations formed by multiple electrodes.40 We used a linear-kernel support vector machine with ten-fold cross-validation

for all the classifier analyses (Figures 7 and 8). Two features were calculated for each trial from each electrode: the mean and

maximum band power from average stimulus onset to the behavioral response. These analyses were conducted separately for

the high-gamma and theta frequency bands. All data were normalized to zero mean and standard deviation 1 before each training

and testing session. All the classifier performance results reported are based on cross-validated test data. Themain text and Figures 7

and 8 describe all the different combinations of training and test data used, which are critical to evaluate within-task and

between-task invariance.
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