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The action-mode network (AMN) is a canonical functional brain network first identified
using resting-state functional connectivity (RSFC). Based on animal and human data,
we have proposed that AMN supports the brain’s action mode by controlling functions
required for successful goal-directed behavior. However, task fMRI averaged across groups
has associated AMN regions with a variety of behaviors, contributing to uncertainty about
AMN function. Here, we investigated the AMN using an inside-out approach, in which
the network architecture of the AMN i first precisely mapped within individuals and then
associated with behavioral functions. Individual-specific precision functional mapping with
>5 h of RSFC and task functional magnetic resonance imaging (fMRI) data revealed a rep-
licable AMN subnetwork structure. AMN subnetworks were characterized and annotated
by combining a meta-analytic network association method with RSFC, intrinsic timing,
and task activation profiling. We demonstrate the existence of AMN-Decision, -Action,
and -Feedback subnetworks that are distributed across lobes, forming a temporally sequen-
tial within-network processing stream by which the brain adjudicates between possible
goals, sets action plans, and modifies those plans in response to feedback such as pain. A
subnetwork in the pars marginalis of the cingulate was distinct from the Decision, Action,
and Feedback subnetworks and may be important for the construction of the bodily self.

action-mode network | cognitive control | functional connectivity | action control |
precision functional mapping

‘The human brain is organized into about a dozen canonical functional networks that have
been repeatedly verified across populations, datasets, and analyses (1-7). One of the first
functional networks discovered was the action-mode network (AMN) (8), which was
originally referred to as the cingulo-opercular network (9—11) based on its neuroanatomy.
AMN is composed of functionally coupled regions in the dorsal anterior cingulate cortex
(dACC), supplementary motor area (SMA), anterior and middle insula, supramarginal
gyrus (SMG), pars marginalis of the cingulate gyrus, anterior prefrontal cortex (aPFC),
anterior putamen, the central portion of the thalamus (in or near the ventral intermediate
nucleus), and lateral cerebellum (5, 6, 9-13). The AMN has often been confused with
the Salience network (14), though these two networks are anatomically and functionally
distinct. Relative to AMN, Salience is localized more anteriorly in dACC and inferiorly
in anterior insula and exhibits subcortical connectivity [to nucleus accumbens rather than
anterior putamen (15, 16)] and function [reward and motivation (17, 18)] inconsistent
with the AMN. Animal and human studies suggest that the AMN initiates and maintains
the brain’s action mode, a state in which arousal is heightened, attention is externally
focused, and action plans are created and converted to movements (8, 9, 19-23). Lesions
to AMN regions impoverish voluntary behavior while preserving other functions (24,
25). Thus, AMN appears to control and enable behavior expressed as physical actions—the
most important outcome of any set of complex brain processes.

Task fMRI research has associated AMN regions with a wide variety of behaviors,
leading to significant uncertainly about AMN function. The AMN coactivates (along with
several other brain networks) across a wide variety of cognitive tasks, leading to high-level
characterizations of task-positive activity as reflecting a broad extrinsic-mode network
(26, 27). The more restricted set of AMN regions was initially characterized as a network
critical for exerting top—down control over other cognitive functions. Large signals are
observed in the AMN when complex cognitive tasks are initiated (9, 28, 29), and it exhibits
sustained signals related to task goal maintenance (9-11). AMN regions also respond
strongly to feedback, enabling more effective control in the future. The AMN exhibits
large error responses; its activity is modulated by trial difficulty (i.e., time on task); and
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AMN regions are more strongly activated by ambiguous stimuli
and response conflict (9-11, 30—40). These data argue for the
AMN as an executive control network.

However, other lines of work suggest that some AMN regions
are involved in motor control (41, 42). DACC and mid-insula
have been linked to urges for motor action (43, 44). Dorsomedial
prefrontal AMN regions (dACC, pre-SMA, SMA) exhibit strong
functional connectivity with the somato-cognitive action network
(SCAN), which alternates with effector-specific regions in the
primary motor cortex (M1) (45). These SCAN-AMN connections
are thought to represent a link through which whole-body action
plans are realized as movements (45). Prolonged arm immobili-
zation results in both substantial changes in motor behavior and
strengthened functional connectivity between disused M1 and the
AMN, suggesting an important role in motor control (46, 47).
In nonhuman primates, the rostral, ventral, and dorsal cingulate
motor areas are critical for motor planning, as movement-preceding
signals appear in these cingulate areas prior to SMA and M1
(48, 49); their human homologs are likely located within the
dACC portion of the AMN.

The AMN also plays a role in processing painful stimuli. The
dACC, insula, and SMG/inferior parietal lobule are commonly
reported as brain regions most active during application of painful
stimuli (50-55). This pattern is consistent across both somatic
and visceral pain (56) and across both healthy and chronic pain
patients (55). This pattern is spatially distinct from representations
of negative affect or social pain (52) and partially overlaps with
AMN regions involved in cognitive control (57).

Traditional task-based approaches for understanding the func-
tion of brain regions follow an “outside-in” framework, in which
discrete behavioral functions are derived a priori, via introspection
and psychology, and each function is separately investigated and
localized in the brain. Each separate outside-in study typically
succeeds in identifying brain regions and networks associated with
the function of interest. However, reconciling findings across stud-
ies is difficult when multiple a priori functions map to the same
brain region. If the JACC region exhibits signals related to exec-
utive control (9-11, 39), task initiation (9, 28, 29), arousal (21,
22), motor control (42, 47, 48), cognitive conflict (36, 40), errors
(33), and pain monitoring (52-54), how can a concise account
of dACC, and of the broader AMN in which it participates,
account for this dizzying range of functionality?

It is instructive to realize that the brain may not necessarily be
organized in a fashion convergent with our a priori categories of
behavior, but instead follows its own organization, which was
developed haphazardly but with purpose by evolutionary pressures
(58). Because we do not and cannot know this organization a
priori, here we employ an alternative, inside-out approach, as
articulated by Buzsaki (59), that first identifies fundamental prop-
erties and organizational principles of the brain and then works
to understand how they give rise to behaviors (8, 59).

The inside-out framework (59) has produced some of the most
significant advances in our understanding of brain organization.
For example, the most widely studied brain network, the Default
mode network (DMN), was first identified not as regions activated
by a specific a priori behavioral function but as regions exhibiting
consistent and unexpected deactivation across many tasks
(60, 61). Subsequent investigation of DMN using an inside-out
approach—assuming the existence of the DMN as a discrete brain
network and investigating its functional properties—revealed that
the DMN’s functions encompass seemingly disparate behavioral
constructs such as episodic memory, planning for the future, pro-
cessing social interactions, and theory of mind (62—64). With the
inside-out approach, the DMN is inferred to be a network broadly
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subserving self-oriented cognitive function. Other work has taken
asimilar perspective in lateral prefrontal and parietal cortex, where
a domain-general network has been described that activates during
many different cognitive functions (27, 39, 65-67). Broadly, in
starting with known brain circuits and searching for their associ-
ated cognitive functions, the inside-out approach may thus be at
least a partial solution to the classic problem of reverse inference
in fMRI (68).

The inside-out approach has further revealed that much of the
functional heterogeneity of the DMN is enabled by its distinct
network substructures. Brain networks such as DMN are not uni-
tary entities, but exist as one level of a nested functional organiza-
tion (69—73) that can be further divided into distinct substructures.
In the DMN, network substructures—subnetworks—are function-
ally dissociable (73-75), such that they vary in their connectivity
to other brain networks (73) and are differentially engaged by var-
ious self-oriented cognitive processes (76). They are also temporally
dissociable, as subnetwork signals exhibit lagged relationships with
each other, suggesting sequentially ordered processing streams (73).

To improve precision of network delineation, our group has
continued to advance precision functional mapping (PFM), which
uses repeated fMRI scanning to reliably characterize brain networks
within individual highly sampled participants (2, 12, 77-87). By
characterizing networks at the individual level, detailed subdivisions
within large-scale networks have been identified, including within
the DMN (73, 74), Dorsal Attention network (DAN) (88), stria-
tum (16), and primary motor cortex (45).

Here, we further advanced our individual-specific PEM approach
to characterize and then annotate the AMN’s substructure (>5 h
RSEC and >5 h task fMRI per participant; n = 15). We first identified
AMN subnetworks from RSFC (16, 73) and then investigated their
functions. Meta-analytic tools such as Neurosynth (89) are useful
for functional annotation of single brain regions, but not for distrib-
uted networks. Thus, we developed a technique termed meta-analytic
network association (MANA) to identify Neurosynth functions
associated with spatially distributed subnetworks. To further validate
functional dissociations between subnetworks, we investigated dif-
ferences in their whole-brain RSFC patterns; in the lagged temporal
ordering of their signals; and in their task activation.

Results

Subnetworks within AMN. The subnetwork structure of each
individual’s AMN was identified using an automated detection
algorithm. Fine-scale communities were identified at a level
previously shown to optimally capture divisions in resting-
state and task data relative to a rotation-based null model (73).
Communities within AMN were then matched across individuals
based on their spatial overlap, and a clustering algorithm sorted
the matched communities into distinct subnetworks. Four
distinct subnetworks were identified within the AMN (exemplar
participant in Fig. 1; all PEM individuals in S/ Appendix, Fig. S1).
The AMN subnetworks differed in their relative prominence in
more anterior, central, lateral, and pars marginalis portions of
the unified AMN. The anterior subnetwork (green) was most
prominent in the dACC, dorsal anterior insula, and aPFC. The
central subnetwork (blue) included the posterior JACC and SMA.
The lateral subnetwork (blue) was represented in the SMG, middle
insula, anterior inferior frontal sulcus, and posterior inferior
frontal gyrus. A fourth subnetwork was consistently localized
to the pars marginalis of the cingulate sulcus. Three of the four
subnetworks (anterior, central, and lateral) were identified in every
single individual; in two subjects, the subnetwork in the pars
marginalis was incorporated into the lateral subnetwork.
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Fig. 1. Action-mode subnetworks. The complete AMN (Left) and AMN
subnetworks (Right) in an exemplar participant (P01) with 294 min of resting-
state fMRI data. Four distinct subnetworks were identified that matched across
individuals: an anterior subnetwork in dorsal anterior cingulate, dorsal anterior
insula, and anterior PFC (green); a central subnetwork in more posterior dorsal
anterior cingulate extending up to supplementary motor area (blue); a lateral
subnetwork in middle insula, supramarginal gyrus, posterior inferior frontal
gyrus, and inferior frontal sulcus (yellow); and a subnetwork centered the
pars marginalis of the cingulate sulcus (magenta). See S/ Appendix, Fig. S1 for
all individual participants.

The four AMN subnetworks also exhibited significant topolog-
ical consistency across participants in subcortex (Fig. 2). The ante-
rior subnetwork (Fig. 24) had consistent representation in only a
small segment of anterior ventral putamen, adjacent to but not
within the nucleus accumbens, but exhibited thalamic representa-
tion spanning the ventral lateral anterior and ventral posterior
lateral nuclei [localized using the DISTAL atlas (90)]. It was also
present in lateral anterior cerebellum and posterior cerebellum.
The central subnetwork (Fig. 2B) had extensive representation in
putamen that was dorsal and posterior of the anterior subnetwork.
Relative to the anterior subnetwork, the central subnetwork exhib-
ited more medial representation in anterior cerebellum, closer to
motor cerebellar regions, but reduced representation in posterior
cerebellum. By contrast, the lateral subnetwork (Fig. 2C) was not
represented in the striatum or thalamus, though it exhibited the
most extensive cerebellar representation, anterior to other subnet-
works in the anterior lobe and surrounding them in the posterior
lobe. Finally, the Pars Marginalis subnetwork (Fig. 2D) exhibited
no representation in the striatum or thalamus and only minimal
representation in the cerebellum, in far anterior posterior lobe.
See SI Appendix, Table S1 for coordinates of maximal cross-subject
overlap within each subnetwork.

Meta-Analytic Network Annotation (MANA) of AMN Subnetworks.
The functional role of each AMN subnetwork was determined by
matching it to distributed activation patterns within the Neurosynth
meta-analysis database (89). Meta-analytic imaging tools such as
Neurosynth enable associations between specific brain locations
reported as activated in task fMRI studies and textual terms extracted
from the study manuscripts. Critically, these approaches cannot
query terms associated with distributed network or subnetwork
patterns consisting of multple brain locations. Therefore, we
developed MANA, a method for annotating brain networks.
MANA expands the traditional meta-analytic approach, utilizing
the Neurosynth database of brain coordinates and textual terms to
consider distributed sets of activation peaks rather than isolated
locations.

For each AMN subnetwork, MANA identified studies reporting
multiple activation peaks congruent with the spatial distribution of
that subnetwork (Fig. 3; see Methods). For each database term, a
one-way ANOVA tested whether the weighting of that term in those
studies was significantly different across the three subnetworks.
MANA word clouds illustrate the terms with significant differences,
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associated with the subnetwork for which it had the highest weight-
ing. Word size is scaled to the magnitude of differences among
subnetworks. Terms shown in black exhibited differences between
subnetworks that were significant at < 0.05 (unc.); colored terms
were significant at < 0.05, FDR corrected for the total number of
terms tested.

The terms “working memory,” “response,” “conflict,” and
“decisions” were relatively most strongly associated with the ante-
rior subnetwork (P < 0.05, FDR). Together, in the context of the
overall AMN function of selecting and implementing actions,
these terms suggest a circuit that engages complex cognitive pro-
cesses that integrate information from multiple sources, includ-
ing resolving conflicts among conflicting sources, to decide on a
course of action. Thus, the anterior AMN was functionally anno-
tated as the Decision subnetwork (green).

Premotor terms such as “sequence,” and pure motor terms such
as “movements,” and “finger” were most strongly associated with
the central AMN subnetwork. The central subnetwork also
included the term “reward.” These terms suggest a circuit that
generates an action plan. Thus, the central AMN was functionally
annotated as the Action subnetwork (blue).

The lateral AMN subnetwork was associated with nociceptive
terms such as “pain,” “painful,” and “noxious,” and with soma-
tosensory terms such as “somatosensory,” “sensorimotor,” and
“tactile,” but also with “observation” and (nonsignificantly) “action
observation,” “motor imagery,” and “imitation.” Generally, these
terms suggest a circuit that processes multiple feedback modalities
critical for actions, such as pain and sensory/visual action feed-
back. Thus, the lateral AMN was functionally annotated as the
Feedback subnetwork (yellow).

Notably, the Pars Marginalis AMN subnetwork was not signif-
icantly associated with any terms. We hypothesized that this could
be caused by a paucity of extant studies eliciting activation within
this region. To test this hypothesis, we mapped all reported study
activations within the Neurosynth database to the cortical surface.
We observed that the pars marginalis of the cingulate sulcus exhib-
ited some of the fewest reported activations of any brain region
outside of locations associated with susceptibility artifact
(81 Appendiix, Fig. S2). This suggests that the function of the Pars
Marginalis AMN subnetwork may not yet be clearly identifiable
using extant task-based fMRI paradigms. However, recent human
electrophysiological studies of regions in the posteromedial cortex
reported that the Pars Marginalis of the cingulate may serve as a
convergence zone for bodily schema, and to be critical for con-
structing the bodily self (91), something that would be difficult
to capture with task fMRI (Discussion). Therefore, based on strong
human direct stimulation evidence, we are tentatively labeling the
pars marginalis subnetwork as the “Bodily Self,” though this func-
tional label may be subject to future revision.

We note that the MANA approach identifies which subnetwork
is most strongly associated with each term, but this must not be
misinterpreted as an absence of association for other subnetworks.
For example, pain is most strongly associated with the Feedback
subnetwork, but it is also associated with the Decision and Action
subnetworks of the AMN.

To confirm differences in evoked activity between AMN subnet-
works, we examined task data collected in 10 of the 15 participants
across five motor task conditions [motor task (92): Tongue, Left
Hand, Right Hand, Left Leg, Right Leg] and two cognitive condi-
tions [spatial, verbal discrimination (2)]. See ST Appendix, Fig. S3.

For each condition, we entered subnetwork activation values into
an ANOVA model testing for main effects of subnetwork, with
subjectidentity modeled asa random effect, and Bonferroni-correcting
for the number of networks tested. We observed significant main
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Fig. 2. Consistency of cortical and subcortical distribution of AMN subnetworks. (A-D) Density maps illustrate the number of PFM participants with overlapping
subnetwork representations at each point in cortex (Left), thalamus and striatum (Top Right), and cerebellum (Bottom Right; flatmap), for the (A) Anterior, (B)
Central, (C) Lateral, and (D) Pars Marginalis subnetworks. Maps were thresholded to retain points at which at least three participants exhibited overlap. Differential
scaling of density maps in cortex and subcortex was required due to lower signal-to-noise ratio in subcortex increasing the cross-participant variability. () A

winner-take-all map illustrates the relative topographies of all three subnetworks.

effects of subnetwork for all tasks tested [Fs(3, 26) > 14.0, Ps <
0.001]. Post hoc paired # tests demonstrated that the AMN’s
Decision and Action subnetworks were more active during Tongue
movement than the Feedback or Bodily Self subnetworks [ts(9) >
4.6, Ps < 0.002]. The Action subnetwork was more activated than
any other subnetwork by all Hand and Foot movements [ts(9) >
2.53, Ps < 0.04], except for the Right Hand movement [t(14) =
1.87, P < 0.10]. The Decision and Action subnetworks were more
active than the Feedback or Bodily Self subnetworks during both

https://doi.org/10.1073/pnas.2502021122

of the cognitive conditions (spatial and verbal discrimination) [ts(9)
>4.31, Ps < 0.002], though the Decision and Action subnetworks
did not differ from each other. See S/ Appendix, Table S4 for ¢ tests
for all subnetworks, for all tasks.

AMN Subnetworks Exhibit Differential Connectivity with Other
Functional Networks. Spring-embedded graph visualizations
(following methods from refs. 5, 45, and 93); exemplar participant
P01 shown in Fig. 44; all participants in ST Appendix, Fig. S4)

pnas.org
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Fig. 3. MANA of action-mode subnetworks. Subnetworks from the cross-participants winner-take-all analysis were matched to spatial activation distributions
that had task descriptor terms in the Neurosynth database (89). Word clouds illustrate terms more associated with activation patterns of each action-mode
subnetwork compared to the other subnetworks (tested for each term via one-way ANOVA). Larger font size indicates a higher frequency of the term. Terms
shown in black are significant at P < 0.05 (unc.); colored terms are significant at P < 0.05, FDR corrected for the 742 terms tested.

suggest that the Decision, Action, Feedback, and Bodily Self
AMN subnetworks exhibit preferential connectivity to canonical
functional networks. Quantification of average connectivity to
each network (Fig. 4B) showed that the Decision subnetwork was
most closely linked to the Salience network. This connectivity may
enable reward and/or aversive signals generated by the Salience
network to bias action decisions. The Action subnetwork was most
closely linked to the SCAN, with additional strong connectivity
to effector-specific (foot, hand, mouth) motor networks. This
connectivity may enable transmission of the generated action
plan to motor execution circuits. The Feedback subnetwork was
most closely linked to the Dorsal attention network, which may
allow the visual attention functions of DAN to contribute to
action observation. The Bodily Self subnetwork was not strongly
connected to any other large-scale network, suggesting that its
function may be internal to the AMN.

PNAS 2025 Vol.122 No.27 2502021122

To determine whether AMN subnetworks differed from each
other in their functional connectivity to canonical functional net-
works, for each network, we entered subnetwork connectivity
values into an ANOVA model testing for main effects of subnet-
work, with subject identity modeled as a random effect. P values
for each network-level ANOVA were Bonferroni-corrected for the
number of networks tested. We observed significant main effects
of subnetwork for the SCAN, DAN, Salience, Somatomotor-hand,
Somatomotor-face, and Somatomotor-foot [Fs(3, 38) > 7.4,
Ps < 0.001].

Post hoc paired # tests demonstrated that the Action subnetwork
exhibited stronger connectivity than any other subnetwork to the
SCAN, Somatomotor-hand, Somatomotor-face,and Somatomotor-
foot networks [ts(12) > 3.7, Ps < 0.004]. The Feedback subnet-
work exhibited stronger connectivity than any other subnetwork
to the Dorsal Attention network, though this difference was not

https://doi.org/10.1073/pnas.2502021122 5 of 12
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Fig. 4. Functional connectivity patterns of AMN subnetworks. () A spring-embedded plotin an exemplar participant (PO1) illustrates the preferential connectivity
of Action Mode subnetworks to large-scale functional networks. For clarity of visualization, only networks most closely associated with the subnetworks are shown.
See Sl Appendix, Fig. S4 for all individual participants. (B) Across participants, individual-specific action-mode subnetworks demonstrate preferential connectivity
to other individual-specific functional networks. The radial axis indicates the strength of functional connectivity Z(r) between each AMN subnetwork and each
canonical functional network. Negative connectivity values are not represented. Significant differences among subnetwork connectivities to each network,
determined via ANOVA, are indicated as ***P(corr.) < 0.001. Colors and spatial locations of AMN subnetworks (Left) and other canonical networks (Right) are

shown in the exemplar participant at the Bottom.

significant vs. the Bodily Self subnetwork [Feedback vs. Action,
vs. Decision: ts(12) > 4.2, Ps < 0.001; Feedback vs. Bodily Self:
t(12) = 2.0, P = 0.07]. Similarly, the Decision subnetwork exhib-
ited stronger connectivity than any other subnetwork to the
Salience network, though this difference was not significant vs.
the Bodily Self subnetwork [Decision vs. Feedback, vs. Action:
ts(12) = 6.5, Ps < 0.001; Decision vs. Bodily Self: ¢(12) = 1.6, P
= 0.14]. All post hoc paired # tests can be found in SI Appendix,
Table S2.

Some of the strong subnetwork-to-network connectivity pref-
erences (e.g., AMN-Decision to Salience) were between physically
adjacent portions of the cortex. To ensure that the strong FC values
were not driven by local autocorrelations of the fMRI signal, the
above analyses were replicated after excluding all functional con-
nections between cortical vertices within 20 mm of each other.
Connectivity profiles did not change (S7 Appendix, Fig. S5); all
network-level ANOVAs remained significant (all Ps < 0.005); and
all post hoc 7 tests reported significant above remained significant
(all Ps < 0.005).

Spontaneous fMRI Signals in AMN Subnetworks Are Temporally
Ordered. Differential timing of infraslow rs-fMRI signals (0.08
to 0.1 Hz) among network structures suggests a temporally
ordered processing stream, as has been identified among different
subnetworks of the default-mode network and among networks in
the precentral gyrus (45, 73). Here, lag analyses demonstrate the
temporal order of infraslow rs-fMRI signals within networks of
the putative action output processing stream, including Salience,
AMN subnetworks, SCAN, and effector-specific motor networks
(Fig. 5). A one-way ANOVA found a significant main effect of
subnetwork/network identity [F(6, 94) = 9.92, P < 0.0001]. Post
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hoc 7 tests indicated that signals in the Salience network occurred
later than those in all AMN subnetworks, SCAN, or motor Hand
[all ts(14) > 3.1, all Ps < 0.009]. Further, spontaneous activity in
Feedback, Decision, and Bodily Self subnetworks occurred later
than Action, SCAN, or Hand activity [ts(14) > 2.3, all Ps < 0.04].
All temporal lag 7 tests can be found in ST Appendix, Table S3.
Previous reports have associated interregional lags in infraslow
(<0.1 Hz) signals with temporally ordered delta activity (0.5 to 4
Hz) lags in the opposite direction (94). Thus, these results suggest
a temporal ordering of delta-frequency activity from Salience to
the AMN-Feedback, Decision, and Bodily Self subnetworks, and
then to the Action subnetworks, SCAN, and effector-specific
motor networks, consistent with the expected relative ordering
of a feedback—decision—action cycle.

Discussion

A Functional Processing Stream of the AMN. Traditional outside-
in approaches for identifying brain regions associated with a priori
cognitive functions have described a surprisingly varied range of
functionality for AMN regions. Here, we employ an alternative,
inside-out network annotation approach (59) to first identify the
organization of the AMN and to subsequently probe function
within this organization.

The brain-first, inside-out approach describes the AMN as a
functionally integrated system with networked substructures that
each have specific inputs and outputs, and which contain circuits
spanning many cortical lobes and subcortical structures. These
AMN subnetworks exhibit different task responses and sequential
lagged timing of signals, suggesting that together they enable serial
processing of information cutting across specific a priori
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Fig. 5. Temporal ordering of AMN signals in the action output processing stream. Temporal ordering of rs-fMRI signals for each individual-specific AMN
subnetwork, as well as for the associated Salience, SCAN, and Hand networks. Values are averaged across vertices within each subnetwork and across participants.
The zero-point is arbitrary and indicates timing relative to all AMN subnetworks. SE across participants is indicated by error bars. A one-way ANOVA indicated a
significant main effect of subnetwork/network identity (P < 0.0001). ** indicates P < 0.01, * indicates P < 0.05 for all post hoc paired t tests. Inset shows subnetwork
and network topography for the exemplar participant (PO1). Prior electrophysiology work suggests that later infraslow (0.08 to 0.1 Hz) activity (here, the Salience
network and AMN-Feedback, Decision, and Bodily Self subnetworks) corresponds to earlier delta-band (0.5 to 4 Hz) activity (94).

psychological functions, and even across the traditional sensory/
motor/cognitive domains.

We have argued that the AMN initiates and maintains the brain’s
action mode (8), in which arousal is heightened, attention is exter-
nally focused, sympathetic input to internal organs drives physio-
logical mechanisms such as respiration and heart rate, goals are
established and maintained, decisions are made among potential
competing outcomes, action plans are created and converted to
movements, and feedback from action outcomes is evaluated to
modify future decision and action plans. The AMN subnetwork
organization described here constitutes the major cortico-subcortical
processing stream within the action mode, enabling transformation
of reward and motivational information into concrete action plans,
and evaluating those actions to update future plans accordingly—
the primary functions of the action mode.

Most AMN subnetworks were associated with specific cognitive
functions (Fig. 3 and SI Appendix, Fig. S6). However, these sub-
networks should not be thought of as performing a list of functions
enumerated here. Rather, the inside-out framework argues that
each subnetwork performs a specific type of processing that is
employed during the execution of a variety of common fMRI tasks.

An AMN-Decision Subnetwork for Action Selection, Maintenance,
and Control. The AMN’s Decision subnetwork described here
overlaps with the functional core of the classic description of AMN
(9-11), which is centered in bilateral JACC, anterior insula, and
aPFC. The preferentially cognitive nature of functions associated
with the Decision subnetwork also converges with previous reports
of AMN functionality, including involvement in task maintenance,
error processing, conflict monitoring, and ambiguity processing to
decide among competing options (10, 33, 36-38, 95). Lesions of
the AMN-Decision subnetwork cause apathy and abulia (24, 25),
as well as decreased spontaneous self-initiated activity (96).

The AMN-Decision subnetwork was most strongly connected to
the Salience network (97), which enables reward valuation and moti-
vation (18); degeneration of Salience regions induces apathy (17).
DACC regions in the Decision subnetwork evaluate reward infor-
mation in order to make decisions (98), guide behavior (99, 100),
and produce actions (101). Thus, Salience network may provide
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inputs to the AMN-Decision subnetwork enabling it to select deci-
sions, exert control, and produce actions (via projections to the
AMN-Action subnetwork) that are guided by the reinforcement value
of that decision. The AMN-Decision subnetwork may also enable
control over nonphysical actions, including working memory and
attention functions.

An AMN-Action Subnetwork for Initiation of and Control Over
Physical Actions. The AMN’s Action subnetwork converges with
regions that initiate and maintain control over physical actions
(motor outputs). Action initiation and control can be understood
as a cascade of executive functions that proceed from abstract to
concrete action plans, and then to execution of movement (102).
The regions at one end of this processing stream—cingulate motor
zones in the macaque dorsal medial prefrontal cortex—initiate
a chain of projections backward to supplementary motor area,
premotor area, and to motor cortex (48, 49). These cingulate
motor zones appear spatially homologous with the AMN-Action
subnetwork, which similarly exhibited strong connectivity with
motor networks and strong activation during motor behavior.

The AMN-Action subnetwork was strongly connected to the
recently identified SCAN, which implements actions on a
whole-body level, including regulation of posture and internal
physiology (45). The AMN-Action subnetwork further had rep-
resentation in dorsal anterior putamen, which is associated with
motor planning and learning and receiving projections from pre-
motor areas in nonhuman primates (103). The Action subnetwork
may receive fast somatosensory feedback about the results of exe-
cuted actions, as AMN-Action regions were proximal to primary
somatosensory cortex (S1) and secondary somatosensory cortex
(S2) in the dorsal posterior insula, and MANA indicated soma-
tosensory functions in the Action subnetwork. The Action sub-
network may also contribute to visceral organ control, which is
localized in the posterior insula (104).

An AMN-Feedback Subnetwork for Evaluating Action Outcomes.
The AMN-Feedback subnetwork likely provides temporally extended
feedback to the Decision subnetwork based on the outcomes of
prior actions. Unlike the Decision and Action subnetworks, the
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AMN-Feedback subnetwork exhibited little striatal or thalamic
representation. Because cortico—striato—thalamo—cortical loops are
critical for the motivation, development, planning, and execution of
goal-directed actions (103), the absence of such loops in the Feedback
subnetwork suggests that this circuit is not directly involved in the
feedforward processing stream of action production and control.
Consistent with this interpretation, the Feedback subnetwork did not
activate during motor or cognitive tasks but was associated with meta-
analytic terms reflecting somatosensory feedback, including processing
of painful and noxious stimuli. The subnetwork’s representation in
middle insula and SMG is consistent with known distributions of
pain-related brain activity (51, 56); indeed, a large meta-analysis
identified middle insula and SMG—the most prominent AMN-
Feedback regions—as the most pain-associated regions of the brain
(55). This suggests a role for the AMN, and specifically the Feedback
subnetwork, in attending to, integrating, and transmitting sensory
information, and particularly information related to pain, perhaps
the most salient type of action-feedback (105).

In addition to somatosensation and pain, the Feedback subnet-
work was associated with terms reflecting observation of actions;
and further, it exhibited uniquely strong connectivity to the Dorsal
Attention Network, which directs eye movements and processes
attention-directed visuospatial information (106, 107). Thus, we
hypothesize that the Feedback subnetwork processes multiple
types of postaction feedback, including pain and relevant visual
information about the results of an executed action. Such feedback
mechanisms may be critical for accurate predictive modeling of
future motor actions, which has been argued to involve the
mid-insula (44). By contrast, the AMN-Feedback subnetwork
may not be primary in processing another type of feedback, task
errors (i.e., incorrect choices), as the “error” term was associated
more strongly with the AMN-Decision subnetwork. Error-related
signals are strongest in Decision subnetwork regions such as JACC
and anterior insula but can also be observed in Feedback regions
such as inferior parietal and inferior frontal gyri (9, 32, 33). Task
errors, being more context-dependent than pain or visual feed-
back, may require adjudication by the Decision subnetwork.

The anterior-to-posterior anatomical position of the AMN-
Decision and -Feedback subnetworks in the insula seems to converge
with the known dysgranular-to-granular architectonic organization
of the insula (108). Overlapping AMN subnetworks with architec-
tonic divisions of the insula (109) revealed that the Decision sub-
network was only present in dysgranular insula divisions, while the
Feedback subnetwork overlapped posterior granular insula divisions
(ST Appendix, Fig. S6). Prior work suggests that the dysgranular divi-
sion is more related to goal-directed, motivated behavior, while the
granular division is related to sensorimotor integration (110), a dis-
tinction consistent with the present work.

A Subnetwork in the Pars Marginalis for Integrating Sensation
and Action into the Bodily Self. The AMN subnetwork centered
in the Pars Marginalis of the cingulate sulcus may be critical for
constructing the sense of the bodily self. This subnetwork was
notably difficult to associate with known function, given its lack
of coverage in the Neurosynth database (S/ Appendix, Fig. S2) and
its lack of strong connectivity to other known brain networks.
However, recent work using direct stimulation of regions in
the posteromedial cortex reported that stimulation of the Pars
Marginalis of the cingulate, but not of other surrounding regions,
consistently induced feelings of floating and being disconnected
from the body (91). Based on these observations, this region was
argued to function as a convergence zone for bodily schema that
is continually updated as an individual acts in the environment,
and thus to be critical for constructing the bodily self (91).
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Network analyses revealed this bodily self-related region in the Pars
Marginalis to be connected to the AMN (91), strongly suggesting
convergence with the Pars Marginalis subnetwork described in
the present work. As such, we tentatively label this subnetwork
as AMN-Bodily Self, though this functional labeling must be
considered subject to revision based on future work that may
identify alternate or more extensive functions of this circuit.

From Goal Establishment to Action Execution across AMN
Subnetworks. Relative differences in spontaneous rs-fMRI
activity timing among the AMN subnetworks suggest a temporal
sequence of activity from Salience to AMN-Feedback, -Decision,
and -Bodily Self to AMN-Action, and then to the SCAN and
effector-specific motor networks. Infraslow rs-fMRI signals (<0.1
Hz) were detected relatively later in Salience, Feedback, Bodily
Self, and Decision AMN than in the Action AMN subnetwork.
However, the “sender—receiver” model argues that the temporal
ordering of infraslow activity (<0.1 Hz) is in the opposite direction
from the temporal ordering of delta-band frequency (0.5 to 4 Hz)
cortical activity reflective of neural processing, as the infraslow
activity coordinates timing of information exchange via phase-
amplitude coupling (94, 111). This result expands findings from
our prior work, which described an AMN->SCAN->M1 ordering
of signals (45). Here, the distinct ordering of spontaneous activity
waves we observed within and beyond AMN provide important
convergence with prior work conducting invasive recordings in
humans and macaques. In humans, the posterior medial frontal
cortex initiated activity preceding a task-driven response later than
all other prefrontal, parietal, or temporal regions (112), similar
to the Action AMN region described here. In macaques, signals
in more rostral cingulate regions occur earlier before a movement
than those in caudal cingulate, which in turn precede motor cortex
activity (113). The Decision and Action portions of dorsal anterior
cingulate may thus represent human homologs of the macaque
rostral and caudal cingulate motor areas, respectively (48). These
orderings further suggest that the strong connectivity between
the Decision AMN and the Salience network may reflect the
projection of inputs from Salience to the AMN.

Together, these findings suggest a processing stream of goal and
action control and feedback adjustment in the brain. In this model,
the AMN-Decision subnetwork receives connections reflecting
valuations from regions in the Salience network that process reward
(114) and incorporates this information to perform judgments,
adjudicate between alternatives, to initiate and maintain goals (115).
If a goal can be expressed as a physical action, it is projected to the
Action subnetwork where the abstract goal is transformed into con-
crete action plans (48). Action plans are projected to the SCAN to
prepare the whole body to implement the plan (45), and finally to
effector-specific M1 where it is transformed into fine motor plans.
Feedback about prior action outcomes (including salient visual
stimuli and pain) is provided through the AMN-Feedback subnet-
work to 1) the Decision subnetwork, which processes these signals,
as well as goal-incompatible errors, to update active goals, and 2)
to the Action subnetwork to enable predictive modeling of future
planned actions (44). Information from all other subnetworks may
be integrated into the Pars Marginalis-centered subnetwork for the
construction of the Bodily Self.

The temporal ordering of spontaneous signals within the AMN,
even in the absence of any goal-directed activity, likely reflect cyclic
arousal-related global waves, as has been observed with fMRI in
humans (116) and with fast optical imaging in mice (117). AMN
sits at one end of this arousal-locked cycle, opposite the DMN (8,
116). The present observation that within AMN, these spontane-
ous signals exhibit temporally ordered activity along circuits
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convergent with a known action-to-motor hierarchy (113) sug-
gests that in detail, arousal-driven signal fluctuations may be tem-
porally sequenced along functional processing streams.

Targeted Treatments of Patients with AMN Disruptions.
Understanding the organization and function of the AMN is of
critical importance, as AMN regions are being investigated as
targets for neuromodulation in the treatment of pain, addiction,
epilepsy, and movement disorders (118-124). Patient-specific
AMN subnetwork mapping can improve the characterization
and treatment of neurological and psychiatric conditions affected
by AMN processing. For example, lesions within AMN cause
apathy and abulia (24, 25), decreasing spontaneous self-initiated
activity. Abulia is also a key psychiatric symptom of Parkinson’s
disease (125). Such deficits in activity may be most specifically
related to damage to or deficits in the AMN-Decision subnetwork,
such that goals leading to action are not set. Other Parkinson’s
disease deficits such as freezing of gait represent an impaired
ability to initiate intended movements (126, 127) and may be
more specifically related to the AMN-Action subnetwork and
its connectivity to SCAN, which enables whole-body actions.
By contrast, chronic pain symptoms may be most related to the
AMN-Feedback subnetwork, as AMN-Feedback regions (insula,
SMG/inferior parietal lobule) were more associated with pain
than other AMN regions in a large meta-analysis (55). Notably,
the ability to delineate these disease-specific AMN subnetworks
in individuals opens the door for neuromodulation therapies
precisely targeting these brain regions.

An Integrated Processing Stream with Ancient Evolutionary
Precursors. Cognitive neuroscience-derived models of brain
organization have often employed the outside-in approach, and
so must, by their nature, describe separate brain modules for
each a priori cognitive/behavioral function tested. This has led to
the conceptualization that decision-making (prefrontal), action
and movement control (SMA/M1), and pain processing (insula)
are wholly distinct systems. By contrast, the inside-out approach
describes these functions as an integrated processing stream within
a single overarching cortico—striatal-thalamo—cerebellar functional
network that works together to implement control over behavior
under the action mode. From this perspective, we hypothesize that the
Salience-AMN-SCAN axis reflects a reward—goal-action—movement
processing stream that has ancient evolutionary precursors, useful
for even simple organisms that can sense nutrient concentrations
and move toward them (58, 128). As evolution progressed, this
processing stream became more elaborated and interconnected with
brain systems enabling complex cognitive functions and movement
outcomes, but it still retained its core function of producing actions.
'This is why lesions to core AMN regions eliminate voluntary actions
while broadly preserving other functionality (24, 25).

Methods

Data. Data for this project were compiled from three preexisting datasets compris-
ing 15 PFM subjects with between 98 and 356 min of per-subject resting-state
fMRI.These datasets are termed the Plasticity dataset (46), the Midnight Scan Club
(MSC) dataset (2), and the Multi-Echo dataset (129). For details about participants,
data acquisition, and processing, see the S/ Appendix, Supplemental Methods.

Analysis.

Mapping network structure. The network organization of each participant's brain
was delineated following (16, 73) using the Infomap algorithm for community
detection (130). This approach, which has the advantage over other algorithms
of deriving networks only from the strongest positive connectivity values in the
brain, has been extensively utilized in prior work for network identification and
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discovery (2, 5,12, 13, 16, 45-47, 73, 84, 86, 93). Communities derived from
sparse thresholds in this approach represent subnetworks, while communities
derived from denser thresholds represent more traditional large-scale brain net-
works(5,73),including AMN. For details of these approaches, see the S Appendix,
Supplemental Methods.

Matching AMN subnetworks across individuals. For each participant, we con-
sidered subnetworks as communities defined at the 0.1% density level (i.e., each
column and row in the connectivity matrix retains the top 0.1% of connectivity
values). Previous validation of this procedure (73) has shown that the 0.1% den-
sity threshold identifies subnetwork divisions in resting data that best explain
task activations in these participants. We identified these subnetworks that had
representation within each subject's individual-specific Action Mode network
(defined above), with representation in the insula, anterior cingulate cortex
extending dorsally into dorsomedial prefrontal cortex, supramarginal gyrus,
and pars marginalis of the cingulate (2, 5, 6, 9-11).

We sorted all subjects’ AMN subnetworks into distinct clusters. This was accom-
plished by first computing the pairwise spatial overlap between subnetworks as
their Jaccard coefficient, resulting in a # subnetworks X # subnetworks overlap
matrix. This overlap matrix was fed into an iterative Louvain community detection
algorithm (obtained from https://github.com/neuro-data-science/neuro_data_sci-
ence/tree/master/matlab/basset_connectivity) which iteratively computed clusters
until the modularity of the resulting clusters within the overlap matrix was no longer
higher than the modularity of the previous set of clusters. Clusters of overlapping
subnetworks present in fewer than half of subjects were not considered.

After identifying AMN subnetworks on the cortex, we examined subcortical
areas (basal ganglia, thalamus, and cerebellum) for representation of our selected
AMN subnetworks in these regions.

Visualizing subnetwork overlap across participants. For each matched subnet-
work, the number of individuals with each subnetwork present was calculated for
each cortical vertex. For subcortical voxels, some participants (Plasticity and MSC)
were inTalairach space.To represent overlap, we first linearly transformed each of
these participants into MNI152 space using a standard Talairach-to-MNI linear
transform. Overlap was then calculated across MNI-space participant subnetworks
as the number of individuals with the subnetwork present in each MNI-space
voxel. This procedure produced maps of the density of each subnetwork across
participants.

MANA analysis. We investigated functions associated with each subnetwork
by leveraging text-mining and meta-analyses techniques in the brain map-
ping Neurosynth database (https://github.com/neurosynth/neurosynth-data).
Neurosynth compiles neuroimaging studies and generates probabilistic map-
pings based on article term frequencies and term-to-activation correlations (89).
Neurosynth functionality natively includes mapping single MNI152 [X, Y, Z] coor-
dinates to meta-analytic descriptor terms common in the neuroimaging literature.
Thisis accomplished by automatically text-mining both activity peaks and descriptor
terms from a huge corpus of neuroimaging papers.Then, papers can be identified in
which a reported activity peak falls within a short distance of the target coordinate.
At the time the Neurosynth database was downloaded, it contained over 500,000
activation peaks from over 14,000 fMRI papers. Each paper is labeled with at least
one term automatically mined from its text, and each term has a weighting for each
paper reflecting the prevalence of that term in the text.

Here, we expanded this functionality by mapping notjusta single coordinate,
but instead simultaneously mapping the multiple regions within each subnet-
work. We first identified the congruent clusters of each subnetwork present in
the group. This was accomplished by thresholding the subnetwork density maps
(representing cross-participant overlap, described above) to retain all cortical
vertices in which >10% of participants had the subnetwork. For each subnetwork,
we then identified all studies within the Neurosynth database with a collection
of activation peaks that “matched" the subnetwork. Specifically, the study had to
reportan activation peak <2 mm from at least 40% of subnetwork regions. Thus,
a given study must have elicited activity near a substantial number of the sub-
network’s regions in order to match that subnetwork. Varying these parameters
did not substantially alter findings reported here.

All terms associated with matching studies that were related to mental or task-
related function (e.g., "effort,” “oddball," “language,” "delay,” "covert”), were retained,
while all terms related to aspects of the participant population (e.g., "male”), brain
location (e.g., "occipital," "network”), or anything unrelated (e.g., "voxel," “peripheral,
"extra”) were excluded. This restricted the database to 742 terms.

"

"
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Terms in the Neurosynth database have "weights" for each study ranging from
0to 1, indicating the prevalence of that term within the text-mined paper. For
each term, we tested whether that term's weights differed significantly across
different subnetworks. Specifically, the weights found for that term in each study
matched to each subnetwork were all entered into a one-way ANOVA testing
for effects of the identity of the matching subnetwork. Significance in this test
indicates significant differences in the weight of that term across subnetworks. If
the ANOVA was significant, that term was associated with the subnetwork exhib-
iting the largest average weight. Significance was tested both at P < 0.05, FDR-
corrected for the number of terms tested, as well as (for exploratory purposes)
at P < 0.05 uncorrected.

Neurosynth activation peak density. For each cortical vertex in the MNI152-
space Conte69 atlas midthickness cortical surface, we computed the number of
activation peaks within the MNI152-space Neurosynth database that were within
4 mm of that vertex.

Task analysis. Modeling of task-evoked activity in this data has been previously
described in ref. 2 and is fully described in SI Appendix, Supplemental Methods.
The task contrasts of interest included: 1) Tongue > baseline, 2) Left Hand > base-
line, 3) Right Hand > baseline, 4) Left Leg > baseline, 5) Right Leg > baseline, 6)
Spatial Discrimination Task > baseline, 7) Verbal Discrimination Task > baseline.
For each of these conditions, we calculated the average activation (z-scores) within
the vertices of each subnetwork.

For each task condition, we conducted an ANOVA testing for main effects of

subnetwork identity on activation in that condition, with subject identity entered
asarandom effect. Pvalues for these main effects were Bonferroni-corrected for
the number of task conditions tested. When significant main effects of subnet-
work were identified, we followed up with post hoc subnetwork vs. subnetwork
paired t tests.
Calculating connectivity to other networks/subnetwork-network relation-
ships. For each AMN subnetwork matched across participants, we calculated the
average fMRI time course across subnetwork voxels/vertices. We then calculated
the average time course across voxels/vertices of the large-scale Default Mode,
Visual, Fronto-Parietal, Dorsal Attention, Language, Salience, Somatomotor Hand,
Somatomotor Face, Somatomotor Foot, Parietal Memory, Context, and Somato-
Cognitive Action networks. Voxels/vertices that overlapped with that subnetwork
were excluded from these averages. We then calculated the functional connec-
tivity between each AMN subnetwork and each of the 12 large-scale networks
as the Fisher-transformed correlation of the two-time courses.

For each large-scale network, we conducted an ANOVA testing for main effects
of subnetwork identity on strength of connectivity to that network, with sub-
ject identity entered as a random effect. P values for these main effects were
Bonferroni-corrected for the number of networks tested. When significant main
effects of subnetwork were identified, we followed up with post hoc subnetwork
vs. subnetwork paired t tests.

Visualization of subnetwork-network relationships in individual participants
was conducted using spring-embedded plots (5), as implemented in Gephi
(https://gephi.org/). In each participant, nodes were defined as contiguous cor-
tical subnetwork or network clusters larger than 20 mm? from each matched
AMN subnetworks, as well as from within the other large-scale networks shown
to be strongly connected to AMN subnetworks. Pairwise connectivity between
nodes was calculated as the Z-transformed correlation of their mean time courses.
For visualization purposes, graphs were constructed by thresholding node-to-
node connectivity matrices at 10% density. These graphs were then imported
into Gephi. For three participants (P05, P07, and P13), whole networks (always
either Salience or Dorsal Attention) were disconnected from the rest of the graph
at this density threshold. Since the goal was to visualize connectivity with these
networks, in these cases, we systematically increased the density threshold in
5% increments until all networks were connected to the graph. For these three
participants, the graph became connected and was visualized at 45%, 30%, and
20% densities, respectively.

Calculating subnetwork time delays. We computed lagged correlation esti-
mates by extending a previously published method (131) to create a "lag
map" for each AMN subnetwork in each subject representing the time delay
of each vertex relative to the subnetwork. For details of this approach, see
SI Appendix, Supplemental Methods. Lag maps values were averaged across
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all vertices within each network/subnetwork of interest and then across the four
subnetwork-seeded lag maps within each subject. This produced an average
time shift for each network/subnetwork within each subject relative to all other
tested networks/subnetworks. A one-way ANOVA tested whether there were any
differences in this average time shift across the subnetworks and networks of
interest. Post hoc t tests determined the relative temporal ordering of networks
and subnetworks.

Comparison of subnetworks to architectonics. We downloaded the Julich
Brain Cytoarchitectonic Atlas v2.0 (109) from (https://julich-brain-atlas.de/
atlas). This volumetric atlas is in the space of the MNI152 ICBM2009C nonlinear
asymmetric brain. To map this atlas to the cortical surface, we downloaded an
existing Freesurfer reconstruction of this brain from (https:/figshare.com/arti-
cles/dataset/FreeSurfer_reconstruction_of_the_MNI152_ICBM2009¢_asym-
metrical_non-linear_atlas/4223811). For optimal comparison with fMRI data,
these Freesurfer-derived surfaces were transformed into 32k fs_LR space, and
the Julich atlas was sampled into this 32k fs_LR space using the enclosing voxel
sampling procedure available in Connectome Workbench 1.0 (132). Borders of
these surface-mapped architectonic areas were generated using Connectome
Workbench, and these borders were superimposed over the group-averaged
AMN subnetworks.

Data, Materials, and Software Availability. Data processing code for
Plasticity and Midnight Scan Club subjects can be found here: https:/gitlab.
com/DosenbachGreene/ (133). Data processing code for Multi-Echo subjects can
be found here: https://github.com/cjl2007/Liston-Laboratory-MultiEchofMRI-
Pipeline (134). Additional analysis code used for this manuscript can be found
here: https://gitlab.com/DosenbachGreene/SCAN/ (135). Software packages
incorporated into the above pipelines for data analysis included: Matlab R2020b,
https://www.mathworks.com/ (136). Connectome Workbench 1.5, http://www.
humanconnectome.org/software/connectome-workbench.html (137). Freesurfer
v6.2, https://surfer.nmr.mgh.harvard.edu/ (138). FSL6.0, https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki (139). 4dfp tools, https://4dfp.readthedocs.io/en/latest/ (140).
Infomap, www.mapequation.org (141). Data from individual Plasticity Dataset
subjects is available in the openneuro repository here: https://openneuro.org/
datasets/ds002766/versions/3.0.0 (142). Data from individual Midnight Scan
Club Dataset subjects is available in the openneuro repository here: https:/
openneuro.org/datasets/ds000224/versions/1.0.4 (143). Data from individual
Multi-Echo Dataset subjects is available on reasonable request. They are not
yet available through public databases because data collection is still ongoing.

ACKNOWLEDGMENTS. This work was supported by NIH grants NS110332
(DJ.N), MH121518 (S.M.), MH129616 (T.O.L), MH096773 (N.U.FD.),
MH122066 (N.U.FD.and E.M.G.), MH121276 (N.U.FD.and E.M.G.), MH124567
(N.U.FD.and E.M.G.),NS129521 (N.U.F.D.and E.M.G.), and NS088590 (N.U.F.D.);
by the National Spasmodic Dysphonia Association (E.M.G.); by the Taylor Family
Foundation (T.0.L.); by the Intellectual and Developmental Disabilities Research
Center (D.J.G. and N.U.ED.); by the Kiwanis Foundation (N.U.F.D.); by the
Washington University Hope Center for Neurological Disorders (N.U.F.D. and
E.M.G.); and by Mallinckrodt Institute of Radiology pilot funding (D.J.G., N.U.F.D.,
and EM.G.).

Author affiliations: *Department of Radiology, Washington University School of Medicine,
St. Louis, MO 63110; ®Department of Psychiatry, Washington University School of Medicine,
St. Louis, MO 63110; “Department of Cognitive Science, University of California San Diego,
La Jolla, CA 92093; “Department of Neurology, New York University Medical Center, New
York, NY 10016; *Department of Psychiatry, Weill Cornell Medicine, New York, NY 10065;
‘Department of Pediatrics, University of Minnesota Medical School, Minneapolis, MN 55455;
&Department of Neurology, Washington University School of Medicine, St. Louis, MO 63110;
"Artificial Intelligence for Health Institute, Washington University School of Medicine, St.
Louis, MO 63110; ‘Department of Biomedical Engineering, Washington University in St.
Louis, St. Louis, MO 63130; 'Department of Psychological and Brain Sciences, Washington
University School of Medicine, St. Louis, MO 63110; “Department of Neuroscience,
Washington University School of Medicine, St. Louis, MO 63110; 'Program in Occupational
Therapy, Washington University School of Medicine, St. Louis, MO 63110; and "Department
of Pediatrics, Washington University School of Medicine, St. Louis, MO 63110

Author contributions: D.J.N., D.J.G., N.U.F.D., and E.M.G. designed research; C.B.D., D.J.N.,
AN.N., and N.U.F.D. performed research; C.B.D., T.O.L,, DJ.N., CJ.L., M.H., RJ.C., S.RK.,
A.ZS., and E.M.G. analyzed data; and C.B.D., T.O.L., D.J.N,, CJ.L, S.M.N., AN.N., RJ.C.,
S.RK., AZS.,SM., DJ.G, M.ER, N.U.F.D., and E.M.G. wrote the paper.

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2502021122#supplementary-materials
https://gephi.org/
http://www.pnas.org/lookup/doi/10.1073/pnas.2502021122#supplementary-materials
https://julich-brain-atlas.de/atlas
https://julich-brain-atlas.de/atlas
https://figshare.com/articles/dataset/FreeSurfer_reconstruction_of_the_MNI152_ICBM2009c_asymmetrical_non-linear_atlas/4223811
https://figshare.com/articles/dataset/FreeSurfer_reconstruction_of_the_MNI152_ICBM2009c_asymmetrical_non-linear_atlas/4223811
https://figshare.com/articles/dataset/FreeSurfer_reconstruction_of_the_MNI152_ICBM2009c_asymmetrical_non-linear_atlas/4223811
https://gitlab.com/DosenbachGreene/
https://gitlab.com/DosenbachGreene/
https://github.com/cjl2007/Liston-Laboratory-MultiEchofMRI-Pipeline
https://github.com/cjl2007/Liston-Laboratory-MultiEchofMRI-Pipeline
https://gitlab.com/DosenbachGreene/SCAN/
https://www.mathworks.com/
http://www.humanconnectome.org/software/connectome-workbench.html
http://www.humanconnectome.org/software/connectome-workbench.html
https://surfer.nmr.mgh.harvard.edu/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://4dfp.readthedocs.io/en/latest/
http://www.mapequation.org
https://openneuro.org/datasets/ds002766/versions/3.0.0
https://openneuro.org/datasets/ds002766/versions/3.0.0
https://openneuro.org/datasets/ds000224/versions/1.0.4
https://openneuro.org/datasets/ds000224/versions/1.0.4

Downloaded from https://www.pnas.org by UNIVERSITY OF MINNESOTA DULUTH on July 16, 2025 from |P address 131.212.12.1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

J.S. Damoiseaux et al., Consistent resting-state networks across healthy subjects. Proc. Natl. Acad.
Sci. U.S.A. 103, 13848-13853 (2006).

E. M. Gordon et al., Precision functional mapping of individual human brains. Neuron 95, 791-807
(2017),10.1016/j.neuron.2017.07.011.

J.L.Jietal., Mapping the human brain’s cortical-subcortical functional network organization.
Neuroimage 185, 35-57 (2019),10.1016/j.neuroimage.2018.10.006.

S. Marek et al., Identifying reproducible individual differences in childhood functional brain
networks: An ABCD study. Dev. Cogn. Neurosci. 40, 100706 (2019), 10.1016/j.dcn.2019.100706.
J.D. Power et al., Functional network organization of the human brain. Neuron 72, 665-678 (2011),
10.1016/j.neuron.2011.09.006.

B.T.T.Yeo et al., The organization of the human cerebral cortex estimated by intrinsic functional
connectivity. J. Neurophysiol. 106, 1125-1165(2011), 10.1152/jn.00338.2011.

S. M. Smith et al., Correspondence of the brain’s functional architecture during activation and rest.
Proc. Natl. Acad. Sci. U.S.A. 106, 13040-13045 (2009), 10.1073/pnas.0905267106.

N. U.F. Dosenbach, M. E. Raichle, E. M. Gordon, The brain’s action-mode network. Nat. Rev. Neurosci.
26,158-168(2025), 10.1038/s41583-024-00895-x.

N. U.F. Dosenbach et al., A core system for the implementation of task sets. Neuron 50, 799-812
(20006).

N. U.F. Dosenbach et al., Distinct brain networks for adaptive and stable task control in humans.
Proc. Natl. Acad. Sci. U.S.A. 104, 11073-11078 (2007), 10.1073/pnas.0704320104.

N. U.F. Dosenbach, D.A. Fair, A. L. Cohen, B. L. Schlaggar, S. E. Petersen, A dual-networks architecture
of top-down control. Trends Cogn. Sci. 12, 99-105 (2008), 10.1016/j.tics.2008.01.001.

S. Marek et al., Spatial and temporal organization of the individual human cerebellum. Neuron 100,
977-993(2018),10.1016/j.neuron.2018.10.010.

D.J. Greene et al., Integrative and network-specific connectivity of the basal ganglia and thalamus
defined in individuals. Neuron 105, 742-758 (2020), 10.1016/j.neuron.2019.11.012.

W. W. Seeley, The salience network: A neural system for perceiving and responding to homeostatic
demands. J. Neurosci. 39, 9878-9882 (2019), 10.1523/JNEUROSCI.1138-17.2019.

C.J. Lynch et al., Frontostriatal salience network expansion in individuals in depression. Nature 633,
624-633(2024).

E. M. Gordon et al., Individualized functional subnetworks connect human striatum and frontal
cortex. Cereb. Cortex 32, 2868-2884 (2022), 10.1093/cercor/bhab387.

M. Chu et al., Atrophy network mapping of clinical subtypes and main symptoms in frontotemporal
dementia. Brain 147, 3048-3058 (2024).

J.R.Dugré, S. Potvin, Towards a neurobiologically-driven ontology of mental functions: A data-
driven summary of the twenty years of neuroimaging meta-analyses. bioRxiv [Preprint] (2023).
https://doi.org/10.1101/2023.03.29.534795 (Accessed 11 July 2023).

S.Tremblay, C.Testard, J. Inchauspé, M. Petrides, Epiphenomenal neural activity in the primate
cortex. bioRxiv [Preprint] (2023). https://doi.org/10.1101/2022.09.12.506984 (Accessed 19 April
2024).

B. Setzer et al., A temporal sequence of thalamic activity unfolds at transitions in behavioral arousal
state. Nat. Commun. 13, 5442 (2022),10.1038/541467-022-33010-8.

S. Sadaghiani, G. Hesselmann, K. J. Friston, A. Kleinschmidt, The relation of ongoing brain activity,
evoked neural responses, and cognition. Front. Syst. Neurosci. 4,20 (2010).

S. Sadaghiani, M. D'Esposito, Functional characterization of the cingulo-opercular network in the
maintenance of tonic alertness. Cereb. Cortex 25, 2763-2773 (2015),10.1093/cercor/bhu072.
W.E. Allen et al., Global representations of goal-directed behavior in distinct cell types of mouse
neocortex. Neuron 94, 891-907.e6(2017), 10.1016/j.neuron.2017.04.017.

J.S.Siegel et al., The circuitry of abulia: Insights from functional connectivity MRI. Neuroimage Clin.
6,320-326(2014),10.1016/j.nicl.2014.09.012.

R.R. Darby, J. Joutsa, M. J. Burke, M. D. Fox, Lesion network localization of free will. Proc. Natl. Acad.
Sci. U.S.A. 115,10792-10797 (2018), 10.1073/pnas.1814117115.

K.Hugdahl et al., Dynamic up- and down-regulation of the default (DMN) and extrinsic (EMN)
mode networks during alternating task-on and task-off periods. PLoS One 14, 0218358 (2019),
10.1371/journal.pone.0218358.

K. Hugdahl, M. E. Raichle, A. Mitra, K. Specht, On the existence of a generalized non-specific task-
dependent network. Front. Hum. Neurosci. 9, 1-15(2015), 10.3389/fnhum.2015.00430.

M.F.S. Rushworth, M. E. Walton, S. W. Kennerley, D. M. Bannerman, Action sets and decisions in the
medial frontal cortex. Trends Cogn. Sci. 8, 410-417 (2004), 10.1016/j.tics.2004.07.009.

M. D. Fox, A. Z. Snyder, D. M. Barch, D. A. Gusnard, M. E. Raichle, Transient BOLD responses at block
transitions. Neuroimage 28, 956-966 (2005), 10.1016/j.neuroimage.2005.06.025.

C. Gratton et al., Distinct Stages of Moment-to-Moment Processing in the Cinguloopercular and
Frontoparietal Networks. Cereb. Cortex 27, 2403-2416 (2017).

C. Gratton, H. Sun, S. E. Petersen, Control networks and hubs Psychophysiology 55, €13032 (2018),
10.1111/psyp.13032.

M. Neta, B. L. Schlaggar, S. E. Petersen, Separable responses to error, ambiguity, and reaction

time in cingulo-opercular task control regions. Neuroimage 99, 59-68 (2014),10.1016/j.
neuroimage.2014.05.053.

M. Neta et al., Spatial and temporal characteristics of error-related activity in the human brain. J.
Neurosci. 35,253-266(2015), 10.1523/JNEUROSCI.1313-14.2015.

S.E. Petersen, M. . Posner, The attention system of the human brain: 20 years after. Annu. Rev.
Neurosci. 35,73-89(2012), 10.1146/annurev-neuro-062111-150525.

J.D. Power, S. E. Petersen, Control-related systems in the human brain. Curr. Opin. Neurobiol. 23,
223-228(2013),10.1016/j.conb.2012.12.009.

M. M. Botvinick, J. D. Cohen, C. S. Carter, Conflict monitoring and anterior cingulate cortex: An
update. Trends Cogn. Sci. 8, 539-546 (2004), 10.1016/j.tics.2004.10.003.

R.B. Ebitz, M. L. Platt, Neuronal activity in primate dorsal anterior cingulate cortex signals task
conflict and predicts adjustments in pupil-linked arousal. Neuron 85, 628-640(2015), 10.1016/j.
neuron.2014.12.053.

C. Orr, R. Hester, Error-related anterior cingulate cortex activity and the prediction of conscious error
awareness. Front. Hum. Neurosci. 6,177 (2012),10.3389/fnhum.2012.00177.

J. Duncan, The multiple-demand (MD) system of the primate brain: Mental programs for intelligent
behaviour. Trends Cogn. Sci. 14,172-179 (2010), 10.1016/j.tics.2010.01.004.

M. M. Botvinick, T.S. Braver, D. M. Barch, C. S. Carter, J. D. Cohen, Conflict monitoring and cognitive
control. Psychol. Rev. 108, 624-652 (2001), 10.1037/0033-295x.108.3.624.

M.-T. Lu, J. B. Preston, P. L. Strick, Interconnections between the prefrontal cortex and the premotor
areas in the frontal lobe. J. Comp. Neurol. 341, 375-392 (1994), 10.1002/cne.903410308.

PNAS 2025 Vol.122 No.27 2502021122

42.

43.

44.
45.
46.
47.
48.
49.
50.
51.
52.
53.

54.

55.

56.

57.
58.

59.
. M.E.Raichle et al., A default mode of brain function. Proc. Natl. Acad. Sci. U.S.A. 98, 676-682

61.
62.
63.
64.

65.

66.
67.
68.
69.

70.

71.
72.
73.

74.

75.

76.
77.

78.

79.

80.

P.Rinne et al., Motor dexterity and strength depend upon integrity of the attention-control system.
Proc. Natl. Acad. Sci. U.S.A. 115, E536-E545 (2018), 10.1073/pnas.1715617115.

A.E. Cavanna, K.J. Black, M. Hallett, V. Voon, Neurobiology of the premonitory urge in Tourette's
syndrome: Pathophysiology and treatment implications. J. Neuropsychiatry Clin. Neurosci. 29,
95-104(2017), 10.1176/appi.neuropsych.16070141.

S.R.Jackson, A. Parkinson, S.Y. Kim, M. Schiiermann, S. B. Eickhoff, On the functional anatomy of
the urge-for-action. Cogn. Neurosci. 2, 227-243 (2011),10.1080/17588928.2011.604717.

E. M. Gordon et al., A somato-cognitive action network alternates with effector regions in motor
cortex. Nature 617, 351-359 (2023), 10.1038/541586-023-05964-2.

D.J. Newbold et al., Plasticity and spontaneous activity pulses in disused human brain circuits.
Neuron 107, 580-589 (2020), 10.1016/j.neuron.2020.05.007.

D.J. Newbold et al., Cingulo-opercular control network and disused motor circuits joined in standby
mode. Proc. Natl. Acad. Sci. U.S.A. 118, 62019128118 (2021), 10.1073/pnas.2019128118.

N. Picard, P. L. Strick, Motor areas of the medial wall: A review of their location and functional
activation. Cereb. Cortex 6, 342-353 (1996), 10.1093/cercor/6.3.342.

N. Picard, P. L. Strick, Imaging the premotor areas. Curr. Opin. Neurobiol. 11, 663-672 (2001),
10.1016/50959-4388(01)00266-5.

C.B.Pinto et al., Chronic pain domains and their relationship to personality, abilities, and brain
networks. Pain 164, 59 (2023), 10.1097/}.pain.0000000000002657.

M. C. Reddan, T. D. Wager, Modeling pain using fMRI: From regions to biomarkers. Neurosci. Bull.
34,208-215(2018),10.1007/s12264-017-0150-1.

T.D. Wager et al., An fMRI-based neurologic signature of physical pain. N. Engl. J. Med. 368,
1388-1397(2013), 10.1056/NEJM0a1204471.

T.D. Wager et al., Pain in the ACC? Proc. Natl. Acad. Sci. U.S.A. 113, E2474-E2475(2016),10.1073/
pnas.1600282113.

M. D. Lieberman, N. I. Eisenberger, The dorsal anterior cingulate cortex is selective for pain: Results
from large-scale reverse inference. Proc. Natl. Acad. Sci. U.S.A. 112,15250-15255 (2015), 10.1073/
pnas.1515083112.

R.Tanasescu, W. J. Cottam, L. Condon, C. R.Tench, D. P. Auer, Functional reorganisation in

chronic pain and neural correlates of pain sensitisation: A coordinate based meta-analysis of

266 cutaneous pain fMRI studies. Neurosci. Biobehav. Rev. 68,120-133(2016), 10.1016/j.
neubiorev.2016.04.001.

L.Van Oudenhove et al., Common and distinct neural representations of aversive somatic and
visceral stimulation in healthy individuals. Nat. Commun. 11,5939 (2020), 10.1038/541467-020-
19688-8.

P.A. Kragel et al., Generalizable representations of pain, cognitive control, and negative emotion in
medial frontal cortex. Nat. Neurosci. 21, 283-289 (2018), 10.1038/s41593-017-0051-7.

P. Cisek, Resynthesizing behavior through phylogenetic refinement. Atten. Percept. Psychophys. 81,
2265-2287(2019),10.3758/s13414-019-01760-1.

G. Buzsaki, The Brain from Inside Out (Oxford University Press, 2019).

(2001).

M. E. Raichle, A. Z. Snyder, A default mode of brain function: A brief history of an evolving idea.
Neuroimage 37, 1083-1090 (2007), 10.1016/j.neuroimage.2007.02.041.

R. L. Buckner, L. M. DiNicola, The brain's default network: Updated anatomy, physiology and
evolving insights. Nat. Rev. Neurosci. 20, 593-608 (2019), 10.1038/541583-019-0212-7.

R. L. Buckner, J. R. Andrews-Hanna, D. L. Schacter, The brain's default network: Anatomy, function,
and relevance to disease. Ann. N. Y. Acad. Sci. 1124, 1-38 (2008), 10.1196/annals.1440.011.

M. E. Raichle, The brain’s default mode network. Annu. Rev. Neurosci. 38, 433-447 (2015),
10.1146/annurev-neuro-071013-014030.

E. Fedorenko, J. Duncan, N. Kanwisher, Broad domain generality in focal regions of frontal

and parietal cortex. Proc. Natl. Acad. Sci. U.S.A. 110, 16616-16621(2013), 10.1073/
pnas.1315235110.

M. Assem, M. F. Glasser, D. C. Van Essen, J. Duncan, A domain-general cognitive core defined in
multimodally parcellated human cortex. Cereb. Cortex 30, 4361-4380(2020), 10.1093/cercor/bhaa023.
J. Duncan, The structure of cognition: Attentional episodes in mind and brain. Neuron 80, 35-50
(2013).

R.A. Poldrack, Can cognitive processes be inferred from neuroimaging data? Trends Cogn. Sci. 10,
59-63(2006), 10.1016/j.tics.2005.12.004.

A. Abou Elseoud et al., Group-ICA model order highlights patterns of functional brain connectivity.
Front. Syst. Neurosci. 5,37 (2011), 10.3389/fnsys.2011.00037.

R.F. Betzel et al., Multi-scale community organization of the human structural connectome and
its relationship with resting-state functional connectivity. Netw. Sci. 1, 353-373(2013),10.1017/
nws.2013.19.

R.F. Betzel, D.S. Bassett, Multi-scale brain networks. Neuroimage 160, 73-83 (2017), 10.1016/j.
neuroimage.2016.11.006.

G. Doucet et al., Brain activity at rest: A multi-scale hierarchical functional organization.

J. Neurophysiol. 105,2753-2763(2011), 10.1152/jn.00895.2010.

E. M. Gordon et al., Default-mode network streams for coupling to language and control systems.
Proc. Natl. Acad. Sci. U.S.A. 117,17308-17319 (2020), 10.1073/pnas.2005238117.

R.M.Braga, R. L. Buckner, Parallel interdigitated distributed networks within the individual
estimated by intrinsic functional connectivity. Neuron 95, 457-471.5(2017),10.1016/j.
neuron.2017.06.038.

R.M.Braga, K. R. A.Van Dijk, J. R. Polimeni, M. C. Eldaief, R. L. Buckner, Parallel distributed networks
resolved at high resolution reveal close juxtaposition of distinct regions. J. Neurophysiol. 121,
1513-1534(2019), 10.1152/jn.00808.2018.

L. M. DiNicola, R. M. Braga, R. L. Buckner, Parallel distributed networks dissociate episodic and social
functions within the individual. J. Neurophysiol. 123,1144-1179 (2020), 10.1101/733048.

J. D. Bijsterbosch et al., The relationship between spatial configuration and functional connectivity of
brain regions. Elife 7,32992 (2018), 10.7554/eLife.32992.

M. Feilong, S. A. Nastase, J. S. Guntupalli, J. V.. Haxby, Reliable individual differences in
fine-grained cortical functional architecture. Neuroimage 183, 375-386(2018), 10.1016/j.
neuroimage.2018.08.029.

E. M. Gordon et al., Individual-specific features of brain systems identified with resting state
functional correlations. Neuroimage 146, 918-939(2017), 10.1016/j.neuroimage.2016.08.032.
E. M. Gordon, T. 0. Laumann, B. Adeyemo, S. E. Petersen, Individual variability of the system-level
organization of the human brain. Cereb. Cortex. 27, 386-399 (2017), 10.1093/cercor/bhv239.

https://doi.org/10.1073/pnas.2502021122 11 of 12


https://doi.org/10.1016/j.neuron.2017.07.011
https://doi.org/10.1016/j.neuroimage.2018.10.006
https://doi.org/10.1016/j.dcn.2019.100706
https://doi.org/10.1016/j.neuron.2011.09.006
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1073/pnas.0905267106
https://doi.org/10.1038/s41583-024-00895-x
https://doi.org/10.1073/pnas.0704320104
https://doi.org/10.1016/j.tics.2008.01.001
https://doi.org/10.1016/j.neuron.2018.10.010
https://doi.org/10.1016/j.neuron.2019.11.012
https://doi.org/10.1523/JNEUROSCI.1138-17.2019
https://doi.org/10.1093/cercor/bhab387
https://doi.org/10.1101/2023.03.29.534795
https://doi.org/10.1101/2022.09.12.506984
https://doi.org/10.1038/s41467-022-33010-8
https://doi.org/10.1093/cercor/bhu072
https://doi.org/10.1016/j.neuron.2017.04.017
https://doi.org/10.1016/j.nicl.2014.09.012
https://doi.org/10.1073/pnas.1814117115
https://doi.org/10.1371/journal.pone.0218358
https://doi.org/10.3389/fnhum.2015.00430
https://doi.org/10.1016/j.tics.2004.07.009
https://doi.org/10.1016/j.neuroimage.2005.06.025
https://doi.org/10.1111/psyp.13032
https://doi.org/10.1016/j.neuroimage.2014.05.053
https://doi.org/10.1016/j.neuroimage.2014.05.053
https://doi.org/10.1523/JNEUROSCI.1313-14.2015
https://doi.org/10.1146/annurev-neuro-062111-150525
https://doi.org/10.1016/j.conb.2012.12.009
https://doi.org/10.1016/j.tics.2004.10.003
https://doi.org/10.1016/j.neuron.2014.12.053
https://doi.org/10.1016/j.neuron.2014.12.053
https://doi.org/10.3389/fnhum.2012.00177
https://doi.org/10.1016/j.tics.2010.01.004
https://doi.org/10.1037/0033-295x.108.3.624
https://doi.org/10.1002/cne.903410308
https://doi.org/10.1073/pnas.1715617115
https://doi.org/10.1176/appi.neuropsych.16070141
https://doi.org/10.1080/17588928.2011.604717
https://doi.org/10.1038/s41586-023-05964-2
https://doi.org/10.1016/j.neuron.2020.05.007
https://doi.org/10.1073/pnas.2019128118
https://doi.org/10.1093/cercor/6.3.342
https://doi.org/10.1016/S0959-4388(01)00266-5
https://doi.org/10.1097/j.pain.0000000000002657
https://doi.org/10.1007/s12264-017-0150-1
https://doi.org/10.1056/NEJMoa1204471
https://doi.org/10.1073/pnas.1600282113
https://doi.org/10.1073/pnas.1600282113
https://doi.org/10.1073/pnas.1515083112
https://doi.org/10.1073/pnas.1515083112
https://doi.org/10.1016/j.neubiorev.2016.04.001
https://doi.org/10.1016/j.neubiorev.2016.04.001
https://doi.org/10.1038/s41467-020-19688-8
https://doi.org/10.1038/s41467-020-19688-8
https://doi.org/10.1038/s41593-017-0051-7
https://doi.org/10.3758/s13414-019-01760-1
https://doi.org/10.1016/j.neuroimage.2007.02.041
https://doi.org/10.1038/s41583-019-0212-7
https://doi.org/10.1196/annals.1440.011
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1073/pnas.1315235110
https://doi.org/10.1073/pnas.1315235110
https://doi.org/10.1093/cercor/bhaa023
https://doi.org/10.1016/j.tics.2005.12.004
https://doi.org/10.3389/fnsys.2011.00037
https://doi.org/10.1017/nws.2013.19
https://doi.org/10.1017/nws.2013.19
https://doi.org/10.1016/j.neuroimage.2016.11.006
https://doi.org/10.1016/j.neuroimage.2016.11.006
https://doi.org/10.1152/jn.00895.2010
https://doi.org/10.1073/pnas.2005238117
https://doi.org/10.1016/j.neuron.2017.06.038
https://doi.org/10.1016/j.neuron.2017.06.038
https://doi.org/10.1152/jn.00808.2018
https://doi.org/10.1101/733048
https://doi.org/10.7554/eLife.32992
https://doi.org/10.1016/j.neuroimage.2018.08.029
https://doi.org/10.1016/j.neuroimage.2018.08.029
https://doi.org/10.1016/j.neuroimage.2016.08.032
https://doi.org/10.1093/cercor/bhv239

Downloaded from https://www.pnas.org by UNIVERSITY OF MINNESOTA DULUTH on July 16, 2025 from |P address 131.212.12.1.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

10

=

10

10

N~

103.
104.

10

o

10

o

10

=

108.
109.

110.
1.

12 of 12

C. Gratton et al., Functional brain networks are dominated by stable group and individual factors,
not cognitive or daily variation. Neuron 98, 439-452 (2018), 10.1016/j.neuron.2018.03.035.

S.J. Harrison, et al., Modelling subject variability in the spatial and temporal characteristics of
functional modes. Neuroimage 222, 117226 (2020),10.1101/544817.

B.T.Kraus et al., Network variants are similar between task and rest states. Neuroimage 229,
117743 (2021),10.1016/j.neuroimage.2021.117743.

T.0. Laumann et al., Functional system and areal organization of a highly sampled individual
human brain. Neuron 87, 657-670(2015), 10.1016/j.neuron.2015.06.037.

M. Li et al., Performing group-level functional image analyses based on homologous functional
regions mapped in individuals. PLoS Biol. 17, 62007032 (2019), 10.1371/journal.pbio.2007032.
C. M. Sylvester et al., Individual-specific functional connectivity of the amygdala: A substrate for
precision psychiatry. Proc. Natl. Acad. Sci. U.S.A. 117, 3808-3818 (2020), 10.1073/pnas.1910842117.
D.Wang et al., Parcellating cortical functional networks in individuals. Nat. Neurosci. 18, 1853-1860
(2015), 10.1038/nn.4164.

J.Du et al., Organization of the human cerebral cortex estimated within individuals: Networks,
global topography, and function. J. Neurophysiol.

T. Yarkoni, R. A. Poldrack, T. E. Nichols, D. C. Van Essen, T. D. Wager, Large-scale automated synthesis
of human functional neuroimaging data. Nat. Methods 8, 665-670 (2011), 10.1038/nmeth.1635.
S. Ewert et al., Toward defining deep brain stimulation targets in MNI space: A subcortical atlas
based on multimodal MRI, histology and structural connectivity. Neuroimage 170, 271-282 (2018),
10.1016/j.neuroimage.2017.05.015.

D. Lyu etal., Causal evidence for the processing of bodily self in the anterior precuneus. Neuron
111,2502-2512.¢4 (2023), 10.1016/j.neuron.2023.05.013.

D. M. Barch et al., Function in the human connectome: Task-fMRI and individual differences in
behavior. Neuroimage 80, 169-189 (2013), 10.1016/j.neuroimage.2013.05.033.

E. M. Gordon et al., Three distinct sets of connector hubs integrate human brain function. Cell Rep.
24,1687-1695(2018),10.1016/j.celrep.2018.07.050.

A. Mitra et al., Human cortical-hippocampal dialogue in wake and slow-wave sleep. Proc. Natl. Acad.
Sci. U.S.A. 113, E6868-E6876 (2016), 10.1073/pnas.1607289113.

M. Neta, S. M. Nelson, S. E. Petersen, Dorsal anterior cingulate, medial superior frontal cortex, and
anterior insula show performance reporting-related late task control signals. Cereb. Cortex 1991,
2154-2165(2017), 10.1093/cercor/bhw053.

|.Fried, P. Haggard, B.J. He, A. Schurger, Volition and action in the human brain: Processes, pathologies,
and reasons. J. Neurosci. 37, 10842-10847 (2017), 10.1523/JNEUR0SCI.2584-17.2017.

W.W. Seeley et al., Dissociable intrinsic connectivity networks for salience processing and executive
control. J. Neurosci. 27, 2349-2356 (2007), 10.1523/JNEUROSCI.5587-06.2007.

G. Bush et al., Dorsal anterior cingulate cortex: A role in reward-based decision making. Proc. Natl.
Acad. Sci. U.S.A. 99, 523-528 (2002), 10.1073/pnas.012470999.

C.B. Holroyd, M. G. H. Coles, Dorsal anterior cingulate cortex integrates reinforcement history to
qguide voluntary behavior. Cortex 44, 548-559 (2008), 10.1016/j.cortex.2007.08.013.

E. Magno, C. Simdes-Franklin, I. H. Robertson, H. Garavan, The role of the dorsal anterior cingulate
in evaluating behavior for achieving gains and avoiding losses. J. Cogn. Neurosci. 21, 2328-2342
(2009),10.1162/j0cn.2008.21169.

. Z.M.Williams, G. Bush, S. L. Rauch, G. R. Cosgrove, E. N. Eskandar, Human anterior cingulate

neurons and the integration of monetary reward with motor responses. Nat. Neurosci. 7,
1370-1375(2004), 10.1038/nn1354.

E. Koechlin, C. Ody, F. Kouneiher, The architecture of cognitive control in the human prefrontal
cortex. Science 302, 1181-1185(2003), 10.1126/science.1088545.

S.N. Haber, Corticostriatal circuitry. Dialogues Clin. Neurosci. 18,7-21(2016).

B. Hsueh et al., Cardiogenic control of affective behavioural state. Nature 615, 292-299 (2023),
10.1038/s41586-023-05748-8.

L. Li et al., Characterization of whole-brain task-modulated functional connectivity in response to
nociceptive pain: A multisensory comparison study. Hum. Brain Mapp. 43,1061-1075 (2022),
10.1002/hbm.25707.

M. Corbetta, G. L. Shulman, Control of goal-directed and stimulus-driven attention in the brain. Nat.
Rev. Neurosci. 3,201-215(2002).

. M. Corbetta, G. Patel, G. L. Shulman, The reorienting system of the human brain: From environment

to theory of mind. Neuron 58, 306-324 (2008), 10.1016/j.neuron.2008.04.017.

H. C. Evrard, The organization of the primate insular cortex. Front. Neuroanat. 13,1-21(2019).

K. Amunts, H. Mohlberg, S. Bludau, K. Zilles, Julich-Brain: A 3D probabilistic atlas of the human
brain's cytoarchitecture. Science 369, 988-992 (2020), 10.1126/science.abb4588.

E. E. Benarroch, Insular cortex. Neurology 93, 932-938 (2019), 10.1212/WNL.0000000000008525.
S.Monto, S. Palva, J. Voipio, J. M. Palva, Very slow EEG fluctuations predict the dynamics of stimulus
detection and oscillation amplitudes in humans. J. Neurosci. 28, 8268-8272 (2008), 10.1523/
JNEUROSCI.1910-08.2008.

https://doi.org/10.1073/pnas.2502021122

112.

113.

114.

1

o

1l

o

"

~

118.

119.

120.

12

12

N

123.

124.

125.

126.

12

~

12

o

12

o

130.

13

13

S}

133.
134.

135.
136.
137.

138.
139.
140.
. MapEquation, Infomap. https://www.mapequation.org.
142.

143.

P. Pinheiro-Chagas, C. Sava-Segal, S. Akkol, A. Daitch, J. Parvizi, Spatiotemporal dynamics of
successive activations across the human brain during simple arithmetic processing. J. Neurosci. 44,
1-14(2024),10.1523/JNEUROSCI.2118-22.2024.

K. Shima et al., Two movement-related foci in the primate cingulate cortex observed in signal-
triggered and self-paced forelimb movements. J. Neurophysiol. 65, 188-202 (1991),10.1152/
jn.1991.65.2.188.

E.T.Rolls, The cingulate cortex and limbic systems for emotion, action, and memory. Brain Struct.
Funct. 224, 3001-3018 (2019), 10.1007/500429-019-01945-2.

. N.Kolling et al., Value, search, persistence and model updating in anterior cingulate cortex. Nat.

Neurosci. 19,1280-1285(2016), 10.1038/nn.4382.

. R.V. Raut et al., Global waves synchronize the brain's functional systems with fluctuating arousal.

Sci. Adv. 7, eabf2709 (2021), 10.1126/sciadv.abf2709.

. R.V.Raut et al., Arousal as a universal embedding for spatiotemporal brain dynamics. bioRxiv

[Preprint] (2023). https://doi.org/10.1101/2023.11.06.565918 (Accessed 19 December 2024).
C.B.Padula et al,, Targeting the salience network: A mini-review on a novel neuromodulation
approach for treating alcohol use disorder. Front. Psychiatry 13, 893833 (2022), 10.3389/
fpsyt.2022.893833.

C.-C. Liu, S. Moosa, M. Quigg, W. J. Elias, Anterior insula stimulation increases pain threshold in
humans: A pilot study. J. Neurosurg. 135, 1487-1492 (2021),10.3171/2020.10.JNS203323.

W. Legon, A. Strohman, A. In, B. Payne, Noninvasive neuromodulation of subregions of the human
insula differentially affect pain processing and heart-rate variability: A within-subjects pseudo-
randomized trial. Pain 165, 1625-1641(2024),10.1097/}.pain.0000000000003171.

. G.-J. Jietal, Structural correlates underlying accelerated magnetic stimulation in Parkinson's

disease. Hum. Brain Mapp. 42, 1670-1681(2021), 10.1002/hbm.25319.

. J.Ren et al., The somato-cognitive action network links diverse neuromodulatory targets for

Parkinson’s disease. bioRxiv [Preprint] (2023), https://doi.org/10.1101/2023.12.12.571023
(Accessed 18 December 2023).

J.C.Baldermann et al., A critical role of action-related functional networks in Gilles de la Tourette
syndrome. Nat. Commun. 15, 10687 (2024), 10.1038/s41467-024-55242-6.

F.L.W.V.J. Schaper et al., Mapping lesion-related epilepsy to a human brain network. JAMA Neurol.
80,891-902(2023), 10.1001/jamaneurol.2023.1988.

K.R. Chaudhuri et al., International multicenter pilot study of the first comprehensive self-
completed nonmotor symptoms questionnaire for Parkinson’s disease: The NMSQuest study. Mov.
Disord. 21,916-923(2006), 10.1002/mds.20844.

W.-S. Zhang, C. Gao, Y.-Y.Tan, S.-D. Chen, Prevalence of freezing of gait in Parkinson's disease: A
systematic review and meta-analysis. J. Neurol. 268, 4138-4150(2021), 10.1007/s00415-021-
10685-5.

. M.E.Morris, F. Huxham, J. McGinley, K. Dodd, R. lansek, The biomechanics and motor

control of gait in Parkinson disease. Clin. Biomech. 16,459-470(2001), 10.1016/s0268-
0033(01)00035-3.

. B.M. Edens, J. Stundl, H. A. Urrutia, M. E. Bronner, Neural crest origin of sympathetic neurons at the

dawn of vertebrates. Nature 629, 121-126 (2024), 10.1038/s41586-024-07297-0.

. C.J. lynch et al., Rapid precision functional mapping of individuals using multi-echo fMRI. Cell Rep.

33,108540(2020), 10.1016/j.celrep.2020.108540.
M. Rosvall, C.T. Bergstrom, Maps of random walks on complex networks reveal community
structure. Proc. Natl. Acad. Sci. U.S.A. 105, 1118-1123 (2008), 10.1073/pnas.0706851105.

. A Mitra, A.Z. Snyder, C. D. Hacker, M. E. Raichle, Lag structure in resting-state fMRI. J. Neurophysiol.

111, 2374-2391(2014), 10.1152/jn.00804.2013.

. D. Marcus et al., Informatics and data mining tools and strategies for the Human Connectome

Project. Front. Neuroinformatics 5,4 (2011), 10.3389/fninf.2011.00004.

DosenbachGreene, Dosenbach Lab processing code. GitLab. https://gitlab.com/DosenbachGreene/.
C. Lynch, Liston-Laboratory-MultiEchofMRI-Pipeline. GitHub. https:/github.com/cjl2007/Liston-
Laboratory-MultiEchofMRI-Pipeline.

A.Van, SCAN. GitLab. https://gitlab.com/DosenbachGreene/SCAN/.

MathWorks, MATLAB for Artificial Intelligence. https://www.mathworks.com/.

D. Marcus, Connectome Workbench 1.5. http://www.humanconnectome.org/software/connectome-
workbench.html.

FreeSurfer, Freesurfer v6.2. https://surfer.nmr.mgh.harvard.edu/.

FSL- FMRIB Software Library, FSL 6.0. https://fsl.fmrib.ox.ac.uk/fsl/fslwiki.

4dfp, 4dfp tools. https://4dfp.readthedocs.io/en/latest/.

D.J. Newbold et al., Cast-induced plasticity. OpenNeuro [Dataset]. https://openneuro.org/datasets/
ds002766/versions/3.0.0.

E. M. Gordon etal., The Midnight Scan Club (MSC) dataset. OpenNeuro [Dataset]. https://
openneuro.org/datasets/ds000224/versions/1.0.4.

pnas.org


https://doi.org/10.1016/j.neuron.2018.03.035
https://doi.org/10.1101/544817
https://doi.org/10.1016/j.neuroimage.2021.117743
https://doi.org/10.1016/j.neuron.2015.06.037
https://doi.org/10.1371/journal.pbio.2007032
https://doi.org/10.1073/pnas.1910842117
https://doi.org/10.1038/nn.4164
https://doi.org/10.1038/nmeth.1635
https://doi.org/10.1016/j.neuroimage.2017.05.015
https://doi.org/10.1016/j.neuron.2023.05.013
https://doi.org/10.1016/j.neuroimage.2013.05.033
https://doi.org/10.1016/j.celrep.2018.07.050
https://doi.org/10.1073/pnas.1607289113
https://doi.org/10.1093/cercor/bhw053
https://doi.org/10.1523/JNEUROSCI.2584-17.2017
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1073/pnas.012470999
https://doi.org/10.1016/j.cortex.2007.08.013
https://doi.org/10.1162/jocn.2008.21169
https://doi.org/10.1038/nn1354
https://doi.org/10.1126/science.1088545
https://doi.org/10.1038/s41586-023-05748-8
https://doi.org/10.1002/hbm.25707
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1126/science.abb4588
https://doi.org/10.1212/WNL.0000000000008525
https://doi.org/10.1523/JNEUROSCI.1910-08.2008
https://doi.org/10.1523/JNEUROSCI.1910-08.2008
https://doi.org/10.1523/JNEUROSCI.2118-22.2024
https://doi.org/10.1152/jn.1991.65.2.188
https://doi.org/10.1152/jn.1991.65.2.188
https://doi.org/10.1007/s00429-019-01945-2
https://doi.org/10.1038/nn.4382
https://doi.org/10.1126/sciadv.abf2709
https://doi.org/10.1101/2023.11.06.565918
https://doi.org/10.3389/fpsyt.2022.893833
https://doi.org/10.3389/fpsyt.2022.893833
https://doi.org/10.3171/2020.10.JNS203323
https://doi.org/10.1097/j.pain.0000000000003171
https://doi.org/10.1002/hbm.25319
https://doi.org/10.1101/2023.12.12.571023
https://doi.org/10.1038/s41467-024-55242-6
https://doi.org/10.1001/jamaneurol.2023.1988
https://doi.org/10.1002/mds.20844
https://doi.org/10.1007/s00415-021-10685-5
https://doi.org/10.1007/s00415-021-10685-5
https://doi.org/10.1016/s0268-0033(01)00035-3
https://doi.org/10.1016/s0268-0033(01)00035-3
https://doi.org/10.1038/s41586-024-07297-0
https://doi.org/10.1016/j.celrep.2020.108540
https://doi.org/10.1073/pnas.0706851105
https://doi.org/10.1152/jn.00804.2013
https://doi.org/10.3389/fninf.2011.00004
https://gitlab.com/DosenbachGreene/
https://github.com/cjl2007/Liston-Laboratory-MultiEchofMRI-Pipeline
https://github.com/cjl2007/Liston-Laboratory-MultiEchofMRI-Pipeline
https://gitlab.com/DosenbachGreene/SCAN/
https://www.mathworks.com/
http://www.humanconnectome.org/software/connectome-workbench.html
http://www.humanconnectome.org/software/connectome-workbench.html
https://surfer.nmr.mgh.harvard.edu/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://4dfp.readthedocs.io/en/latest/
https://www.mapequation.org
https://openneuro.org/datasets/ds002766/versions/3.0.0
https://openneuro.org/datasets/ds002766/versions/3.0.0
https://openneuro.org/datasets/ds000224/versions/1.0.4
https://openneuro.org/datasets/ds000224/versions/1.0.4

	Action-mode subnetworks for decision-making, action control, and feedback
	Significance
	Results
	Subnetworks within AMN.
	Meta-Analytic Network Annotation (MANA) of AMN Subnetworks.
	AMN Subnetworks Exhibit Differential Connectivity with Other Functional Networks.
	Spontaneous fMRI Signals in AMN Subnetworks Are Temporally Ordered.

	Discussion
	A Functional Processing Stream of the AMN.
	An AMN-Decision Subnetwork for Action Selection, Maintenance, and Control.
	An AMN-Action Subnetwork for Initiation of and Control Over Physical Actions.
	An AMN-Feedback Subnetwork for Evaluating Action Outcomes.
	A Subnetwork in the Pars Marginalis for Integrating Sensation and Action into the Bodily Self.
	From Goal Establishment to Action Execution across AMN Subnetworks.
	Targeted Treatments of Patients with AMN Disruptions.
	An Integrated Processing Stream with Ancient Evolutionary Precursors.

	Methods
	Data.
	Analysis.
	Mapping network structure.
	Matching AMN subnetworks across individuals.
	Visualizing subnetwork overlap across participants.
	MANA analysis.
	Neurosynth activation peak density.
	Task analysis.
	Calculating connectivity to other networks/subnetwork–network relationships.
	Calculating subnetwork time delays.
	Comparison of subnetworks to architectonics.


	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 39



