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Abstract

Attention can be flexibly directed to different sources of information, 
which gives rise to distinct attentional states and frequent transitions 
between them. However, a comprehensive theoretical integration of 
attentional states within a unified transition space has been lacking. 
In this Perspective, we propose mapping attentional states along 
two orthogonal axes: a direction (external versus internal) axis and 
a goal-relevance (on-task versus off-task) axis. We envision three 
principles of the transition dynamics between states. First, an internal 
bias pulls attention towards internally generated or previously 
encoded information. Second, the subjective goal value of the 
current state is compared with the opportunity cost of not engaging 
in other states. Finally, in an intermediate off-focus state, the focus of 
attention is temporarily released to facilitate spontaneous transitions. 
Neuromodulatory influences — specifically, cholinergic for transitions 
along the direction axis and noradrenergic for transitions along the 
goal-relevance axis — refine the framework by restricting the transition 
possibilities. In sum, our framework integrates cognitive-psychological 
and neurobiological attention research and offers a blueprint for 
future work.
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Over the past decade, there has been an increased interest in cap-
turing transitions between external and internal states11–13,23–28, but this 
research has been restricted mainly to goal-aligned states. Similarly, 
several frameworks explain transitions between on-task and off-task 
states7,15,29–31, but they are not integrated with research on transitions 
between goal-aligned external and internal attention11–13,23–28. We pro-
pose a unified dynamical state space that orthogonally combines both 
axes, which yields four distinct attentional states (Fig. 1a). As an exam-
ple of each of these states (Fig. 1b), imagine that you are at the grocery 
store. On-task internal attention is engaged when thinking of the next 
item on a memorized grocery list, and on-task external attention is 
engaged when scanning the aisles for the product. These goal-aligned 
states can be disrupted by transitions into off-task attention. Off-task 
external attention is engaged when attention is captured by a shiny 
display for an irrelevant product, and off-task internal attention is 
engaged if thoughts turn to the likely late arrival of a dinner guest.

These attentional states have been probed in mostly independent 
fields of the cognitive psychology literature. Research into on-task 
external attention deals with the intentional prioritization of informa-
tion coming from the external sensory modalities (including visual, 
auditory, olfactory, tactile or gustatory information)8. A long research 
history and a multitude of paradigms developed to study it have led to 
a solid understanding of this form of prioritization32,33. On-task internal 
attention occurs when we intentionally prioritize certain information 
that is no longer present in the external environment by relying on 
representations in working memory and long-term memory8,34–36. 
Conceptual and methodological advances in this field have highlighted 
the functional similarity between on-task external and on-task internal 
attention9,34,37–42. During off-task external states, the focus of attention 
is directed to sensory input that runs counter to the proximate task 
goal, which leads to distraction and worse performance43–47. Off-task 
internal attention occurs when attention is directed to an internal rep-
resentation that is not aligned with the proximate task goal, for example 
during episodes of mind wandering29–31. A key question in research 
on these two states has focused on uncovering the factors that drive 

Introduction
What people attend to strongly shapes their relationship with the world 
and themselves1. We define attention as the selective prioritization 
of some information at the expense of other available information. 
For instance, when immersed in searching for a certain product in the 
grocery store, you might not notice an acquaintance passing you by in 
the aisle. Attention has been one of the central concepts in cognitive 
science and psychology since the earliest experiments2. Yet concep-
tual questions plague the construct of attention, including a lack of 
specificity about what attention is and whether it exists as a unified 
construct3–6. One theoretical approach has been to view attention as a 
general mechanism for prioritization and to meaningfully distinguish 
between its diverse states7–9, and another relates different forms of 
attention and distraction in terms of family resemblances10. Such efforts 
are useful to organize the research fields that investigate different states 
of attention and examine the relationship and transitions between these 
states11–14. However, a comprehensive integration of the states into a 
single state space that can capture the transition dynamics between 
them has remained elusive.

Attention guides physical and mental action; selected infor-
mation can be either external (sensory-dependent) or internal 
(self-generated) and either aligned or misaligned with a proximate 
goal7,8,12,14,15. This definition, which primarily focuses on a high-level 
functional role of mental selection in a cognitive task5, reveals two 
main axes for the focus of attention. The direction of attention can 
be external or internal. The distinction between external and internal 
cognition has been central to theorizing in cognitive psychology and 
neuroscience11,16–18, and it is a productive guiding principle for research 
on attention8,12,13,19–21. Attentional states also differ in goal relevance: 
they can be on-task (goal-aligned) or off-task (goal-misaligned). 
Research on the goal-relevance axis is concerned with distinguish-
ing between these on-task and off-task states7,10,22. Goals are dynamic 
and therefore we define on-task and off-task states with respect to 
the proximate task goal — the task goal that is currently prioritized 
to be completed.
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Fig. 1 | Four attentional states. a, The orthogonal 
direction and goal-relevance axes create four 
different states of attention: on-task and external, 
on-task and internal, off-task and external, and 
off-task and internal. b, During grocery shopping, 
one might focus on remembering the items one 
needs to buy (on-task internal) and locating the 
items along the aisles (on-task external) or one 
might be distracted by a promotional display 
(off-task external) or a story about dinner guests 
(off-task internal). c, Transitions between the 
different states occur in all directions over time. 
The (unequal) strength and stability of each state 
and competing states determine its duration and 
transition probabilities to other states.
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transitions into them29–31,48. However, the research on these states and 
the transitions between them has not been integrated to consider both 
axes and all four states in a unified dynamical state space for attention.

In this Perspective, we start by reviewing the four attentional states 
defined by these two axes and the transition dynamics between them 
from a cognitive–psychological perspective. From this review of the 
literature, we distil three core principles that govern attentional dynam-
ics in this space. The first principle is an internal bias, which draws and 
maintains attention towards the internal states of this space, owing 
to the prioritization and shielding of internally generated or previ-
ously encoded information. The second principle is the assignment 
of subjective goal value to the current state, compared with the value 
of other states and opportunities, which determines whether people 
remain on-task or explore other opportunities. The third principle is 
the presence of an intermediate off-focus state in which the focus of 
attention is temporarily broadened or released, which facilitates transi-
tions between states. Moreover, we make predictions concerning state 
transitions from a neurobiological perspective, positing a role for the 
neuromodulators acetylcholine (ACh) and noradrenaline (norepineph-
rine, NA) along the direction and goal-relevance axes, respectively. We 
conclude by examining the implications of our approach and providing 
testable predictions for future empirical work and open theoretical 
questions.

Attentional state space
The attentional state space that we propose is defined by the direction 
axis and the goal-relevance axis. Along the direction axis, external and 
internal states are distinguished by the sensory versus self-generated 
nature of the content of the focus of attention8. The relationship between 
external and internal attentional states is usually competitive13,14: only 
one of the states can be dominant at a single moment in time. However, 
external and internal attention can also unfold concurrently or even 
cooperatively49, depending on the attentional demands of the tasks, 
how much cognitive control they require, and the extent to which the 
tasks draw on the same representations9,13,15,34. Given our current focus 
on understanding the transition dynamics of attention, we primar-
ily cover situations in which people are predominantly in one state 
or another, which implies a competitive relationship and regular 
transitions between the four attentional states13.

Along the goal-relevance axis, on-task and off-task states are 
distinguished relative to the content of the proximate goal. In the 
action-control literature, the current task goal is defined as the goal 
that the person has decided to pursue right now, juxtaposed with 
chronic goals that are generally deemed valuable whatever the current 
task context (and which can compete with the current task goal)50. We 
instead refer to the proximate goal, which signifies which goal has to 
be completed most proximately, as it is impossible to know what goal 
an individual is treating as the current goal at any given moment. For 
example, while grocery shopping, the most proximate goal is complet-
ing the shopping task, which continues to be the proximate goal even 
if the shopper zones out for a few seconds to think about the route to 
take home (which then transiently becomes the current goal). Nota-
bly, task goals are dynamic. For instance, if at some point the task of 
determining which route to take home becomes more pressing than 
finishing the grocery list (for instance, after one’s partner calls to say 
they have bought groceries already), then that becomes the proximate 
goal rather than grocery shopping, and thinking about the route is no 
longer off-task. In laboratory settings, it is feasible to define the goal set 
by the experimenter as the proximate goal (owing to the participant’s 

desire for reimbursement, social desirability or other considerations). 
Other researchers have alternatively defined off-task attention as 
less constrained and more freely moving and dynamic than on-task 
attention7. However, our content-based approach can capture differ-
ent types of off-task attention, which helps to resolve inconsistencies 
in the literature.

Together, these two axes yield four distinct attentional states at 
their respective extremes. Although attention will sometimes occupy 
intermediate configurations between these extremes, from a heuristic 
and computational modelling point of view, we consider these atten-
tional states to be discrete states that can be maintained over a period 
of time51,52. We assume that the state space can be in either a stable con-
figuration (in which a single representation dominates) or an unstable 
configuration (in which transitions between states occur easily and 
regularly)53,54. In what follows, we introduce each state through their 
operationalization in cognitive tasks.

On-task external attention
For most of the twentieth century, attention was conceptualized and 
investigated as primarily externally directed14. This research focus was 
probably pragmatic, given that there can be far more experimenter 
control over stimuli presented in the external environment (especially 
in animal research). The faster and more accurate identification of 
attended stimuli relative to unattended stimuli observed in many 
tasks44,55–58 indicates that selectively attending to external informa-
tion leads to sensory processing benefits for that information59,60. 
These benefits derive from both an enhancement of relevant features 
due to sensory gain61,62 and a greater contrast due to the inhibition of 
irrelevant stimuli63–65.

The Posner cueing task56 (Fig. 2) is a paradigmatic case of tasks that 
can be used to capture on-task external attention23. This ‘pre-cueing’ 
task quantifies how well participants can orient attention to the prob-
able location of an upcoming visual target56,60. Participants are provided 
with a cue that indicates a location (for instance, the left or right side 
of the screen). After a delay, the target is presented and participants 
respond to it. When the cue indicates the location of the upcoming 
target, participants respond faster and more accurately compared 
with neutral cues that carry no information about the target location. 
Conversely, when the cue indicates a different location, participants 
are slower and more prone to error in their response, relative to neutral 
cues. This pattern has been replicated repeatedly66 and demonstrates 
that certain behaviourally relevant information, such as a spatial loca-
tion, can be flexibly prioritized through cue-based on-task external 
attention.

The underlying mechanisms of enhancement of attended stimuli 
have been extensively investigated with computational modelling and 
physiological studies67,68. For example, the prioritization of certain 
external information at the expense of other information has been 
modelled through biased competition or inhibition between items 
vying for the attentional spotlight63. Such winner-takes-all dynamics 
can also be characterized in neuronal attractor networks, where sta-
bilized attractor state networks mimic many of the effects of on-task 
external attention (such as enhanced signal-to-noise ratio and fast and 
accurate responses)53,54. As we will examine in detail, neuromodulatory 
influences capture these features of attention as well.

On-task internal attention
Despite the historical dominance of external attention research, 
the idea that attention is also an internal selection mechanism has 
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taken hold in recent decades. During internal attention, one’s focus is 
determined by internally generated thoughts and previously encoded 
memories, including goals, rules or abstract representations8. Two 
major related systems support the continued use of mnemonic informa-
tion that is no longer present in the external environment: long-term 
memory and working memory. Long-term memory provides practically 
unlimited storage for previously encoded information8,69. Within this 
system, episodic long-term memory stores autobiographical memories 
and enables mental time travel, in which one mentally projects oneself 
backwards in time to re-experience past events, or forwards in time 
to pre-experience anticipated future events69. Several frameworks 
propose that internal attention is needed to retrieve and engage with 
long-term memories19,28,70,71. For example, the attention-to-memory 
model70 proposes that internally directed top-down and bottom-up 
attentional processes are used to access episodic memory. Internal 
attention is also of central importance to working memory, which is 
capacity-limited72,73 and enables the short-term retention and manipula-
tion of information74–76. Embedded theories of working memory state 
that the content of working memory consists of activated representa-
tions in long-term memory, which can be flexibly used and manipulated 
in this activated state35,36,77. However, external information (such as 
recent sensory input) can also update working memory, which places 
working memory at the interface between the external and internal 
environment8,78. That being said, internal attention is always required 
to activate and maintain the content of working memory9.

The retro-cueing task40–42,79 builds on foundational work in mem-
ory research80 and is functionally similar to the Posner task. However, 
in this task the target stimuli appear first and the cue is presented 
afterwards. For example, four coloured targets are presented, then 
disappear; a retro-cue appears after an interval to indicate that the 
upper right target will be probed (Fig. 2). After another interval, a probe 
stimulus appears to test participants’ working memory. Despite the lack 
of opportunity to further encode the perceptual information (because 
the stimuli have already disappeared from the environment), cueing 
the target stimulus results in faster and more accurate responses to the 
change-detection task (compared with neutral cues). These results indi-
cate that people are able to selectively and flexibly prioritize internal 
representations. However, there is some evidence that these benefits 
occur without necessarily incurring a cost for the unattended items 
in working memory, because the items have already been processed 
and are maintained in a representational format that can be retrieved 
relatively easily, which suggests that some functional differences exist 
between on-task external and on-task internal attention40.

Off-task external attention
External and internal attention can also be directed to information that 
is not directly relevant for the current task. Off-task external attention 
is often investigated by focusing on stimulus features that ‘automati-
cally’ capture attention43. Paradigms in which task-irrelevant features 
pull attention away from the task-relevant input typically measure two 
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Fig. 2 | Experimental paradigms that capture 
each attentional state. a, In the Posner pre-cueing 
paradigm, a cue (valid, invalid or neutral) indicates 
where a target will appear next. Participants are 
faster and more accurate in valid trials compared 
to neutral and invalid trials. b, In the retro-cueing 
paradigm, the stimuli are presented first, and the cue 
is shown only after the stimuli have been removed 
and an interval has passed. Participants use the 
cue to direct attention to representations held in 
working memory and are faster and more accurate 
in valid compared with invalid trials. c, Participants 
complete a task that induces off-task behaviour, 
such as the sustained attention to response task113, 
in which they respond to frequent stimuli from a 
common set (such as all digits but 3) but withhold 
responding for a single stimulus in that set (such as 3).  
Background images in combination with eye 
movements (white boxes and lines), together with 
self-reports (‘thought probes’) can be used to 
distinguish attentional states. Attention to salient 
portions of the image (coloured blobs) suggests 
external distraction and off-task external attention. 
d, In the same task as in panel c, gaze aversion 
(looking away from salient areas) indicates mind 
wandering and off-task internal attention.
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main aspects of off-task attention: attentional capture and filtering 
costs81–84. Attentional capture occurs when attention erroneously shifts 
towards task-irrelevant information83. For example, in visual search 
paradigms, attention is sometimes diverted to task-irrelevant stimuli 
instead of a target stimulus, such as stimuli with salient bottom-up85 
or previously rewarded47,86,87 features. Filtering costs reflect a sub-
tler aspect of off-task attention. In these scenarios, processing of 
the task-relevant information is delayed because of the presence of 
task-irrelevant information, even when attention is never fully allo-
cated to the task-irrelevant information88. For example, auditory and 
visual external distractions can disrupt the processing of (external) 
perceptual and (internal) memory-based tasks89–91.

By contrast, there is some less well developed work regarding 
spontaneous transitions to off-task external attention that occur in an 
explorative and self-initiated manner. In these spontaneous transitions, 
attention is disengaged more fully from the proximate goal compared 
to attentional capture or filtering. This type of transition is most aligned 
with the attentional transitions under investigation here. An exception 
to the relative lack of work in this area is a study of spontaneous transi-
tions to off-task external attention and off-task internal attention using 
both an external and internal task48. In the external task, participants 
actively focused their attention on movie clips that were each shown 
repeatedly and that varied in pre-rated salience (such as how engaging 
they were), pressing a button when their mind wandered to internal 
thoughts. In the internal task, the same movies were presented but the 
participants’ task was to monitor their breath and report when their 
attention was captured by the movies. During the external task, partici-
pants increasingly engaged in internal thoughts as clips became more 
familiar, and during the internal task, they were regularly distracted 
by the background movies. From these findings, the authors suggest 
a context-dependent, bi-directional pattern of off-task transitions, in 
which the direction of the transition depends on which environment 
(internal or external) is more engaging at that time.

Research on the exploration of natural scenes provides further 
information on transitions into off-task external attention92 (Fig. 2). 
In such studies, eye-tracking indices are often used to determine 
where people are looking and for how long. Several factors deter-
mine gaze location and fixation duration, such as visual salience and 
contiguity67,93, task goals94 and episodic memory for previously viewed 
scenes95–98. Although these studies are focused on natural scene explo-
ration and not on off-task external attention itself, the factors listed 
above can nonetheless inform which aspects of the environment might 
trigger transitions into off-task external attention.

Off-task internal attention
Off-task internal attention is defined as a reconfiguration of the focus 
of attention such that it is turned internally and disengaged from the 
proximate task goal29,30,99. A thriving research field studies transitions 
into mind wandering, a key example of off-task internal attention. 
Mind wandering has been framed as a shift from a pragmatic mode 
in which an organism explores its sensory environment to a mode in 
which mental states are explored100. Other types of internally directed 
cognition, such as daydreaming, creative thinking, ruminating and 
hallucinating7,15, are also off-task internal states when they are not 
aligned with the proximate goal.

Off-task internal attention is usually investigated through ‘thought 
probing’ or ‘experience sampling’ methods, which involve relatively 
frequent in-the-moment self-reports101,102 (Fig. 2) and are used to inter-
rogate different forms of off-task internal attention, especially mind 

wandering103,104. We distinguish two main types of off-task internal 
attention here: a directed type, in which a single chronic goal stably 
dominates and is elaborated upon during a state of alertness, and 
an associative type, in which multiple chronic goals or non-urgent 
thoughts are equally activated and cycled through, but no single one 
dominates7,105. The associative type of off-task internal attention maps 
relatively well onto the conceptualization of off-task internal attention 
as an unconstrained state7. Although there are arguments in favour of 
restricting off-task internal attention to this conceptualization7, we 
include a directed type of off-task internal attention to resolve the 
conflicting findings in the literature discussed below. Furthermore, 
the directed off-task internal state relates closely to other pre-existing 
conceptualizations of mind wandering in the literature31. In support 
of this conceptualization, there is evidence that cognitive control 
networks, such as the frontoparietal network, are activated during 
mind wandering106–109, which is assumed to reflect the active guiding of 
internal trains of thought31. In our content-based delineation, directed 
thought can be included under off-task internal attention as long as it 
is disengaged from the proximate task goal.

People spend much of their waking time engaged in off-task inter-
nal attention, as revealed with experience-sampling studies, in which 
participants are prompted to report their thoughts, feelings or behav-
iours during daily life110,111. For example, in an app-based study, people 
reported spending up to half of their daily life mind wandering68. In 
laboratory experiments, researchers have found a similarly strong 
propensity towards mind wandering. For example, in the probe-caught 
method, participants are probed at random intervals about the locus 
of their attention (for instance, on-task versus off-task) while they per-
form a task29,30,99. These studies often use repetitive tasks for prolonged 
periods of time, which increases the likelihood of mind-wandering 
episodes112. For example, in the sustained attention to response task113 
(Fig. 2), participants respond to frequent stimuli from a common set but 
withhold response to a single stimulus. Increased errors and increased 
response-time variability reflect mind wandering. Mind wandering 
is furthermore characterized by perceptual decoupling of attention 
from the external environment — as evidenced by a blunted response 
to external stimuli in the primary sensory cortex30,114–117 — which enables 
prioritized processing of internally generated content118.

In sum, the four attentional states defined by the direction and 
goal-relevance axes each have distinct characteristics and empirical sig-
natures. On-task external attention, the most extensively studied state, 
is characterized by the selective prioritization of incoming sensory 
information to guide goal-directed behaviour, with well understood 
mechanisms of sensory gain and competitive inhibition. On-task inter-
nal attention similarly serves goal-directed behaviour, but operates 
on representations that are no longer present in the environment, 
relying on working memory and long-term memory systems. Criti-
cally, the selection mechanisms underlying on-task internal attention 
and on-task external attention are functionally analogous and par-
tially overlapping, despite operating on different substrates. Off-task 
external attention occurs when sensory input that is irrelevant to the 
proximate goal captures attention, and tends to be relatively transient. 
Off-task internal attention, exemplified by mind wandering, arises 
when attention is directed towards self-generated thought that is 
misaligned with the proximate goal, and represents the most prevalent 
and extensively studied form of off-task cognition. Together, these 
four states provide a comprehensive taxonomy that cuts across tra-
ditionally separate research fields and sets the stage for an integrated 
investigation of the transition dynamics between them.
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Transition dynamics
At least as important as the attentional states themselves are the transi-
tions between them — the ‘flux’ of attention119. Broadly, attentional tran-
sitions can be instantiated bottom-up (for instance, passively seeing a 
smartphone notification or spontaneously remembering an event that 
triggers a mind-wandering episode), top-down (for instance, deciding 
to check if you have any new notifications or allowing yourself to start 
daydreaming instead of finishing a task) or through selection history 
(for instance, directing your gaze to the location where you usually 
keep your phone on your desk or being distracted by thoughts about 
dinner at a specific time of the day)45,46.

We focus on transitions between different attentional states that 
operate on timescales of the order of seconds to minutes, rather than 
short-lived attentional fluctuations within a certain stable state114,120–123. 
These slower transitions require the previous state to be released, and 
we envision them as akin to task-set switching, which can be distin-
guished from simple stimulus and feature transitions within a single 
state, owing to the simultaneous change in task goal124,125. This concep-
tualization has proved fruitful in theorizing about state transitions 
between external and internal attention13,14 and in work on latent-state 
transitions126,127. We also focus primarily on spontaneous transitions, 
which occur in an explorative and self-guided manner, rather than 
transitions triggered by sudden salient external or internal stimuli.

We propose three principles that govern explorative transitions 
between attentional states: an internal bias of attention, the subjective 
goal value considered against other opportunities, and an intermediate 
off-focus state. These principles govern transitions between attentional 
states, regardless of whether they are triggered by top-down processes, 
bottom-up processes or selection history.

An internal bias of attention
Transitions along the direction axis reveal the principle of a bias of 
attention towards internal states. The insight that selective attention 
can be directed to internal representations has raised a central question 
concerning the degree to which external and internal selective atten-
tion interfere with each other9,14,34,37,49,128. For example, in interference 
paradigms, participants are instructed to maintain a certain stimulus 
in working memory (using selective internal attention) until they are 
probed at the end of the trial. Before being probed, they perform a task 
that requires selective external attention, which is assumed to cause 
interference owing to the overlap in selective attention mechanisms and 
shared features between the stored representations and the sensory 
information. For example, if a red stimulus is remembered (using selec-
tive internal attention), selective external attention is biased towards 
red stimuli for the intervening external task129,130. Additional evidence of 
overlap in mechanisms for selective external and internal attention has 
been obtained using neural decoding in the human39 and non-human 
primate38 prefrontal cortex. In humans, neural patterns underlying 
attentional and working memory selection were overlapping: classifiers 
trained on one type of selection successfully predicted the other39; and 
in non-human primates, a common prefrontal population encoded 
both the selection of items from working memory and the direction 
of attention to external stimuli38, which implicates a shared neural 
substrate as the source of resource competition between the two.

Shared limited processing resources lead to competition and 
necessitate frequent transitions between external and internal 
attention11–13,19,28,49,131. The nature of these transitions is an area of active 
research, with several tasks being developed to measure the underlying 
cognitive and neural mechanisms23–27,78,118,132–138. It is challenging to study 

transitions between different types of external and internal focus in  
a strictly controlled manner without relying on external cues (but see 
refs. 139–141): experimental analysis relies on control of the timing and 
frequency of the transitions, requiring that they be cued externally 
by the researcher. This external cueing is nevertheless a limitation, 
because such (external) cues risk contaminating the internal atten-
tion conditions; however, internal trials remain primarily focused on 
internal representations rather than external sensory input, preserving 
the key distinction between the two types of attention. In the switching 
attention task, participants are cued to switch randomly on a trial-by-
trial basis between external and internal attention, creating four condi-
tions of interest: external repetition, external switch, internal repetition 
and internal switch23. Slower, more error-prone responses are found 
in switch trials compared to repetition trials for both external and 
internal attention, as is also common in task-switching paradigms124,125.

The switching attention task and other switching tasks have 
demonstrated that these costs are asymmetrical: larger for switches 
towards internal than towards external attention24–26,118,133,135,137,138,142. 
This asymmetry informs the relative balance of external and inter-
nal attention and the nature of transition dynamics between them. 
Among theoretical accounts, an associative interference account 
(originally developed in the context of task-switching124,125,143,144) fits 
the asymmetry data best24. Applied to switches between external and 
internal attention, this account implies that internal attention can be 
shielded more efficiently against external interference during internal 
repetition trials. This shielding results in a large difference between 
internal switch and repetition trials (a switch cost), given that in switch 
trials interference is high by default. For external attention, shielding 
against internal interference is more difficult, with pre-existing internal 
information intruding more easily on repetition trials as well, which 
results in a smaller difference between switch and repetition trials.  
Put differently, internal information that was previously encoded draws 
attention more strongly than novel external information. One potential 
mechanism to implement this internal shielding is perceptual decou-
pling, which suppresses the influence of incoming sensory signals on 
higher-order cortical processing, allowing internal representations 
to be maintained efficiently without being overwritten or disrupted 
by external input118,138.

On the basis of this interpretation of the switch cost asymmetry, 
an internal bias of attention has been proposed14 (Fig. 3a). The internal 
dominance over external attention (IDEA) hypothesis integrates find-
ings that concern the balance of external and internal attention. The 
authors reviewed findings on internal-to-external intrusions37,128,130 and 
external-to-internal intrusions34,145–147, arguing that the former are more 
pervasive. Although these internal-to-external and external-to-internal 
intrusions have not been systematically compared within a single task 
design, circumstantial evidence from multiple independent lines of 
research points in a consistent direction: internal representations 
seem to intrude more readily on external attention than vice versa. 
This convergence, spanning interference paradigms37,128,129, the asym-
metrical switch cost favouring internal shielding24,118,137, and the well 
documented prevalence of mind wandering during externally directed 
tasks29,140,148,149, lends at least provisional support to the notion that 
internal attention holds a dominant position in the competition for 
attentional priority. For example, in the interference paradigms intro-
duced above, internal search templates interfere during external tasks 
even where they are predictably counter-productive (100% invalid), 
which emphasizes the strong and quasi-automatic nature of internal 
interference129. Conversely, research on retro-cues suggests that the 
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benefit provided by a retro-cue is less affected by an intervening exter-
nal task, which suggests that internal states can be relatively resistant 
to external interference40,79,150,151. This resilience is thought to stem 
from the fact that a retro-cue triggers not merely the sustained main-
tenance of an internal representation, but also its active reformatting 
to guide the next action, which might render the prioritized item less 
susceptible to disruption by incoming sensory input precisely because 
it has already been re-encoded into a more action-oriented format40.

In addition, this IDEA hypothesis is aligned with the resource- 
control theory, which frames off-task internal attention as a cognitive 
default state that needs to be overcome149. This theory is supported 
by findings that vigilance tasks are often seen as effortful152–155 and 
is compatible with prominent frameworks that propose that people 
have limited resources to exert executive control156. In the absence 
of sufficient cognitive effort to maintain external focus, attention 
tends to drift spontaneously towards internally generated thought, 
as exemplified by the ubiquity of mind wandering during externally 
demanding tasks. Relatedly, although only a few studies have meas-
ured both off-task internal and off-task external attention within the 
same design, the available findings from thought-probe studies14 
consistently suggest that off-task internal attention is more preva-
lent than off-task external attention103,139. Such an internal bias could 
express itself in daily life, for example, when people driving home 
on their familiar, daily commute may find themselves distracted by 
internally generated thought (that is, mind wandering) instead of 

concentrating on the relevant external input (the road and traffic), 
or when after a recent break-up people are unable to stop painful 
thoughts from interfering with ordinary activities. Although exam-
ples of external attention dominating can also be identified — such as 
when a sudden loud noise or a beautiful mountain landscape draws 
attention outwards — these tend to reflect transient, stimulus-driven 
capture rather than a sustained default orientation. The internal bias 
therefore describes an overall tendency across ordinary, low-demand 
circumstances, rather than a universal property of all attentional 
states. The overall tendency to prioritize previously encoded and 
self-generated information is furthermore subject to context: when 
the environment becomes sufficiently salient, unpredictable or 
threatening, the balance can shift towards external prioritization. 
For example, in humans the presence of an external threat (such as an 
unpredictable unpleasant tone) induces a hypervigilant mode in which 
the switch cost asymmetry disappears and external stimuli are prior-
itized over internal ones137,138. In other words, internal dominance pre-
vails under ordinary conditions, but can be overridden when external  
circumstances demand heightened environmental monitoring.

Finally, the IDEA hypothesis aligns with memory research that 
discusses contextual effects on computationally distinct encoding and 
retrieval modes19. Researchers have proposed a distinction between 
an encoding mode that is optimized for processing external stimuli to 
form new memories and a retrieval mode that is optimized for retriev-
ing existing memories from a cue28,69,157. These modes are assumed to 
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Fig. 3 | Principles underlying the transition dynamics of attention. a, Three 
main principles govern the transition dynamics of attention. An internal bias 
of attention pushes transitions towards on-task internal and off-task internal 
states (white horizontal arrow). The subjective value of the current task goal in 
comparison to all other current opportunities, reflected in opportunity costs, 
determines transitions from on-task external and off-task internal states to  
off-task external and off-task internal states (white vertical arrow). An intermediate 
off-focus state (central white circle) facilitates transitions by temporarily releasing 
the focus of attention. b, The influence of acetylcholine (ACh) and noradrenaline 

(norepinephrine, NA) for each state. Tonic activity is shown for NA. An off-task 
internal state is easy to maintain and hard to leave, given low levels of both ACh 
and NA. On-task external and on-task internal states are challenging to maintain, 
owing to decreasing ACh and NA over time. Off-task internal transitions are 
especially likely to occur from on-task external states given decreases in both NA 
and ACh, whereas on-task internal states are better protected owing to low levels 
of ACh. The off-task external state is similarly difficult to maintain over time 
owing to the correlation between NA and ACh. The off-focus state is regularly 
cycled into when tonic NA increases.
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be competitive11,158 because the activation of one obstructs access to 
the other, owing to opposing computational demands49,136,159–162. The 
priority of the encoding versus retrieval mode is strongly influenced 
by the novelty versus familiarity of the context (among other factors), 
with familiar contexts promoting a retrieval mode and novel contexts 
promoting an encoding mode163–165. The encoding mode can be viewed 
as external attention and the retrieval mode as internal attention19. 
When in a novel environment, attention is directed to new, incom-
ing information, because people cannot rely on previously encoded 
memories. Conversely, in familiar environments, people can rely on 
pre-existing internal knowledge. This context-dependence of the 
encoding–retrieval balance finds a mechanistic parallel in predictive 
coding frameworks, which propose that the degree to which processing 
is driven by top-down internal predictions versus bottom-up external 
signals is similarly modulated by environmental familiarity166. In stable, 
predictable contexts, internal predictions are weighted more heav-
ily, effectively drawing attention inwards — precisely the conditions 
under which the internal bias described by the IDEA hypothesis is 
expected to be strongest. The IDEA hypothesis goes beyond previous 
memory-focused work by proposing that the retrieval mode is gener-
ally dominant, based on the assumption that the human cognitive 
apparatus has evolved in relatively predictable environments with 
high sensory autocorrelation167. Together, this memory framework 
and the IDEA hypothesis14 suggest that transitions between attentional 
states can arise from features of the context (such as external threat 
or familiarity) and because the draw of internal rather than external 
attentional states is generally stronger.

Subjective goal value and opportunity costs
Researchers have uncovered several factors that drive transitions 
between on-task and off-task states along the goal-relevance axis29–31. 
Here we primarily examine transitions to off-task internal states and 
uncover the role of subjective goal value in these transitions. Mind 
wandering has been the focus of most research on spontaneous transi-
tions. The frequency of transitions to and time spent in off-task inter-
nal attentional states is strongly predicted by several factors. Task 
duration has a key role: the longer participants have spent on a task, 
the more frequently off-task internal states occur112,148,168. If the task is 
difficult and stronger engagement is required, however, this time-on-
task effect is reduced169–171. Greater fatigue and a range of individual 
difference factors, such as working memory capacity and dispositional 
mind wandering tendencies, further modulate both the frequency and 
duration of off-task internal attention169,172,173.

A rich field of research attempts to explain how these factors 
drive attentional state transitions30,149,174,175. One account proposes 
that opportunity costs are a key driver176. Opportunity costs quantify 
the subjective goal value of the current (on-task goal-focused) state 
compared with the subjective value of all other available opportunities 
that can be engaged through different attentional states, for example 
mind wandering148,168 (Fig. 3a). One proposal is that as the time spent on 
a task accumulates, uncertainty also grows about which other valuable 
opportunities might be available, increasing the opportunity cost and 
making transitions to off-task states more likely176.

Here, it is useful to emphasize the difference between the associa-
tive and directed types of off-task internal attention. Even though the 
occurrence of both associative and directed types probably increases 
with time spent on-task (reflected in decreased performance on the 
experimental task and increased self-reported mind wandering over 
time148,168), we propose that opportunity costs and changes in the 

subjective value of the ongoing task differentially drive transitions 
to directed and associative off-task internal attention. Opportunity 
costs are larger when a single, important chronic goal is activated, as 
opposed to several equally valued options176. When a single chronic 
goal is highly activated, directed off-task internal attention is more 
likely to occur than associative off-task internal attention because it 
enables one to engage deeply with this single chronic goal and there-
fore has a potentially high subjective value. By contrast, associative 
off-task internal attention becomes more likely when an overall decline 
in arousal over time decreases the subjective value of the current 
on-task state.

Arousal tracks the physiological and psychological continuum 
of being alert, awake and sensitive to stimuli, whether internal or 
external177,178, which ranges from low (sleepiness, drowsiness or bore-
dom) to high (stress, distractibility or excitement) levels. There is 
an inverse U-shaped relationship between level of arousal and task 
performance179–181. (The link between arousal and attentional transi-
tions will be further clarified when we introduce the role of neuro-
modulators in this state space.) Crucially, we assume that the reduced 
subjective goal value of the ongoing task, which accompanies reduc-
tions in arousal, increases the likelihood of associative off-task internal 
states occurring in situations in which many, approximately equally val-
ued options emerge (such as non-urgent thoughts and memories) and 
frequent transitions between these different thoughts and memories 
can be expected. The challenge in resisting these associative transitions 
to non-urgent thoughts and memories can be accounted for by the 
resource-control theory introduced above, which states that effortful 
cognitive control needs to be recruited to overcome reverting to the 
default state of off-task internal attention when focusing on a task149. 
Resistance against this default state can be assumed to feed into the 
goal value calculation as well, because the value needs to be sufficiently 
high to justify exerting the required effort.

In sum, although subjective goal value and opportunity costs can 
drive transitions into both associative and directed off-task internal 
states, they probably play out differently for both types. For the associa-
tive type, transitions are primarily driven by a gradual decline in arousal 
and the subjective value of the ongoing task over time, which lowers 
the threshold for drifting between loosely connected, approximately 
equally valued internal thoughts and memories. By contrast, for the 
directed type, transitions are primarily driven by the activation of 
a single, highly valued chronic goal or concern that generates large 
opportunity costs relative to the current task, making deep engage-
ment with that specific internal content more subjectively valuable 
than maintaining external focus.

The intermediate off-focus state
The previous two principles (an internal bias of attention and subjec-
tive goal value calculation) are primarily concerned with the ‘when’ 
and ‘why’ of attentional transitions. Resolving the ‘how’ of transitions 
entails determining how the current attentional focus can be broadened 
to allow these transitions to happen. Within the mind-wandering litera-
ture, researchers have proposed that attentional transitions are medi-
ated by a transitory state31,182. Motivated by neural dynamics driven by 
the noradrenergic neuromodulatory system, conceptual distinctions 
have been proposed between on-task off-focus and off-task states, in 
which on-task attention is implicitly defined as external and off-task 
attention as internal31. The off-focus state reflects a transient loosening 
of the goal-directed constraint of on-task states: a momentary release of 
focused processing during which the boundary between task-relevant 
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and task-irrelevant inputs is relaxed, which allows a broader range of 
available external or internal representations to compete for atten-
tional selection. This release of selective attention facilitates spontane-
ous state transitions and allows either re-engagement with the task or 
a transition into off-task internal attention.

The off-focus state can be considered unstable in the sense that it 
lacks the self-sustaining goal-directed or content-directed processing 
that characterizes on-task and off-task states, making it unlikely to 
persist without resolving into one of these states31. We assume it to be 
shorter-lived than the other attentional states precisely because it lacks 
a stable attentional anchor, although still lasting a few seconds114,120–123. 
The frequency with which this state is visited varies as a function of 
the strength of competing goals and levels of arousal: high transient 
arousal and lower proximate task-goal value increase the likelihood of 
attentional constraint loosening and therefore more frequent visits to 
the off-focus state. We speculate that the off-focus state has a critical 
role in all spontaneous transitions along both the goal-relevance and 
direction axes (Fig. 3a).

The off-focus state is characterized by increased variability in 
behavioural performance relative to on-task attention states, and by 
less variability than in completely off-task states in which the proxi-
mate task goal is temporarily abandoned. This increased variability 
arises because the loosening of goal-directed attentional constraints 
means that task-relevant processing is neither fully maintained nor 
fully abandoned, producing a mixture of near-normal performance 
and degraded performance rather than the consistently poor per-
formance characteristic of completely off-task states31. As such, we 
distinguish between states in which selective attention is weakened 
(off-focus) and those in which selective attention is tied internally to 
self-generated mental content (off-task internal) or externally to the 
outside environment (off-task external).

Neuromodulators influence attentional  
state transitions
We propose that considering neuromodulatory influences could 
support the development of a fine-grained model for the transi-
tion dynamics of attention. Neuromodulators are a class of neu-
rochemicals that have a key role in neural dynamics183, enabling 
the brain to flexibly modulate static neural configurations52,184,185, 
such as by modulating neuronal gain (the input–output function 
of neurons179,186,187). In this section, we discuss proposed roles for 
ACh for transitions along the direction axis and NA for transitions 
along the goal-relevance axis. At present, no work tackles the full 
transition space, but we review the limited empirical work that is 
relevant to this proposal, which should further inform the dynamics 
of attentional transitions.

Acetylcholine and the direction axis
ACh is a neuromodulator that influences attention, learning and mem-
ory, among other functions188–191. Cholinergic innervation of the brain 
arises primarily from a small group of nuclei in the basal forebrain, 
which project to a wide range of brain areas through spatially specific 
mapping (specific nuclei within the basal forebrain project to specific 
brain regions190; see ref. 192 for cholinergic neurons outside the basal 
forebrain). In our framework, ACh is directly relevant for transitions 
along the direction axis19. One particularly relevant brain area targeted 
by ACh is the hippocampus193,194. The hippocampus exhibits distinct 
encoding and retrieval modes19,195–197, which we classify as conducive to 
external and internal attention, respectively. Cholinergic modulation 

influences the strength of the encoding versus retrieval pathways in 
the hippocampus11,195,198,199.

The encoding and retrieval modes are instantiated through differ-
ential prioritization of pathways within the hippocampus and between 
the hippocampus and its cortical input regions. The hippocampus 
receives input from, and sends output to, the entorhinal cortex200. The 
hippocampus itself comprises multiple subfields, including CA1, CA3 
and the dentate gyrus158,201. In the externally oriented encoding mode, 
there is a strong drive from the entorhinal cortex to CA1 and CA3, which 
optimizes the processing of currently incoming sensory information158. 
In the internally oriented retrieval mode, this afferent input from the 
entorhinal cortex is dampened, and instead the recurrent connections 
within the CA3 subfield and between CA3 and CA1 are strengthened158, 
which in turn promotes the retrieval and maintenance of previously 
stored internal information19. High levels of ACh enhance the afferent 
input from the entorhinal cortex to the hippocampus and suppress 
recurrent connections in CA3 (ref. 197), which together facilitate an 
externally oriented encoding mode. Low ACh promotes a retrieval state 
by prioritizing CA3 recurrent connections and CA3–CA1 connections 
over afferent input19.

The hippocampus is the most relevant target area in the cur-
rent context, but this function of ACh might be a general mechanism 
throughout the brain that strengthens afferent sensory or thalamocor-
tical input and suppresses recurrent, intrinsic connections191, poten-
tially supported by additional neuromodulators202. The hippocampal 
ACh framework is most directly relevant to attentional transitions that 
involve long-term memory retrieval, where hippocampal involvement 
is well established. Standard retro-cueing41 and pre-cueing56 tasks, 
which direct attention to recently encoded perceptual representations 
on a working-memory timescale using externally presented cues, do 
not consistently recruit the hippocampus, and our account does not 
require them to do so. The cholinergic modulation of encoding and 
retrieval modes described here is primarily intended to capture transi-
tions between external attention and internally directed attention that 
draws on long-term memory representations, with the broader cortical 
effects of ACh potentially extending this account to attention guided 
by representation in working memory.

The proposed role of ACh in modulating hippocampal encoding 
versus retrieval states primarily rests on computational modelling and 
pharmacological studies in animal models203, but researchers have 
started to test this account in human participants27,136,159,160,204,205. For 
example, one human study used novel stimuli (assumed to promote 
ACh release and an encoding mode) and familiar stimuli (assumed to 
place the brain in a retrieval mode in the absence of ACh release)159. The 
presentation of novel stimuli promoted an encoding mode that enabled 
differentiation of highly similar images, along timescales consistent 
with ACh release195,199. Conversely, the presentation of familiar stimuli 
promoted memory retrieval and generalization. More direct evidence 
for our claims about the role of ACh in humans can be found in studies 
using pharmacological manipulations (including scopolamine206,207 
and nicotine205) and functional magnetic resonance imaging (fMRI) 
studies of the cholinergic basal forebrain27. For example, pharma-
cological blockage of muscarinic ACh receptors using scopolamine 
selectively impairs memory encoding while leaving retrieval largely 
intact behaviourally207, consistent with the proposed role of high ACh 
in supporting an externally oriented encoding mode.

Lower levels of hippocampal ACh have also been linked to off-task 
internal attention100. Just as low ACh shifts the balance from external 
encoding towards internal retrieval, reduced cholinergic tone might 
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similarly facilitate transitions into off-task internal states in which atten-
tion is directed towards self-generated internal content. For instance, 
researchers have speculatively linked low ACh and the modulation of 
sharp-wave ripples, which are high-frequency oscillations (~80–120 Hz) 
that occur during rest or slow-wave sleep, in the hippocampus of 
non-human primates and rodents to the reduced impact of external 
sensory input during mind wandering100. As a caveat, this proposal 
linking ACh to off-task internal attention primarily relies on research in 
non-human primates or rodents, which cannot be probed about their 
internal states; direct tests will require further study in humans100,208.

Taken together, these findings provide preliminary evidence that 
cholinergic modulation can regulate transitions along the direction 
axis, across both on-task and off-task states. However, several impor-
tant caveats apply. The encoding–retrieval framework rests largely on 
computational modelling and pharmacological studies in rodents and 
non-human primates, with limited direct human evidence. Moreover, 
the extension of this framework to attentional state transitions, as 
opposed to memory encoding and retrieval themselves, remains largely 
theoretical at this stage. Direct tests of whether cholinergic modulation 
tracks moment-to-moment transitions between external and internal 
attentional states in humans will be needed.

Noradrenaline and the goal-relevance axis
NA is a neuromodulator with wide-ranging effects on cognitive function-
ing, such as sensory processing, attention, learning, memory consolida-
tion and flexibility179,202,209. In the central nervous system, NA is primarily 
released from the locus coeruleus (LC) noradrenergic system (the LC-NA 
system)179,209. The LC-NA system operates through both tonic (0.5–8 Hz) 
and phasic (2–4 spikes at 10–25 Hz) modes of activity179,210. Tonic activity is 
low in sleep and high in wakefulness, fluctuating with arousal211,212. Phasic 
bursts are released in response to novel, stressful or salient stimuli, with 
the ensuing NA release facilitating the processing of such stimuli213–218.

We speculate that NA is linked to transitions between attentional 
states along the goal-relevance axis. The tonic and phasic modes of 
LC-NA system activity have been interpreted as a way of achieving 
an optimal exploration–exploitation trade-off179. The (high) phasic 
mode maps onto on-task attention, a state in which performance 
is high and task-irrelevant information is effectively filtered out. In 
this phasic mode, tonic NA levels are intermediate and phasic bursts 
are robust and temporally precise179,215. By contrast, in the high tonic 
mode, LC baseline activity is elevated and phasic bursts are less easily 
distinguished from ongoing activity, with worse performance and 
with task-irrelevant information more likely to capture attention179,215. 
When tonic LC activity is low, there is low arousal and little engage-
ment with the environment179. As such, the connection of tonic LC 
activity with performance follows an inverse U-shape180,181, with opti-
mal performance (and phasic burst activity) occurring for intermedi-
ate tonic activity levels31,179. Although task performance decreases 
in the high tonic mode, the inverse U-shaped trade-off is adaptive 
because situations of high tonic NA allow one to remain open to other 
potentially attractive opportunities179. The LC-NA system directs this 
exploration–exploitation trade-off by modulating the gain of pro-
cessing in brain areas related to task performance179 — facilitating or 
disengaging attention to the current task.

During off-task internal states, decreases in phasic pupil responses 
locked to external task events have been observed219, which we specu-
late might be due to phasic bursts being tied to internal events instead31, 
even when tonic NA remains at an intermediate level during the mind 
wandering episode. The relationship between these NA firing modes 

and off-task attention was developed by researchers who proposed 
that in humans, high tonic NA levels induce an intermediate off-focus 
state that is unstable31. In this firing mode, participants might engage 
with off-task states (such as off-task internal) rather than re-engaging 
with the task and entering an on-task state. To investigate this process 
in humans, pupil diameter can be used as a proxy for NA release220–224. 
(However, pupil diameter also reflects the activity of other neuromodu-
latory systems, including ACh220, so this measure cannot be taken as a 
selective index of NA activity alone.) In support of the proposed link 
between high tonic NA and off-focus states, increases in tonic pupil 
diameter precede the transition into off-task internal attention225, 
indicating the presence of an off-focus state.

Other researchers have proposed that lower levels of LC-NA system 
activity in humans are most conducive to mind wandering100,139, and 
the (pupil) evidence is currently inconsistent139,219,226–228. These conflict-
ing findings and perspectives can be accounted for by distinguishing 
between directed and associative off-task states: a directed off-task 
internal state is most likely to occur during intermediate levels of NA, 
whereas associative off-task internal attention is most likely to occur 
during the drowsy state of arousal associated with lower tonic NA lev-
els. Indeed, lower levels of arousal are linked to the increased occur-
rence of sharp-wave ripples229, which are conducive to an associative 
mode of internal attention100. In further support of this notion, it has 
been reported that reduced pupil size is correlated with an increased 
frequency of hippocampal sharp-wave ripples in rodents229. For both 
directed and associative off-task states, we predict that transitions will be 
preceded by transient increases in tonic NA, reflecting the intermediate 
off-focus state.

In sum, the LC-NA system is a plausible candidate for regulating 
transitions along the goal-relevance axis, but the evidence linking it 
specifically to on-task versus off-task attentional states in humans 
remains preliminary. The bulk of support derives from the adaptive 
gain framework developed in animal models, with human evidence 
relying heavily on pupillometry as an indirect and non-selective neuro-
modulation proxy. Translating these findings into specific predictions 
about attentional state transitions in humans is a key open empirical 
challenge for the framework.

Interactions between neuromodulators
Although there are several important differences between the ACh and 
NA systems230, it is useful to take their interactions into account to develop 
more constrained predictions for attentional state transitions51,188,231. 
First, these neuromodulatory systems are often co-activated, targeting 
similar areas (including prefrontal cortex, hippocampus and sensory 
cortices)220,232–234. For example, ACh is closely tied to novelty and volatil-
ity, but NA release is also key to the processing of such events, with both 
systems responding to unexpected changes in the environment that 
require internal models to be updated163,235,236. ACh is involved in func-
tions ascribed to NA as well. For example, although arousal modulation 
is typically ascribed to NA, ACh also makes independent contributions 
to arousal levels209,220. Second, areas involved in the production of one 
neuromodulator can have direct projections to areas that produce differ-
ent neuromodulators, which leads to covariation between their activity 
levels over time. For example, the LC projects to the basal forebrain237, 
so fluctuations in NA levels affect the levels of ACh238.

These two neuromodulators also operate independently239–241. 
During wakefulness, ACh and NA can either covary — mutually rein-
forcing each other’s effects on arousal and cortical state — or dissoci-
ate, serving more distinct and sometimes complementary functions, 
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depending on the timescale under consideration. On longer timescales 
of minutes to hours, ACh and NA activity tends to covary, reflecting their 
joint involvement in modulating the arousal continuum introduced 
above189,220. For example, both systems exhibit slow covariation aligned 
with changes in pupil diameter in mice, a proxy for neuromodulation220. 
On shorter timescales of milliseconds to seconds, these systems seem 
to serve more distinct and sometimes complementary functions. 
For example, theoretical models propose that ACh signals expected 
uncertainty (known variability in outcomes) by enhancing sensory gain 
during focused attention, whereas NA responds to unexpected uncer-
tainty (sudden changes or surprises that disrupt learned predictions),  
facilitating attentional shifts and behavioural flexibility179,242.

With these considerations in mind, we can use interactions 
between these neuromodulators at different temporal resolutions to 
propose possible transition dynamics within the attentional state space 
(Fig. 3b). We assume that the on-task external state is characterized 
by intermediate, task-optimal levels of NA and high levels of ACh31,179. 
This state stabilizes when, after transiently visiting the off-focus state, 
LC-NA remains tonically optimal with overall higher levels of ACh. In 
this on-task external state, irrelevant information can be suppressed 
through phasic bursts of NA. However, this state might be difficult 
to maintain. Task vigilance tends to decline over time148,168, which 
is reflected in reduced baseline pupil size over time120 and suggests 
decreases in tonic LC-NA activity179. Given the correlation of NA and 
ACh over longer timescales of minutes to hours, this decrease would be 
associated with a reduction in ACh as well, instantiating a more inward 
focus and the prevalence of off-task internal attention in the long term 
(although off-task external attention might initially be more likely to 
occur when ACh levels are still relatively high).

We propose that on-task internal attention would be character-
ized by a state of intermediate NA and low ACh, made possible by the 
fact that, on shorter timescales, ACh and NA can diverge from their 
longer-term covariation and operate independently, enabling NA to 
remain at task-optimal levels while ACh is simultaneously reduced to 
favour internally oriented, retrieval-based processing. In the internal 
mode, the intermediate tonic levels and phasic bursts of NA would be 
locked to internal rather than external events. Even though NA activity 
declines over the course of on-task states120, this decline might be less 
disruptive for on-task internal states than for on-task external states, 
given that the ACh levels remain at (low) optimal levels. However, for 
on-task external states, both NA and ACh would become suboptimal 
over time. This prediction has not yet been tested.

For off-task states, we focus on the associative type, because the 
directed types are mostly similar to on-task states in terms of neuro-
modulatory signatures31. Associative off-task attention is characterized 
by low arousal and decreased tonic NA, which occurs naturally over time 
in a standard task context120. Owing to these time-on-task effects, per-
formance is decreased148,168, which in turn reduces subjective goal value. 
Consequently, we speculate that the task goal becomes less salient, 
and there will be many different short off-task episodes, with several 
low-value alternatives active at the same time in this associative state. 
In addition, the decreased tonic NA leads to decreases in ACh on this 
longer timescale, consistent with the known projections from the LC to 
the cholinergic basal forebrain237,238. As arousal declines and the off-focus 
state is periodically visited, a transition into off-task internal attention 
becomes increasingly likely, because the concurrent reduction in ACh 
blunts the impact of incoming external sensory input100. Together, these 
two factors — the gradual decline in tonic NA and the associated reduc-
tion in ACh — can account for time-on-task effects148,168 and the presence 

of an internal bias for off-task states14. Explorative and spontaneous 
transitions into off-task external attention are rare compared to transi-
tions into off-task internal attention14 because the levels of ACh influence 
whether the new attentional state will be external or internal, with the 
low ACh levels that occur after longer time-on-task favouring internally 
directed states. However, transitions into off-task external attention will 
be more frequent at the start of the experiment than towards the end 
of the experiment, especially for external tasks, as ACh levels will be 
relatively high when starting a new external task. This situation applies 
only to the spontaneous off-task-external transitions considered here, 
where there is no unexpected or salient event occurring in the external 
environment that would maintain elevated neuromodulatory levels.

Finally, the off-focus state itself is primarily determined by high, 
tonic levels of NA, making it clearly distinguishable from off-task states 
in terms of its neuromodulatory signature. However, the concurrent 
levels of ACh in the system will determine whether after visiting the 
off-focus state, one is more likely to move to the external or internal 
extreme of the direction axis. We predict that, driven by comparable 
ACh levels, people would be more likely to transition between states 
sharing the same directional orientation rather than different direc-
tional orientations (for instance, transitioning from an off-task external 
state to an on-task external state rather than to an internal state, and 
vice versa), but this idea remains to be tested.

In sum, the neuromodulatory framework presented here inte-
grates converging evidence from animal research, computational mod-
els, indirect measures in humans, and pharmacological manipulations 
in humans to constrain predictions about attentional state transitions. 
The most empirically grounded aspects of this framework are the roles 
of ACh in encoding versus retrieval modes, which are supported by 
pharmacological studies in humans, and the involvement of the LC-NA 
system in arousal and the exploration–exploitation trade-off, which 
are supported by both animal work and human pupillometry. More 
speculative are the specific mappings of these neuromodulatory sys-
tems onto the four attentional states as defined here and the proposed 
interactions between ACh and NA across timescales in the context of 
attentional transitions. Direct empirical tests of these predictions in 
human studies combining attentional state measures with selective 
pharmacological manipulations or neuroimaging of neuromodulatory 
systems will be essential to flesh out the framework.

Conclusion
In this Perspective, we have proposed a unified attentional state space 
defined by a direction axis and a goal-relevance axis. Whereas past 
research on the dynamics of attention has focused primarily on indi-
vidual subspaces7,8,10,14,31, the current framework addresses dynamics 
across the full transition space. We hypothesize that these dynamics 
are shaped by three core principles. First, an internal bias pulls atten-
tion towards self-generated and previously encoded information, par-
ticularly in familiar environments, with ACh modulation presumably 
driven by the low level of novelty. Second, the subjective goal value, 
underwritten by opportunity cost calculations, determines whether 
a novel state will be selected, in interaction with arousal levels medi-
ated by NA. Third, an intermediate off-focus state temporarily releases 
or broadens the focus of attention, supported by high NA modula-
tion. In this integrative framework, the cognitive principles, together 
with interactions between neuromodulatory influences, restrict the 
potential movements in the state space on different timescales.

One important future challenge is to develop an empirical 
approach to test the different states and transitions between them. 
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As is apparent from our initial review, the areas of the literature that 
address the different states are not empirically integrated. For example, 
although we have an emerging understanding of transitions between 
on-task external states and on-task internal states, these dynamics have 
not been integrated with off-task states. One potential approach is to 
use a task that captures transitions between on-task external atten-
tion and on-task internal attention, such as the switching attention 
task23, and augment it with thought probes to capture transitions into 
off-task external and off-task internal states (Fig. 2). The distinction 
between off-task external and off-task internal states itself also requires 
additional empirical probing in the context of the transition dynamics 
envisioned here, given that most research into spontaneous off-task 
transitions has focused on off-task internal states. This question can be 
integrated by including (isoluminant) background images combined 
with eye tracking to determine whether attention is directed towards 
external input or internal thoughts, further validated with the thought 
probes243 (Fig. 2). Pupillometry can be used as a proxy for LC-NA activity 
in such experiments to capture transitions through the off-focus state, 
while controlling for gaze and luminance-related confounds. Finally, 
attentional transitions can be mathematically modelled, leveraging 
these different measures (such as using hidden Markov models31,244) to 
estimate the multivariate signatures of these latent states and their tran-
sition matrices31. One crucial advantage of our framework is that it gen-
erates specific predictions for these dynamics, despite their current lack 
of integration in the literature. The predictions relating to neuromodu-
lators could be tested in humans by using existing fMRI data or dedi-
cated experiments that include markers for the different attentional 
states. The derived blood-oxygenation-level-dependent (BOLD) activity 
maps directly before and during attentional state transitions can then 
be spatially correlated to the voxel-wise maps of NA and ACh receptor 
or transporter expression245. This approach of associating BOLD and 
positron emission tomography (PET)-derived neuromodulatory signals 
has been recently used to study implicit learning246 (see refs. 247,248  
for a similar approach and discussion).

An important use of our framework will be in capturing individual 
differences in transition dynamics, especially in the context of psycho-
pathology. Excessive external and internal distractibility are a major 
factor in the development of psychopathologies such as attention 
deficit/hyperactivity disorder (ADHD), depressive rumination and 
post-traumatic stress disorder (PTSD)249. Indeed, repetitive negative 
thinking, a form of maladaptive internal attention, has been proposed 
as a transdiagnostic cognitive process250. Closer examination of the 
internal bias of attention within attentional transition dynamics can 
be leveraged to better understand this transdiagnostic marker. The 
proposed neuromodulatory influences within our framework could be 
informative in this regard, given that several psychopathologies that 
show dysregulations of attention are characterized by neuromodulatory 
dysregulation. For example, certain pharmacological treatments reduce 
the symptoms of PTSD251 and ADHD252 by modulating the effects of NA. 
Likewise, depressive symptoms are sometimes treated by targeting the 
NA system using NA-reuptake inhibitors253. In this context, attentional 
biases for task-unrelated affective information, especially when negative 
or threatening, can be integrated into our framework. This direction is 
particularly relevant in targeting PTSD-related attentional dysfunction, 
which can be linked to NA dysregulation254. Understanding these atten-
tion deficits from both a cognitive–psychological and neurobiological 
perspective could lead to the development of better interventions for 
at-risk people. For example, a pathological profile might be character-
ized by more regular visits to the off-focus state (a less stable attentional 

state than the four main states) or a different trajectory after this state 
is visited, even before more overt symptoms emerge.

Finally, three extensions of our framework should be prioritized 
in the near future. First, although our framework is focused on spon-
taneous transitions between the different states (such as checking for 
a new smartphone notification while bored), unexpected or salient 
events in daily life (such as when the phone rings) disrupt these more 
spontaneous transitions. The LC-NA system has been proposed to 
serve a circuit-breaker function in response to such salient events255,256. 
In these models, an unexpected event or prediction error triggers rapid, 
time-locked, transient LC activation (phasic bursts) that facilitates fast 
reorienting of attention on a timescale of hundreds of milliseconds. 
Thus, future work should incorporate such a circuit-breaker function 
into our framework of NA-modulated state transitions. More generally, 
there are several alternative theories that link ACh and NA to attention 
dynamics126,216,242,255,257–260, and integrating these different perspectives 
within a single framework would be valuable. Second, an attentional 
state that is gaining traction in research but does not neatly fit the exter-
nal or internal dimension is interoceptive attention to internal bodily 
sensations, such as respiratory or cardiac signals21,261–265. Although 
interoceptive attention is directed away from the external senses, align-
ing it more closely to internal attention, it does have a sensory stimulus 
as its target, making it more closely aligned to external attention. 
Future conceptual and empirical work should determine how this type 
of attention fits into the current framework. Third, we have restricted 
our focus to ACh and NA. However, in concert with these two neuro-
modulators, serotonin and dopamine also have a pervasive influence 
on attention and its dynamics51,100,183,185,266 and should be integrated to 
map the broader neuromodulatory architecture underlying attentional 
transitions. Finally, although discussing the attentional networks in the 
brain that support attentional states is beyond our current scope7,12,15,31, 
an important future horizon is to link relevant cortical fMRI networks 
to indices of neuromodulatory activity (for instance, PET-derived 
transporter maps and pupil changes246).

In sum, we introduce here a unified transition space of attention 
that links key cognitive principles with neuromodulatory underpinnings 
and provides a basis for testable empirical predictions. We hope that this 
framework yields greater clarity and novel insights into the transition 
dynamics of attention and fosters greater interdisciplinary collaboration 
across research fields that investigate facets of attention and distraction.

Published online: xx xx xxxx
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