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A B S T R A C T

This review introduces anticipatory feelings (AF) as a new construct related to the process of anticipation and
prediction of future events. AF, defined as the state of awareness of physiological and neurocognitive changes
that occur within an oganism in the form of a process of adapting to future events, are an important component
of anticipation and expectancy. They encompass bodily-related interoceptive and affective components and are
influenced by intrapersonal and dispositional factors, such as optimism, hope, pessimism, or worry. In the
present review, we consider evidence from animal and human research, including neuroimaging studies, to
characterize the brain structures and brain networks involved in AF. The majority of studies reviewed revealed
three brain regions involved in future oriented feelings: 1) the insula; 2) the ventromedial prefrontal cortex
(vmPFC); and 3) the amygdala. Moreover, these brain regions were confirmed by a meta-analysis, using a
platform for large-scale, automated synthesis of fMRI data. Finally, by adopting a neurolinguistic and a big data
approach, we illustrate how AF are expressed in language.

1. Introduction

The construct of “anticipation” has become the subject of increasing
scientific interest in the last decade. This is mainly because anticipatory
processes play a key role in many areas of research related to how
humans and animals anticipate future actions as a function of affective
and behavioral self-regulation. Anticipatory processes are involved in
the regulation of simple organismic processes and in the regulation of
complex behaviors, including decision-making, strategy formation and/

or regulation of affect and emotions.
Anticipatory feelings (AF) are defined as feelings related to antici-

pation; more precisely, as a state of awareness of physiological and
neurocognitive changes that occur within an organism during a specific
process of adapting to future events.

1.1. Overview

In absence of an established definition of AF in the literature, we
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begin this review by providing a working definition of AF. We proceed
by introducing influential neuroscientific theories and concepts related
to AF, such as anticipation and expectancy, and by discussing neuroi-
maging findings with respect to the brain structures and networks as-
sumed to play a crucial role in AF, in line with the working definition.

More specifically, in Section 1 we discuss how AF and emotional
responses to events in both animal and human research are mediated by
distinct neural systems, with special emphasis on fear and anxiety, as
they are related to AF. In Section 2, the role of bodily-related stimulus
processing in AF, including the role of bodily-related interoceptive
processes and its neural correlates, is discussed. Section 3 focuses on
neural mechanisms associated with dispositional factors underlying
positive AF, including optimism and hope, as well as reward anticipa-
tion, as it includes activation in similar brain regions. Neural mechan-
isms associated with dispositional factors underlying negative AF, in-
cluding pessimism and worry, are outlined in section 4. In section 5, we
consider alterations of AF and their role as a potential risk factor for
several mental disorders. The brain areas and brain networks relevant
for AF that are identified in sections 1–4 and section 6 are validated by
a meta-analysis using www.neurosynth.org, a platform for large-scale,
automated synthesis of fMRI data including to date 507,891 activations
from 14,371 studies. The results of this meta-analysis are included in
section 5. Finally, in section 7 we present an initial, cursory review of
feeling words that are articulated in the English language. Using a big
data approach, we revealed a very nuanced list of AF constructs that
have not yet been explored in neuroscience research.

The present review of AF is part of “The Human Affectome Project”.
The overarching goal of the Human Affectome Project is to summarize
much of what is currently known about affective neuroscience while
exploring the language that individuals use to convey feelings and
emotions. In line with this goal, by adopting a neurolinguistic and a big
data approach, we addressed the question of how language and AF
might be related. Results from a big data approach analyzing words
describing AF in English were reported. Word categories related to AF
with respect to other words expressing other emotional and affective
states (e.g., physiological, social, the Self, anger etc.) were further dis-
cussed.

1.2. General concepts and theoretical considerations relevant to AF

1.2.1. A working definition of AF
Feelings are defined as the perception or awareness of events within

the body, closely related to emotion (Augustyn et al., 2012). AF are
related to anticipation, expectancy, planning and decision making but
they are not equivalent to these concepts nor do AF include all emotions
or all feelings. There is currently no unifying definition or theory
available of AF. Therefore, this review includes a working definition to
guide our understanding of AF. In particular, we consider AF as mul-
tifactorial constructs. More specifically, we consider:

1) expectancy and anticipation as key components of AF.
2) interoceptive signals and physiological signals as bodily cues of AF.
3) AF as arising in anticipation of behavioral choices that can have a

positive or negative valence.
4) AF are influenced by individual differences, including personal be-

liefs, dispositional traits (e.g., optimism, hope and pessimism, and
worry) and can be regulated by emotion regulation strategies.

5) alterations in AF can be found in several mental disorders.
6) AF can be expressed in language and subjectively described by ex-

pressive-linguistic components.

Based on these criteria, as well as the definition of the concept „
feeling”, we provide a working definition of AF:

AF are a state of awareness of physiological and neurocognitive changes
that occur within an organism during a specific process of adapting to future
events- anticipation, and their role may be to facilitate this process of

adapting to future events.

1.2.2. Anticipation, expectancy, planning and the brain as a self-regulatory
inference machine

From a neuroscientific perspective, AF are multicomponent (e.g.,
subjective, physiological, affective) responses deriving from neural
processes that are part of the core functions of the human brain. Indeed,
the activity of all self-regulatory biological systems (like the human
brain) seems to follow specific physical laws and probabilistic rules.
These physical laws and probabilistic rules may be interpreted as to
facilitate prediction and anticipation of an organism’s current and fu-
ture state. More interestingly, “global brain theories” (for an overview
see (Friston, 2010) all hold the common assumption that the brain is
“an inference machine”. That is, the brain optimizes its processes by
continuously updating stored representations with actual sensory input.
In this manner, AF can be taken as the result of stimulus-driven,
bottom-up and top-down controlled processing. Hence, anticipation,
expectancy and resulting AF are main features of the brain, inherently
bound to the functional organization of neural cell assemblies. In other
words, the neural processes involved in anticipation and expectancy as
well as those factors contributing to AF, are likely to be the result of
interactions between bottom-up and top-down neural processes.

In line with this view of the brain as an inference machine, antici-
pation and expectation are considered crucial for human adaptation to
the environment (Bubic et al., 2010). Drawing inferences from antici-
pations and expectancies allows individuals to flexibly adjust behavior
in accordance with their intentions and future goals. Theoretically,
individuals make choices based on estimates of how well a chosen be-
havior will lead to desired results. Thus, according to expectancy theory
(e.g., (Vroom, 1964)), individuals select behaviors depending on how
different motivational elements involved in the decision process are
processed. Thus, anticipation and expectations permit foreseeing future
events which, in turn, allows individuals to organize behavior proac-
tively and cope with the impact of those events.

AF are considered to occur prior to an event and the bodily changes
accompanying AF are thought to act as markers that influence our
choices during decision making (e.g., (Bechara et al., 1997)). Accord-
ingly, anticipatory processes underlying decisions of how to behave are
determined by the outcome of previous behavior, by bodily responses
and by the individual’s ability to plan, i.e., to mentally anticipate the
correct way to carry-out a task or reach a specific goal. Planning in-
volves a series of mental processes that allow an individual to select
necessary actions, put the actions in the correct order, assign each task
to the corresponding cognitive resource (attention, working memory),
and establish a plan of action in order to reach the specific goal, and can
be modulated by emotions and affective experiences, such as reward
and punishment experiences (Table 1).

Consequently, decisions that produce behavior include processes
that have been completed before making a choice (Kuhl and Fuhrmann,
1998). AF then are feelings that arise in anticipation of future events
(Macleod, 2017) and that accompany action planning and goal or-
ientation, without which an individual would be unable to persevere
with or resume difficult goals. Therefore, there is widespread accep-
tance that AF arise during planning and decision making in humans and

Table 1
Examples of how anticipated interactions or outcomes can shape the emotional
and behavioral state of people.

Anticipated Interaction/Outcome Behavioral Adjustment

Confrontational Upregulate negative emotions
Sick child Upregulation of worry
Competition (anger helpful) Upregulation of anger
Competition (anger harmful) Downregulation of anger
Collaboration Upregulate positive emotions
Helping others (at a cost) Downregulation of compassion
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consequently modulate performance (Fairfield et al., 2015). In this
manner, internal bodily visceral states, as well as personal beliefs, and
dispositional traits such as optimism or pessimism, hope and worry
(defined as the expectation of positive or negative outcomes) contribute
to AF by altering decision making even without the explicit knowledge
of an individual (Fig. 1).

1.3. Anticipation vs. AF: evidence from other species

The ability to anticipate events is a skill not only inherent in hu-
mans, but also in non-human animals (Blancas et al., 2014; Krupenye
et al., 2016; Pezzulo and Castelfranchi, 2009; Riegler, 2001). Indeed,
several other species also possess the ability to anticipate, although
what exactly this implies is currently subject to debate. Accordingly,
there is no clear definition of what anticipation is, or at least one that is
universally accepted amongst researchers. For example, researchers
who use a broad concept of anticipation, define anticipation as the
process that allows the future to become part of “an action”. According
to this definition, most behaviors that are not a reaction to direct sti-
muli can be considered indicators of anticipation, since some believe
almost all behavior is goal directed (van den Bos, 2017). Moreover,
taking this definition to an extreme, many elementary cognitive pro-
cesses in animals, such as visual attention and motor control, could be
attributed to an anticipatory system. That is, a system that can predict
the effect of its action, as opposed to a reactive system that produces
behavior in response to the environment or an internal need (Pezzulo
and Castelfranchi, 2009). It has even been proposed that all motor
control is mediated by anticipatory prediction, since the execution of
fine motor actions requires precise timing in the order of milliseconds

Other definitions of anticipation suggest that more complex cogni-
tive abilities are required, such as awareness of past, present, and future
on behalf of the subject (van den Bos, 2017), and anticipatory emotions
and states are thought to be closely related to planning and decision
making. Many animal species exhibit these abilities. For instance, cor-
vids spontaneously show analogical reasoning, episodic-like memory,
tool use, complex social interactions and insight into the mental state of
conspecifics (Balakhonov and Rose, 2017). In fact, it has been reported
that crows are able to produce a tool by bending a wire into a hook and
then use it to reach food from a tube or a bucket, a feat that requires
complex planning, timing and anticipatory abilities (Weir et al., 2002).
This finding confirms that crows are also capable of compound tool

construction and tool innovation, skills that require anticipation
(Bayern et al., 2018; Rutz et al., 2016; St Clair et al., 2018). Conse-
quently, it seems that the ability to perceive the passing of time is the
minimal requirement to deem an organism capable of anticipation and/
or anticipatory states. However, this timing can occur at different le-
vels. For example, the motor preparation for the prey-catching behavior
of the jumping spider requires precise acute timing (Schomaker, 2004).
On a larger scale, timing can be observed in circadian rhythms. In
mammals circadian rhythms in behavior and physiology, such as daily
nursing in rabbits, or sleeping schedules in some species, are co-
ordinated by an internal clock, the suprachiasmatic nucleus in the hy-
pothalamus (Klein et al., 1991; Moore, 2013). Mice and rats exhibit still
other mechanisms (e.g., learning and memory) proposed to be necessary
in order to learn the scheduled time of a significant event (Antle and
Silver, 2009) such as daily access to food (Balsam et al., 2009).

Riegler (Riegler, 2001) proposed three distinct types of anticipatory
capabilities in different animal species: inborn, emotional, and cogni-
tive. Inborn anticipation occurs as the result of phylogenetically ac-
quired patterns (e.g., hibernation, or migration in some species). An-
ticipation is emotional if it is driven by an instinct, such as hunger.
While cognitive anticipation occurs when the animal is able to make
predictions about the remote future and those predictions are not de-
pendent on the current state. The emotional and cognitive capabilities
proposed by Riegler (Riegler, 2001) should not necessarily be viewed as
completely distinct processes; rather, these processes should be viewed
as affined (Erk et al., 2006). Consistent with this definition, anticipation
occurs in many different forms in the animal kingdom, since many
living organisms have developed different mechanisms that allow them
to make, at least implicitly, (large or small) estimates of future states of
affairs in the environment.

When assessing emotional and motivational states in experimental
settings, it is difficult to reach clear conclusions without the risk of
anthropomorphization. Most animal research on anticipatory behavior
is based on food-anticipatory activity (Mistlberger, 1994), yet the re-
lated physiological and neural processes may yield measurable insight
into underlying states of anticipation. Many studies of anticipatory
states in animals concern the impact of daily food restriction in rodents
(Caba and Gonzalez-Mariscal, 2009). Anticipatory activity starts about
1–3 hours before mealtime and is characterized by behavioral arousal,
foraging, increased approach to a feeder, and the search for food
(Blancas et al., 2014; Mistlberger, 1994). Other physiological and
neural parameters are entrained by the periodic exposure to food (e.g., a
rise in body temperature) (Caba and Gonzalez-Mariscal, 2009;
Mistlberger, 1994; Stephan, 2002). Behavioral activation can last for
days after the cessation of the feeding protocol (Angeles-Castellanos
et al., 2008). The procedure for inducing food-anticipatory activity in
rodents by exposing them to a restricted food schedule is very similar to
Pavlov’s experiments with temporal conditioning. In these experiments,
Pavlov fed his dogs in fixed intervals of time to show that an internal
temporal cue can serve as a conditioned stimulus just as an external cue
would. In his classical conditioning procedure, Pavlov repeatedly
paired a conditioned stimulus (e.g., sound of a bell) with an uncondi-
tioned stimulus (e.g., presenting food). He found that in time, the an-
imal exhibited the conditioned response (e.g., salivation) when exposed
to the conditioned stimulus alone. The associative neural mechanisms
that underline classical conditioning and temporal conditioning are
identical (Pavlov, 2010).

While some authors hypothesize that circadian clocks enable some
animals to anticipate predictable daily opportunities to acquire food
(Mistlberger, 1994, 2009) this does not appear to be the key mechanism
underlying behavior of rodents exposed to restricted food schedules
(Angeles-Castellanos et al., 2008; Blancas et al., 2014). In rodents, food-
anticipatory activity is mediated by food-entrainable oscillators (FEO)
independent of the intact or functional suprachiasmatic nucelus (SCN)
(Mistlberger, 1994; Stephan, 2002) FEO can be understood as a net-
work of interconnected brain structures that are independent of the

Fig. 1. The multifaceted components of AF (AFs). Expectancy and anticipation
are key characteristics of AF. Additionally, interoceptive and physiological
signals affect the sensation of AF and influence their presence. Building on that,
individual traits and general disposition, partnered with emotional regulation
strategies, will influence AF. Lastly, many mental disorders involve disruption
to typical anticipatory regulation. All these lead to actions in response to be-
havioral choices, which could have either positive or negative valences, and
linguistic expression, which, in turn, feed back into the AFs.

E. Stefanova, et al. Neuroscience and Biobehavioral Reviews 113 (2020) 308–324

310



SCN and instead function as a self-sustained mechanism; they are en-
trained by integration of peripheral information provided by different
humoral signals related to food intake (Carneiro and Araujo, 2012).
Although several authors agree that FEO is responsible for food-an-
ticipatory activity in rodents, there is still dispute on the exact locus of
FEO.

Reward-related neural processes and goal-directed behavior are also
considered in research on anticipation in animals. In monkeys, the
ventral striatum was associated with reward expectation (Bowman
et al., 1996; Schultz et al., 1992) in relation to dopaminergic projec-
tions from the midbrain (Schultz, 1998). Furthermore, this was shown
to be more frequently linked to reward anticipation than loss of reward
anticipation (Breiter et al., 2001; Dillon et al., 2008; Knutson et al.,
2001a, 2003). In contrast, no difference was found in ventral striatal
activation (Carter et al., 2009). It is possible that many of the brain
regions associated with cognitive control and executive attention, such
as dorsal striatum, prefrontal cortex, and anterior insula (Dosenbach
et al., 2007; Smith et al., 2009; Vincent et al., 2008) are involved in
both reward/gain and punishment/loss anticipation as they both would
be expected to elicit an enhanced motivational state compared to
neutral anticipation (Carter et al., 2009). A study by Hassani et al.
(Hassani et al., 2001) further investigated the complex processes re-
lated to reward in the anterior striatum. They examined neural activity
in monkeys while preforming a spatial-delayed-response task and found
that a fraction of task-related neurons (e.g., spatial activations, com-
promising responses to instruction etc.) are activated by the anticipa-
tion of the upcoming reward. They also found that different levels of
expected rewards influenced different behavior-related neuronal ac-
tivity. Apparently, information about the expected reward is in-
corporated into the neuronal activity related to the behavioral reaction
leading to the reward (Hassani et al., 2001).

1.3.1. Anxiety, fear learning and memory, spatial navigation, and their
relation to AF

AF is also involved in anxiety and fear learning and memory, and
forms of cognition such as object recognition and spatial navigation.

In tests assessing exploratory behavior and measures of anxiety,
there is a balance or conflict scenario (approach-avoidance) between a
drive to explore the novel environment on one hand and reducing time
spent in more anxiety-provoking and potentially dangerous environ-
ments on the other hand. In the open field test, the center area is more
anxiety provoking (Van Meer and Raber, 2005; Wilson et al., 1976). In
the elevated plus maze (Laviola et al., 2003; Lister, 1987) and elevated
zero (Kulkarni et al., 2007; Shephard et al., 1994), animals are driven
by curiosity to explore the anxiety-provoking open areas of the maze. In
the tests described above, the animal can select to enter or avoid the
anxiety-provoking areas. While these tests are typically used in rodents,
humanized versions of the elevated plus maze containing virtual reality
and real-world elements have been developed as well to study anxiety-
related behavior in humans (Biederman et al., 2017). In the acoustic
startle test (Parham and Willott, 1988), animals are placed in a sound-
attenuated box on a sensing platform; they receive acoustic stimuli
consisting of white noise. These stimuli will startle the animal, resulting
in a full-body flinch recorded by the sensing platform. When the stimuli
are administered at equal and therefore predictable intervals, there
could be AF (Webber et al., 2013). Acoustic startle tests are also being
used in humans (Knudson and Melcher, 2016) and therefore involve AF
as well. Place cells fire when an animal is in a given location in an
environment; place cells with prospective activity prior to a choice
point at which an animal chooses a path illustrates the close connection
between AF and cognitive performance (Ainge et al., 2012; Grieves
et al., 2016) (Fig. 2). In novel environments, the animals can vocalize
that can be part of AF and affect AF in other animals too (Hollen and
Radford, 2009; Wohr et al., 2008). Vocalization can also occur as part
of conditioned fear (Kikusui et al., 2003). In addition to vocalizations,
song learning in birds is also related to AF in both the singing bird and

the recipient listening bird (Alvarez-Buylla et al., 1988; Nottebohm
et al., 1990).

Emotional learning and memory illustrate another example. For
example, in the passive avoidance test, an animal is trained to refrain
from entering a dark area they normally would prefer (Sanger and Joly,
1985). Thus, AF is important in the decision of the animal to enter the
dark compartment the first time as well as during subsequent trials. AF
is also involved in cognitive tests in which animals are trained to locate
a platform beneath opaque water in the water maze (Morris, 1984) or
when they are trained to locate an escape tunnel in the Barnes maze
(McLay et al., 1999; Raber et al., 2004). As humanized tests of spatial
learning and memory based on animal tests have been developed
(Berteau-Pavy et al., 2007; Rizk-Jackson et al., 2006), AF would be
pertinent to these human tests as well. Finally, AF is involved in asso-
ciative learning and operant conditioning described in the previous
section.

2. AF and bodily-related stimulus processing

As outlined in the Introduction, AF are feelings closely related to
anticipation, decision making and action planning. However, which
feelings (positive or negative) will be experienced in anticipation of an
event is determined by situational and intrapersonal factors, as well as
by bodily states (e.g., interoceptive and somatic markers).

Theoretically, the somatic marker hypothesis (Damasio et al., 1991)
as well as predictive coding theories and their extension to bodily and
interoceptive processing (e.g., (Seth, 2013) underscore the neural me-
chanisms and brain networks assumed to play a pivotal role in linking
the processing and regulation of changes in the body with AF. The
somatic marker hypothesis overcomes the traditional split between
mind and body by proposing that bodily changes elicited by discrete
emotional events are represented and stored in the brain as somatic
markers. These somatic markers can then be activated in anticipation of
a future event in order to guide future decisions based on past experi-
ences (Damasio et al., 1991). Thus, according to the somatic marker
hypothesis, interoceptive as well as proprioceptive bodily signal pro-
cessing, together with its representation and integration in the brain,
can be considered a fundamental component of AF.

2.1. The role of bodily-related stimulus processing in AF - I: the somatic
marker hypothesis and its neural correlates

Studies investigating AF in the context of planning and decision-
making support a major role of the orbitofrontal cortices (OFC) and the
medial prefrontal cortex in bodily-related stimulus processing
(Kringelbach, 2005). Moreover, damage to the ventromedial prefrontal
cortex (vmPFC), including the OFC, has been shown to impair the
ability to predict the future consequences of one’s actions (Rich et al.,
2018; Schneider and Koenigs, 2017). Building on observations in pa-
tients with vmPFC damage, the somatic marker hypothesis (Damasio
et al., 1991) posits a close interaction in the brain between the pro-
cessing of bodily-related information, emotional states, decision-
making and AF. In essence, the somatic marker hypothesis extends the
James-Lange theory of emotion by stating that bodily changes and the
perception of those changes are essential for the generation of emotions
and the experience of emotions as feelings (James, 1890, 1894). Unlike
James’ theory, the somatic marker hypothesis specifically assumes that
bodily changes are re-represented in the brain. Re-representation means
that physiological changes and neural brain changes that develop in
response to certain events are tied together and associated with specific
emotional states. These “associations” between events, physiological
changes in the body and feeling states are stored together as markers
and are thought to influence planning and intuitive decision making
through neural network activity including, amongst others, the OFC
and the amygdala. This principle of re-representation in the brain, also
called the as-if-body loop (i.e., the possibility to simulate and imagine
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behavior based on anticipated feelings without executing actions), has
been considered the core of effective decision making. Ingrained body-
related markers like anticipatory skin conductance response (Dawson
et al., 2011), or “gut feelings” (Mayer, 2011), are thought to trigger
positive behavioral effects: accelerating intuitive decision making, and
facilitating beneficial planning to simulate embodied predictions of
future events. Maladaptive decision making performance has been de-
monstrated in several mental disorders including addiction, which often
go along with neuroanatomical and neurochemical abnormalities in
corticolimbic brain circuits including the vmPFC and amygdala
(Motzkin et al., 2015) (Fig. 3).

Additionally, another network has been proposed to play an emi-
nent role. This network, the salience network (SN) (Menon, 2015),
changes its activity whenever there is a switch from a resting, default
mode to a task-related perceptual and emotional decision processing.
The salience network comprises the insular and the anterior cingulate
cortex and subcortical regions (amygdala, ventral tegmental area,
thalamus) (e.g., (Menon, 2011; Menon and Uddin, 2010)(Fig. 4). Al-
though the insular cortex is principally seen as a brain region involved
in interoceptive awareness, emotional and empathic responses, it is also
involved in a variety of processes necessary for predicting outcomes,
anticipating gain and losses (Knutson and Greer, 2008; Knutson et al.,
2007; Levin et al., 2012; Paulus and Stein, 2006), making decisions
under uncertainty (Weller et al., 2007), and risk taking (Ishii et al.,
2012, 2013).

Based on the anatomical and functional connections of the insula to
the vmPFC/OFC, as well as the role of the posterior insula in internal
(visceral) bodily signal processing and the role of its anterior part in the
generation of subjective feelings states, it has been suggested that the
insula constitutes an essential neural hub for integrating autonomic,
affective and cognitive processing (Craig, 2009; Critchley, 2009;
Namkung et al., 2017). The insula, then, can be considered a brain
structure that connects bottom-up with top-down signal processing and
external with internal signal processing. Accordingly, AF can be con-
sidered mutually connected (via the insular cortex and the salience
network (SN) with the homeostatic state of the body as well as with
emotional and motivational processes.

2.2. The role of bodily-related stimulus processing in AF - II: predictive
coding and the homeostatic hypothesis

Akin to the somatic marker hypothesis, the homeostatic emotion
hypothesis highlights the relevance of bodily-related stimulus proces-
sing in the generation and processing of AF. Specifically, homeostatic
emotion hypothesis posits that key neuroanatomical substrates underlie
interoception in humans and substantialize feelings from the body (in
the insular cortex) together with homeostatic motivations that guide
adaptive behaviors (in the cingulate cortex) (Strigo and Craig, 2016).

A phylogenetically novel ascending pathway which terminates
partly in the mid/posterior insular cortex in primates was first proposed

Fig. 2. An example of evidence that distinct sets of neurons will
fire during the pre-behavioral stages of decision making in rodent
models, for example prior to turning left or right, supporting AF.
This has been shown prior to entering into a zone (or arm of a
maze) either to the left or right (for a review, see (Eichenbaum,
2014)). A similar pattern would be expected for animals turning or
entering a distinct zone in the behavioral test described above,
including entering the dark compartment in the passive avoidance
test or entering a open area in the elevated zero or plus maze.

Fig. 3. The principle of re-representation: as-
if-body loop between medial frontal cortical
areas (green and yellow) and subcortical re-
gions like the amygdala (pink). The anatomical
areas are taken from the Harvard-Oxford
Cortical/ Subcortical Structural Atlas and
overlayed on a template in MNI space. The
coordinates of the sagittal planes are: frontal
medial cortex (yellow) x = 0, frontal pole
(green) x=-6, amygdala (pink) x = 22.

E. Stefanova, et al. Neuroscience and Biobehavioral Reviews 113 (2020) 308–324

312



by Craig (Craig et al., 2000). Since then, the insular cortex has been
considered the brain’s homeostatic afferent side of the autonomic ner-
vous system (Craig, 2002). In the human brain, those neural signals are
processed in the (posterior) insula and concurrently in the anterior
cingulate cortex. There is evidence that information processed in the
posterior insular cortex is represented and integrated in anterior parts
of the insula. In support of this, anterior insular activity has been found
to be correlated with affective feelings (Craig, 2002, 2009; Craig et al.,
2000), whereas posterior insular activity seems to be associated with
discrete bodily, somatosensory and visceral sensations such as thirst
(Meier et al., 2018), hunger (Wright et al., 2016), and taste (Schier
et al., 2016).

An increasing number of functional neuroimaging studies in-
vestigating neural activity in the interoceptive cortex (the posterior
insula) by manipulating subjects' physiological responses or directing
subjective awareness to certain bodily sensations, have found that both
consciously perceived feelings of interoception and unconsciously
processed physiological cues may serve as substrate to constitute an-
ticipatory (affective) feelings (Critchley et al., 2004) and influence
planning and planning linked behavior. Hence, to promote homeostatic
information during affective planning, feeling states are generated on
the basis of past experiences and on the basis of predictions about the
physiological state and condition of the body; a process argued to have
anticipatory (bottom-up) and regulatory (top-down) properties. It is
assumed that the human brain anticipates and predicts the impact of
(potentially harmful) physiological stimuli from the internal and ex-
ternal environment and subsequently generates appropriate behavioral
(planning) and physiological responses in order to adapt and accom-
modate changes that are anticipated. Related to AF, this also empha-
sizes the importance of physiological cues to guide human decision
making and behavior. Anatomical and functional evidence from brain
imaging studies supports the combination of two major neural brain
networks: the so-called default mode network and the salience network
(SN; see Fig. 4), including the insula as interoceptive cortex to preserve
homeostasis during affective planning and during risky and uncertain
decision making.

2.3. Neural networks related to AF and bodily-related stimulus processing:
the special role of the insular cortex and medial prefrontal brain regions

Currently, the question is whether homeostatic regulation of bodily-
related signal processing, including (dys)-functional neural activity in
the networks outlined above, modulates the ability to appropriately
anticipate bodily needs. Studies using different neuroimaging ap-
proaches, including cytoarchitectonic mapping (Kurth et al., 2010),
diffusion imaging-based tractography (Cerliani et al., 2012), neuro-
chemical (Wiebking et al., 2014) and task-related functional magnetic
resonance imaging (fMRI) (Critchley et al., 2004) have underlined the
complex role of the insula in affective, interoceptive and regulatory
behavioral mechanisms. Consequently, the potential involvement of
insula dysfunction in the generation of dysfunctional AF has been in-
vestigated in both mental and somatic disorders. Investigating healthy
individuals without prior history of psychiatric diseases revealed that
task-related insula (and amygdala) activity increases during the an-
ticipation of aversive events (Carlson et al., 2011). Activity changes in
the right anterior insula predict the subjective experience of anxious
anticipation during aversive anticipation, whereas activity changes in
the left insula and left amygdala correlate with trait anxiety (Carlson
et al., 2011). Thus, activity changes in the insula and the amygdala are
related to anxiety (Critchley et al., 2004), to subjective feelings of an-
xious anticipation (Baur et al., 2013) and aversive anticipation (Meyer
et al., 2018) in healthy individuals. Changes in insula-amygdala func-
tion have also been replicated in groups of patients suffering from
clinical anxiety (Grupe and Nitschke, 2013) and depression (Paulus and
Stein, 2010). This lends support to the view of anticipatory prediction
processing as a general principle of the brain and highlights the role of
the insular cortex (anterior insula) as a converging zone for impair-
ments in affective regulation and the perception of internal body states.

2.4. AF, bodily-related stimulus processing and language: Is there a link?

Current neuroscientific research on AF outlined above suggests that
on a neural level, most processes associated with AF are related to ac-
tivity changes in brain areas that do not constitute typical language
processing areas. Theoretically, language, emotion, and bodily pro-
cesses have long been considered as independent processes. However,

Fig. 4. The salience network comprises the insula, the anterior cingulate cortex (blue) and subcortical regions such as the amygdala, the ventral tegmental area
(VTA, black) and thalamus (bright area). The insula is seen as the neural hub for integrating autonomic, affective and cognitive processing. The anterior part of the
insula (circled in light blue) is assumed to be involved in the generation of states of subjective feelings, whilst the posterior part (circled in green) is assumed to be
involved in internal (visceral) bodily signal processing.
The anatomical areas are taken from the Harvard-Oxford Cortical/Subcortical Structural Atlas and overlayed on a template in MNI space. The coordinates of the
separate planes are: paracingulate gyrus (purple) x = 0, cingulate gyrus (blue) x = 0, insula (orange) z = 2, thalamus (bright) x=-4. As the VTA is not included in
the Harvard-Oxford Cortical/Subcortical Structural Atlas, its location was rebuild based on Peterson et al. (2017) (Peterson et al. (2017): The effects of age, from
young to middle adulthood, and gender on resting state functional connectivity of the dopaminergic midbrain. Front Hum Neurosci 11:1–14).
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embodiment theories have challenged this assumption and have sug-
gested that even the most abstract cognitive processes and human
abilities such as reasoning or language processing can be considered as
embodied and grounded in internal models of perception and action
(e.g., for overviews see (Barsalou, 2008; Niedenthal et al., 2005)). Ac-
cordingly, the past decade of research has accumulated evidence
challenging the view of language representations as being isolated from
perception, actions or emotions. Several recent studies have shown that
even reading single words or sentences with an emotional content (in
the absence of additional sensory input) can be accompanied by phy-
siological changes in the body (e.g., changes in facial muscle activity,
sympathetic arousal) and evoke neurophysiological changes in brain
regions involved in motivational priming of approach-avoidance be-
havior, motor, sensorimotor and visual processing (for an overview see
(Dreyer and Pulvermuller, 2018; Herbert et al., 2018; Kissler et al.,
2006; Winkielman et al., 2015). Interestingly, the acoustically elicited
startle reflex, typically elicited in animals (see section 1.2) and in hu-
mans in response to and during fearful anticipation (e.g., (Sabatinelli
et al., 2001) seems to be modulated by verbal foreground stimuli as
well (Herbert and Kissler, 2010), particularly in anxious individuals
(Miller and Patrick, 2000). Thus, the role of language in emotion and
affective processing assumes a much stronger role in humans than has
traditionally been considered. In particular, “transforming” subjective
feelings into words may not only induce emotions and feeling states,
but may also modulate emotion perception (Barrett et al., 2016;
Herbert et al., 2013; Lindquist et al., 2015). Interestingly, reading
words that refer to the reader’s own emotions has been found to elicit
changes in neural activity in the left and right insula, amygdala, and
parts of the ventral medial prefrontal cortex (Herbert et al., 2011), all
known to be critically involved in the awareness of body states (inter-
oception), in self-referential processing of emotions and in feelings of
emotional ownership (Northoff et al., 2006). The meta-analysis con-
ducted within this review (see section 5) supports an overlap of acti-
vation in dedicated brain regions for language and affective feelings
including the insula. Section 7 of this review presents the words in the
English language that people use to express AF

3. Dispositional factors underlying positive AF

3.1. Positive anticipatory emotions

3.1.1. Optimism
The neurobiology of positive anticipatory emotions can be in-

vestigated by examining the relationship between brain function and
structure with a trait or personality characteristic such as optimism.
Optimism, defined as the expectation of positive outcomes, has been
linked to psychological and physical well-being as well as higher life
satisfaction (Hinz et al., 2018) and is believed to be very similar to the
personality trait of hope (Bryan and Cvengros, 2004).

While optimism and hope both involve positive future-oriented
expectations and are often used synonomously in the literature, some
researchers argue that they are dissociable constructs. Optimism is
proposed to reflect a state of general positive expectancy (e.g., today
will be a good day), whereas hope is associated with personal agency
and self-initiated actions that are expected to result in specific positive
outcomes (e.g., getting a good grade on a test) and are more closely
related to wanting “states (Alarcon et al., 2013; Bruininks and Malle,
2005; Gallagher and Lopez, 2009).

Investigations of the neural basis of these constructs have indicated
that the OFC, particularly its medial region (referred to as medial OFC
or vmPFC), plays a key role in trait optimism and hope. In one study,
the fractional amplitude of low-frequency fluctuations with resting-
state fMRI, which measures the strength or power of low frequency
(<0.8 Hz) oscillations, trait hope was negatively correlated with power
in the bilateral medial OFC during rest (Wang et al., 2017a). Trait op-
timism has been shown to be negatively correlated with resting-state

connectivity between the vmPFC/medial OFC and right inferior frontal
gyrus (IFG) (Ran et al., 2017), and positively related to gray matter
volume in the lateral and medial OFC (Dolcos et al., 2016) as well as the
thalamus/pulvinar (Yang et al., 2013). In a task-based investigation
where participants imagined future events, greater trait optimism was
associated with increased activity in a region appearing to include the
vmPFC, referred to in the article as rostral anterior cingulate (Sharot
et al., 2007) when comparing positive with negative future event
imagination. A critical component of trait optimism is believed to lie in
a pervasive cognitive bias known as optimism bias. This is broadly
defined as the tendency to overestimate the likelihood of positive
events occurring (e.g., living longer than average) and underestimate
the likelihood of negative events occurring (e.g., getting a divorce)
(Kress and Aue, 2017; Sharot et al., 2007). The optimism bias can be
found in the majority of people, i.e. in about 80 % - even in animals
such as rats and birds - but it disappears in psychiatric diseases such as
depression (Garrett et al., 2014; Sharot, 2011) or anxiety disorders
(Blair et al., 2017). Remarkably, optimistic illusions seem to be only
adaptive misbeliefs (McKay and Dennett, 2009). It is possible that op-
timism bias could be related to inaccuracies in affective forecasting, or
the ability to predict how one will feel about a future event. Individuals
have a tendency to overestimate the intensity and duration of both
positive and negative future emotional reactions (Miloyan and
Suddendorf, 2015; Wilson and Gilbert, 2005), and it is possible that
overestimations regarding the anticipated happiness that would result
from a positive future event could further contribute to optimism bias.

Optimism bias is driven by the motivation to adopt the most fa-
vorable or rewarding expectations and dismiss evidence that would
lead to unfavorable expectations, thus creating asymmetrical belief
patterns in an overly positive direction (Sharot et al., 2011). In line with
this supposition, studies have confirmed that healthy individuals con-
sider themselves significantly more likely to experience positive events
than negative events (Blair et al., 2013; Sharot et al., 2007). In recent
neuroimaging research, several paradigms have been utilized to elicit
the optimism bias. In one of the earlier fMRI studies focusing on opti-
mism, Sharot et al. (Sharot et al., 2007) directed participants to think of
either a past or future autobiographical life events (e.g., winning an
award, the end of a romantic relationship), which were then classified
into positive, negative, and neutral events. Although this study did not
compute the optimism bias behaviorally, the neuroimaging contrast
(comparing brain activation when imagining future positive events to
that when imagining future negative events) may provide a neural
index of the asymmetrical relationship between positive and negative
event processing that is at the core of the optimism bias. Results showed
greater activity in vmPFC, the amygdala, and increased functional
connectivity between the two regions when imagining future positive
events relative to future negative events. In an adapted version of this
paradigm, Blair and colleagues (Blair et al., 2013) presented partici-
pants with both positive future events (e.g., finding a cure for AIDS) and
negative future events (e.g., being sentenced to jail). The optimism bias
was behaviorally quantified through ratings where participants in-
dicated the probability of each event occurring across their lifetime
compared to individuals of the same age and gender. There was a
highly significant optimism bias such that participants rated themselves
as more likely than others to have positive events and less likely than
others to have negative events. Similar to the results from Sharot et al.
(Sharot et al., 2007), increased activity in the vmPFC was associated
with thinking about positive versus negative future events; however,
activity in this region was not modulated by individual participants’
optimism bias. Instead, greater optimism bias for positive events was
associated with increased rACC activity in a region that did not overlap
with the vmPFC (area found for the contrast of positive vs. negative
event processing), whereas greater optimism bias for future negative
events was associated with reduced anterior insula and dorsomedial
prefrontal cortex (dmPFC) activity (Blair et al., 2013). The authors
argue that these findings distinguish between a more general evaluation
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signal in the vmPFC (distinguishing “good” from “bad”) – a sensitivity
that could no doubt contribute to trait optimism (Sharot et al., 2007) -
and other regions including rACC, dmPFC, and insula, which are in-
volved in generating an individual’s specific optimism bias. Research
from Sharot’s lab provides further evidence that patients with major
depression tend to update their beliefs in a more unbiased way (Garrett
et al., 2014). In their study, depressed patients updated their hopes in
both ways, positive and negative, while healthy controls showed an
optimism bias tending to more integrate positive news. Importantly,
mild depressed patients suffer from a lack in a positive bias than the
occurrence of a negative bias - leading to a more realistic view. Acti-
vation in fMRI showed that the left IFG and bilateral superior frontal
gyrus mediate positive information, while the right inferior parietal
lobule and right IFG processed negative information about the future.

Finally, in order to examine the maintenance of an optimistic out-
look even in the face of disconfirming evidence, a belief updating
paradigm was implemented in two studies (Kuzmanovic et al., 2016;
Sharot et al., 2011). In both studies, healthy individuals updated their
beliefs less after receiving unfavorable information (i.e., the base rate of
the negative event is higher than the participant estimated) versus fa-
vorable information (i.e., the base rate of the event is lower than the
participant estimated). That is, they showed a strong optimism bias
since they were more likely to update their estimates in an optimistic
direction after receiving a base rate that was better (i.e., lower) than
they had originally estimated, but less likely to update their beliefs in a
pessimistic direction after receiving a base rate that was worse (i.e.,
higher) than they originally estimated (Kuzmanovic et al., 2016; Sharot
et al., 2011). Greater estimation updating following the presentation of
favorable information was associated with augmented activity in the
vmPFC (Kuzmanovic et al., 2016), as well as dmPFC and right cere-
bellum (Sharot et al., 2011). Interestingly, greater vmPFC activity was
also linked to smaller estimation updates following the presentation of
unfavorable information an effect that was also found in occipital and
temporal cortex, dmPFC, ventral striatum, and thalamus (Kuzmanovic
et al., 2016). Moreover, the results of Sharot and colleagues (Sharot
et al., 2011) suggest a specific role for right inferior frontal gyrus (IFG)
in the ability to integrate undesirable information and update like-
lihood estimates for negative events. Additionally, individuals with
higher trait optimism show reduced IFG responses to unfavorable in-
formation,

3.1.2. Hope
Contrary to the abundant literature for optimism, only one fMRI

study investigated the neural correlates of hope as a trait and its impact
on anxiety (Wang et al., 2017b). The authors examined the fractional
amplitude of low-frequency fluctuations (fALFF) with resting-state
fMRI, which measures the strength or power of low frequency (<0.8
Hz) oscillations. Stronger trait hope as measured with the dispositional
hope scale (DHS) was related to lower fALFF in the bilateral medial
OFC. Such an association was also detected between trait hope and
regional homogeneity, but only if the association was analyzed in this
region. Mediation analyses revealed that the trait hope might be re-
garded as a mediator between bilateral medial OFC and anxiety.

Together, research examining hope and optimism identified several
key brain regions including OFC/vmPFC, dmPFC, rACC, and IFG
(Fig. 5). Although results differ between studies, the prominence of the
vmPFC indicates that this region likely contributes to the neural me-
chanisms of optimism, possibly due to its role in self-referential pro-
cessing and evaluation (Blair et al., 2013; Kuzmanovic et al., 2016). The
involvement of IFG, anterior insula, and dmPFC, regions associated
with cognitive control and executive attention (Dosenbach et al., 2007;
Smith et al., 2009; Vincent et al., 2008), may reflect the integration of
information about the future that forms positive or negative beliefs
(Kress and Aue, 2017; Ran et al., 2017; Sharot et al., 2011).

3.1.3. Reward anticipation
In addition to investigating how trait levels of optimism correlate

with brain functioning, fMRI tasks can be devised to experimentally
elicit positive emotions in individuals, allowing researchers to average
brain patterns associated with positive anticipation. Probably the most
widely investigated process related to positive anticipation in the field
of cognitive neuroscience is the anticipation of monetary reward, which
measures positive anticipatory experiences that are qualitatively dif-
ferent from those related to optimism. Whereas studies of optimism
tend to examine positive anticipatory emotion related to personal,
highly self-relevant, and potentially remote future events, reward an-
ticipation studies examine brief time periods between a cue designating
a potential monetary (or other non-personal reward) and receiving that
reward, which is usually just a few seconds (Bradley et al., 2017; Breiter
et al., 2001; Carter et al., 2009; Dillon et al., 2008; Ernst et al., 2004;
Kirsch et al., 2003; Knutson et al., 2001a, b; Knutson et al., 2003;
Rademacher et al., 2010; Spreckelmeyer et al., 2009). In most studies
investigating reward anticipation, individuals are presented with a cue
indicating that they could potentially gain money on a given trial. After,
they are required to make a response when a target stimulus appears on
the screen in order to receive the rewarding outcome immediately
thereafter (Bradley et al., 2017; Carter et al., 2009; Dillon et al., 2008;
Kirsch et al., 2003; Knutson et al., 2001a, b; Knutson et al., 2003;
Rademacher et al., 2010; Spreckelmeyer et al., 2009). Less frequently,
participants are simply presented with cues indicating they will receive
an upcoming reward or no-reward without requiring a response (Breiter
et al., 2001; O’Doherty et al., 2002) or select between “gamble” options
that either lead to no-reward or varying amounts of monetary reward
(Ernst et al., 2004). In most of these studies, reward anticipation is
isolated by comparing activation during the time interval between the
cue and the outcome for reward trials with that for no-reward (or lesser
reward) trials, in order to control for general effects of anticipatory
attention.

In general, results from these studies indicate that reward antici-
pation activates a network of brain regions including dorsal striatum
(putamen, caudate nucleus), ventral striatum (nucleus accumbens),
thalamus, medial prefrontal areas including cingulate cortex, dmPFC,
and supplementary motor area (SMA), and insula (Bradley et al., 2017;
Carter et al., 2009; Dillon et al., 2008; Ernst et al., 2004; Kirsch et al.,
2003; Knutson et al., 2001a, b; Knutson et al., 2003; Rademacher et al.,
2010) (Fig. 5), areas involved in processing saliency (striatum, insula,
medial frontal cortex) (Seeley et al., 2007; Zink et al., 2004) and task-
set initiation and maintenance (Dosenbach et al., 2007) (insula and
medial frontal cortex). Less commonly, a wider network of areas has
been reported, including midbrain regions (ventral tegmental area and
substania nigra), OFC, parietal and temporal cortex, precentral and
postcentral gyri, cerebellum, and occipital cortex (Bradley et al., 2017;
Breiter et al., 2001; Ernst et al., 2004; Kirsch et al., 2003; Rademacher
et al., 2010). The difference in these findings may be related to meth-
odological factors. Indeed some studies reporting a more limited scope
of neural activity did not acquire whole-brain images (Carter et al.,
2009; Knutson et al., 2001a, 2003). Those studies identifying a wider
network of brain regions suggest that reward anticipation may involve
the engagement of a host of regions involved in the extended reward
system (dopaminergic midbrain neurons projects to the nucleus ac-
cumbens, (Swanson, 1982), executive function (parietal cortex), sen-
sorimotor processing (precentral and postcentral gyri and cerebellum),
and even visual regions (occipital cortex) (Smith et al., 2009) Vincent
2008), revealing a complex network that goes well beyond those areas
typically linked to reward.

4. Dispositional factors underlying negative AF

4.1. Negative anticipatory emotions: pessimism and worry

The most commonly used psychological construct related to
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negative anticipation is dispositional pessimism, defined as a general
tendency to expect negative outcomes (Norem, 2007). The term pessi-
mism can also refer to a fixation on the “darker” aspects of a situation or
event, to the acute expectation of a negative outcome, or to a lack of
hope for the future (Carver and Scheier, 2014; Drozd et al., 2016).
There are opposing views on whether optimism and pessimism should
be approached as two independent constructs or as two poles of a single
dimension. Authors who are inclined to the first approach argue that
these distinct modes of thinking are best conceptualized, not rigidly and
dichotomously but rather, as a continuum with many degrees of opti-
mism and pessimism since a person can be optimistic with regard to a
specific area of life (e.g., expecting his/her marriage/relationship to
succeed) but pessimistic concerning other aspects (e.g., expecting fi-
nancial difficulties ahead); people may also shift positions on the op-
timism-pessimism continuum as the timeline unfolds (Hecht, 2013).
These two mental attitudes (optimism vs. pessimism) are linked with
different processes of the brain. For example, converging evidence from
psychology, physiology, psychiatry and neurology suggest that the two
cerebral hemispheres are differentially involved in mediating the fun-
damental approach to life: pessimistic views are generally mediated by
the right-hemisphere, whereas optimistic attitudes are mediated pri-
marily by the left-hemisphere (Davidson and Sutton, 1995; Hecht,
2013; Kinsbourne, 1978). Specific cognitive aspects of pessimism are: a)
selective attention and information processing (e.g., focusing attention
on the negative aspects of a situation or event), b) a lack of belief that
one has power to influence relevant situations, events and relationships
(locus of control), and c) a negative general schema one holds for in-
terpreting personal events (negative attribution style).

Worry is a broader construct closely associated with pessimism, a
complex cognitive phenomenon that is thought to incorporate different
emotional and cognitive components, including a tendency to exhibit
elevated subjective probabilities of negative events. The study by
McLeod et al. (MacLeod et al., 1991) suggests that chronic worriers
tend to use pessimistic subjective probabilities when thinking about
future outcomes. Furthermore, they suggest that the underlying rea-
soning process can be described as an increased accessibility to ex-
planations for why a negative event would occur, combined with a
reduced accessibility to explanations for why it would not. Moreover, a
later study confirmed that worriers are not only preoccupied with

future unpleasant outcomes but show a greater degree of belief in the
likelihood of those outcomes (MacLeod, 1994). Although the concepts
of worry and pessimism might seem similar, a correlational study by
Sjoberg (Sjöberg, 1998) confirmed that they are in fact two different
constructs. Results showed that pessimism, worry and risk perception
consist of different emotional and cognitive components, although all
are related to negative perception of future events and often inter-
pretation of present events.

4.2. Neural correlates of pessimism and worry

Neuroimaging studies have shown that activity in the amygdala,
prefrontal cortex, insula and ACC increase during the anticipation of
threats, negative events and stimuli; fMRI studies have shown activity
in the medial thalamus, right inferior and left posterior insula, right IFG
and nucleus ruber in subjects with a pessimistic outlook that had high
depression and neuroticism scores when expecting stimuli of an “un-
known” valence (Herwig et al., 2007)(Fig. 6). Medial thalamic regions
receive inputs from viscera-sensitive and pain mediating brain stem
areas (Vogt, 2005), the insula is involved in discriminating negative and
positive emotions and in anticipation of negative events (e.g., receiving
an electroshock; (Chua et al., 1999) as well as in the amygdala, i.e.,
valence detection (Sander et al., 2007). The IFG and vmPFC are asso-
ciated with emotion processing and regulation (Morawetz et al., 2017)
when anticipating a negative event (Ueda et al., 2003). These findings
support the hypothesis that pessimists process unknown future events,
as one would a potentially dangerous or negative future event.

Another important question is whether the brain regions associated
with anticipating rewards are also activated when anticipating poten-
tially negative outcomes or losses. Studies that have compared reward
and punishment/loss anticipation have found overlap among involved
brain regions including OFC (Carter et al., 2009; O’Doherty et al.,
2002); but see Kim who found medial OFC for anticipation of reward
only), lateral prefrontal cortex and temporal cortex (Breiter et al.,
2001), dorsal striatum (Carter et al., 2009; Knutson et al., 2001a, 2003),
anterior insula, and thalamus (Carter et al., 2009; Knutson et al., 2003),
but see Kim (Kim et al., 2011) who found anterior insula increases for
anticipation of loss only), medial PFC (Carter et al., 2009; Dillon et al.,
2008; Knutson et al., 2003) and occipital cortex (Breiter et al., 2001;

Fig. 5. Brain regions involved in optimism and hope (top panel) and reward anticipation (bottom panel).
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Carter et al., 2009).

5. The neural correlates of AF and associated mental functions
with quantitative and conjunction meta-analyses

We identified the neural networks of mental processes relevant for
AF discussed in the review by calculating meta-analyses across imaging
studies from the literature with the neurosynth database (http://www.
neurosynth.org; (Yarkoni et al., 2011)). Results are illustrated in
Table 2 and Fig. 7, left upper part. Overlapping networks include the
nucleus accumbens, caudate nucleus, putamen, globus pallidus, tha-
lamus, amygdala, midbrain, orbitofrontal cortex, (anterior) insula,
frontomedian cortex, (anterior) cingulate cortex, subcallosal area and
frontolateral cortex. Moreover, we conducted a conjunction analysis
across the neural networks of all investigated mental functions to ex-
tract brain regions that reached significance with the chosen threshold
(FDR corrected) criterion of 0.01 for more than one function (Fig. 7,
right upper part). This conjunction analysis confirmed the nucleus ac-
cumbens, caudate nucleus, putamen, globus pallidus, thalamus, amyg-
dala, midbrain, orbitofrontal cortex, anterior insula, frontomedian
cortex, anterior cingulate cortex and subcallosal area as the most con-
sistent hubs in this neural network.

Finally, we added a conjunction analysis with the aforementioned
mental functions and language. As illustrated in Fig. 7 (right lower
part), the conjunction analysis identified the same neural core network
with a more pronounced cluster in the left anterior insula and two new
clusters, one in the left posterior frontomedian cortex and the other in
the left frontolateral cortex, i.e., mainly around the inferior frontal
junction area but extending to the inferior frontal gyrus. These brain
regions might be hypothesized as being relevant for interaction be-
tween the aforementioned functions and language. Note that comparing
the language network with the networks for each of the other mental
functions separately revealed, beside others, an overlap of language

with anticipation, emotion, decision and planning in the left anterior
insula, with decision and planning in the left frontolateral and fronto-
median cortex, and with emotion in the left orbitofrontal cortex.

Meta-analytic results for anxiety and fear are presented in Fig. 8.
Obviously, these terms are contained conceptually in the term emotion,
and, correspondingly, were associated with a similar neural network,
i.e. the amygdala, (anterior) insula, globus pallidus, anterior fronto-
median cortex, anterior cingulate cortex, and subcallosal area. The
network for fear also included the midbrain, midcingulate and orbito-
frontal cortex.

Although a quantitative meta-analysis as done here within the
neurosynth database yields a potentially excellent platform for gen-
erating and validating hypotheses in cognitive neuroscience, its present
value is limited due to the rather broad terms / concepts contained in
this database with valid data, i.e. containing a sufficient number of
studies, and due to the automatic and rather uncontrolled structure of
neurosynth. Note also that the term AF itself is not contained in the
neurosynth database, requiring other related terms to be used as a
substitute. Accordingly, results require replication in other better con-
trolled meta-analytic approaches containing more focused terms.

6. AF: valence, neural correlates, and related mental disorders

Alterations in AF may function as a potential risk factor for several
mental disorders including schizophrenia, borderline personality dis-
order, depression, anxiety disorders as well as addiction.

Indeed, in children, low control-related beliefs might be related to
the development of feelings of helplessness (low perceived control) and
thus to depression (Abramson et al., 1989). Likewise, beliefs about the
inability to control the environment might lead to frustration which in
turn could lead to aggressive behaviors and subsequently externalizing
psychopathologies (Garber and Hollon, 1991). In line with this, control-
related beliefs have been found to be associated to both internalizing

Fig. 6. Brain regions associated with negative anticipatory emo-
tions. The right hemisphere has been shown to contribute more to
general pessimistic anticipation, whereas the left hemisphere has
been shown to be more associated with optimistic expectations.
Under this category, negative anticipation (such as for negative
events) is associated with activation of the right insula, right nu-
cleus ruber, right IFG, as well as the amygdala, thalamus and ACC.
When looking at anticipation of punishment or loss, the right
anterior insula is also activated, in addition to the lateral PFC,
temporal cortex, and thalamus.

Table 2
Neural networks related to mental functions as revealed by the neurosynth database.

Anticipation Prediction Reward Emotion Decision Planning

Nucleus accumbens x x x
Caudate nucleus x x x x x
Putamen x x x x x
Globus pallidus x x x x x
Thalamus x x
Amygdala x x x
Midbrain x x x x
Orbitofrontal cortex x x x x
(Anterior) insula x x x x x
Frontomedian cortex x x x x x
(Anterior) cingulate cortex x x x x x x
Subcallosal area x x x
Frontolateral cortex x x x
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and externalizing psychopathologies in youths (Han et al., 2001). In
adolescents these failures in turn may trigger the development of ne-
gative AF, which are, in turn, related to the development of negative
symptoms (Rector et al., 2005).

Moreover, in adult patients suffering from depression, reward an-
ticipation has frequently been studied as alterations in reward proces-
sing that have been posited as an early developing risk factor (Davey
et al., 2008). Here, melancholic symptoms, as one sub-type of depres-
sion, seem to be linked to altered reward processing as recently shown

by Liu et al. (Liu et al., 2016). The authors reported a negative corre-
lation between frontal electroencephalogram (EEG) asymmetry during
reward anticipation and melancholic symptoms. Interestingly, the as-
sociation of melancholic symptoms with reduced neural reward an-
ticipation was not influenced by depression severity. Hence, melan-
cholic symptoms, and not depression scores in general, seem to be
specifically associated with anticipatory reward deficits reflected in
altered frontal EEG asymmetry.

For bipolar patients, only a handful of studies investigating reward

Fig. 7. Neural networks related to mental functions as revealed by the neurosynth database. Left panel: Maps illustrate regions were activation occurs more
consistently for studies that mention the term than for studies that do not. Right panel: Conjunction analysis indicating regions were neural networks overlap for two,
three or four mental functions. Upper three rows show conjunction for the neural correlates of anticipation, prediction, reward, emotion, decision and planning.
Lower row shows conjunction between these mental functions and, additionally, language. Note that the right sagittal slices are exactly the same compared to the
sagittal slices of the first conjunction analysis. The two left additional slices show the now more pronounced cluster in the left anterior insula and a new cluster in the
left frontolateral cortex, i.e. around the inferior frontal junction area. L left, R right.

Fig. 8. Neural networks related to anxiety and fear as revealed by the neurosynth database. Maps illustrate regions were activation occurs more consistently for
studies that mention the term than for studies that do not. Conjunction analysis shows regions were neural networks overlap for both, anxiety and fear. L left, R right.
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anticipation have been published, albeit with controversial findings
regarding striatal and orbitofrontal involvement (e.g., (Nusslock et al.,
2012) vs. (Caseras et al., 2013)). Most recent data indicate greater ACC
activity in euthymic bipolar patients with regard to reward anticipa-
tion, potentially reflecting compensatory mechanisms counteracting a
hyperactive behavioral activation system (Kollmann et al., 2017).

In schizophrenia, deficits in the experience of anticipatory pleasure
or pleasure related to future activities, but not in consummatory plea-
sure or pleasure experienced “in the moment” have been reported fre-
quently (Kring and Elis, 2013). Interestingly, first-episode and chroni-
cally ill patients are similarly impaired and both groups show
significant correlations between an anticipation deficit and negative
symptomatology. In particular, studies investigating anticipatory plea-
sure deficits in schizophrenia have focused on neurocognitive deficits
such as imagination, maintaining an image, or remembering the past
(see (Kring and Elis, 2013)). Moreover, AF are important factors in the
development of negative symptoms in schizophrenia (Rector et al.,
2005). The subtle cognitive deficits, that might be present in children
and adolescents who later develop schizophrenia, increase the risk of
recurrent failures (Zammit et al., 2004). Another approach stems from
the cognitive model of negative symptoms which emphasizes the role of
dysfunctional beliefs and their association with negative symptoms that
are likely to lead to social withdrawal or diminished engagement (Beck
et al., 2013; Couture et al., 2011). More recent studies assessing AF with
experience sampling methods not only support the anticipatory deficit
for pleasure but further indicate stronger anticipation of negative
emotions in patients (Brenner and Ben-Zeev, 2014; Engel et al., 2016).

Disturbed reward anticipation plays an important role in addiction
as well. Some theoretical models explaining addiction are based on
expectancy or anticipation (e.g., outcome expectancy model (Marlatt,
1985)). In particular, the anticipation of psychoactive substances has an
emotional and motivational effect toward substance use (Jedras et al.,
2019). Substance anticipation or expectancy improves the attentional
biases for substance-related cues (Jedras et al., 2019). Attentional bias
in turn is related to relapse in drug seeking after a period of abstinence
(Marissen et al., 2006). For instance, expecting alcohol enhances the
attentional bias for alcohol-related cues (Jones et al., 2012). At the
neuronal level, reward expectancies or anticipation lead to an adapta-
tion in the dopamine brain circuitry (i.e., reward brain network which
includes the nucleus accumbens and ventral tegmental area and some
subregions of the PFC such as OFC and DLPFC (Smith et al., 2011). In
individuals suffering from addiction, excessive reward expectancies or
anticipation induced by drug-related cues trigger an increase in dopa-
mine activity within the reward system. Alterations of the dopamine
level lead to subjective feelings (i.e., AF) such as the expectation of
imminent consumption of psychoactive substances, which refers to an
important motivation factor of substance use (Volkow et al., 2011).
Besides altered expectancy or anticipation of addiction-related sub-
stances, addicted individuals also show disturbed anticipation of ad-
diction-unrelated rewards. A recent meta-analysis (Luijten et al., 2017)
revealed a consistent hypoactivation in the (ventral) striatum, a core
region of the reward system, during monetary reward anticipation in
addicted populations (substance and gambling addictions) compared to
controls. Interestingly, during reward outcome, individuals with sub-
stance addiction showed increased activation in the ventral striatum.
The authors speculate that disturbed reward learning may lie at the

core of addiction since addicted individuals seem to have difficulties in
predicting reward from non-addiction related rewards.

Threat anticipation and anticipation of negative events have also
been investigated within the context of mental disorders, in anxiety
disorders. Neuroimaging studies have shown that activity in brain re-
gions such as the amygdala, PFC, insula and ACC increases during the
anticipation of negative events. While emotional reactivity can be
adaptive to some extent, excessive negative anticipation may affect the
development and maintenance of psychiatric symptoms (Galli et al.,
2014). Sustained anticipatory anxiety, for instance, constitutes one core
symptom of generalized anxiety disorder further facilitating the de-
velopment and maintenance of anxiety symptoms (Zinbarg et al.,
2006). Previous research on sustained anticipatory anxiety in rodents
and healthy adults points to a neural dissociation of phasic and sus-
tained brain responses to threat anticipation (Davis et al., 2010;
Herrmann et al., 2016). While the amygdala seems to be particularly
essential for phasic threat, reactivity of the bed nucleus of the stria
terminalis is stronger for sustained threat (Avery et al., 2016). More
recent findings from patients diagnosed with generalized anxiety dis-
order further extend this dissociation to a clinical sample as altered
responses during threat anticipation in amygdala and the bed nucleus of
the stria terminalis have been observed, though with different time
courses (Buff et al., 2017).

In patients with borderline personality disorder cued anticipation of
both, negative and positive events as well as ambivalent events has
been investigated (Scherpiet et al., 2014). Authors reported hypoacti-
vation of left dACC and left MCC but hyperactivation of the pregenual
ACC, left lingual gyrus and left PCC during anticipation of negative
events in patients with borderline personality disorder compared to
controls. When anticipating stimuli with unknown valence, patients
with borderline personality disorder showed reduced activation in a
widespread network, including, amongst others, the left MCC extending
to the medial PFC, left precentral gyrus, and right DLPFC. Interestingly,
no group differences were found for anticipation of positive events
(Scherpiet et al., 2014) (Table 3).

7. Linguistics

To better understand the range of verbally articulated feelings that
are expressed in the English language, a small task team within the
Human Affectome Project led a computational linguistics research ef-
fort to identify feeling words (Siddharthan et al., 2018). Results were
extracted from the Google n-gram corpus (which includes roughly 8
million books (Younes and Reips, 2019) and then manually annotated
by more than one hundred researchers from this project. This resulted
in 9 proposed categories of feelings and a new affective dataset that
identifies 3664 word senses as feelings. Of relevance to this review is a
category related to Actions and “Prospects“, which was defined as fol-
lows:

“Feelings related to goals, tasks and actions (e.g. purpose, inspired),
including feelings related to planning of actions or goals (e.g., ambitious),
feelings related to readiness and capacity of planned actions (e.g. ready,
daunted), feelings related to levels of arousal, typically involving changes to
heart rate, blood pressure, alertness, etc., physical and mental states of
calmness and excitement (e.g. relaxed, excited, etc.), feelings related to a
person’s approach, progress or unfolding circumstances as it relates to tasks/

Table 3
Breakdown of the valence, associated anticipatory feeling, the known neural circuits involved, and related mental disorders.

Valence Anticipatory Feeling Neural Correlates Related Mental Disorder

Positive Anticipation of Reward Reduced activation of the (ventral) striatum Depression, schizophrenia, substance use, borderline personality
disorder

Negative Anticipation of Threat, Negative Events Increased activation of amygdala, PFC, ACC, and
Insula

Depression, anxiety disorder, borderline personality disorder
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goals within the context of the surrounding environment (e.g. organized,
overwhelmed, surprised, cautious, etc.), feelings related to prospects (e.g.
afraid, anxious, hopeful, tense, etc.).“

This subset of the results included about 1137 feeling words, in-
cluding 130 words that appeared to express AF within the context of
planning (250 words). 49 anticipatory feeling words were exclusively
related to feelings of fear and anxiety (e.g., apprehensive, trepidation,
worried, afraid), whereas 73 words expressed feelings of optimism/
pessimism (e.g, confident, assured, sure / doubt, foreboding, doomed),
and several smaller clusters of words expressed feelings related to risk,
readiness, busyness and logic/rationality. Although it was not within
the scope of this effort to undertake a formal analysis of this dataset, we
reviewed these feelings words and we attempted to roughly organize
the words into discernable categories (Fig. 9). Caution should be ex-
ercised in the interpretation of this table since it was created only to
give us an initial sense of how feeling words related to one another. The
individual word senses can be found in the supplemental data accom-
panying this review.

Interestingly, this initial, cursory review revealed that many of these
terms are rarely studied by neuroscientists. Feeling words that are most
commonly used as keywords in neuroscience research are related to the
planning category (e.g., optimism and pessimism). In general, authors
in the field of biomedical and cognitive sciences are more inclined to
use emotion-words rather than feeling-words, because they prefer to
refer to physiological and subcortical states, and concepts that are ea-
sily measured through behavior and standardized tests (i.e., rather than
subjective feeling states). This likely explains why words in these sub-
categories are concepts that are not frequently found in the neu-
roscience literature.

Undeniably, languages are rich in emotional words and metapho-
rical expressions, leading one to assume a tight connection between
words and felt emotions. However, as we outlined in section 2, the
assumption that language and emotion processes are linked on a neural
level has only recently been established (for an overview see section 2
and e.g., (Herbert et al., 2018; Kissler et al., 2006). The meta-analysis
conducted within this review (see section 5) provided a first step in
showing how the identified brain networks that play a major role in
processes relevant for AF are related to language. While this initial
review of these feeling words is only a preliminary effort, it revealed a
much more nuanced domain of AF than those that are currently being
researched. Our working definition of AF (shown below) acknowledges
that AF can be expressed in language and subjectively described. This
dataset could therefore be useful to help researchers identify additional
AF that might be worthy of exploration to deepen our understanding of
the feelings in this domain.

8. Conclusions

In the literature, AF and anticipation were generally used as um-
brella terms that encompassed many different phenomena, from cog-
nitive processes to physiological, emotional and behavioral outputs of
animals, humans and even non-living systems. Because the meaning of
term AF differed depending on the study framework, it was important
to develop a more precise definition of AF. In absence of a unifying
definition or theory available to guide our understanding of AF, in the
present review, we developed a working definition of AF, where we
define AF as a state of awareness of physiological and neurocognitive
changes that occur within an organism during a specific process of
adapting to future events- anticipation, and proposed their role in fa-
cilitating this process of adapting to future events. The efforts to create
a precise definition of AF included narrowing down components of si-
milar processes and states such as anticipation and cognitive functions
underlying prediction. We approached AF as a multi-component con-
struct that encompasses expectancy and anticipation, as well as inter-
oceptive signals and physiological signals as bodily cues of AF.
Furthermore we considered the individual differences that influence
AF, including personal beliefs, dispositional traits (e.g., optimism, hope
and pessimism, and worry), as well as alterations of AF in mental dis-
orders and possible strategies for regulating AF. Addressing the lexical
hypothysis that states that all dispositional characteristics are en-
compassed in the human language (Crowne, 2007), we proposed that
AF can be expressed in language and subjectively described by ex-
pressive-linguistic components.

Having defined AF as a multi-component construct, we approached
AF and its components from different perspectives. We considered the
neural correlates of AF and the factors contributing to AF by summar-
izing neuroimaging studies with respect to the brain structures and
networks that are assumed to play a crucial role in AF. Evidence from
animal and human research and changes observed in mental disorders
and their consequences for individual well-being, were discussed in
order to produce an interdisciplinary overview of AF and its inter-
oceptive, physiological, affective, cognitive and expressive-linguistic
components. Furthermore, a meta-analysis and a sequential conjunc-
tion analysis were performed across hundreds of imaging studies in
order to detect key neural networks of mental processes relevant for AF.

In a review of the literature to date, we highlighted how certain
anticipatory capabilities exist in many animal species, and that in ro-
dents, the suprachiasmatic nucleus and prefrontal cortex (play a key
role in AF and other anticipatory processes; we then proceeded to il-
lustrate the role of bodily-related stimulus processing in AF, and its
neural correlates, mainly the posterior insula, the insular cortex
(anterior insula) and amygdala.

Assessing literature on the neural mechanisms associated with

Fig. 9. Summary of the feeling words clustered in categories.
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dispositional factors underlying AF, such as optimism and pessimism,
we have shown that optimism and hope are related to ventromedial
prefrontal cortex activity associated with self-referential processing, as
well as inferior frontal gyrus and dorsomedial prefrontal regions asso-
ciated with cognitive control; while activity in the medial thalamus,
right inferior and left posterior insula, right IFG and nucleus ruber is
associated with having a pessimistic outlook. Furthermore, we have
shown that activity in the amygdala, prefrontal cortex, insula and ACC
increase during the anticipation of threats, negative events and stimuli,
while reward processing involves frontal control regions while also
activating primary reward regions in the striatum.

Finally, we considered how alterations of AF may function as a
potential risk factor for several mental disorders. Specifically, disturbed
reward anticipation as well as altered anticipation of negative events/
threats have been linked to psychopathology such as addictive beha-
vior, psychosis or anxiety. On a neural level, the ventral striatum,
amygdala, cingulate cortex and prefrontal areas play a crucial role in
altered AF.

The results reported in the present review highlighted three brain
regions, namely the insula, vmPFC and amygdala, involved in future
oriented feelings and cognition. Moreover, these areas were confirmed
by the meta-analysis that found the nucleus accumbens, caudate nu-
cleus, putamen, globus pallidus, thalamus, amygdala, midbrain, orbi-
tofrontal cortex, anterior insula, frontomedian cortex and anterior
cingulate cortex to be the brain regions most consistently present in
imaging studies related to the topic we reviewed.

We completed the review with an initial, cursory review of feeling
words that are articulated in the English language; this analysis re-
vealed a very nuanced list of AF constructs that have not yet been ex-
plored in neuroscience research. While a formal linguistics analysis of
AF words was outside of the scope of this review, the fact that so many
AF constructs appear in the English language is provocative and leaves
the door open for a much broader range of AF research in the future.

Perhaps one of the most important contributions of this review was
the working definition of AF that allowed separating AF from similar
constructs, as this seemed to be a recurring problem in the studies re-
viewed in this article. The AF and components related to AF, as de-
scribed in the definition, were successfully delienated in this resume;
the fact that these components were present in up to date literature,
further validates our approach to precising the construct of AF.

The working definition, the interdisciplinary summary of studies on
AF and the linguistic analysis of this concept in neuroscience articles
are all key features that will hopefully facilitate future research of AF.
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