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Perception is not the passive registration of incoming sensory data. Rather,
it involves some analysis by synthesis, based on past experiences and context. One adaptive consequence of this arrangement is imagination—the
ability to richly simulate sensory experiences, interrogate and manipulate
those simulations, in service of action and decision making. In this paper,
we will discuss one possible cost of this adaptation, namely hallucinations—perceptions without sensory stimulation, which characterize serious
mental illnesses like schizophrenia, but which also occur in neurological
illnesses, and—crucially for the present piece—are common also in the
non-treatment-seeking population. We will draw upon a framework for
imagination that distinguishes voluntary from non-voluntary experiences
and explore the extent to which the varieties and features of hallucinations
map onto this distinction, with a focus on auditory-verbal hallucinations (AVHs)—colloquially, hearing voices. We will propose that sense of
agency for the act of imagining is key to meaningfully dissecting different
forms and features of AVHs, and we will outline the neural, cognitive and
phenomenological sequelae of this sense. We will conclude that a compelling
unifying framework for action, perception and belief—predictive processing—can incorporate observations regarding sense of agency, imagination
and hallucination.
This article is part of the theme issue ‘Offline perception: voluntary and
spontaneous perceptual experiences without matching external stimulation’.

1. Introduction
Auditory-verbal hallucinations (AVHs), also referred to as ‘voices,’ are vivid perceptions of speech that occur in the absence of any corresponding external
stimulus but seem very real to the voice hearer. As Jones [1, p. 566] so aptly summarized the experience, voices ‘…encapsulate a diverse phenomenological
experience, which may involve single and/or multiple voices, who may be
known and/or unknown, speaking sequentially and/or simultaneously, in the
first, second and/or third person, and which may give commands, comments,
insults or encouragement’. That these voices can be experienced as indistinguishable from externally generated percepts and accordingly generate a range of
responses and affective reactions—from distress to comfort—has piqued the
interest of clinicians, philosophers and cognitive scientists alike. Experiences
like AVHs are perhaps the clearest evidence for the inextricable influences of
internal contents of the mind on the construction of conscious perception [2].
AVHs are experienced by the majority of people with schizophrenia spectrum disorders. These disorders are characterized most notably by psychosis
(i.e. false perceptions and beliefs; disorganized thought and language). They
are accompanied by significant distress, functional impairments and decreased
© 2020 The Author(s) Published by the Royal Society. All rights reserved.

Several aetiological models of AVHs have been put forward.
In the following section, we review the two most prominent
models, which on the surface appear to be in direct conflict.
We highlight recent ideas from Corlett and colleagues that
challenge that notion [13,14], instead considering how these
models might be reconciled and integrated within one
unified framework.

(a) Altered efference copies
One influential theory of AVHs posits that they represent a failure in self-monitoring, such that voices inside the head (i.e.
verbal thoughts and/or subvocal speech) are not identified
as self-generated and are thus erroneously misattributed to
an outside source and subjectively experienced accordingly
[15]. This self-monitoring deficit is argued to arise owing to
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2. Aetiological models

compromised efference copy signals—‘copies’ of motor
signals that are sent to sensory processing regions [16]. This
efference copy deposits a prediction, or ‘corollary discharge,’
of the expected sensory consequences of the action in sensory
brain regions. Importantly, these ‘actions’ can take the form
of thinking, which is considered by some to be our most complex motor act [17]. These efference copies act to attenuate selfgenerated sensations and may provide a self-tag, or a substrate
for agency attribution: ‘I infer that I am the author of actions
that resulted in this sensation.’ Sufficient deviation from
the predicted sensory consequences of actions invites the inference that another agent was involved. These signals have been
studied in song birds, non-human primates, and in humans
during active vocalization and passive listening to recorded
vocalizations [18–23]. Auditory cortical responses are reduced
during active vocalization compared to passive listening, and
this is considered evidence of the suppressive action of an efference copy/corollary discharge mechanism [18–23]. In humans,
electroencephalogram (EEG)-based event-related potentials
have been used to assay this mechanism [24], using an early
negative (N100) component of the event-related potential that
is generated in the auditory cortex [25] and is suppressed
during vocalization compared to passive listening [20–22,26].
The self-monitoring theory of AVH posits that without
effective feed-forward efference copy signals modulating
sensory cortex, no sensory suppression occurs, and one’s
thoughts (couched in the language of our inner speech) are
not experienced as self-generated, but rather, are attributed to
an external entity. While appealing and intuitive, there are
few reports of strong relationships between AVHs and the
N100 assay of corollary discharge. One exception here is the
finding that treatment-seeking individuals who experienced
AVHs failed to show the loss of N100 suppression that
occurs in healthy individuals and non-hallucinating patients
when their vocalizations were pitch-shifted in real time [23].
In other words, hallucinating patients appeared to have a less
precise corollary discharge and thus failed to show the typically enhanced auditory cortical response to predictionviolating pitch-shifted vocalizations. One study of young
people with psychosis risk syndrome found that N100 suppression was related to odd beliefs, akin to delusions in psychosis
[27].
While suppression of the amplitude N100 during vocalization has not proved to be very sensitive to AVH, analysing
the N100 data in the time-frequency domain has been more
fruitful. N100 amplitude is an admixture of power and phase
resetting in the theta band (4–7 Hz), and it can be decomposed
into those elements. Failure to suppress phase resetting
has proved to be more sensitive to psychotic symptoms,
specifically delusions, and more sensitive to the diagnosis of
schizophrenia, than is failure to suppress N100 amplitude
[28]. Using similar analytic tools, Ford et al. [29] reported a
relationship between AVH severity and phase consistency preceding speech onset. Because it was highly correlated with
subsequent suppression of N100 amplitude, this precisely
timed signal preceding speech was posited to reflect the efference copy being sent from speech production areas, heralding
the arrival of the imminent sound. Furthermore, coherence
between frontal and temporal lobes in the theta band, which
was greater during speaking than listening, was reduced in
people with schizophrenia, especially in those who heard
voices [30]. These studies suggest that the additional precision
afforded by time-frequency analysis of EEG signals during the
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quality of life. In recent years, it has become increasingly
apparent that voice hearing seems to be experienced across
the wellness spectrum, with a small but significant percentage of the general population hearing voices [3] without
seeking treatment or receiving a diagnosis of a psychotic disorder. We refer to these individuals as non-treatment-seeking
voice hearers and argue, as others have [4], that understanding the distinctions and overlaps between these groups can
provide us significant leverage on understanding the nature
and mechanisms of AVHs in populations most troubled by
them. We acknowledge the limitations of this approach—
namely, that these are not monolithic categories. Naturally,
there is variability within these groups and the movement
between them. However, based on the distinctions described
below, we nevertheless argue that such categorization forms
the basis of a fruitful line of inquiry.
Both treatment and non-treatment-seeking voice hearers
experience voices occurring spontaneously. However,
compared to the treatment-seeking group, non-treatmentseeking voice hearers often attribute voices to a divine being
and consider them protective and less bothersome [5]. Importantly, non-treatment-seeking voice hearers feel a sense of
agency over their voices that permits them some control over
their onset and offset [6]. This may help them to frame the
experiences in a positive light [5] and protect them from the
self-destructive negative, ruminative thoughts that could
render the voices hostile and threatening, and send them to
the clinic seeking help [7].
Indeed, dialogic interaction, which can foster a sense of
control over one’s voices [8], is a route to recovery that may
be facilitated by the virtual reality-based Avatar therapy
through which the voice is embodied, interacted with and
ultimately disregarded [9]. This, and the experience of some
non-treatment-seeking voice hearers who learn to channel
their voices through practices that regulate their interoceptive
awareness [10–12], points toward the importance of learning
and volition in the experience of hallucinations, to which we
will return later.
How then can we begin to get some theoretical and empirical leverage on AVHs? It would seem that the constructive
nature of perception that engenders experienced reality, as
well as agency over these perceptual inferences, might be fruitful avenues of inquiry. Indeed, they form the basis of the two
most prominent mechanistic models of AVHs.

Perception is an inferential process [35]. According to
predictive coding accounts, the brain is cast as a prediction
machine that is charged with making an inference about the
cause of our current sensation [36], an inference that is optimized by prior knowledge about probable candidates [36].
Predictions of sensory input (i.e. top-down expectations) are
sent to lower brain areas, and these predictions are compared
to actual sensory input. Discrepancies in the form of prediction
errors are carried forward, and this prediction error may be
used to update the model of the world (i.e. new predictions
are formed). Formalized within a Bayesian framework, sensory information (likelihood) is combined with predictions
( priors), prediction errors are computed, and the most likely
cause of sensory data ( posterior) becomes the percept. Now,
this prior is associated with a certain precision (strictly, the
inverse variance of the distribution of possible values the
data could take) and this precision can be thought of as
reliability. If priors are more precise (i.e. reliable) than sensory
inputs, they will dominate inference and prediction errors will
be ignored [37–40]. Alternatively, relatively more precise prediction errors will dominate priors and drive belief updating
(changing one’s priors for subsequent inference). The powerful
contribution of expectation to perception spurred the idea that
hallucinations might arise when prior predictions exert an
inordinate influence over perceptual inferences, creating
percepts with no corresponding external stimuli at all [2,41].
Indeed, in healthy volunteers who have undergone a training period that establishes an association between two stimuli,
perceptual experiences of one stimulus (i.e. a tone) can occur in
the absence of sensory input, conditional on the presentation
of another stimulus (i.e. a visual stimulus) [42], akin to a
conditioned reflex [43,44]. More recently, visual-auditory
conditioning has been employed to demonstrate that
treatment-seeking voice hearers are significantly more susceptible to this effect than patients without hallucinations and
controls [45]. Powers et al. [46] recently showed that these conditioned hallucinations are mediated by strong prior beliefs,
that those priors are stronger in people who hallucinate (in a

3. Reconciling strong priors and weak corollary
discharges
On the face of it, the two aforementioned theories of AVHs are
at direct odds. Corollary discharge accounts of AVHs posit a
reduced influence of expectations on perception, where associative learning accounts posit an enhanced influence of
expectations on perception. ‘Expectations’ in the corollary discharge account comprise the predicted low-level sensory
experience on the basis of a set of planned movement
dynamics and are established in the milliseconds preceding
an action and are dynamically updated as one moves, speaks
and, possibly, thinks [29]. In the associative learning account,
‘expectations’ can be more complex cognitive representations
(i.e. higher-level beliefs) and are typically established as a
result of experiences acquired over a longer timescale—a lifetime, even. Perhaps because they operate on such different
timescales and at different levels of a putative information processing hierarchy one may imagine that these different
‘expectations’ play different, but perhaps, coordinated roles
in the experience of AVHs.
Indeed, Corlett and colleagues have suggested that a
reduced influence of corollary discharge signals on perception
can engender a stronger reliance on expectations derived from
past experiences [13,14]. Evidence supporting such a claim
comes from Bayesian models of multi-sensory integration,
which have established that the prioritization or weighting of
streams of information during inference depends on their relative reliability or precision [51–54]. Audiovisual integration of
sensory cues is critically dependent upon the relative precisions of the information to be integrated [53]—the more
precise (less variable) source of information is weighted more
highly. They build the following argument assuming similar
integration of external and self-related sources of information
in overall inference. When corollary discharge fails, the weighting of self-related information decreases. In doing so, it results
in a shift towards reliance on prior expectations about the
external world—by contrast to priors about the self, inviting
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(b) Associative learning models and overly precise
priors

manner that correlates with hallucinations), and that people
with a diagnosed psychotic illness are less likely to update
those prior beliefs in light of new evidence. Critically, the
neural circuit underlying these conditioned phenomena—
including superior temporal gyrus and insula—largely overlapped with the circuit engaged when patients report
hearing voices in the scanner [46,47]. These studies underline
the role of learning and, more specifically, a bias towards
learned top-down information in the genesis of AVHs. Further
support for this so-called strong prior account of hallucinations
comes from findings that prior knowledge of a visual scene
confers an advantage in recognizing a degraded version of
that image [48] and that patients at risk for psychosis—and,
by extension, voice hearing—were particularly susceptible to
this advantage, and its magnitude correlated with hallucination-like percepts. Similarly, there is a version of this effect in
audition; voice-hearing participants appear to have an
enhanced expectation for speech in degraded auditory stimuli
even when not explicitly instructed [49]. That is, speech is perhaps the most salient biological signal for our species, and the
auditory system of AVH-prone individuals may be predisposed to inferring speech. Indeed, tonotopic brain mapping
suggests that this is true [50].
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motor act of speaking can be used to study the pathophysiology
of psychosis and psychotic symptoms.
Although not specifically related to AVH, it is important
to note that evidence for alterations in efference copy signals
in schizophrenia also comes from other sensorimotor
domains [31–33], and may underwrite symptoms that can
be tied back to a faulty sense of agency more generally.
We suggest that the agency deficit related to psychotic
symptoms may be instantiated by a faulty efference copy
being sent from cortex to cerebellum [34], via the pons.
N100 suppression may reveal the comparison between the
expected and observed sensations executed in the cerebellum,
with the outcome being relayed through the thalamus to the
auditory cortex. Important details about where in the cerebellum the efference copy might land, where the calculation
might be made and where in the cerebellum the input to
thalamus might be launched remain to be determined. As
more is learned about the precise area of the cerebellum
involved in the rapid processing of expected outcomes of
actions, these regions might then be the target of focused
neurostimulation to boost their function.

We have an account of treatment-seeking and non-treatmentseeking voice hearing then, which evolves as follows.
In treatment-seeking voice hearers, the auditory cortex may
be overly active and distracting in the absence of external
stimulation. This activity may arise from multiple sources,
including noise resulting from an altered neurochemical excitatory/inhibitory balance [60] or a dysfunctional efference
copy failing to appropriately suppress sensory responses to
the consequences of one’s own actions/thoughts. As Leptourgos & Corlett note [14], this activity may be reconciled and
understood by the voice hearer, perhaps in association cortices, by the allocentric top-down belief that someone is
speaking [13,14]. Faulty efference copy signals result in a failure to predict and thus modulate the sensory response to not
only the consequences of overt actions, but probably also the
sensory consequences of one’s own bodily signals. Indeed,
there is ample evidence that bodily signals (e.g. heartbeats)
are integrated with exteroceptive signals and influence
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4. Predictions

perception [61], and auditory processing is modulated by
the cardiac signal [62].
In non-treatment-seeking voice hearers, the auditory cortex
may also be excessively active, perhaps resulting from a topdown ‘listening attitude’—an openness to hearing speech
when there is none [63] and strong priors in the form of
imagination that allow for the generation of a vivid perceptual
state. For example, there are non-treatment-seeking voice
hearers who self-identify as clairaudient (that is, they perceive
their voices as a cherished meta-physical gift [5]). It appears
they engage in an imaginative practice that imposes strong
priors on their perception [10], thereby overcoming the prediction error (engaged by the fact that no one is actually talking).
This would imply that sensory attenuation, and by extension
efference copy signalling, is intact and perhaps even under
volitional control in non-treatment-seeking voice hearers.
In considering the latter proposition regarding the volitional nature of sensory attenuation in non-treatmentseeking voice hearers, we would highlight that two aspects
of efference copy signalling that highlight its selective influence
on sensory processing. First, there are situations, particularly
in young animals, in which it is advantageous for selfgenerated movement not to generate an efference copy signal
(or for that signal to be ignored) and for a self-generated movement to be processed as if it were generated externally [64,65].
This permits the animal important information about how it
controls its own body—information that would typically be
suppressed via an efference copy signal. Second, corollary
discharge signals do not always suppress the sensory consequences of one’s own action—in fact, sensory signals are
sometimes enhanced by the efference copy signal, for example,
when learning new language or song [66]. This is to say that the
lack of a suppressing efference copy signal permits a system
access to information about self-generated movements,
speech and thoughts that serve a particular purpose for the
individual and which may be relevant for the experience of
AVHs figure 1.
Dynamic causal modelling analyses that invite the conclusion that neural signals are flowing from expectations
downwards or sensations upwards, might speak to the proposed distinctions between treatment and non-treatmentseeking voice hearers. For example, we know from functional
connectivity analyses that there is enhanced coupling between
thalamus and auditory cortex in patients who hear voices and
decreased coupling between thalamus and cerebellum in delusional patients [67]. The cerebellum [68] and thalamus are both
loci for efference copy signals [69,70], with the thalamus being
involved in specifying prior perceptual predictions [71] and
prediction error processing in canonical cortical microcircuits
[72]. It may be that the thalamus is a seat of perceptual belief
updating [73]—weighting inputs from the association and primary cortices along with efference copies to arrive at the best
explanation for the current circumstances. Data from Powers
and colleagues [46] seemed to suggest that the cerebellum
was likewise correlated with belief updating, with a dearth
of cerebellar response to perceptual contingency change. Likewise, Shergill et al. [74] found the same during efference copydriven force perception in patients with positive symptoms. It
may be that the cerebellum is important for performing intentional actions (like thinking and imagining) and for processing
the impact of those actions on perception [75]. Effective connectivity analyses might facilitate dissection of the relative
weightings of different sources of information to different
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the inference that, while I am thinking, the sound is emanating
from an agent outside of myself1. Thus, weak and strong prior
effects can coexist; and failures of corollary discharge can, in
theory, give rise to the strong prior expectation that a voice
will be heard—as has been observed [49]. This proposed
account reconciles evidence for strong priors with impaired
corollary discharge signalling in schizophrenia, but also for
mixed evidence regarding the influence of history and knowledge on, for example, visual processing in schizophrenia,
arguing that the uncertainty created by weaker priors in
lower levels of a processing hierarchy are mitigated by stronger
priors at higher levels [48,55–57].
Now we turn again to the distinction between treatment
and non-treatment-seeking voice hearers and consider this
distinction in terms of the reconciliation between the strong
priors and weak corollary discharge account described
above. Non-treatment-seeking voice hearers have a ready
explanatory framework and have spent time cultivating
volitional control over perception. In considering what this
may tell us about the mechanisms of AVH in non-treatmentseeking voice-hearers, we invoke the notion of imagination
within the predictive coding framework. A system that is
equipped with the machinery to generate a prediction of the
world in order to infer the causes of external stimuli can
thus enable perception of the external world, but also selfgenerate perceptual states without external stimulation—that
is, to imagine [58,59]. In the case of AVHs in non-treatmentseeking voice hearers, we assume that voices are experienced
by weighting ( perhaps volitionally) prior expectations
(regarding some imagined event) more relative to the sensory
evidence (that the event is not occurring). In this way, they can
better anticipate AVHs and can understand them through
their preferred explanatory lens [12]. This would be consistent
with the sensitivity of non-treatment-seeking voice hearers to
environmental volatility—the rate of change of environmental
contingencies: they are able to update their beliefs rapidly and
appropriately through learning, unlike the treatment-seeking
groups [46]. If one can move between possible priors with alacrity, reconfiguring one’s expectations smoothly and accurately,
one would probably have strong attentional control over learning and belief updating, and by extension, imagination.

non-treatment-seeking voice hearer

auditory processing

“....”
high-level
expectations
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motor
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signal

signal

auditory processing

high-level
expectations

treatment-seeking voice hearer

motor
command

auditory processing

“your mother
loved you
deeply.”

.”

“they’re going
to hurt you.”

high-level
expectations

perceptual conclusions, in different individuals with and
without hallucinations.
More broadly, what does this thesis predict about imagination, perception and hallucination?

(a) Engaging in imagery should change your perceptual
experience
Empirical work suggests that this is acutely true. In difficult perceptual detection tasks, prior imagery increases the likelihood of
false alarms [76]. Studying how some non-treatment-seeking
voice hearers learn to cultivate their voice-hearing experiences
suggest that they adopt a listening attitude [63], prepared to
hear voices by imagining what it would be like to hear voices
[10,11] in internal and external contexts in which they are most
receptive, for example, when they are physically still and perceptually reduced [12]. Perhaps then, more perceptually
structured/predictable and motorically engaged settings
might help treatment-seeking voice hearers. Indeed, listening
to and performing music mollifies voice hearing [77].

(b) People with strong imagery should be at higher risk
for psychosis and hallucinations in particular
There is a robust body of evidence indicating enhanced
vividness of mental imagery in schizophrenia based on
both subjective report and experimental data [78–81]. Stronger imagery has sometimes [82–84] but most often not
[79,84,85] related to hallucination severity, thus leading
to the conclusion that enhanced mental imagery confers
vulnerability to hallucinations, but that it is probably not a
proximal mechanism. One potential conceptualization of
these findings in schizophrenia is that there is a greater
ease by which long-term memory representations can be
brought into the current contents of consciousness [81].
Indeed, the notion of impaired inhibition of information
from long-term memory is present in several mechanistic

accounts of hallucinations [86–88], and has been supported
by neuroimaging data [89]. These findings bear, perhaps,
on predictive coding accounts of hallucinations whereby the
contents of long-term memory can be mapped onto the
prior distribution.

(c) Treatment and non-treatment-seeking voice hearers
should differ in their volitional control over sensory
attenuation
We expect that tasks which assay sensory attenuation—like
force-matching, efference copies of eye-movements and speaking/listening signals should be relatively intact in nontreatment-seeking voice hearers. They should retain the ability
to distinguish between perception and imagination when they
choose to, which could be assayed with reality monitoring
tasks. We are arguing that on occasion, non-treatment-seeking
voice hearers voluntarily, in a sense, overweight their priors,
manifesting as hallucinations. Non-treatment-seeking voice
hearers are less likely to possess such control, although perhaps this is something that they can learn via dialogic
interaction with their voices, as advocated by the hearing
voices movement and hearing voices network meetings.

(d) Imagery should duplicate the hallucinatory
experience
A growing body of evidence from brain imaging studies
suggests internal voices, or AVH, activate the same speech
production and reception areas as do external voices coming
from the environment. This evidence comes from symptom
capture studies of people with a diagnosis of schizophrenia
who hear voices [90] and from non-help seeking people who
hear voices [91–93]. There is also evidence that healthy
people, who do not hear voices and who do not have a
psychiatric diagnosis, also activate those brain areas when
instructed to imagine speech in their own voices [94].
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Figure 1. Predictions and prediction errors across the voice-hearing spectrum, healthy non-voice hearers, non-treatment seeking voice hearers and treatment seeking
voice hearers (left to right, respectively). In each depiction, three units are considered in this oversimplified schematic: an auditory processing unit (blue), a motor
command unit ( purple) and a unit that represents high-level beliefs (orange). Accordingly, in all three, signals from the motor command unit represent efference
copy signals associated with the content of speech/verbal thought that inhibit the auditory processing unit. Signals from higher-order regions represent higher-order
beliefs about the auditory processing signal. The width of the lines indicates the strength of the corresponding signal. In all three, there is no external auditory
information, and the net outcome or percept (represented in the text next to the auditory processing unit) is shaped by the interaction among these nodes. In nonvoice hearers (left panel), we represent a system in which there is no excessive internal activity in the auditory processing unit, in which an intact corollary discharge
signal is appropriately suppressing any sensory consequences of inner speech, and in which higher-order beliefs are optimally exerting their influence on the
incoming sensory data—thus, perception is veridical and the observer hears nothing. In non-treatment seeking voice hearers (middle panel), we propose elevated
activity in the auditory cortex, in this case, owing to strong expectations that are perhaps volitionally imposed, and in this example related to the spirit of one’s
deceased mother. In this case, these strong priors outweigh the actual sensory input (of silence) and the observer hears a comforting message. We propose that in
these non-treatment-seeking voice hearers, the efference copy signal is intact. Finally, for treatment-seeking voice hearers (right panel), we predict that, in the
absence of input, there is greater activity in the auditory cortex that may arise from internal activity and/or reduced efference copy signalling, leading to a failure to
suppress the auditory response to internal speech. This activity is reconciled by a strong influence of an expectation for human speech and, in this case for danger,
thus leading to the percept of a threatening voice. (Online version in colour.)
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— Test the relationship between EEG-based corollary discharge function and weighting of expectations in both treatment and
non-treatment seeking voice hearers.
— Test functional connectivity between cerebellum, thalamus, and auditory cortex using cerebellum seeds derived from the
motor act of vocalizing (tapping the corollary discharge mechanism) and seeds derived from conditioned hallucinations.
— Using multi-modal imaging, compare treatment and non-treatment seeking voice hearers’ neural-metabolic coupling, as it
relates to severity of voice hearing.
— Using EEG assays of corollary discharge function, compare treatment and non-treatment seeking voice hearers.
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5. Conclusion
In summary then, in exploring the constructive nature of perception, of which volitional imagination is a special case, we
have cast some light on hallucinations, their underlying
mechanisms and possible treatment. This is the beginnings
of a sketch, which probably raises more questions than it
answers, however, it challenges some long-held convictions
about hallucinations, and it signals some new lines of inquiry
we hope that we and others can follow. We list some ways to
compare the two accounts of AVH (box 1).
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Endnote
1

While we believe that conditioning is one route to hallucinations, the
conditional stimuli need not be external environmental cues; they
could just as readily be changes in variables in the internal milieu, like
heart rate, blood pressure, cortical activity or neurotransmitter release.
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