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Abstract—In recent years multivariate decoding has allowed to
test where and how mental representations can be decoded from
neuroimaging signals, which sheds light on how these
representations are encoded in the brain. In one line of
experiments, we investigated how intentions are encoded in fMRI
signals, thus revealing information in medial and lateral
prefrontal regions. These informative neural representations
were even present prior to the person’s awareness of their chosen
intention. In comparison, for cued intentions we found
information predominantly in lateral, but not medial prefrontal
cortex. Intention coding in prefrontal cortex followed a
compositional code and could also be observed across extended
delays during which participants were busy performing other
tasks. Taken together, our results suggest a systematic,
compositional and hierarchical code in prefrontal cortex which
intentions are encoded across delays while the mind is busy
working on other tasks.
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L. INTRODUCTION
In recent years substantial progress has been in

understanding the neural code in which intentions are encoded
in the human and primate brains (e.g. [1], [2], [3], [4]). An
important line of research was to decode intentions from
neuroimaging signal patterns obtained while humans prepare
for specific tasks. For free chosen intentions, this revealed
information in medial (and to a lesser degree in lateral)
prefrontal cortex [5]. For cued intentions, information was
primarily observed in lateral prefrontal and parietal cortices [6].
For freely chosen intentions, it was even possible to predict a
person’s choice for a simple motor actions as well as complex
cognitive tasks to some degree already several seconds before
they made up their mind ([7], [8], [9], [10]). Here we report on
several lines of research that have used classifiers to shed a
more detailed light on the nature of intention representations in
the human brain.

II.  COMPOSITIONALITY

In everyday life we often use rules to organize action and
thoughts for reaching our goals. Sometimes it is enough to
make use of extremely simple rules, just linking a specific
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sensory pattern (e.g. “dad talks”) to a consequent action (e.g
“listen carefully”). However, in most real life scenarios, it is
necessary to use more complex rule sets, which may require,
for example, the concurrent application of multiple simple rules
[3]. Previous evidence on humans and monkeys has shown
that a fronto-parietal network is involved during rule
maintenance and processing ([1], [2]). Nevertheless, the
fundamental question of how the human brain represents more
complex rules was left unexplored. In this experiment [11] we
asked whether the neural code used by the human brain to
represent “compound” rule sets is compositional: is the neural
code of a rule set composed by rule A plus rule B built upon
the neural representation of rule A and rule B when considered
alone? Subjects were asked to first maintain and then evaluate
simple (e.g. “If there is a face press left”), or compound rules
(e.g. “If there is a face press left” combined with “If there is a
house press right”). Multivariate pattern analysis (MVPA) was
applied to functional MRI data only related to the pure
maintenance phase of the task. We found that both right
ventrolateral prefrontal cortex (mostly Brodmann Area 47) and
left intraparietal sulcus (BA 40) encoded the active compound
rule during maintenance. Most importantly however, we
showed that in ventrolateral prefrontal cortex, but not in
parietal cortex, it was possible to decode the active compound
rule by only relying on the neural patterns associated to the
simple rules. This shows that brain uses a compositional code
in ventrolateral PFC.

III. RULE ORDER

Besides rules linking sensory evidence to action, another
elementary building block of flexible “mental programs” [12]
is order. Order may be conceived as an additional information
layer specifying the sequence in which rules should be
evaluated. In a further experiment [13], we considered rule sets
not only comprising multiple rules, but also containing explicit
instructions on which of the composing rules should be
evaluated first. The experiment aimed at clarifying whether the
human brain encodes the rule identity and the order in the same
“rule-set” region, or rather it segregates and distributes relevant
information in different areas. Participants had to maintain and
evaluate two compound rules very similar to those used in the
preceding experiment, e.g. “If there is furniture press letter A”
combined with “If there is a fruit press letter B”. Importantly,



one of the two rules had to be evaluated first: in some trials the
“furniture” rule, in other the “fruit” rule.

Figure 1: Decoding of intentions from human fMRI signals.
(A) Decoding of a self-chosen intention during a post-decision
delay [5]. (B) Predictive decoding of a freely chosen intention
several seconds before a person believes to be making up their
mind. (C) Encoding of prospective intentions during
maintenance period and retrieval period [14].

We applied multivariate pattern analysis to the fMRI signal
related to the maintenance phase independently assessing the
neural representation of rule identity and rule order. We found
that rule identity was encoded in a network including the right
ventrolateral prefrontal cortex. This directly replicates the

finding on compound rule representation of the preceding study.

By contrast, rule order was encoded in dorsal striatum and right
premotor cortex. Most importantly, we found a region x
information interaction, formally showing a dissociation
between areas representing identity and those representing rule
order. Together with the previous study [11], these results
strongly suggest that the human brain independently encodes
the elementary features of complex rule-sets. Those elementary
features are then represented in brain structures appropriate for
the type of information. More in general, these studies open the
possibility of understanding how our brain represents complex
actions plans by learning the neural patterns of the known
composing elements and how they are integrated.

IV. DELAY: PROSPECTIVE INTENTIONS

The prospective remembering of planned actions is central
to the success of goal-directed behavior ([15], [16]).
Prospective memory relies on the capacity to perform the
intended task either at (a) an intended point in time, i.e. time-
based prospective memory ([14], [17]) or (b) at the appearance
of the relevant event or cue, i.e. event-based prospective
memory ([18], [19]).
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Figure 2: Compositionality of rule encoding in prefrontal but
not parietal cortex [11]. (A) Compositional versus non-
compositional codes. (B,C): Cued intention task with either
simple or complex rules. (D) Decoding of cues, rules and
compositional rules.

Importantly, intermediate tasks between the formation and
execution of intended actions share working memory and
attentional resources. How does the brain maintain future plans
and monitoring the environment for the right time of action? In
two studies using cued intentions, we combined behavioral
experiments in prospective memory and fMRI and showed that
it is possible to decode the subject’s intended action (a) from
the rostrolateral PFC during retrieval of time-based PM [14]
and during the maintenance of delayed intentions during a



delay whether it was filled with another task or not [19]; and
(b) from the rostromedial PFC (medial aPFC) during the
formation and early maintenance of of time-based PM during
an occupied delay [14] and during the maintenance of a
delayed intention during a delay occupied with another task, or
event-based PM [19]. In a comparison of a number of MVPA
studies on prospective memories, we have shown that our
findings fit with a general function for rostrolateral PFC and an
intention-dependent function along rostrocaudal axis of the
medial PFC in the representation of delayed intentions. More
rostral or anterior medial PFC regions are more likely to
engage in the formation of self-initiated intentions or the
maintenance of delayed intentions during occupied delays
whereas more posterior medial PFC regions were involved in
un-filled delays [19].

V. FORAGING

While freely forming intentions, we have to balance
different competing demands. On the one hand, we should
flexibly switch away from a currently performed task, e.g. if
the reward outcome is too low or the difficulty is too high [20].
On the other hand, we should avoid frequent switching
between different tasks, as this carries a cost in itself [21].
Recently, we developed a free choice task that allowed us to
assess the neural representation of intentions that were
motivated by dynamically and predictably changing difficulty
conditions [22]. Subjects could freely choose between three
different tasks in each trial. If they chose the same task
repeatedly, the difficulty increased. If they abstained from
choosing a task for some time, the difficulty of this task
decreased. These rules were known to the subjects, the
environment thus reacted to their decisions predictably. Using
multivariate decoding, we were able to identify a region in the
right dorsomedial prefrontal cortex and dorsal anterior
cingulate cortex (dmPFC/dACC) that encoded subjects’
intentions to perform a specific task. In a second, independent
decoding analysis, we also identified a wide-spread brain
network which represented the task difficulty, i.e. the main
variable motivating task choices. Critically, the dmPFC/dACC
was the only brain region that encoded both the task choice and
the task difficulty independently [23].
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