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A framework for mental fatigue is proposed, that involves an integrated evaluation of both
expected rewards and energetical costs associated with continued performance. Adequate
evaluation of predicted rewards and potential risks of actions is essential for successful
adaptive behaviour. However, while both rewards and punishments canmotivate to engage
in activities, both types of motivated behaviour are associated with energetical costs. We
will review findings that suggest that the nucleus accumbens, orbitofrontal cortex,
amygdala, insula and anterior cingulate cortex are involved evaluating both the potential
rewards associated with performing a task, as well as assessing the energetical demands
involved in task performance. Behaviour will only proceed if this evaluation turns out
favourably towards spending (additional) energy. We propose that this evaluation of
predicted rewards and energetical costs is central to the phenomenon of mental fatigue:
people will no longer bemotivated to engage in task performancewhen energetical costs are
perceived to outweigh predicted rewards.
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1. Introduction

Mental fatigue refers to the feeling that peoplemay experience
after or during prolonged periods of cognitive activity. These
feelings are very common in everyday modern life and
generally involve tiredness or even exhaustion, an aversion
to continue with the present activity, and a decrease in the
level of commitment to the task at hand (Holding, 1983;
Hockey, 1997; Meijman, 2000). In addition, mental fatigue has
been associated with impaired cognitive and behavioural
performance (e.g. Boksem et al., 2005; Lorist et al., 2005; Van
der Linden and Eling, 2006).

Over the past decades, work has changed to a large extent
from demanding physical effort, to demanding mental effort.
This has resulted in a substantial increase in complaints
related to mental fatigue: in the Netherlands, half of the
women in the working population complain about being
fatigued, while a third of the men report such complaints.
Fifteen years ago, only 38% of the women and 24% of the men
reported such complaints. A recent survey of the U.S. work-
force (Ricci et al., 2007) showed that 38% of workers reported
being fatigued. Of these fatigued workers, 66% reported lost
productivity time, compared to 26% of workers without
fatigue. Ricci and colleagues estimated that lost productivity
time from fatigued workers costs employers an excess of a
hundred billion dollars annually, compared to non-fatigued
workers. On a more personal level, complaints of fatigue can
have a profound and negative impact on people's social and
occupational life. Moreover, mental fatigue is a common
symptom in a large number of chronic medical conditions
such as cancer, Human Immunodeficiency Virus, Multiple
Sclerosis, Chronic Fatigue Syndrome, Alzheimer's disease,
Huntington's disease and Parkinson's disease (see Chaudhuri
and Behan, 2000). It is important to realize however, that
fatigue as a symptom of disease may involve different
biological substrates compared to acute mental fatigue in
otherwise healthy people.

Mental fatigue has been shown to result in various deteri,
orations in cognitive functioning. Van der Linden and
colleagues (2003a, 2003b, 2006) showed that fatigued subjects
had difficulties in focusing their attention, planning, and
adaptively changing strategies in the face of negative out-
comes. Our own work showed that fatigued subjects had
difficulties in adequately preparing their responses (Boksem
et al., 2006) and had difficulties in sustaining attention and
ignoring irrelevant information (i.e. they suffered from
increased distractibility; Boksem et al., 2005). In addition,
fatigued subjects corrected their mistakes less often and post
error performance adjustment was impaired (Lorist et al.,
2005; Boksem et al., 2006).

Common sense would dictate that mental fatigue is the
direct result of working for a prolonged period of time: the
longer one works on a demanding task, the more fatigue one
will experience. This, however, has been shown not to be the
case. Fatiguemay be experienced after working for a relatively
short period of time, while working long hours does not
always lead to fatigue (Sparks et al., 1997; Park et al., 2001).
Indeed, working long hours has been shown not to lead to
fatigue at all when the rewards of working (in terms of
payment, but also appreciation by peers and co-workers) are
perceived as high (Siegrist, 1996; Van der Hulst and Geurts,
2001).

In other words, high workload only results in fatigue when
rewards associated with work are low. Here, we will propose a
framework for mental fatigue that involves an integrated
evaluation of both expected rewards and energetical costs
associated with continued performance, resulting in a reduc-
tion in motivation and the effort invested in continued
performance.

Two complimentary and interacting motivational systems
are proposed to result in producing goal directed behaviour:
the motivation to obtain rewards and the motivation to avoid
harm and punishment. While both rewards and punishments
can motivate to engage in activities, both types of motivated
behaviour are associated with energetical costs. In the present
review, we will propose that the feeling of fatigue may result
from the subconscious analyses of cost and benefits to expend
energy, or to conserve energy. People will only expend energy
on a certain task when (energetical) costs are comparably low
and benefits (high reward, low punishment) are comparably
high. However, when tasks have to be performed for pro-
longed periods of time, the amount of energy invested in
performance will build up until it eventually outweighs
potential rewards, resulting in a decrease in the motivation
to work for rewards that fail to be procured. Thus, we propose
that the feeling of fatigue corresponds to a drive to abandon
behaviour when energetical costs exceed perceived benefits of
continued performance.

The purpose of this review is to provide a coherent
framework for mental fatigue. Because of this, we inevitably
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focus more on some aspects of this complex phenomenon
that on others. This is especially true for the motivational
systems and neural substrates we propose are primarily
involved. While we focus on the role the ‘reward system’ of
the brain and on the role of the dopamine (DA) neurotrans-
mitter in motivated behaviour, it is certain that other neural
structures, neurotransmitters and hormones are also
involved. However, by narrowing our focus on these particular
aspects of mental fatigue, we are able to present our views on
what is a central aspect of this important and complex
psychophysiological phenomenon.
2. Goals

So, what is mental fatigue? This question has proved to be
very difficult to answer. Despite its mundane nature, mental
fatigue appears to be a highly complex phenomenon that
involves changes in mood, information processing and
behaviour (Desmond and Hancock, 2001), making it a difficult
subject to study. Perhaps asking ourselves the opposite
question could clarify matters: what makes us tick? What
makes us get out of bed every morning and go to work, to
school, or do whatever else is planned for the day?Why do we
do it? Clearly there must be something to gain, there must be
some reward.

From an evolutionary point of view, the ability to seek out
rewards is essential for survival and reproduction. The main
goal of life, it seems, is to stay alive. Not only does every
organism do its utmost not to die, it also goes to great lengths
to reproduce and pass on its genes to the next generation to
make sure life continues in the future as well. The African
cheetah may serve as an example here. To sustain itself, this
animal has to go and hunt for food every single day. To obtain
the food it needs, it will have to become active and, for
example, find a herd of antelopes and try to catch and kill one
of these animals. In addition, to be able to reproduce, it will
have to go and find a suitable mate to ensure its genes get
passed on. In contrast, if the cheetah should encounter a lion
that threatens to steal the kill the cheetah has just made, it
would be well advised to run, and not try to fight the much
stronger lion for the food because of the risk of getting killed in
the process. In other words: to reach its goals (sustain life), an
organism should try to obtain rewards (e.g. food or sex) and at
the same time should try to avoid aversive consequences (e.g.
injury or death). The approach of potential rewards and the
avoidance of potential punishment are fundamental to all goal
directed behaviour (Miller, 2000): for something to constitute a
goal, it has to be associated with a high value of predicted
reward and low potential risk.
3. Rewards and punishments

There are at least three psychological components of reward
(Berridge and Robinson, 2003; Schultz, 2004). First, the
consumption of rewards involves feelings of pleasure (‘liking’).
Second, these pleasurable feelings are highly motivating to
obtain this rewardmore often (‘wanting’). Third, in order to do
so, one has to learn about the relationships among stimuli and
the consequences of actions that led to the procurement of the
reward (‘learning’). The obvious benefit of such a reward
system is that it can bring about goal directed action strategies
that enables the organism to select from several possible
actions the one that is predicted to result in the best reward. A
general distinction can be made between primary rewards,
such as food, water and sexual stimuli and secondary rewards
such as money. Primary reward can be assumed to positively
reinforce the intensity or frequency of a certain behaviour
pattern without being learned, while secondary reinforcers
reinforce behaviour only after learned association with
primary rewards.

To promote reward-seeking activities, the brain is
equipped with an elaborate system that signals the rewarding
value of events and actions (e.g. Schultz, 2002). The processing
of rewards in the brain involves multiple neuroanatomical
structures, their interconnections and different types of
neurotransmitters. Because our proposed model for mental
fatigue relies heavily on the neural systems involved in reward
processing, the discussion will benefit from outlining the core
components of the ‘reward system’. We will briefly review the
involvement of the midbrain DA neurons, the orbitofrontal
cortex (OFC), the basolateral amygdala (BLA), anterior cingu-
late cortex (ACC) and the nucleus accumbens (NAc).

3.1. Midbrain dopamine

It has long been recognized that activity in midbrain DA
neurons is related to rewards and reward-predicting stimuli
(see Schultz, 2007 for a review). Most midbrain DA neurons
exhibit burst activity following delivery of primary rewards.
This DA activity, however, appears to depend on the predict-
ability of the reward, such that unpredicted rewards elicit DA
activation (positive prediction error) and an unpredicted non-
reward induces a depression in DA activity (negative predic-
tion error), while fully predicted rewards do not elicit DA
activity (Schultz, 2002). So, the midbrain DA neurons respond
to both rewards (with activation) and punishments/reward
omission (mostly with depression; Ungless et al., 2004).
Therefore, the DA response has been associated with the
‘wanting’ aspect of reward processing and not so much with
the ‘liking’ aspect (Berridge, 2007).

It has been shown (e.g. Ljungberg et al., 1992; Mirenowicz
and Schultz, 1994) that, while primary rewards initially elicit
dopaminergic activation, this activation decreases progres-
sively and is transferred to reward-predicting stimuli when
the association between the primary reward and the predict-
ing stimulus is learned. This would suggest top–down control
over midbrain DA neurons from structures that have access to
reward value information of stimuli and events in the
environment. We will briefly review findings regarding these
structures below.

Although DA activity has mostly been associated with
reward processing, it has been shown that mesolimbic DA
neurons not only carry a reward signal, but respond to a large
category of salient and arousing events, including appetitive,
aversive, high intensity, and novel stimuli (Horvitz, 2000),
suggesting a more general role for DA in motivated behaviour
(Dayan and Balleine, 2002; Berridge, 2007).
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3.2. Orbitofrontal cortex

The OFC is a region with dense afferent connections from the
primary taste and olfactory cortex as well as from higher
visual areas and the somatosensory cortex (Morecraft et al.,
1992; Carmichael and Price, 1995). Therefore, the OFC is well
suited to integrate information from the different sensory
modalities and estimate the reward value of stimuli and
ongoing events (Kringelbach, 2005; Walter et al., 2005).

A dissociation appears to exist between the medial OFC
(mOFC) and the lateral OFC (lOFC). While themOFC appears to
be involved in themonitoring, memory and learning of reward
value, lOFC appears to be involved in the evaluation of
punishers and aversive events (O'Doherty et al., 2001; Krin-
gelbach and Rolls, 2004; Seymour et al., 2007). This dichotomy
may however prove to be too strict, with OFC coding
information on both positive and negative reward value
(Coricelli et al., 2005).

Under normal circumstances, multiple stimuli and courses
of action, each associated with different reward values, are
available from the environment. The OFC has been shown to
code reward value compared to other rewards that may be
available (Tremblay and Schultz, 1999). In addition, the OFC
not only signals current reward value, it also signals expected
reward value of stimuli and events and alsomonitors changes
in these expected rewards (Nobre et al., 1999; Gottfried et al.,
2003), modifying stimulus–reward associations (Walton et al.,
2004).

Thus, the OFC evaluates reward size and possible aversive
consequences associated with ongoing events. This way, the
OFC provides a kind of running commentary on the value of
the present state and courses of action, compared to the value
of subsequent predicted states (Schoenbaum et al., 2006).

3.3. Basolateral amygdala

Sharing strong reciprocical connections with the OFC (see
Öngür and Price, 2000) and also receiving projections from
sensory cortex (McDonald, 1998), the BLA and OFC probably
provide complimentary information on the reward value of
stimuli and events (Baxter et al., 2000). Like the OFC, the BLA
codes (relative) reward value (Killcross et al., 1997), signals
changes in stimulus–reward contingencies (Salinas et al.,
1993; Corbit and Balleine, 2005), and provides information on
the value of delayed rewards (Winstanley et al., 2004).

Traditionally the amygdala, with its connections with the
lOFC and anterior insula, was thought to be involved in
processes related to negative reinforcement and punishment,
fear and anxiety (LeDoux, 1996; Seymour et al., 2007). Indeed,
the BLA is required for the evaluation of reward omission
(Burns et al., 1999) and is involved in harmavoidance (Killcross
et al., 1997;Coutureauet al., 2000) andconditionedpunishment
(Killcross et al., 1995). Nonetheless, the BLA is also involved in
evaluating positive reinforcers (Cardinal et al., 2002a).

3.4. Insula

Reciprocically connected to the lOFC (Carmichael and Price,
1995) and amygdala (Reynolds and Zahm, 2005), the anterior
insula has been shown to be involved in encoding aversive
value (Small et al., 2001; Nitschke et al., 2006). In addition to
the lOFC and BLA, the insula has also been shown to be
involved in the processing of costs and punishments in
decision-making. In an fMRI study using a risk-taking
decision-making task (Paulus et al., 2003), the degree of insula
activation was related to the probability of selecting a “safe”
response following a punished response (see also Krain et al.,
2006), suggesting a role for the insula in risk aversion and
harm avoidance (Kuhnen and Knutson, 2005). Moreover, the
degree of insula activation was also positively related to the
subjects' harm avoidance and neuroticism scores on person-
ality questionnaires. Knutson and colleagues (2007) showed
that, while activity in the NAc reflected anticipation of
obtaining desired products, activity in the insula reflected
the emotional anticipation of suffering the financial loss
involved in paying for it.

3.5. Anterior cingulate cortex

The rodent ACC has been shown to be required whenmultiple
stimuli must be discriminated according to their different
reward value (Parkinson et al., 2000; Cardinal et al., 2002b). In
situations where an organismmust choose between response
options associated with differential magnitudes of reward,
activity of BLA and OFC neurons encode the expected
magnitude of reward that each choice may provide. This
reward-related information may be relayed to the ACC via
ascending glutamatergic projections. In turn, the ACC may
integrate these sources of reward information, biasing beha-
viour in a particular direction that is predicted to yield the
highest reward value (Shima and Tanji, 1998; Bush et al., 2002;
Williams et al., 2004).

The ACC has been proposed to be required for constructing
and/or retrieving a choice–outcome history of both rewards
and punishments, to guide behaviour (Kennerley et al., 2006).
The heavily interconnected structures of the ACC, OFC and
BLA (Carmichael and Price, 1995; Floresco and Ghods-Sharifi,
2007; Öngür and Price, 2000) play complimentary roles in
guiding behaviour based on predicted rewards and outcomes
of current actions (Kennerley et al., 2006). While OFC and BLA
may be involved in monitoring action outcome and changing
stimulus–reward contingencies, the ACC is involved in decid-
ing what to do and assessing the consequences of current
actions (Kennerley et al., 2006;Walton et al., 2004; Cohen et al.,
2005). Once a particular course of action has been determined,
the transformation of this strategy into the appropriate
behavioral output is likely mediated by coticostriatal connec-
tions linking the ACC to the NAc (Floresco et al., 1999;
Parkinson et al., 2000).

3.6. Nucleus accumbens

The NAc is a major output structure of ACC (Chiba et al., 2001;
Sesack et al., 1989), BLA (Floresco et al., 1998) and OFC
(Groenewegen et al., 1990) and also receives projections from
the insula (Reynolds and Zahm, 2005). These glutaminergic
projections to NAc serve to influence response selection and
this information is gated or amplified by the dopaminergic
innervation of the NAc, probably under control of the
amygdala (via the central nucleus of the amygdala (CeA);



Fig. 1 – The OFC, BLA and insula are primarily involved in
coding the expected appetitive and aversive value of
potential actions. This reward-related information is relayed
to the ACC, where these sources of reward information may
be integrated to bias behaviour in a particular direction that is
predicted to result in the largest reward and the least
aversive consequences. The transformation of this strategy
into the appropriate behavioral output is mediated by
projections fromACC to the NAc. In turn, action outcomes are
continuously evaluated and when outcomes are better or
worse than expected, this information is relayed to the PFC
and ACC, strengthening neural connections associated with
the successful behaviour or inducing extinction of the current
behaviour when behaviour was unsuccessful. In addition,
decision-making is also guided by evaluating the potential
energetical costs associated with behaviour. Multiple brain
areas have been shown to be involved in this form of effort
based decision making, including the ACC, NAc, BLA and
insular cortex.We propose that, in addition to information on
reward value, also information on the current physiological
state and energetical resources (signalled by the insula), as
well as expected effort required to obtain rewards (or avert
negative events) is integrated by the ACC, to allow for optimal
decisionmaking based on the evaluation of both rewards and
potential energetical costs of courses of action. In turn,
projections from the ACC impact on activity in the BLA and
NAc, modulating the energizing of current behaviour. This
way, behaviour is guided by comparing the current state to
the predicted future state in terms of both rewards and
energetical condition of the body, energizing behaviour only
when the predicted state is valued higher than the current
state. ACC=Anterior Cingulate Cortex; BLA=Basolateral
Amygdala; CeA=Central Nucleus of the Amygdala; OFC=
Orbitofrontal Cortex; PFC=Prefrontal Cortex; NAc=Nucleus
Accumbens; VTA=Ventral Tegmental Area; BFB=Basal
Forebrain; DA=Dopamine; ACh=Acetylcholine.

129B R A I N R E S E A R C H R E V I E W S 5 9 ( 2 0 0 8 ) 1 2 5 – 1 3 9
Cardinal et al., 2002a; Robledo et al., 1996). DA levels in ventral
stiratum/accumbens modulate response energizing or
response-maintaining effects of motivationally relevant sti-
muli (Everitt et al., 1989; Salamone et al., 1997), providing the
motivational drive for behaviour. While information about
reward value is coded in the OFC and BLA and is conveyed to
the NAc, where it can be amplified by the DA system, ACC
projections to NAc are critical for the intensity of approach
behaviour (Devinsky et al., 1995). In turn, the NAc can
influence activity in the OFC and ACC through striatal–
pallidal–thalamic loops (Cardinal et al., 2002a).

3.7. Dopamine projections to the prefrontal cortex

DA projections from the ventral tegmental area (VTA) convey
information on reward value to the prefrontal cortex (PFC;
Watanabe, 1996, Tremblay and Schultz, 1999). In the PFC, DA
influx may strengthen the connections between neuron
ensembles that represent goals and the means to achieve
them (Miller, 2000). When a certain behaviour is successful,
dopaminergic reinforcement signals from the VTA augment
the corresponding pattern of PFC activity by strengthening the
connections between neurons that are activated by that
behaviour. Consolidating the reward value that was asso-
ciated with a particular stimulus, event, or action, this
information is accessible by other structures in the reward
system (OFC, ACC, BLA) to estimate the reward value of
ongoing events. This will increase the probability that in the
future, the same context will elicit reactivation of the PFC
activity that led to the rewarded behaviour (Miller and Cohen,
2001). We will discuss the activity of DA in the PFC, and also
projections from other neurotransmitter systems to the PFC
more extensively in a following paragraph.

3.8. Summary

The system involved in promoting goal directed actions by
evaluating potential rewards and aversive consequences
associatedwith behaviour towards stimuli in the environment
comprises complex interactions of several neural structures
(see Fig. 1). Typically, the environment provides multiple
response options associated with differential magnitudes of
reward. The OFC, BLA and insula are primarily involved in
coding the expected appetitive and aversive value that each
option may provide. This reward-related information is
relayed to the ACC,where these sources of reward information
may be integrated to bias behaviour in a particular direction
that is predicted to result in the largest reward and the least
aversive consequences.

Once a particular course of action has been determined, the
transformation of this strategy into the appropriate behavioral
output is likely to be mediated by corticostriatal connections
linking the ACC to the NAc. In turn, action outcomes are
continuously evaluated and when outcomes are better or
worse than expected, this information is relayed to the PFC
and ACC, strengthening neural connections associated with
the successful behaviour (in the case of a positive reward
prediction error) or inducing extinction of the current beha-
viour and behavioural change in the case of a negative reward
prediction error.
4. To act or not to act

Despite the importance of the evaluation of potential reward
for successful goal directed behaviour, reward seeking activ-
ities would only seem to be a part of what constitutes adaptive
goal directed behaviour. Rewards always come at a price. To
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keep with our example: to catch an antelope, the cheetah will
have to leave the safety and comfort of its shelter and venture
into the open savannah, spending valuable energy. So, to
select the best course of action, an organism has to take into
account both the expected reward (and potential risks), and
the energetical costs that are involved in obtaining a certain
goal.

A growing body of research suggests that the brain is
indeed capable to appropriately evaluate current behaviour in
terms of both the potential rewards and energetical costs
involved. Activity in ACC, NAc and BLA and their interconnec-
tions appear to be a prerequisite for behaviour that results in
greater rewards at the cost of increased energy expenditure.
We will briefly review these findings below.

Salamone and colleagues (1994) conducted experiments to
study the role of NAc DA in the performance of a cost/benefit
procedure. Rats were trained on a T-maze task in which one
arm contained a high reward (pallets of food) and the other
arm contained a low reward. Different groups of rats were
trained either with unobstructed access to both arms from the
start area, or under a condition in which a large vertical barrier
was placed in the arm that contained the high reward. After
training, the authors depleted the NAc of DA in these animals.
Following this procedure, rats that had been trained in the
maze with obstructed access to the high reward displayed a
significant reduction in the number of selections of the high
reward arm when the barrier was present, while the lesion
had no effect on arm choice when the barrier was not present
(see also Cousins and Salamone, 1994; Denk et al., 2005).

The authors suggested that release of DA in the NAc might
be an important part of the neural process that enables
organisms to overcome work-related response costs, and that
the NAc may indirectly perform cost/benefit analyses, setting
constraints on energy expenditure that profoundly influences
the relative allocation of instrumental responses toward
various alternatives, such that NAc DA depletion biases
behaviour in the direction of lower effort alternatives (Sala-
mone et al., 1999).

Similar results were obtained by Walton and colleagues
(2002, 2003, see also Schweiber et al., 2005), however, these
authors lesioned animals in the ACC instead of the NAc. Like
the NAc lesioned rats, rats with lesions to the ACC no longer
chose the high reward, high effort option, instead choosing a
less preferred reward that required minimal effort to obtain.
Cells in the ACC have been shown to respond while working
toward or receiving rewards (Akkal et al., 2002; Shidara and
Richmond, 2002) and the ACC is bi-directionally (through
striatal–pallidal–thalamic loops) connected to the NAc
(Berendse et al., 1992; Haber et al., 1995), although exactly
how these structures interact in effort-related decisions
remains under debate (Walton et al., 2005; Schweiber et al.,
2005; Schweiber and Hauber, 2005). In addition, the human
ACC has been shown to be involved in effortful task
performance (Paus et al., 1997; Winterer et al., 2002; Jensen
and Tesche, 2002) and task engagement (Tops et al., 2006a;
Boksem et al., in press).

Recently, Floresco and Ghods-Sharifi (2007) showed that
bilateral inactivation of the BLA also disrupts effort-based
decision making, reducing the preference of lesioned rats to
exert greater effort to obtain larger rewards. Importantly,
these authors were able to show that disconnecting the BLA
and ACC had similar results.

The remarkable similarity between the behavioural effects
of ACC, NAc and BLA lesions and disrupting their interconnec-
tions, suggest that these interconnected structures are
together involved in the evaluation of current behaviour in
terms of both potential rewards and energetical costs. Activity
in these structures appears to be required for behaviour that
results in greater rewards at the cost of increased energy
expenditure.

In addition, an important role in the evaluation of effort in
decision making may be reserved for the insula. By its
reciprocical connections with autonomic and visceral centers
of the nervous system such as the hypothalamus, nucleus of
the tractus solitarius and the periaquaductal gray (Carmichael
and Price, 1995), the insula is the cortical area implicated in
monitoring and regulation of peripheral resources like levels
of glucose (Allport et al., 2004) and muscle condition (Craig,
2003). Insula activation has been related to perceived physical
effort, physical exertion, and “central command” during
physical exercise (de Graaf et al., 2004; Williamson et al.,
1999, 2003). The anterior insula is involved in monitoring the
conditions of peripheral resources and may influence actions
by signalling the adequacy of these resources, given the
energetical costs of those actions. It has recently been
proposed that the insula is involved in the processing of
prospective aversive bodily states (Paulus and Stein, 2006),
which would account for the role of this structure in both
financial loss and punishment and the processing of energe-
tical costs.

A recent study by Herbert et al., 2007 provides an
interesting insight into the role of the insula in effort based
decisionmaking. In this study, the authors demonstrated that
persons that showed a more precise conscious detection of
bodily signals (i.e. heartbeat; suggesting increased processing
of bodily signals in the insular cortex; Critchley et al., 2004;
Pollatos et al., 2005) also invested significantly less physical
effort in a situation permitting behavioural self-regulation of
effort. This indeed suggests that signals from the insula are
involved in effort based decision making (Herbert et al., 2007),
by signalling the adequacy of energetical resources.

It is important to distinguish energetical costs from harm
and punishment. While both reward and punishments can
motivate to engage in activities, both types of motivated
behaviour are associated with energetical costs. The results of
the experiments described in this section, suggest that neural
structures in the brain are capable of comparing predicted
rewards associated with performing a task to the energetical
costs involved. Behaviour will only proceed if this analysis
turns out favourably towards spending (additional) energy.

In summary then, there is good evidence that the brain is
well equipped to perform analyses involving both the cost and
benefits of behaviour and that this information is used to
decide whether or not an action is worth performing (Gehring
and Willoughby, 2002; Rushworth et al., 2004). Multiple brain
areas have been shown to be involved in this form of effort
based decision making, including the ACC, NAc, BLA and
insular cortex (see Fig. 1). We propose that, in addition to
information on reward value, also information on the current
physiological state and energetical resources (signalled by the
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insula), as well as expected effort required to obtain rewards
(or avert negative events) is integrated, most likely by the ACC,
to allow for optimal decision making based on the evaluation
of both rewards and potential energetical costs of courses of
action. In turn, projections from the ACC impact on activity in
the BLA and NAc, modulating the energizing of current
behaviour. This way, behaviour is guided by comparing the
current state to the predicted future state in terms of both
rewards and energetical condition of the body, energizing
behaviour only when the predicted state is valued higher than
the current state.

Although the majority of experiments described in this
section were conducted on animals, these findings apply to
humans as well. Granted, our daily activities seem markedly
different from a cheetah chasing antelopes on the African
plains or from rats trying to climb barriers in some maze to
obtain food pallets. But our goalsmay not be so fundamentally
different. As already mentioned, research indicates (e.g.
Ljungberg et al., 1992; Mirenowicz and Schultz, 1994) that
while primary rewards, like food, initially elicit dopaminergic
activation, this activation decreases progressively and is
transferred to reward-predicting stimuli when the association
between the primary reward and the predicting stimulus is
learned (Schultz, 2002). Thismechanismmakes us findmoney
rewarding (it makes us ‘want’ money), for example, because
money is a very good predictor of us being able to obtain more
primary rewards (i.e. we can buy food with it). To take this
point further: the pursuit of a career is a goal that at first
glance seems rather abstract, but is indeed associated with
high expected rewards like the ability to obtain lots of primary
food rewards and even with increased chances of finding an
attractive mate.

Some interesting results by Erk and co-workers (2002)
support this view. In this study, men were presented with
photographs of different types of cars: sport cars, middle-sized
cars and small cars. More attractive cars elicited stronger
activations in several reward related brain areas, including the
ventral striatum andmOFC, as well as in the ACC. The authors
suggest that sports cars activate the reward system because
these cars signal social dominance, which is a strong predictor
of primary rewards.

Additionally, one could argue that the definition of effort in
studies involving rats climbingbarriers (physical effort)maybe
different from effort that is most relevant for the current
discussion (cognitive effort). However, it is important to realize
that our brains evolved under circumstances where effort was
predominantly physical in nature. It is plausible that these
same neural structures are now involved in evaluating effort
that is more cognitive or mental in nature. Indeed, it is well
established that even the ability to invest physical effort, has a
large ‘central’ component (Schillings et al, 2003). Hence, we
propose a neural system evaluating both mental and physical
effort that is involved in determining whether a particular
mental of physical activity should be engaged in or not.
5. Mental fatigue: The costs of acting

The fact that our brain can process information on both the
potential benefits and the potential costs involved in working
in order to reach goals enables it not only to determine
whether an expected outcome of behaviour is desirable, it can
also determine whether a particular action is actually worth
performing (Rushworth et al., 2004). For any action to be worth
performing, the desirability of the expected outcome should
outweigh the potential energetical costs.

We propose that the feeling of fatigue may result from the
subconscious analyses of cost and benefits to expend energy,
or to conserve energy (Tops et al., 2004; Boksem et al., 2006).
People will only expend energy on a certain task when
(energetical) costs are comparably low and benefits (high
reward, low punishment) are comparably high. This will be
the case when behaviour can be expected to bring long-term
or short-term rewards, when not performing the task would
have negative consequences, or when current behaviour is
intrinsically motivating (i.e. the behaviour is ‘fun’). However,
when tasks have to be performed for prolonged periods of
time, the amount of energy invested in performance builds up
until it eventually outweighs potential rewards, resulting in a
decrease in the motivation to work for rewards that fail to be
procured. Thus, we propose that the feeling of fatigue
corresponds to a drive to abandon behaviour when energetical
costs exceed perceived benefits of continued performance.

Indeed, when the perceived energetical costs of task
performance come to exceed the motivation to obtain reward
or avoid punishment, the present activities may be aban-
doned, and perhaps a potentially more rewarding activity will
be engaged in. Alternatively, people can try to minimize the
energetical costs of performance by choosing behavioural
strategies that require minimal levels of effort (Boksem et al.,
2006). In doing so, energetical cost are minimized, resulting in
a more positive evaluation of costs and benefits.

In one of our own experiments (Boksem et al., 2006), we
addressed the issue of the relationship between fatigue and
(lack of) motivation to continue task performance. We
manipulated motivation by offering our subjects a certain
amount of money if they were to be one of the 50% top
performing subjects, after they had already performed that
task for two consecutive hours. If fatigue can indeed be viewed
as involving motivated cost/benefit decisions, the increased
reward should lead to a better balance between energetical
costs and perceived rewards, thus counteracting the effects of
fatigue.

This is exactly what we found. In this experiment, we
recorded Event-Related Potentials (ERPs) as well as obtaining
behavioural measures. Of special interest to us was the Error-
Related Negativity (ERN) or Error Negativity (Ne). The ERN/Ne
consists of a large negative shift in the response locked ERP
occurring after subjects have made an erroneous response
(Falkenstein et al., 1990; Gehring et al., 1990) and is generated
in the ACC (Dehaene et al., 1994), which is, as we have seen, a
structure of central importance in the processing of reward,
punishment and effort demands.

Importantly, Holroyd and Coles (2002) proposed that the
ERN/Ne results from a phasic decrease in activity of mesence-
phalic dopaminergic neurons following an error in reward
prediction (i.e. when rewards are less than expected). This
decrease in activity in DA activity in the striatum in turn
results in a disinhibition of the apical dendrites of motor
neurons in the ACC, producing the ERN/Ne (Holroyd and
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Yeung, 2003). In addition, many studies have shown the ERN/
Ne to be related to motivational processing: when by task
instructions the motivation to perform well is reduced, a
reduction in ERN/Ne amplitude can be observed (Gehring
et al., 1993). Indeed, motivation appears to be essential for
observing a robust ERN/Ne (Gehring et al., 1993; Gehring and
Knight, 2000) and Bush et al. (2000) argued that ERN/Ne and
related ACC activity represent a general evaluative system
that processes the motivational significance of events.

What we found was that the ERN/Ne was significantly
reduced in fatigued subjects, while motivating these fatigued
subjects resulted in increased ERN/Ne amplitudes (Lorist et al.,
2005; Boksem et al., 2006). These findings appear to fit well
with our hypotheses that mental fatigue involves a negative
motivational evaluation of the costs and benefits associated
with current behaviour. The ACC, and also the striatum (the
NAc in particular) had already been shown to be key structures
that enable the brain to perform such analyses (Walton et al.,
2002; Salamone et al., 1994). As the ERN/Ne is proposed to
result from activity in both striatum and ACC (Holroyd and
Coles, 2002), we interpreted our findings of a reduced ERN/Ne
in fatigued subjects which can be reversed by providing
additional rewards, as strongly corroborating our hypotheses.
In addition, because the DA neurotransmitter has a central
role in the regulation of the propensity for expending energy
(Neill and Justice, 1981; Salamone et al., 1999; Szechtman et al.,
1994), and has also been proposed to be involved in generating
the ERN/Ne, these findings suggest that DA may be primarily
involved in mental fatigue. Indeed, mental fatigue has been
causally linked to hampered dopaminergic functioning in
striato-thalamo-cortical fibres (Chaudhuri and Behan, 2000,
2004; Lorist and Tops, 2003). Chaudhuri and Behan (2000)
propose that fatigue is a symptom of diseases that affect the
basal ganglia, disrupting the integration of perceived reward
value in the initiation of voluntary activities (Nauta, 1986). The
Basal ganglia have been shown to be highly vulnerable to
multiple neurodegenerative processes, including invasion of
viruses and pro-inflammatory cytokines (Pradhan et al., 1999).
Observations in patients suffering from several different
diseases with fatigue as a major symptom suggest that the
basal ganglia are involved in mental fatigue. Dysfunctions of
the basal ganglia have been observed in disorders including
Parkinson's disease, Multiple sclerosis, Alzheimer's disease
and chronic fatigue syndrome (see Chaudhuri and Behan, 2000
for a review). Further supporting this hypotheses, it has been
shown that bilateral lesions of the pallidum (part of the basal
ganglia) result in profound fatigue and poor initiative in
executive functions (Ghika et al., 1999). Moreover, a generator
model of fatigue has been postulated in post poliomyelitis and
post viral fatigue syndromes, implicating damage to multiple
brain areas including the DA pathways and the basal ganglia
(Bruno et al., 1998).

Although mental fatigue as a daily phenomenon most
probably does not involve damage to these structures, these
findings do suggest that a down regulation of DA in these
neural pathways is involved in mental fatigue. As we have
seen, these DA pathways and also the basal ganglia (the NAc
in particular) are major efferent targets of ACC, OFC, BLA and
insula. This way, activity in NAc and midbrain DA is
modulated by effort/reward-based decisions, such that
increased perceived effort compared to predicted rewards
results in a down regulation of DA activity in NAc and
midbrain DA.
6. Mental fatigue and control

As already mentioned in the introduction, there will be a
reduced probability that the selection of actions will be
controlled by high-level regulatory control processes (Lorist
et al., 2000; Meijman, 2000), when people become fatigued.
Van der Linden and colleagues (2003a, 2003b; 2006) showed
that fatigued subjects had difficulties in focusing their
attention, planning, and adaptively changing strategies in
the face of negative outcomes. In addition, our own work
shows that fatigued subjects were less able to prepare
themselves for responding (Boksem et al., 2006) and had
increasing difficulties in sustaining attention and ignoring
irrelevant information (i.e. increased distractibility; Boksem
et al., 2005). In addition, we showed that subjects corrected
their erroneous responses less often and that post error
performance adjustment was impaired (Lorist et al., 2005;
Boksem et al., 2006).

The PFC is strongly involved in generating these regulatory
cognitive control processes. Because of its connectivity with
neocortical sensory and motor systems and various subcor-
tical structures, the PFC provides an ideal infrastructure for
integrating the diverse range of information that is needed for
complex behaviour. In addition, the PFC projects back to these
systems, providing it with a means to exert top–down
influence over a large array of brain processes (Pandya and
Barnes, 1987; Goldman-Rakic, 1987). Importantly, DA (Durste-
witz et al., 1999, 2000; Miller and Cohen, 2001) projections to
the PFC have been show to be of central importance to these
cognitive control processes.

DA may be involved in sustaining PFC activity over longer
periods of time, enabling us to persist toward goals, protecting
our goal relevant task representations from disruption by
irrelevant, distracting information (Durstewitz et al., 1999,
2000). Indeed, one of the classic signs of PFC damage is
increased distractibility: ‘frontal’ patients seem unable to
focus on a task or ignore irrelevant distracting stimuli (Duncan
et al., 1996). This is remarkably similar to what has been found
with mentally fatigued subjects (e.g. Van der Linden et al.,
2003a, 2003b, 2006).

Recently, Sarter et al., (2006) proposed that increasing
attentional effort as a result of challenging circumstances (like
prolonged task performance) is strongly dependant on the
motivation to maintain or recover task performance. They
present a model describing the interactions between cortical,
mesolimbic and dopaminergic systems that are considered
essential for activating attentional systems. Acetylcholine
(Ach) projections to the PFC have been shown to be involved in
attention and top–down control of behaviour (Sarter et al.,
2001; Sarter and Parikh, 2005). In turn, ACh neurons in the
basal forebrain receive extensive projections from the brain
structures involved in reward processing, most notably the
NAc. In their review, Sarter and colleagues provide convincing
evidence suggesting that these NAc outputs are capable of
activating the PFC circuitry that is involved in attention and
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cognitive control (Christakou et al., 2004; Himmelheber et al.,
2000; Miner and Sarter, 1999), when motivation to maintain
performance is high.

This model also suggests that changes in DA activity in
the NAc in response to detrimental challenges, such as
prolonged task performance, may attenuate activity in ACh
projections to the PFC and thereby lead to reduced atten-
tional performance and cognitive control. Since deficits in
attention and top–down control have been observed in
fatigued subjects (see above), interactions between the DA
and ACh projection systems may prove to be fundamental to
the changes in performance due to mental fatigue. Thus,
reduced activity in neural structures signalling reward value,
may lead to reduced activity in DA and ACh projections to
the PFC, resulting in impairments in attention and cognitive
control processes.
7. Why fatigue?

Although this seems to suggest that fatigue is only detri-
mental to performance and goal-directed behaviour, we argue
that this is not the case. Instead, we propose that fatigue can
best be considered as an adaptive signal that the present
behavioural strategy may no longer be the most appropriate,
because it continues to demand effort while substantial effort
has already been invested and the goal evidently has not yet
been achieved. Fatiguemay provide the cognitive systemwith
a signal that encourages the organism to lower present goals
and/or seek lower effort alternative strategies.

Indeed, we argue that integration of immediate needs, like
rest, is essential for realizing long-term goals. Ignoring these
short-term goals would havemajor negative consequences for
other, less immediate goals. When people are fatigued, these
long term goals suffer more andmore competition from these
short term goals, that are directed at maintaining general well
being. In this view, fatigue may not involve an impairment of
goal directed behaviour, but instead involve a change in the
goals towards which behaviour is directed; from long-term
goals to more immediate goals. Indeed, as Whishaw and
Kornelsen (1993) have shown, lesioning the NAc (an integral
part of the neural substrate we proposed for mental fatigue)
leads rats to still eat their food on the spot, while failing to
hoard some of it for later consumption.

We propose that the alterations of DA and ACh influx into
the PFC that occur with prolonged task performance is
adaptive in the sense that it signals the need to abandon or
change the ongoing behaviour in such a way to promote
energy conservation or change the focus of attention to other,
perhaps more rewarding behaviours. In everyday life, it is
rarely useful to keep attention directed at one particular goal
for prolonged periods of time, while rewards remain forth-
coming. In this view it may even be considered adaptive that
the reduced influx of DA and ACh in the PFC results in
increased distractibility (i.e. goals become less activated),
which would promote exploratory behaviour in search of
other, perhaps more rewarding goals.

In summary, the feeling of fatigue provides us with a signal
that tells us to put the brakes on. Energy is every organism's
most valuable resource and there should be constraints on
how it is spent. Efficient spending and conservation of energy
results in the greatest chances of survival, which makes the
phenomenon of fatigue highly adaptive.
8. Beyond control

Choosing courses of action based on an analysis of costs and
benefits is highly adaptive and efficient, but only when one is
free to choose between various action alternatives (i.e. the
situation is controllable). In everyday life, especially in the
work environment, this control over the situation is often
lacking. High workload, high demands on cognitive functions,
and fixed production quotas limit the possibilities of employ-
ees to choose lower effort alternatives when they perceive
effort to become too great compared to the perceived rewards.

Ominously, working overtime has been suggested to lead
to high blood pressure, cardiovascular disease (Beckers et al.,
2004), mental health problems (Van der Hulst, 2003; Sparks
et al., 1997), and even death (Harati, 1998). As already
mentioned in the introduction however, working overtime
per se has not been shown to lead to significant fatigue (Sparks
et al., 1997; Park et al., 2001). Indeed, working long hours has
been shown not to be detrimental at all, when people can
control when theywork and howmuch theywork (Hockey and
Earle, 2006) and, significantly, when they perceive the rewards
of their work (in terms of payment, but also recognition) as
high (Siegrist, 1996). Van der Hulst and Geurts (2001) suggest
that working overtime does not result in detrimental health,
while low job-rewards do. In other words, high workload only
results in fatigue when rewards associated with work are low.

When the work situation is uncontrollable, people are
forced to override the signal of imminent fatigue that results
from an imbalance of perceived costs and benefits associated
with their work. The ability to override this signal is in itself
adaptive as well, for example in emergency situations, in
which case the importance of the emergency outweighs the
possible costs. However, overriding this signal for prolonged
periods of time comes at a price in the form of stress, which in
time can lead to damage (McEwen and Wingfield, 2003). This
may be fundamental to disorders that are characterized by
long-term fatigue, like burnout.

Although the exact mechanism through which fatigue
takes on a more chronic form is poorly understood, it may
involve the hypothalamic–pituitary–adrenal axis (HPA axis). In
demanding situations (i.e. situations that require increased
effort and involve low perceived rewards), the body has to
mobilize additional energetical resources to cope with this
situation. The hormone cortisol is primarily involved in
energy mobilization (Sapolsky et al., 2000), perhaps by
indirectly disinhibiting DA function. Cortisol indeed increases
dopaminergic activity (Schatzberg et al., 1985; Dallman et al.,
2006) and feelings of energy (Tops et al., 2006b, 2007). However,
when a stressful situation of high energetical costs and low
perceived benefits persists (i.e. the situation of low energetic
efficiency is chronic/uncontrollable), this results in a down
regulation of cortisol, promoting conservation of energy
(Porges, 2001; McEwen and Wingfield, 2003; Tops et al., 2008).
This reduction in DA activity, may result in a permanent
decrease in the motivation to expend energy, feelings of
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detachment and a withdrawal from the work environment
(Tops et al., 2007).

Indeed, low levels of cortisol have been found to be
characteristic for a highly co-morbid group of syndromes
that share the primary symptom of fatigue, like burnout,
chronic fatigue syndrome, posttraumatic stress syndrome,
atypical depression and fibromyalgia (e.g. Fries et al., 2005).
Furthermore, cortisol inhibits activity of pro-inflammatory
cytokines, and these immune system communication mole-
cules have been associated with chronic fatigue (Patarca-
Montero et al., 2001). Disinhibition of pro-inflammatory
cytokine activity by low cortisol levels may induce fatigue
and somatic symptoms. Pro-inflammatory cytokines are high
in situations when energy is preferably allocated to immune
function instead of to mechanisms of behavioural coping
(Kelley et al., 2003).

Although there is a striking similarity between the
involvement of cortisol in energy efficiency regulation in
chronic forms of fatigue and the effort–reward imbalance we
propose to be central to acute feelings of fatigue, data on the
precise mechanism by which (repeated) acute fatigue results
in chronic fatigue is currently lacking. More research is
required on the potential role of cortisol in acute fatigue. In
addition, structural changes in DA and other neurotransmitter
systems in subjects suffering from chronic fatigue symptoms
deserve further investigation (see Tops et al., 2007).
9. Individual differences

Are some more at risk for becoming fatigued than others?
Several studies have noted that people with personality
characteristics that increase chances of overriding the signal
of fatigue are at risk. These personality characteristics
include high perfectionism (Magnusson et al., 1996; White &
Schweitzer, 2000), high neuroticism (Johnson et al., 1996;
Prins et al., 2006) and low extraversion (Prins et al., 2006;
Watson et al., 1999). All these personality characteristics
relate to the way people invest effort and perceive rewards
and punishment.

Similar to high neuroticism, low extraversion has been
associated with increased perceptions of effort, exertion and
fatigue (Morgan, 1994; Watson et al., 1999), as well as lowered
preferred exercise intensity (Morgan, 1994) and lower vigour
(Depue and Collins, 1999; Watson et al., 1999). The personality
trait of extraversion relates to positive affect, vigour, and is
thought to reflect reward sensitivity and DA function (Depue
and Collins, 1999; Watson et al., 1999). Low scores on
extraversion have been identified as a risk factor in the
development of burnout (Bellani et al., 1996; Michielsen et al.,
2003) and chronic fatigue syndrome (Prins et al., 2006) and play
a role in a role in effort–reward imbalances (de Jonge et al.,
2000). As extraversion may reflect reward sensitivity, low
scores may predispose to perceiving costs as exceeding
potential rewards.

Neuroticism is characterized by vigilance and attention to
potential threat, caution and avoidance of errors (Eysenck,
1967; Gray, 1987; Perkins and Corr, 2005). People high on
neuroticism have been shown to outperform their low-
neurotic counterparts when a high level of effort has to be
invested (Smillie et al., 2006; Tamir, 2005), possibly sacrificing
immediate pleasure or well being to optimise task perfor-
mance (Tamir, 2005). In consequence, when performance has
to be maintained for a prolonged period of time and reward
motivation dissipates, these people experience a stronger
drive to avoid punishment associated with stopping. This
drives them to continue working, even though they do not feel
rewarded.

What puts these people high on neuroticism and perfec-
tionism at risk for becoming chronically fatigued is the fact
that they persevere even in the face of not reaching their goals
and not getting the rewards they work for. As already noted,
these rewards not only come in the form of money, but
probably primarily as positive social evaluation and apprecia-
tion of their work. In other words, these people just do not
know when to quit; either because they set their goals too
high, are afraid that their achievements will not be perceived
as up to the mark by others, or because they are more
concernedwith being punished for bad results thanwith being
rewarded for good results. Under these circumstances, people
perceive the benefits (rewards or non-punishment) of con-
tinuing performance as higher than most people would, so
they are willing to incur greater energetical and physiological
costs. If this stressful situation persists, this could lead to
chronic fatigue related illnesses. Indeed, fear of negative social
evaluation which is a characteristic feature of perfectionism
and neuroticism, has been related to high cortisol responses
(Dickerson and Kemeny, 2004). A history of frequent high
cortisol responses in these individuals may lead to protective
adaptations (low cortisol) that tend to prevent additional
responses, thus constraining further energetical output and
inducing feelings of fatigue (Miller et al., 2007; Tops et al.,
2008).
10. Summary

Our environment typically supports multiple goals, associated
with different magnitudes of reward. The OFC, BLA and insula
have been shown to be primarily involved in coding the
expected appetitive and aversive value that each option may
provide. This reward-related information may be relayed to
the ACC, where these sources of reward information may be
integrated to bias behaviour in a particular direction that is
predicted to result in the largest reward value.

In addition to information on reward value, also informa-
tion on the current physiological state and energetical
resources, as well as expected effort required to obtain
rewards (or avert negative events) is signalled in the insula
and integrated, most likely by the ACC, to allow for optimal
decision making based on the evaluation of both rewards and
potential engergetical costs of courses of action. Multiple brain
areas have been shown to be involved in this form of effort
based decision making, including the ACC, NAc, BLA and
insular cortex.

The feeling of fatigue may result from the subconscious
analyses of cost and benefits to expend energy, or to conserve
energy. Energy will only be expended on a certain task when
(energetical) costs are comparably low and benefits (high
reward, low punishment) are comparably high. Indeed, when
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the perceived energetical costs of task performance come to
exceed the motivation to obtain reward or avoid punishment,
the present activities may be abandoned, and perhaps a
potentially more rewarding activity will be engaged in.
Alternatively, people can try to minimize the energetical
costs of performance by choosing behavioural strategies that
require minimal levels of effort.

In summary, we propose that people will only be
motivated to engage in or continue activities when potential
rewards for performance are high, compared to the effort
required for these activities. However, when tasks have to be
performed for prolonged periods of time, the amount of
energy invested in performance increases compared to
potential rewards, resulting in a decrease in the motivation
to work for rewards that fail to be procured. Thus, we propose
that the feeling of fatigue corresponds to a drive to abandon
behaviour when energetical costs continue to exceed per-
ceived rewards of task performance.
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