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What are executive functions?
They’re functions that are deployed when control needs to be exerted  

§ Typically described as ‘supervisory’ or ‘controlling’

§ Deployed when a situation is novel or difficult

§ When you need to pay attention because there isn’t an automatic / habitual 
response to the problem or the automatic response would be inappropriate

Example: If your friend’s mobile phone rings on the table, you don’t normally pick 
it up and answer it, although you might under certain circumstances

§ When several cognitive processes need to be co-ordinated

§ Or when you need to shift from one type of process to another



Magazine
R111

technological advances over the last 
forty years, however, have established 
links between performance of certain 
paradigms which putatively make 
demands upon executive processes 
and the operation of prefrontal cortex, 
as assessed by human lesion studies, 
functional neuroimaging, and other 
methods (such as electrophysiology). 

There are many such tasks that 
can be used in work on humans: the 
Wisconsin Card Sorting Test, the Tower 
of London test, the Trail-Making Test 
and the Hayling Sentence Completion 
Test, to name but a few. What these 
tasks generally have in common 
is that they require processing 
beyond the instantiation of a single 
set of well- learned or directly cued 
associations between stimuli and 
responses. This may be, for instance, 
because they require: overcoming 
the tendency to enact strong 
stimulus–response associations that 
are currently not relevant (‘inhibition’); 
remembering and manipulating 
information over delay periods, 
especially in the face of interference 
(‘working memory’); switching 
between two or more alternative 
stimulus– response mappings 
(‘flexibility’); ‘(self-)initiation’, because 
there is an absence of external cues 
to prompt behaviour; development 
of a novel strategy or approach 
(‘strategy application’); or control of 
novel behavioural sequences over 
long periods of time (‘multitasking’ or 
‘prospective memory’, for example).

Similar progress has been made in 
work on animals, except that in this 
case work has largely concentrated 
on tasks that have the first three 
characteristics. It is now clear that the 
dynamics of these types of paradigm 
are complex, and that many other 
brain regions are involved in their 
performance. Moreover, the prefrontal 
cortex, especially in humans, probably 
supports many abilities that have 
so far received scant attention (for 
example, aspects of social behaviour 
or creativity). But the development 
of these procedures has opened up 
the possibility of objective evaluation 
of what once seemed scientifically 
intractable. Consequently, the field is 
currently one of the fastest growing in 
cognitive neuroscience.

Theoretical accounts of executive 
function
Patients with frontal lobe damage 
may present with a wide range 

of symptoms, which can occur in 
combination or singly. For this reason, 
many accounts of the organisation 
of the executive system have 
concentrated on finding principles that 
might explain, simultaneously, one or 
more of these symptoms. For instance, 
impulsivity and a failure to pursue 
goals over long periods of time are 
amongst the most common difficulties 
reported after frontal lobe damage. 
But, in other situations, frontal lobe 
damage can cause ‘perseveration’ (an 
inability to switch to a new behaviour 
when the previous one becomes 
inappropriate). How can these 
apparently contradictory patterns  
be reconciled?

Norman and Shallice put forward an 
influential framework for understanding 
executive function that can potentially 
account for both of these findings 
(Figure 1). According to this framework, 
behaviour is governed by sets of 
thought or action ‘schemas’. A schema 
is a set of actions or cognitions that 
have become very closely associated 
through practice. These schemas can 
become activated in two distinct ways. 
First, they can be triggered by events 
in one’s environment. For example, 
when driving, the schema to brake 
can be triggered by the sight of a red 
light (if you are an experienced driver). 
Environmental triggering of schemas 
can be sufficient to accomplish 
appropriate behaviour in routine 

situations involving well-learned links 
between particular events in our 
environment and particular ways of 
behaving. However, in other situations, 
such as those involving novelty or 
where well-learned responses need to 
be inhibited, environmental triggering 
is inadequate and a second system 
is required to modulate the activity 
level of schemas. Norman and Shallice 
label this the ‘supervisory system’ and 
suggest that it is supported by the 
frontal lobes of the brain.

In some situations, environmental 
triggers lead to the activation of one 
schema, but an alternative schema 
needs to be selected. In these 
situations, damage to the supervisory 
system will make it more likely that the 
previously relevant schema, triggered 
by environmental events, will continue 
to be selected, leading to excessive 
behavioural rigidity. In other situations, 
where the task in hand is not strongly 
cued by environmental events, a 
reduction in supervisory input may 
lead to the triggering of inappropriate 
behaviour by salient objects in the 
environment, leading to excessive 
distractability. Thus, damage to the 
supervisory system could explain 
excessive rigidity, and also excessive 
distractibility, both of which have been 
reported to occur following damage to 
the frontal lobes.

Various other frameworks for 
understanding executive function 

Sensory information Schemas Response systems

Supervisory system

Current Biology

Figure 1. The ‘Supervisory System’ model of executive functions. 
According to this model, behaviour is controlled by schemas, which may appropriately be trig-
gered by incoming perceptual information in routine situations; but in non-routine situations, the 
executive functions of the Supervisory System are called upon to modulate their level of activity. 
The Supervisory System is now thought to be composed of multiple, interacting, sub-systems.  
This illustration is based particularly on the framework put forward by Norman and Shallice  
(see Shallice, 1988). However, other frameworks, such as those presented by Duncan (2001)  
and Miller and Cohen (2001) have strong similarities.

Supervisory attentional system model
A general model to explain executive functions | Norman and Shallice

Comes into play when 
non-routine 
or novel situations 
arise, when automatic 
responses might not 
be appropriate



Orchestration of behaviour

§ Initiate

§ Maintain / Sustain / Invigorate / Energize

§ Stop ongoing action / Inhibit prepotent response

§ Monitor consequences of behaviour / error monitoring

§ Switch to a different behavioural set / set shifting / mental flexibility

§ Working memory: manipulation of items in short term memory

§ Planning and prioritization

§ Multi-tasking

§ Social / emotional regulation

§ Strategic retrieval and selection of information from episodic memory

They’re functions deployed when control needs to be exerted  



When executive function breaks down
Executive function Associated executive dysfunction Clinical presentation /

Behavioural disorder
Task initiation and energization Reduced self-generated behaviours

Procrastination
Akinetic mutism, abulia, apathy. Reduced 
fluency

Sustain attention / maintain actions Poor ability to stay on task or sustain attention Distractible

Response inhibition Difficulty inhibiting behaviours
Acting ’without thinking’

Disinhibited

Self or error monitoring Lack of awareness when errors or inappropriate responses 
are made

Unaware and inability to learn from 
mistakes

Cognitive flexibility
Shifting behavioural set

Rigid thinking / stuck on thoughts, concepts or how to solve 
problems

Inflexible / perseverative

Working memory Difficulty holding or manipulation information ”on-line” 
required to perform tasks

Difficulty following instructions or solving 
problems

Multi-tasking Difficulty co-ordinating activities simultaneously or 
sequentially

Difficulty solving tasks that require multi-
tasking

Planning and prioritization Poor planning / organizational skills
Inefficient use of time

Difficulty making decisions or completing 
tasks

Social / Emotion regulation Poor social skills, empathy, emotional lability, frustration 
with self / others

Socially and/or emotionally inappropriate

Strategic retrieval from episodic 
memory

Incorrect or inappropriate recall of information for the 
context

Confabulation 



Executive function tests
Executive function Cognitive measure Example of test
Task initiation and energization Verbal fluency

Non-verbal (e.g. design) fluency
Words beginning with F; designs joining 
four dots on a grid in a minute

Sustain attention / maintain actions Sustained attention Continuous performance test

Response inhibition Inhibition of pre-potent response Go / No Go; Stroop; Hayling tests

Self or error monitoring Error detection and correction Perseveration on Wisconsin card sort test

Cognitive flexibility
Shifting behavioural set

Set shifting
Switch cost

Wisconsin card sort test
Trail making B

Working memory Verbal working memory forwards and backwards
Visuospatial working memory forwards and backwards

Digit span (forwards and reverse)
Corsi blocks (forwards and reverse)

Multi-tasking Optimal allocation of time Multiple errands; six elements tests

Planning and prioritization Planning and problem solving Tower of London / Tower of Hanoi tests

Social / Emotion regulation Ability to infer the thoughts of others Tests of theory of mind

Strategic retrieval from episodic 
memory

Recall and recognition Word list learning; source memory tests; 
autobiographical memory
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Theory of mind
Assessed for example using the Faux pas (breach of etiquette)  test

Example:
Jill had just moved into a new apartment. Jill went shopping and bought some new curtains for her 
bedroom. When she had just finished decorating her apartment, her best friend, Lisa, came over. 
Jill gave her a tour of the apartment and asked, “How do you like my bedroom?”

“Those curtains are horrible” Lisa said, “I hope you are going to get some new ones!”

Q1 Did Lisa know the curtains were new?

Q2 Did someone say something they shouldn’t have?

For example of findings in patients with frontal lobe dysfunction, see Torralva et al (2009) Brain
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Executive functions are not just ‘frontal’
Frontoparietal system – ‘Mulitple demand’ system – identified across studies

Duncan (2013) Neuron

More telling are the results of single-subject analyses. Using
one task as a localizer for MD voxels in a single subject’s brain,
Fedorenko et al. (2013) went on to ask how these same voxels
behaved in the other six tasks (see also Stiers et al., 2010;
Wojciulik and Kanwisher, 1999). For all major regions shown in
Figure 2B, results were similar; in individual subjects, voxels
with strong response to the localizer also showed increased
activity for other cognitive demands. In individual subjects, tell-
ingly, MD regions were often immediately adjacent to regions
with a very different functional profile, responding to increased
difficulty neither in the localizer nor in other tasks. In left lateral
frontal cortex, for example, a typical MD region often surrounded
a quite different region, showing selective activity for language
(Fedorenko et al., 2012; see Figure 2C). In a control region of
the temporal lobe, equivalent analyses suggested no MD voxels
in single subjects, i.e., no voxels with common response to mul-
tiple cognitive demands. Taken together, these data show tightly
localizedMD activity, varying in exact pattern from one person to
another but with a highly consistent overall topography in frontal
and parietal cortex.

To link imaging results to electrophysiology, a critical question
is correspondence between human and animal systems. In the
macaque, one fMRI study comparing pro- and antisaccades
showed activity in lateral frontal, dorsomedial frontal, and parie-
tal cortex, reminiscent of the human MD pattern (Ford et al.,
2009). Somewhat similar patterns have also been obtained by
a simple comparison of visual stimulation versus fixation
(Stoewer et al., 2010) and by analysis of correlations in resting
state data (Sallet et al., 2013; though see Mantini et al., 2013).
In support of these functional data, anatomical studies confirm
connections between lateral frontal, dorsomedial frontal,
parietal, and insular regions (e.g., Cavada and Goldman-Rakic,
1989; Goldman-Rakic, 1988; Mufson and Mesulam, 1982).
Activity crossing multiple task demands suggests functions of

importance in many different kinds of cognition. In the following
sections, I suggest that the core function of the MD system is to
control complex behavior in a series of attentional episodes. In
multiple MD regions, I suggest that neurons have highly dynamic
response properties, adapting to code the specific information
and events within the current attentional focus (Duncan, 2001).
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intraparietal 
sulcus

premotor cortex

inferior frontal 
sulcus

anterior insula / 
frontal operculum

pre-SMA / anterior cingulate

Figure 2. Multiple-Demand System in the Human Brain
(A) Activity pattern for hard minus easy contrast in tasks tapping multiple cognitive domains (top to bottom: remembering word/nonword strings, arithmetic,
spatial working memory, verbal working memory, and three versions of resisting response conflict).
(B) Mean hard minus easy activity pattern across all seven tasks. Generally bilateral activity has been captured by averaging across left and right hemispheres,
and projecting the resulting mean image onto the right. Included in the full multiple-demand (MD) pattern are a posterior strip of the lateral frontal surface, from
premotor cortex to the frontal operculum and anterior insula; an anterior-posterior strip extending along the inferior frontal sulcus; a dorsomedial strip extending
from pre-SMA to the dorsal part of the anterior cingulate; and activity along the length of the intraparietal sulcus. At least in visual tasks, accompanying activity is
generally seen in higher visual areas. Outside the cerebral cortex, activity is also seen in the medial cerebellum and elsewhere.
(C) Left hemisphere activity for two example participants, showing closely adjacent MD (blue; greater activity in memory for nonword strings versus sentences)
and language (red; reverse contrast) regions. Adapted with permission from Fedorenko et al. (2013).
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Fractionation of the ‘dysexecutive syndrome’
Different cognitive deficits associated with different frontal lesions

There is other support for this model of discrete functional
categories within the frontal lobes. Comparative anatomical
studies and mapping of human brain development have
identified two main frontal systems—a lateral one with pri-
marily bidirectional connections to and from posterior cor-
tices (executive) and an inferior/medial one with prominent
limbic connections (emotional) (Pandya & Yeterian, 1996).
These two systems are ‘‘energized’’ by the superior medial
region. The frontopolar region—both phylogenetically and
ontogenetically late developing—integrates the executive
and the emotional processes. Of the exquisitely mapped,
vertically segregated frontal–subcortical circuits (Alexander
et al., 1986), three align with our categories of energization,
executive, and emotional. The frontopolar region (integrative
function) does not have major frontal–subcortical connec-
tions precisely because its role is integrating processes within
the frontal lobes and with other regions (Petrides & Pandya,
2007). See Figure 1.

Brain Systems and Networks

Our goal was to understand and fractionate the functions of
the frontal lobes. For each frontal cortical functional region,
there is a connection with a specific basal ganglia area, con-
tinuing to a defined-thalamic region. Are the functions of the
connected regions the same? This question needs to be pursued

using similar operational definitions of processes as those out-
lined in the frontal patients. However, the demonstration of a
parallel functional separation within the subcortical regions will
be difficult, because of the smaller size of these areas. For
example, in several of our studies (Stuss et al., 1998, 2000),
patterns of performance after basal ganglia damage were similar
to frontal patterns but, other than left–right differences, further
distinctions could not be isolated. One interesting approach
has been the use of deep brain stimulation in the subthalamic
nucleus to demonstrate an alteration in a frontotemporal
network related to the performance of a verbal fluency task
(Schroeder et al., 2003).

Similar questions could—and should—be raised about the
functional similarities and dissimilarities in other frontal
networks. We have pursued the question related to fronto-
cerebellar connectivity. If characterization of patients is strict,
and patients are studied in a chronic stage of recovery with
lesions limited to the cerebellum, the functional similarity is
quite limited and specific (Alexander, Gillingham, Schwei-
zer, & Stuss, in press; Schweizer, Alexander, Gillingham,
Cusimano, & Stuss, 2010). The potential specific role of
white matter pathways also needs to be investigated.

Understanding the role of specific brain regions within the
frontal lobes is not phrenology; analysis of the simple tasks
and how different regions, frontal and non-frontal, are
required depending on task demands and difficulty, identifies

Fig. 1. This figure illustrates the frontal cortical—basal ganglia—thalamic circuits, supporting the fractionation of the
frontal functional regions. Area 10 is not part of this circuitry, and is schematically presented in its polar location to suggest
its integrative functions. For an expanded explanation of the anatomical and functional connections of Area 10 with other
brain regions, see Gilbert, Gonen-Yaacovi, Benoit, Volle, & Burgess (2010) and Petrides and Pandya (2007). The figure
also serves as a summary of the findings. STG 5 superior temporal gyrus; Right/Left 5 cerebral hemispheres.

762 Stuss

Stuss (2011) J Int Neuropsyhcological Soc
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Both behavioural and cognitive changes occur but not uniformly | Data from 828 patients

Godefroy et al  (2018) Cortex

(Godefroy et al., 2014b, 2016b; Lyketsos et al., 2002; Ready,
Ott, Grace, & Cahn-Weiner, 2003; Vliet et al., 2003). A

similar profile (albeit with lower frequencies) is observed in
amnestic mild cognitive impairment (Gibbons et al., 2012;
Godefroy et al., 2010a; Hwang, Masterman, Ortiz, Fairbanks,
& Cummings, 2004; Kramer et al., 2006; Lyketsos et al.,
2002), where apathy is associated with an increased risk of
conversion to dementia (Vicini Chilovi et al., 2009). These
observations indicate that executive function disorders are
the second most common disorders in the pre-dementia and
mild dementia stages of amnestic Alzheimer's disease. The
typical pattern of executive function disorders in Alz-
heimer's disease must be distinguished from the dysex-
ecutive/behavioral form of Alzheimer's disease, which is

defined as either prominent dysexecutive behavioral
changes meeting the criteria for frontotemporal dementia
(Rascovsky et al., 2011) or prominent dysexecutive cognitive
disorders (defined as a greater impairment in cognitive ex-
ecutive tests than in memory tests) in patients with an Alz-
heimer's disease signature in biomarker assays or
neuropathologic assessments (Ossenkoppele et al., 2015).

According to the revised criteria for behavioral variant
frontotemporal lobar degeneration (bvFTLD), executive func-
tion disorders are highly prominent (Rascovsky et al., 2011).
Five behavioral disorders are major criteria: global hypo-

activity with apathy, loss of empathy, disinhibition (including
disorders of social behavior), stereotyped behavior, and
hyperorality. With the exception of global hypoactivity with
apathy, the pattern of behavioral disorder differs from that of
AD; euphoria and social disorders are far more frequent in
bvFTLD than in AD (Narme, Mouras, Roussel, Devendeville, &
Godefroy, 2013a; Zamboni, Huey, Krueger, Nichelli, &

Grafman, 2008). Accordingly, a study with an autopsy-
verified diagnosis showed that social disorders and hyper-
orality were more specific for frontotemporal lobar degener-
ation than for AD (Rosen et al., 2002). With regard to cognitive

disorders, the prominence of executive function disorders
over episodic memory and visuospatial task impairments is a
major diagnostic criterion (Rascovsky et al., 2011). The fre-
quency of impairment in executive function tests is roughly
the same in bvFTLD and AD, with the exception of more se-
vere impairment of verbal fluency (and especially literal

fluency) in bvFTLD (Narme et al., 2013; Rascovsky, Salmon,
Hansen, Thal, & Galasko, 2007). However, broad overlap be-

tween these diseases decreases the usefulness of these tests
in clinical practice. The assessment of socio-emotional pro-
cesses is more useful for this purpose, since these processes
are more severely impaired in bvFTLD (Henry, Phillips, & von
Hippel, 2014; Lough et al., 2006; Rosen, Pace-Savitsky, Perry,
Kramer, & Miller, 2004) and thus distinguish well between AD
and bvFTLD (Funkiewiez et al., 2012; Narme et al., 2013a).

In Lewy body disease, the presence of prominent attention
and executive function disorders has been included in the
revised diagnostic criteria (McKeith et al., 2005). Attention
disorder appears to be particularly prominent and affects
sustained alertness, as shown by reaction time tests (Bailon,

Roussel, Boucart, Krystkowiak, & Godefroy, 2010; Ballard
et al., 2002). To the best of our knowledge, the executive
function disorders in Lewy body disease have not been char-
acterized with a systematic battery.

In Parkinson's disease, prominent cognitive executive
function disorders have been widely documented at the mild
cognitive impairment stage (Emre et al., 2007). The dysex-
ecutive profile is characterized by marked impairments in
deduction, inhibition and flexibility in the cognitive domain
and by global hypoactivity, hyperactivity and disorders of
eating, sexual and urinary conduct in the behavioral domain

(Roussel et al., 2017; Starkstein, Mayberg, Leiguarda, Preziosi,
& Robinson, 1992). Recent studies have highlighted the pres-
ence of impulse control disorders (Molina et al., 2000;
Weintraub et al., 2010) and mild impairments of socio-
emotional processes (Dujardin et al., 2004; Gray et al., 2010;
Narme et al., 2013b; Sprengelmeyer et al., 2003). Deep brain
stimulation may contribute to impairment of verbal fluency
and the Stroop completion time (Martinez-Martinez, Aguilar,
& Acevedo-Triana, 2017; Parsons, Rogers, Braaten, Woods, &
Tr€oster, 2006; Smeding et al., 2006), a finding especially re-
ported when the posterosuperior region of the subthalamic

nucleus is stimulated (Lalys et al., 2013).
Inmultiple sclerosis, action slowing is considered to be the

major impairment, followed by impairments in deduction,
verbal fluency and inhibition (Deloire et al., 2005; Godefroy
et al., 2010a; Rao et al., 1989, 1991). The prominence of ac-
tion slowing prompted the inclusion of the digit symbol

Fig. 2 e Frequency (%) of behavioral (left) and cognitive (right) dysexecutive disorders in the main brain diseases in the
GREFEX cohorts (n ¼ 828 patients.). Note: TBI: Traumatic brain injury; MS: Multiple Sclerosis; D: disease; MCIa: amnestic
Mild Cognitive Impairment.
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(Godefroy et al., 2014b, 2016b; Lyketsos et al., 2002; Ready,
Ott, Grace, & Cahn-Weiner, 2003; Vliet et al., 2003). A

similar profile (albeit with lower frequencies) is observed in
amnestic mild cognitive impairment (Gibbons et al., 2012;
Godefroy et al., 2010a; Hwang, Masterman, Ortiz, Fairbanks,
& Cummings, 2004; Kramer et al., 2006; Lyketsos et al.,
2002), where apathy is associated with an increased risk of
conversion to dementia (Vicini Chilovi et al., 2009). These
observations indicate that executive function disorders are
the second most common disorders in the pre-dementia and
mild dementia stages of amnestic Alzheimer's disease. The
typical pattern of executive function disorders in Alz-
heimer's disease must be distinguished from the dysex-
ecutive/behavioral form of Alzheimer's disease, which is

defined as either prominent dysexecutive behavioral
changes meeting the criteria for frontotemporal dementia
(Rascovsky et al., 2011) or prominent dysexecutive cognitive
disorders (defined as a greater impairment in cognitive ex-
ecutive tests than in memory tests) in patients with an Alz-
heimer's disease signature in biomarker assays or
neuropathologic assessments (Ossenkoppele et al., 2015).

According to the revised criteria for behavioral variant
frontotemporal lobar degeneration (bvFTLD), executive func-
tion disorders are highly prominent (Rascovsky et al., 2011).
Five behavioral disorders are major criteria: global hypo-

activity with apathy, loss of empathy, disinhibition (including
disorders of social behavior), stereotyped behavior, and
hyperorality. With the exception of global hypoactivity with
apathy, the pattern of behavioral disorder differs from that of
AD; euphoria and social disorders are far more frequent in
bvFTLD than in AD (Narme, Mouras, Roussel, Devendeville, &
Godefroy, 2013a; Zamboni, Huey, Krueger, Nichelli, &

Grafman, 2008). Accordingly, a study with an autopsy-
verified diagnosis showed that social disorders and hyper-
orality were more specific for frontotemporal lobar degener-
ation than for AD (Rosen et al., 2002). With regard to cognitive

disorders, the prominence of executive function disorders
over episodic memory and visuospatial task impairments is a
major diagnostic criterion (Rascovsky et al., 2011). The fre-
quency of impairment in executive function tests is roughly
the same in bvFTLD and AD, with the exception of more se-
vere impairment of verbal fluency (and especially literal

fluency) in bvFTLD (Narme et al., 2013; Rascovsky, Salmon,
Hansen, Thal, & Galasko, 2007). However, broad overlap be-

tween these diseases decreases the usefulness of these tests
in clinical practice. The assessment of socio-emotional pro-
cesses is more useful for this purpose, since these processes
are more severely impaired in bvFTLD (Henry, Phillips, & von
Hippel, 2014; Lough et al., 2006; Rosen, Pace-Savitsky, Perry,
Kramer, & Miller, 2004) and thus distinguish well between AD
and bvFTLD (Funkiewiez et al., 2012; Narme et al., 2013a).

In Lewy body disease, the presence of prominent attention
and executive function disorders has been included in the
revised diagnostic criteria (McKeith et al., 2005). Attention
disorder appears to be particularly prominent and affects
sustained alertness, as shown by reaction time tests (Bailon,

Roussel, Boucart, Krystkowiak, & Godefroy, 2010; Ballard
et al., 2002). To the best of our knowledge, the executive
function disorders in Lewy body disease have not been char-
acterized with a systematic battery.

In Parkinson's disease, prominent cognitive executive
function disorders have been widely documented at the mild
cognitive impairment stage (Emre et al., 2007). The dysex-
ecutive profile is characterized by marked impairments in
deduction, inhibition and flexibility in the cognitive domain
and by global hypoactivity, hyperactivity and disorders of
eating, sexual and urinary conduct in the behavioral domain

(Roussel et al., 2017; Starkstein, Mayberg, Leiguarda, Preziosi,
& Robinson, 1992). Recent studies have highlighted the pres-
ence of impulse control disorders (Molina et al., 2000;
Weintraub et al., 2010) and mild impairments of socio-
emotional processes (Dujardin et al., 2004; Gray et al., 2010;
Narme et al., 2013b; Sprengelmeyer et al., 2003). Deep brain
stimulation may contribute to impairment of verbal fluency
and the Stroop completion time (Martinez-Martinez, Aguilar,
& Acevedo-Triana, 2017; Parsons, Rogers, Braaten, Woods, &
Tr€oster, 2006; Smeding et al., 2006), a finding especially re-
ported when the posterosuperior region of the subthalamic

nucleus is stimulated (Lalys et al., 2013).
Inmultiple sclerosis, action slowing is considered to be the

major impairment, followed by impairments in deduction,
verbal fluency and inhibition (Deloire et al., 2005; Godefroy
et al., 2010a; Rao et al., 1989, 1991). The prominence of ac-
tion slowing prompted the inclusion of the digit symbol
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Review

diagnosis without imaging or other confi rmatory test 
results. These criteria also present diffi  culties in their 
application due to under-specifi cation of some features 
and were derived by clinical consensus prior to the 
publication of quantitative studies comparing cohorts 
with pathologically verifi ed diagnoses. Recently proposed 
criteria developed by an international FTD research 
group (panel)64 build on recent work with operationalised 
defi nitions that have three levels of diagnostic certainty: 
possible, probable, and defi nite bvFTD. Patients qualify 
for possible bvFTD on the basis of three core behavioural 
or cognitive features (including social disinhibition, 
apathy, loss of empathy, stereotypic behaviours or 
alterations in eating pattern, and neuropsychological 
defi cits indicative of frontal executive dysfunction). A 
probable diagnosis requires the same clinical features 
with evidence of progression and unequivocal neuro-
imaging abnormalities. The term “defi nite” is reserved 
for those with neuropathology or a pathogenic gene 
mutation. These new criteria (panel) are currently 
undergoing validation against neuropathological changes 
by an international consortium of researchers.64

Neuropsychology
Cognition
Early in the disease process, patients with bvFTD can 
perform relatively well on formal neuropsychological 
tests despite the presence of signifi cant personality and 
behavioural changes.65 The mini mental state examination 
is insensitive, but the Addenbrooke’s cognitive 
examination seems to detect at least 90% of cases at 
presentation.66 The prototypical cognitive profi le is one of 
relatively preserved language and visuospatial/
constructive abilities. Whether patients with bvFTD show 
executive dysfunctions remains contentious,67,68 and has 
been complicated by the inclusion of phenocopy cases. 
However, such defi cits constitute a central diagnostic 
feature of the newly proposed clinical diagnostic criteria.64 
Recent evidence suggests that the combination of specifi c 
tests (eg, digit span backward task, Hayling test of 
response inhibition, and the short version of the executive 
and social cognition battery) might help diff erentiate 
these cases, because results are typically abnormal in 
patients with true bvFTD and normal in phenocopy 
cases.68,69

The presence of severe defi cits of episodic memory has 
been used as an exclusion criterion for a clinical diagnosis 
of bvFTD,5 although a proportion (10–15%) of patients 
with pathologically confi rmed FTLD present with severe 
amnesia.21,70 A recent report has indicated that defi cits in 
episodic memory are more common than previously 
reported.71 Carefully selected patients with bvFTD (ie, 
after excluding phenocopy cases) had similar memory 
impairments as seen in AD on tests of episodic memory, 
even after accounting for disease severity.71 The criterion 
of relative sparing of episodic memory compared with 
executive functions proposed in the recent international 

consensus criteria for bvFTD might need to be revisited 
in the light of current research.62

The evidence reviewed thus far indicates that no specifi c 
cognitive profi le seems to be associated with bvFTD early 
in the disease, although careful cognitive assessment will 
reveal defi cits, generally in the domains of executive 
function and episodic memory. With disease progression, 
the atrophy evolves to involve the anterior temporal 
regions, and the pattern of defi cits becomes less distinct 
from other FTD subtypes, notably semantic dementia.10

Panel: International consensus criteria for bvFTD

Neurodegenerative disease
Must be present for any FTD clinical syndrome 
Shows progressive deterioration of behaviour and/or cognition by observation or history

Possible bvFTD
Three of the features (A–F) must be present; symptoms should occur repeatedly, not just 
as a single instance:
A  Early (3 years) behavioural disinhibition
B  Early (3 years) apathy or inertia
C  Early (3 years) loss of sympathy or empathy
D  Early (3 years) perseverative, stereotyped, or compulsive/ritualistic behaviour
E  Hyperorality and dietary changes
F  Neuropsychological profi le: executive function defi cits with relative sparing of 

memory and visuospatial functions

Probable bvFTD
All the following criteria must be present to meet diagnosis:
A  Meets criteria for possible bvFTD
B  Signifi cant functional decline
C  Imaging results consistent with bvFTD (frontal and/or anterior temporal atrophy on 

CT or MRI or frontal hypoperfusion or hypometabolism on SPECT or PET)

Defi nite bvFTD
Criteria A and either B or C must be present to meet diagnosis:
A  Meets criteria for possible or probable bvFTD
B  Histopathological evidence of FTLD on biopsy at post mortem
C  Presence of a known pathogenic mutation

Exclusion criteria for bvFTD
Criteria A and B must both be answered negatively; criterion C can be positive for possible 
bvFTD but must be negative for probable bvFTD:
A  Pattern of defi cits is better accounted for by other non-degenerative nervous system 

or medical disorders
B  Behavioural disturbance is better accounted for by a psychiatric diagnosis
C  Biomarkers strongly indicative of Alzheimer’s disease or other neurodegenerative process

Additional features
A  Presence of motor neuron fi ndings suggestive of motor neuron disease
B  Motor symptoms and signs similar to corticobasal degeneration and progressive 

supranuclear palsy
C  Impaired word and object knowledge
D  Motor speech defi cits
E  Substantial grammatical defi cits

Criteria from Rascovsky et al.64 bvFTD=behavioural-variant frontotemporal dementia. FTD=frontotemporal 
dementia. SPECT=single-photon emission computed tomography. FTLD=frontotemporal lobar degeneration.

Associated with behavioural change and bilateral frontal atrophy 
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Magnetic resonance imaging

Acquisition

Structural MRI scans were available for 46/55 patients with
behavioural Alzheimer’s disease, 26/29 patients with dysexecu-
tive Alzheimer’s disease, 58/58 patients with typical
Alzheimer’s disease, 57/59 patients with behavioural variant
FTD, and 61/61 control subjects. At UCSF, T1-weighted
images were acquired on a 1.5 T (Magnetom Avanto
System/Magnetom VISION system, Siemens, n = 87) or 3 T
(Tim Trio, Siemens, n = 51) unit. At VUMC, MRI scans
were performed on a 1 T (Magnetom Impact, Siemens,
n = 21), 1.5 T (Sonata, Siemens, n = 23) or 3 T (SignaHDxt,
GE Healthcare, n = 66) unit. Acquisition parameters have been
published previously (Sluimer et al., 2008; Ossenkoppele et al.,
2012a; Lehmann et al., 2013a; Moller et al., 2013). The pro-
portion of subjects scanned on each scanner was balanced
across groups and all imaging statistical models included scan-
ner type and acquisition site as nuisance variables.

Voxel-based morphometry

MRI data were segmented using the New Segment toolbox
implemented in the Statistical Parametric Mapping (SPM) 8
software (Wellcome Trust Centre for Neuroimaging, Institute
of Neurology at University College London). Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra

(DARTEL) was used to generate a study-specific template by
aligning the grey matter images non-linearly to a common
space. Native grey and white matter images were spatially
normalized to the DARTEL template using individual flow
fields, with modulation applied to preserve the total amount
of signal. Images were smoothed using an 8-mm full-width at
half-maximum isotropic Gaussian kernel. Images were in-
spected visually after each step in the processing pipeline,
and the final smoothed-modulated-warped grey matter
images were checked for sample homogeneity using the
VBM8 toolbox to identify potential outliers. Next, we per-
formed voxel-wise contrasts between the four different patient
groups (plus a combined behavioural/dysexecutive Alzheimer’s
disease group) and the healthy control subjects. We addition-
ally performed voxel-wise contrasts against controls for pa-
tients with autopsy-confirmed behavioural Alzheimer’s
disease/dysexecutive Alzheimer’s disease (n = 24) and for pa-
tients with behavioural Alzheimer’s disease who were initially
diagnosed with behavioural variant FTD (n = 13). Finally, we
directly compared the patient groups (combined behavioural/
dysexecutive Alzheimer’s disease, typical Alzheimer’s disease
and behavioural variant FTD). The primary models included
age, sex, total intracranial volume, scanner type and centre as
nuisance variables. Secondary models additionally included
MMSE (as a proxy of disease severity) as a nuisance variable.
Results are displayed at an uncorrected threshold of
P5 0.001.

Table 1 Demographic and clinical characteristics according to diagnostic group

Behavioural/
dysexecutive variant
Alzheimer’s disease

Behavioural
presentation
Alzheimer’s disease

Dysexecutive
presentation
Alzheimer’s disease

Typical
Alzheimer’s
disease

Behavioural
variant FTD

Controls

N 75 55* 29* 58 59 61

Agea 65.8 ! 8.5 64.7 ! 8.8 69.2 ! 8.5 64.4 ! 8.6 63.8 ! 6.8 63.7 ! 8.1

Sex (% male) 68.0 72.7 60.7 65.5 71.2 62.3

Education (years)b 15.5 ! 3.1 15.7 ! 2.3 15.7 ! 2.7 15.8 ! 2.5 15.4 ! 3.2 17.3 ! 1.9

MMSEc 22.7 ! 5.6 22.5 ! 5.4 24.6 ! 3.3 22.5 ! 4.1 23.7 ! 5.4 29.4 ! 0.7

CDRd 0.9 ! 0.6 0.9 ! 0.4 0.8 ! 0.3 0.9 ! 0.5 1.1 ! 0.7 0 ! 0

GDSe 3.4 ! 2.9 3.2 ! 2.8 3.7 ! 3.2 2.9 ! 2.1 5.0 ! 3.4 2.0 ! 2.6

NPIf 14.3 ! 16.8 15.4 ! 17.6 12.3 ! 18.1 7.0 ! 11.0 21.9 ! 20.0 2.7 ! 1.2

% APOE e4 carriersg 51.7 59.5 40.0 72.1 18.9 16.7

APOE e4 + + / +"/""g 6/25/29 6/19/17 2/8/15 14/17/12 0/10/43 3/7/50

TIV (l) 1.60 ! 0.17 1.60 ! 0.15 1.61 ! 0.19 1.59 ! 0.15 1.64 ! 0.16 1.57 ! 0.14

Autopsy-confirmed 24 17 12 8 21 -

PET/CSF biomarkers 41/22 28/18 15/10 26/29 23/23 -

Data are presented as mean ! SD unless indicated otherwise. Differences between groups were assessed using ANOVA with post hoc LSD tests [age, education, MMSE, CDR,

Geriatric Depression Scale (GDS), Neurophsychiatric Inventory (NPI) and total intracranial volume (TIV)], !2 (sex and APOE e4 status), and Kruskal-Wallis with post hoc Mann-

Whitney U-tests (number of APOE e4 alleles).
aDysexecutive Alzheimer’s disease4 other groups, P5 0.05.
bControls4 patients, P5 0.01.
cPatients5 controls, P5 0.001; behavioural Alzheimer’s disease + typical Alzheimer’s disease5 dysexecutive Alzheimer’s disease, P5 0.05.
dPatients4 controls, P5 0.001; behavioural variant FTD4 dysexecutive Alzheimer’s disease, P5 0.01.
eBehavioural/dysexecutive Alzheimer’s disease + behavioural Alzheimer’s disease + dysexecutive Alzheimer’s disease + behavioural variant FTD4 controls, P5 0.05; behavioural

variant FTD4 behavioural Alzheimer’s disease/dysexecutive Alzheimer’s disease + behavioural Alzheimer’s disease + typical Alzheimer’s disease, P5 0.01.
fBehavioural/dysexecutive Alzheimer’s disease + behavioural Alzheimer’s disease + dysexecutive Alzheimer’s disease + behavioural variant FTD4 controls, P5 0.05; behavioural

Alzheimer’s disease/dysexecutive Alzheimer’s disease + behavioural Alzheimer’s disease4 typical Alzheimer’s disease, P5 0.05; behavioural variant FTD4 dysexecutive Alzheimer’s

disease + typical Alzheimer’s disease, P5 0.05.
gBehavioural/dysexecutive Alzheimer’s disease + behavioural Alzheimer’s disease + dysexecutive Alzheimer’s disease + typical Alzheimer’s disease4 behavioural variant

FTD + controls, P5 0.05; typical Alzheimer’s disease4 dysexecutive Alzheimer’s disease, P5 0.05.

*Nine patients met criteria for both behavioural and dysexecutive Alzheimer’s disease and were included in both groups.

APOE = Apolipoprotein E; + + = e4 homozygous, +" = e4 heterozygous; ""= e4 negative.
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Increasingly recognized that there are behavioural or 
dysexecutive presentations in Alzheimer’s disease too

Results

Participants

Demographic and clinical characteristics are presented in
Table 1. Clinical groups consisted of mildly impaired pa-
tients with mean MMSE scores ranging from 22 to 25 and
an average CDR of !1. Patients with behavioural
Alzheimer’s disease (mean age: 64.7 " 8.8, median: 64.1,
range: 43.1–83.5) and dysexecutive Alzheimer’s disease
(mean age: 69.2 " 8.5, median: 71.3, range: 53.7–83.5)
were relatively young at time of diagnosis and more often
male (73% and 61%, respectively) than female. Of the
patients with behavioural Alzheimer’s disease and patients
with dysexecutive Alzheimer’s disease, 59.5% and 40%
carried at least one APOE e4 allele, respectively.

Behavioural-predominant presentations of
Alzheimer’s disease

Patients presented initially with cognitive difficulties (53%)
more often than with behavioural changes (25%, Fig. 1A).

The breakdown of cognitive complaints at baseline con-
sisted of memory impairment (26/55, 47%), executive dys-
function (4/55, 7%), both (21/55, 38%) or neither memory
nor executive dysfunction (4/55, 7%). Hypertension, de-
pression, sleep disorder and traumatic brain injury were
the most frequently mentioned conditions in the medical
history (Fig. 1B). Fifty-two per cent met international con-
sensus criteria for possible behavioural variant FTD
(Rascovsky et al., 2011). The majority of patients were
close to the threshold of 53 of 6 core behavioural/cogni-
tive symptoms required for a diagnosis of possible behav-
ioural variant FTD [2/6 (33%), 3/6 (22%) or 4/6 (20%),
Fig. 1C], and had fewer behavioural symptoms compared
to patients with behavioural variant FTD. Apathy was
more prominent than disinhibition and loss of empathy,
while hyperorality and perseverative/compulsive behaviours
were less common (Fig. 1D). Figure 1D and the
Neuropsychiatric Inventory scores also indicate that the be-
havioural profile of patients with behavioural Alzheimer’s
disease was less profound than that of patients with behav-
ioural variant FTD. Neuropsychiatric Inventory domains
often cited in typical Alzheimer’s disease such as anxiety,

Figure 1 Clinical features. Frequency of (A) first symptoms reported by patients and caregivers, (B) self-reported medical conditions in the

past history, (C) the number of core behavioural/cognitive symptoms met of diagnostic criteria for behavioural variant FTD (bvFTD; Rascovsky

et al., 2011), and (D) these behavioural/cognitive features.
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Progressive dysexecutive syndrome

Townley et al  (2020) Brain Communications

§ Persistent, predominant and progressive decline >6 months in core executive function 
(working memory, cognitive flexibility and/or inhibition)

§ Absence of predominant behavioural features (does not meet criteria for behavioural variant 
frontotemporal dementia)

§ Evidence of impaired executive functions from patient and/or informat reports in conjunction 
with cognitive assessment

Progressive dysexecutive syndrome with possible Alzheimer’s disease

§ Decreased CSF Aβ41-42 or A β 42/A β 40 ratio or abnormal amyloid PET

Progressive dysexecutive syndrome with definite Alzheimer’s disease

§ Meets criteria for possible AD plus one of: increase CSF P-tau, abnormal tau PET, autosomal 
dominant familial AD mutation, post mortem confirmation of AD pathology

Proposed recent criteria
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Frontal atrophy in behavioural or dysexecutive 
Alzheimer’s can be fairly subtle

Alzheimer’s disease and five with mixed behavioural/dysex-
ecutive Alzheimer’s disease. The mean interval from time of
diagnosis to autopsy was 60.9 ! 23.8 months. All patients
with behavioural/dysexecutive Alzheimer’s disease met
NIA-Reagan neuropathological criteria (Hyman and
Trojanowski, 1997) for high-likelihood Alzheimer’s disease,
with frequent neuritic plaque scores (Mirra et al., 1991)
and Braak stage V (n = 4) or VI (n = 20) for neurofibrillary
tangles (Braak and Braak, 1991; Braak et al., 2006). For
eight patients, Thal amyloid-b plaque stage (Thal et al.,
2002) was assessed. All had stage V and thus classified
for ‘high’ Alzheimer’s disease neuropathological change ac-
cording to recently proposed NIA-AA guidelines (Montine
et al., 2012). Of all patients, two had mixed dementia with
Alzheimer’s disease and progressive supranuclear palsy as
co-primary neuropathological diagnosis. Both patients met
formal criteria for possible behavioural variant FTD during
life and additionally met our criteria for dysexecutive
Alzheimer’s disease. One patient was clinically diagnosed

with behavioural variant FTD and the other with mixed
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and manipulation of this information for completion of
tasks/goals that are characteristic of working memory as
it relates to executive function (Baddeley, 2012).

Many participants used ‘memory trouble’ to describe
their cognitive difficulties but with further questioning

often described difficulties with multi-tasking, completing
tasks with multiple steps, playing board games with fam-
ily, following directions/recipes, learning new computer
software, mental calculations, organizing personal calen-
dars, or planning and executing projects at home or

Figure 7 FDG–PET in executive predominant presentations versus amnestic, visual and language predominant Alzheimer’s

disease phenotypes. The FDG–PET scans from participants with dysexecutive predominate presentations (n¼ 15) were compared to (A)

amnestic predominate (n¼ 110), (B) visual predominant (n¼ 18), (C) and language predominant (n¼ 7) presentations of Alzheimer’s disease. In

each panel, the blue-black end of the spectrum encodes the t-score for a greater degree of hypometabolism in the dysexecutive phenotype with

red-orange encoding the greater degree of either (A) amnestic, (B) visual or (C) language phenotype. The t-value corresponding to voxel-level

P-value of FDR corrected 0.05 (A and B) or uncorrected 0.001 (C) is indicated with arrows in the colour-bar.

Figure 8 Violin scatter plots comparing variables between executive (n¼ 15), amnestic (n¼ 110), visual (n¼ 18) and language

predominant (n¼ 7) Alzheimer’s disease phenotypes. There was a significant main effect of phenotype for (A) age at evaluation, (B) age at

disease onset and (C) hippocampal volume. There was no significant main effect of phenotype for (D) disease duration, (E) short test of mental

status (STMS), (F) or cortical thickness in Alzheimer’s disease signature regions. Pairwise P-values are indicated as follows: ns ¼ 1, *0.05, **0.01,

***0.001, ****0.
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atrophy. Frontal tau pathology differentiated behavioral/
dysexecutive vs amnestic AD variants and correlated with
severity of executive dysfunction. Our results provide ev-
idence of frontal involvement in behavioral/dysexecutive
AD and contribute to a framework in which the anatomical

distribution of tau pathology is closely related to clinical
presentations of AD.14

The brain regions with the highest discriminative accuracy for
a diagnosis of behavioral/dysexecutive AD vs amnestic AD

Figure 2 Topographic Distribution of Amyloid-β in Amnestic and Behavioral/Dysexecutive (b/d) Variants of Alzheimer
Disease (AD)

(A) Voxelwise regressions revealed that patients
with amnestic ADhad elevated amyloid-PET in the
posterior cingulate, precuneus, inferior parietal,
medial prefrontal, and occipital cortices as com-
pared to cognitively unimpaired (CU) elderly. (B)
Voxelwise regressions revealed that patients with
behavioral/dysexecutive AD had elevated amy-
loid-PET in the posterior cingulate, precuneus,
inferior parietal, and medial prefrontal cortices
compared to CU elderly. (C, D) No differences in
the topography of amyloid-PET were observed
between patients with amnestic AD as compared
to patients with behavioral/dysexecutive AD. t
Statistical parametric maps were corrected for
multiple comparisons using a random field theory
cluster threshold of p < 0.001. Age and sex were
employed as covariates in each model.

Figure 3 Topographic Distribution of Amyloid-β in Amnestic and Behavioral/Dysexecutive (b/d) Variants of Alzheimer
Disease (AD)

(A) Strongest associations between [18F]MK6240
standardized uptake value ratio (SUVR) and
amnestic AD were observed in lateral temporal,
inferior parietal, precuneus, and posterior cingu-
late cortices. (B) Strongest associations between
[18F]MK6240 SUVR and behavioral/dysexecutive
AD were observed in the anterior cingulate, lateral
temporal, frontal insula, and orbitofrontal corti-
ces. (C) t Maps displaying significant differences
between patients with behavioral/dysexecutive
AD and patients with amnestic AD; after multiple
comparisons correction with random field theory
(p < 0.001), no results remained significant. (D) t
Maps displaying significant differences between
patients with behavioral/dysexecutive AD and pa-
tients with amnestic AD. Behavioral/dysexecutive
subjects had greater tau-PET uptake in medial
prefrontal, anterior cingulate, and frontal insular
cortices. t Statistical parametric maps were cor-
rected for multiple comparisons using a random
field theory cluster threshold of p < 0.001. Age and
sex were employed as covariates in each model.
CU = cognitively unimpaired.
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Summary
Executive function and dysexecutive syndrome 

§ Overview of executive functions and their breakdown to lead to cognitive deficits and 
behavioural change

§ Not just ‘frontal’: importance of frontal networks connecting to other brain regions
§ Fractionation of the dysexecutive syndrome

§ Contribution to behavioural variant frontotemporal dementia (bvFTD)

§ Emerging interest and study of patients with a progressive dysexecutive syndrome 
associated with Alzheimer’s disease
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Figure 5 Accuracy of Imaging Biomarkers for Discriminating Behavioral/Dysexecutive (b/d) 
Alzheimer Disease (AD) From Amnestic AD
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Figure 6 Association of Frontal Tau-PET Uptake With Executive Dysfunction in Alzheimer 
Disease (AD)
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