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Abstract

Executive functioning (EF) is an important cognitive domain that is negatively affected in a
number of neuropsychiatric conditions. Neuroimaging methods have led to insights into the
anatomical and functional nature of EF. The authors conducted a systematic review of the recent
cognitive and neuroimaging literature to investigate how the neuroimaging correlates of EF
compare between different diagnostic groups. The authors found that the frontal, parietal, and
cerebellar lobes were most frequently associated with EF when comparing results from different
clinical populations; the occipital lobe was not correlated with EF in any group. These findings
suggest that individual disease processes affect circuits within an identifiable distributed network
rather than isolated regions.

The study of executive function (EF) has become an area of increasing clinical and research
interest over the last decade. EF is typically considered to comprise a broad category of
several cognitive skills that are commonly referred to as “higher order” or “supervisory,”
whose role is to control and coordinate other more basic cognitive functions like language,
memory, visuospatial ability, and praxis. Miyake et al. conceptualize EF as “general purpose
control mechanisms that modulate the operation of various cognitive subprocesses and
thereby regulate the dynamics of human cognition.”? As such, EFs defy classification into
any single function but instead include capacities for planning, initiating, sequencing, and
monitoring complex goal-directed behavior. Though recognized and described as a cognitive
construct since the 1970s by Luria? and others, there continues to be neuropsychological and
neurobiological interest in better defining its components and understanding its function in
relation to other cognitive skills in normal non-disease as well as disease states.

Neuroimaging has emerged as a powerful tool for understanding both the neural structure
and function of cognitive processes. As such, EF has become a fruitful area of investigation
using neuroimaging techniques. Functional imaging methods such as functional MRI (fMRI)
and positron emission tomography (PET) have shown areas of physiological and metabolic
activation during EF tasks. Structural methods such as MRI and diffusion tensor imaging
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(DTI) have shown localized areas of volume change or loss of white matter integrity in those
who have EF deficits.

Whereas individual studies have focused on neuroimaging correlates of EF in specific
disorders or populations, there has not been an attempt to compile and compare studies from
different patient populations to examine whether the neuroanatomical correlates of EF
among those populations are similar. Here, we present the results of a systematic review of
the cognitive and neuroimaging literature. Our goal was to investigate whether the neural
correlates of EF, as measured by clinical tests of EF, are similar between various diagnostic
groups. Our hypothesis was that the same brain regions would be implicated regardless of
patient population, pointing toward a consistent and identifiable network of brain regions.
The results of this study, we hope, will point to converging evidence of the neuroimaging
correlates of EF, further supporting the hypothesis that neuropsychiatric disorders associated
with executive dyscontrol reflect impaired circuits as opposed to individual regions where
specific diseases impact the functioning of those specific circuits.3 Further, broad agreement
about the correlates of EF among differing groups of patients supports the neural basis of EF
as being derived from a distributed network and will hopefully aide in improving diagnostic
criteria and forming the biological basis for targets for therapeutic interventions.

METHODS

Search Strategy

A systematic literature search was conducted to identify the relevant studies. Searches were
thoroughly carried out in the following databases: PUBMED (MEDLINE), PsycINFO, and
EMBASE from January 2002 to January 2012 for English-language articles using the
following search terms: (“neuroimaging” or “magnetic resonance” or “MRI” or “positron
emission tomography” or “PET” or “fMRI”) and (“executive function” or “executive” or
“executive control”). Other associated search terms were related to other neuroimaging
modalities and tests of executive function. We also searched reference lists of selected
articles meeting selection criteria for other relevant studies. Initial search results were
subjected to a thorough review (by one of the study’s authors, M.N.) of the study’s abstract
and consequently included or excluded studies based on the following criteria.

Inclusion and Exclusion Criteria

From the search results, we selected articles that described neuroimaging relationships to
executive functioning tasks in adult or geriatric subject populations (excluding children or
adolescents) without regard for specific diagnosis. We did not exclude studies without a
control group so as to avoid missing important hypothesis-generating work. Although a
correlation analysis was not required to be included in the selected articles, the study must
have asserted positive or negative significant statistical or purported relationships based on
presented data between neuroimaging findings, brain regions, and tests of executive
functioning. We included articles of any structural or functional neuroimaging modality but
excluded modalities such as evoked response potential (ERP) or MR spectroscopy to limit
the number of articles to the most widely used imaging methods. We included only studies
employing tests of EF that are currently and commonly used clinically. Specifically, we
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included individual tests traditionally considered to be measures of executive function that
are included in (but not limited to) well-validated and commonly used neuropsychological
batteries. Specific tasks include Trail Making Test (TMT), verbal fluency (letter fluency),
design fluency, card sorting (and similar measures), color-word interference (e.g., Stroop),
Twenty Questions Test, tower tests [e.g., Tower of London (ToL)], and proverbs test. We
excluded novel functional cognitive paradigms specific to a particular study protocol though
we included paradigms adapted from common tests as listed earlier. One study by Ueda et
al.# met inclusion and exclusion criteria but employed a Clock Drawing Task. Because this
was the only study to use this task, the authors omitted it from the analysis.

RESULTS

Patient Groups and Diagnhoses

Our systematic search yielded 147 articles meeting general selection criteria. Each of these
articles was thoroughly evaluated and specific inclusion and exclusion criteria were applied.
After this, 33 articles from the original group were identified as having met our selection
requirements. A summary of these articles’ content is found in Table 1. Among these articles
an aggregate of 2951 participants were studied with both neuroimaging and executive
function testing. Of this pool of study participants, 1131 were normal or healthy controls
without disease. Seven papers studied normal adults exclusively and six papers did not
compare their test subjects with normal control subjects. All of the articles’ non-control
participants were diagnosed with either a neurological or psychiatric condition. There were
no studies pertaining to other medical diseases that met our selection criteria. All tests of EF
reported in these studies were deemed by the authors of this review to be easily accessible
and frequently used clinical tests of EF. Five different neuroimaging modalities were
employed across the selected studies, all commonly used in research and clinical practice.

All non-control subjects studied carried psychiatric or neurological diagnoses. The most
common neurological condition studied was dementia. Ten articles studied patients with
dementia [Alzheimer’s Dementia (AD), frontotemporal dementia (FTD)] or prodromal
dementia [mild cognitive impairment (MCI)]. Three studies included subjects with traumatic
brain injury (TBI), one included individuals with carbon monoxide (CO) poisoning, and one
study included asymptomatic Huntington’s Disease (HD) gene mutation carriers. Other
neurological conditions included migraine, stroke, and brain tumor. Psychiatric conditions
varied. Three articles studied patients with schizophrenia or those at risk for psychosis and
three articles reported studies of patients with substance abuse or dependence (cocaine and
methamphetamine). Three studies tested subjects with disorders of mood or personality
[major depressive disorder (MDD), bipolar disorder, and borderline personality disorder].
Finally, one article studied patients in the adult autism spectrum.

Neuroimaging

Structural MRI was the most common neuroimaging technique employed in 14 articles,
followed by fMRI-10 articles, DTI-four articles, PET-three articles, and SPECT-two
articles. Two studies utilized multimodal imaging methods (DTI+MRI or PET+fMRI).19:36
Imaging protocols, scanning parameters, and image processing methods varied widely
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among studies. Among articles using MRI, most scans were obtained on 1.5 Tesla MRI
scanners. Two studies utilized a 3.0 Tesla scanner.26:37 Most studies employed voxel-wise
analyses of data primarily comparing brain surface morphometry, specifically cortical and
subcortical thickness. One study used a region of interest (ROI) approach based on regions
that were thought to be involved early in AD pathology,18 otherwise most other studies
utilized whole brain (left and right hemisphere) approaches to analysis. Regions correlated
with cognitive measures generally represented areas of relative atrophy where worse
performance usually indicated increased atrophy. Studies employing fMRI methods utilized
either 3.0 Tesla or 1.5 Tesla scanners but scanning parameters, image processing, and
statistical mapping methods varied widely based on task paradigms. Regions of significant
positive correlation to cognitive tasks were generally indicated as regions of increased
blood-oxygen-level-dependent (BOLD) signal. DTI studies collected fractional anisotropy
and/or diffusivity (mean, axial, or radial) measurements. Correlations between these
measures and cognitive performance were made based on integrity of white matter where
decreasing anisotropy and increasing diffusivity represented decreased integrity of white
matter tracts. Molecular imaging methods, PET and SPECT, utilized several different
radioligands for quantification of perfusion and metabolism.

EF Measures

Several measures of EF were used. Many studies used a combination of tests or a formal
battery though some isolated one test of EF to study. The most common test was the TMT,
used in 17/35 studies. The Wisconsin Card Sorting Test (WCST), was used in 7 of the
selected studies. The Stroop Color-Word Association Test was used in 11. Other tests
included, digit spans backward and forward, ToL task, and tests of verbal fluency. The entire
Delis-Kaplan Executive Functioning System (D-KEFS) battery was used in one study. In
general, there did not seem to be an association between the type of task used and the
primary diagnosis of the subjects. Functional neuroimaging methods (fMRI and PET/
SPECT) tended to employ single tests of EF whereas structural methods (MRI, DTI)
included multiple tests.

Neural Correlates of EF Measures

To compare brain regions across studies, we first determined the primary results of each
study. We then designated each brain region as a lobe (frontal, temporal, parietal, occipital),
and/or cingulate gyrus, which spans frontal and parietal lobes. This procedure resulted in
grouping together multiple regions within the same lobe, when present, into a single lobe.
We did this to simplify comparisons between studies employing a variety of neuroimaging
methodologies to better illustrate broad commonalities in areas of high correlation. Where
and when available, we included correlation coefficients and effect sizes to further illustrate
strength of relationships as seen in Table 1. To associate significant region to diagnostic
group, we combined studies of similar patient groups [e.g., patients with dementia, brain
injury (vascular, traumatic, carbon monoxide), psychosis, affective disorders and personality
disorders (MDD, bipolar disorder, borderline personality disorder)], substance use disorders,
and normal healthy subjects. Table 2 summarizes our findings, which show that EF measures
were correlated primarily with measures of the frontal, parietal, and cerebellar lobes. There
were fewer correlations to the temporal lobe, and when they did occur, they existed
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exclusively in the dementia patient group. In studies of patients with brain injury, EF
measures were most correlated with measures involving the frontal lobes. Within psychotic
and substance use disorders, frontal and cerebellar lobes, and the cingulate gyrus were the
most frequently associated with EF deficits. In affective disorders, measures of frontal and
parietal lobes were most often correlated with EF measures. In normal healthy individuals, a
wider range of lobar correlations to EF was found. These included frontal, parietal, and
cerebellar lobes and the cingulate cortex.

To examine the associations between individual tests of EF and associated brain region, we
identified studies that utilized a single test and applied our lobar method as described above
to associated brain regions (Table 3). The TMT (A or B) was associated most frequently
with the frontal lobe but in one study was associated with temporal and cerebellar regions.
The WCST was associated with the frontal lobe and the cingulum. The Stroop task was
associated with frontal and parietal lobes, and cingulum. The Tower of London task was
most commonly associated with the frontal lobe but in one study with the parietal lobe and
cerebellum. Letter fluency (including controlled oral word association) was examined in two
studies and was associated with frontal, parietal, and cerebellar lobes, and subcortical white
matter.

DISCUSSION

Impairment of EF is an important finding in many neurological and psychiatric conditions
because it has been linked to numerous functional and behavioral outcomes.38-41 There
remains, however, a lack of agreement about its definition, the tests used to approximate it,
and its neurobiological substrates. In an effort to address these questions, there has been
rapidly increasing interest in correlating measures of EF with brain regions using
neuroimaging. The research that has emerged from this area has focused on studying EF
within specific clinical populations. There is a need, however, to understand if the findings
agree between clinical groups to further support generalizing hypotheses about EF. In this
systematic review, aimed to compare the neuroimaging correlates of EF among various
clinical populations, our main finding is that the same brain regions (frontal, parietal, and
cerebellar) correlate with performance on tests of EF in different clinical populations as well
as in healthy individuals. Although the temporal lobes were least often associated with EF in
the articles selected for this review, when correlations did exist, they were in patients with
dementia and not in patients with other disorders. The occipital lobes were not found to be
related at all.

Because EF is not a unitary concept, researchers (e.g., Royall and colleagues,*2) have argued
that a single measure could not possibly serve as the gold standard in assessing it. Indeed,
many factor analytic methods have converged upon three components underlying EF: 1)
inhibition and switching,*344 2) working memory,14546 and 3) attention.*”48 Although
attempts have been made at operationalizing these control processes, there continues to be a
lack of agreement for a general model of EF. An incomplete understanding of the
neurobiological underpinnings of EF is, in part, a reason for these difficulties. As such, the
neuroanatomical and functional correlates of EF have become areas of increasing scientific
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investigation and the search for neurobiological markers for cognitive abilities has
intensified.

In addition to difficulties defining EF, another issue complicating the study of EF concerns
its associations with other domains of cognition. Spearman’s classic theory*%:50 posits that
general ability (referred to as “g”) underlies performance on a broad range of cognitive tests,
including tests of executive function.#9-51 It has long been recognized that performances on
tests of different cognitive abilities are positively correlated, and the concept of “g” has been
used to represent the statistical variance among different cognitive tests. An alternative
model proposes that overall intelligence (as measured by tests of intelligence; that is, “IQ
tests™) reflects the combination of various discrete cognitive processes, rather than a single
factor that underlies them (e.g., Thompson 195152). Whether EF reflects or contributes to
“g” is a matter of continued debate. Regardless, the notion that EF is psychometrically
related to other domains of cognition is well established. Isolating this clinically important
cognitive domain with the use of neuropsychological tests, and examining its relation to
specific brain regions is, therefore, complicated by the statistical correlation of EF test
performance to performance on tests of other cognitive domains.

Not only have conceptual and statistical issues complicated the study of EF, the specific
brain regions believed to be most principally involved in EF are becoming increasingly
expanded. Classically, the frontal lobes (and prefrontal cortex) have been considered sine
qua non of executive function. The most recent studies, however, have supported posterior
brain region involvement, including the temporal, parietal, and cerebellar regions. Emerging
is the assertion that complex higher-order cognition is represented by networks of
meaningful and functionally active circuits. For example, working memory, which refers to
the capacity to attend to and update information that is available for manipulation and
conscious evaluation, is thought to largely depend on an intact dorsolateral prefrontal
cortex.>3-55 However, working memory also engages attentional systems based in lateral and
superior frontoparietal regions that include the ventrolateral prefrontal cortex, intraparietal
sulcus, and the supra-marginal sulcus.>6:57

In our review, we found that across a variety of neuropsychiatric disorders, frontal, parietal,
and cerebellar regions were consistently associated with EF. Interestingly, a meta-analysis by
Rottschy et al.>® uncovered similarly correlated brain regions of increased fMRI activity
during a working memory task. Taken together, their findings, similar to ours, might suggest
a distributed network of regions involved in executive cognition. For example, information
processing that is subserved by the parietal lobes may be required for successful
performance of EF tasks. Indeed, lesion studies (e.g., Barbey et al.>%) have found
associations between parietal lobe lesions and EF task performance. In contrast, other
studies have found relatively isolated EF task impairment as a result of ventromedial pre-
frontal and/or dorsolateral lesions.5%:61 Thus, elucidating specific aspects of EF that may
require multiple brain areas (and are therefore associated with other cognitive skills) versus
those that occur in isolation is an area for future study. Moreover, other brain structures,
including the basal ganglia, temporal lobe, and other subcortical structures have also been
implicated in EF. These studies continue to fuel further research.
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Future studies might utilize other neuroimaging techniques to correlate EF—components
within both large- and small-scale networks across diseases and health groups. The cognitive
processes emerging from networks, then, span multiple cortical sites connected through
afferent and efferent projections to the frontal lobes closely collaborating with each other
and having overlapping functions. Complimentary multimodal neuroimaging techniques are
set to identify more specific areas that may be part of this large-scale network. DTI and
resting state fMRI methods, for example, are beginning to characterize the structural and
functional connectivity between brain regions identified by white matter tracts that correlate
with EF subdomains.62-65

As illustrated in this review, EF impairment has been recognized in a wide variety of
neurological and psychiatric disorders. Neurological disease including neurodegenerative
processes,®6-69 traumatic brain injury,10:70 and vascular disease including stroke’1~73 are
only some conditions that have reliably reported deficits in EF. Psychiatric disorders such as
schizophrenia’#~76 and depression,’’~79 for example, have long noted significant changes in
executive cognitive ability through the course of the disease. Changes to EF in these
conditions and others have been important clinically because of their association to
functional decline and disability. Cognitively engaging in and completing goal-directed tasks
such as activities of daily living and complex decision-making tasks are known to be
impaired in many of these conditions. Accordingly, an improved understanding of the
phenomenology and biology of EF will be helpful in forming better diagnostic, treatment,
and management strategies.

This review has several limitations. First, although we identified positive associations
between tests of executive functioning and several brain regions, the associations were, by
and large, weak to moderate. Some reasons for this may include the inherent limitations of
the neuroimaging and neurocomputational methods (still early in development) as well as
theoretical and practical limitations of test design and administration. Moreover, we caution
interpretation of these studies and the correlations between neuropsychological tests and
neuroimaging findings together. Because this was not a meta-analysis, comparing
correlations found between different studies (particularly studies employing different
neuroimaging methods) may be hazardous because it is still not entirely clear whether
metabolic activity and atrophy, for example, can be reliably compared. Second, as we have
identified several regions of associations, we note that the cerebellum was found to be
related to tests of EF in only six of 36 papers. Although the current literature suggests an
important role for the cerebellum in cognitive functioning, the results of this review may
suggest caution in over-interpreting the role of this specific region as it relates to EF and
other brain regions. Finally, a “network” by definition is interconnected. Even though the
studies reviewed here have identified common regions, there is no summative evidence that
these regions share common physiobiological “connections” per se. Though it is likely that
that these connections do exist, it is the work of future research to identify them and describe
their physical characteristics.
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CONCLUSIONS

At the core of this review is our suggestion that impaired EF is a manifestation of a
distributed network of brain regions that appear to be affected similarly by a variety of
different underlying pathologies and identified by a number of diagnostic modalities
(imaging or clinical testing). Various imaging modalities as well as neuropsychological tests

of

EF have pointed to similar brain regions that may be linked functionally and anatomically.

We hope that this study will help point toward different lines of evidence that seem to be
converging on a common biological system.
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