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Abstract: The inter-related cognitive constructs of working memory (WM) and processing speed are fundamental components to general intellectual functioning in humans. Importantly, both WM and processing
speed are highly susceptible to disruption in cases of brain injury, neurologic illness, and even in normal aging.
A goal of this article is to summarize and critique the functional imaging studies of speeded working memory
in neurologically impaired populations. This review focuses speciﬁcally on the role of the lateral prefrontal
cortex in mediating WM performance and integrates the relevant WM literature in healthy adults with the
current ﬁndings in the clinical literature. One important ﬁnding emerging from a summary of this literature
is the dissociable contributions made by ventrolateral and dorsolateral prefrontal cortex (VLPFC and DLPFC)
in guiding performance on tasks of WM. Throughout this review, it is shown that when cerebral resources are
challenged, it is DLPFC, and often right DLPFC speciﬁcally, that plays a critical role in modulating WM
functioning. In addition, this article will examine the relationship between task performance and brain
activation across studies to clarify the role of increased DLPFC activity in clinical samples. Finally, explanations
are offered for the observed increased DLPFC activation and the potentially unique role of right DLPFC in
mediating WM performance during periods of cerebral challenge. Hum Brain Mapp 27:837– 847, 2006.
© 2006 Wiley-Liss, Inc.
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The primary purpose of this review is to summarize and
critique functional imaging studies of working memory
(WM) in neurologically impaired populations. This review
will speciﬁcally focus on the role of prefrontal cortex (PFC)
in modulating task performance during variable WM demands. In doing so, ﬁrst the importance of examining WM
functioning will be discussed followed by a brief overview
of the roles of dorsolateral (DLPFC) and ventrolateral
(VLPFC) prefrontal cortex in WM functioning established
previously in healthy adults. In examining how PFC mediates WM performance, several forms of “cerebral challenge”
will be considered. For the purposes of this article, the term
cerebral challenge in a given neural network can be deﬁned
as: a transient or permanent increase in the requirements of
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the basal neural network resulting in adjustment in that
network to meet demands. The forms of cerebral challenge
discussed herein may be temporary (e.g., sleep deprivation),
task related (e.g., in response to ﬂuctuations in task demand), due to changes in the brain over the course of a
lifespan (e.g., aging), or due to injury or disease (e.g.,
trauma, multiple sclerosis). One important observation
emerging from the literature is that the contributions made
by VLPFC and DLPFC cortex in guiding performance on
tasks of working memory are dissociable. Throughout this
critique, it will be shown that when cerebral resources are
challenged, it is DLPFC, and often right DLPFC speciﬁcally,
that plays a critical role in modulating WM functioning. In
addition, an important aim of this article is to examine the
relationship between task performance and brain activation
across studies to increase the interpretability of altered brain
activation in clinical samples. In the ﬁnal section of this
review, explanations for the increased brain activation observed during cerebral challenge and the potentially unique
role of right DLPFC in mediating WM performance are
presented.

Working Memory and Processing Speed as Basic
Cognitive Components
By the nature of the cognitive tasks used to examine WM
in functional imaging experiments, the inter-related cognitive constructs of WM and processing speed are often examined simultaneously. WM is a fundamental cognitive
ability and was posited by Dr. Goldman-Rakic to be at the
foundation of all higher cognitive functioning [Courtney,
2004]. Separately, processing speed has also been thought to
be a fundamental component to general intellectual functioning in humans [Salthouse, 1996a; Salthouse and Coon,
1993]. There is evidence that information processing efﬁciency in human cognition is inﬂuenced by the interaction
between processing speed and its inﬂuence on the size and
ﬂexibility of the WM buffer [DeLuca et al., 2004a; Demaree
et al., 1999; Salthouse, 1996b; Salthouse and Coon, 1993]. In
this literature, WM has been deﬁned as the ability to both
maintain and manipulate a limited amount of information
over a brief period of time [Baddeley, 1992] and processing
speed has been deﬁned as either the amount of time it takes
to process a predetermined amount of information, or the
volume of information that can be processed within a prescribed amount of time [Deluca et al., 2004b]. Processing
speed and WM are integral to a variety of cognitive functions and there is mounting evidence that decrements in
these two areas occur almost universally in neurologically
impaired populations. For example, both WM and processing speed deﬁcits have been noted after brain trauma (TBI)
[McDowell et al., 1997; Stuss et al., 1985] multiple sclerosis
[Demaree et al., 1999; Mostofsky et al., 2003; Rao et al., 1989a;
Rao et al., 1989b], schizophrenia [Cohen et al., 1997; Saykin
et al., 1991, 1994], dementia [Bradley et al., 1989; Collette et
al., 1999; Morris and Baddeley, 1988] and normal aging
[Salthouse, 1992, 1996; Salthouse and Coon, 1993]. Moreover, processing speed has been shown to account for sig-
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niﬁcant variance in the other cognitive deﬁcits observed in
clinical populations [Archibald and Fisk, 2000; DeLuca et al.,
2004; Demaree et al., 1999; Kail, 1998; Li et al., 2004; Litvan
et al., 1988]. In sum, WM and processing speed are: (1)
fundamental cognitive components; (2) critical to a variety
of cognitive functions; and (3) highly susceptible to disruption in cases of brain injury, neurologic illness, and even in
normal aging. Early examination of deﬁcits in neurologically
impaired populations using functional imaging techniques
have focused on tasks measuring WM and associated processing speed. The current review will examine how PFC
modulates performance on tasks of WM and processing
speed and how this modulation is neurally represented.

Role of PFC in WM
There is a large corpus of literature in the neurosciences
aimed at better understanding the role of PFC in memorial
functioning. More speciﬁcally, the use of functional imaging
techniques, such as blood oxygen level dependent functional
MRI (fMRI) and positron emission tomography (PET), have
aided greatly in clarifying the roles of VLPFC and DLPFC
during WM. For much of the work discussed here, DLPFC is
composed primarily of middle and superior frontal gyri, or
areas that translate loosely to Brodmann areas (BA) 46 and 9
(and occasionally parts of 8 and 10) and VLPFC is composed
primarily of inferior frontal gyrus, or areas translating
roughly to BA 44, 45, and 47. Over the past decade, competing explanations have emerged describing the dissociable
roles of DLPFC and VLPFC in WM. From one perspective,
investigators supporting a material-speciﬁc, or domain-dependent, hypothesis maintained that DLPFC and VLPFC are
organized similarly to posterior regions of the brain with
dorsal regions processing primarily information about spatial localization and ventral regions processing information
about the object recognition. Thus, according to the original
proposal of the domain dependent hypothesis, the roles of
these two frontal regions are dissociable based upon the
types of material to be processed [Courtney et al., 1996;
Haxby et al., 2000; McCarthy et al., 1996]. Separately, a
process-speciﬁc hypothesis has proposed that the roles of
the DLPFC and VLPFC are differentiated primarily based on
the type of information processing to occur. More speciﬁcally, a process-speciﬁc hypothesis maintains that, regardless of the type of material being processed, VLPFC is more
generally dedicated to the rehearsal and maintenance of
internal representations and DLPFC facilitates “executive”
functions such as updating, monitoring, and manipulating
new information [Owen, 1997; Petrides, 2000; Petrides et al.,
1993; Rypma and D’Esposito, 1999; Rypma et al., 1999].
Understanding the roles of DLPFC and VLPFC in WM is
complicated further by evidence in animal models providing support for both of these hypotheses. More recently,
investigators have provided some evidence that both process speciﬁc and domain speciﬁc hypotheses may coexist
[Johnson et al., 2003] and a summary by Courtney [2004]
integrates these distinct perspectives and offers clariﬁcation
for the types of information indicated by “domain-depen-
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dent,” including information about context, task instruction,
and even motivation. Although work remains to be done to
characterize fully how DLPFC and VLPFC are differentially
involved in WM information processing, there is sufﬁcient
evidence suggesting that their primary roles are dissociable.
This dissociation in humans has been corroborated in investigations of non-human primates revealing important cytoarchitectural differences between VLPFC and DLPFC
[Owen, 1997; Petrides, 1996; Petrides and Pandya, 1999].
There is thus much work distinguishing VLPFC and DLPFC
in WM functioning in healthy adults, and in the current
article it will be shown that these two prefrontal cortical
regions are differentially allocated during periods of cerebral challenge.
During tasks of WM, suprathreshold demands require the
recruitment of additional cerebral resources (i.e., cognitive
control mechanisms) to increase the proﬁciency or capacity
of information processing as task load increases. For the
purposes of this article, a deﬁnition of cognitive control will
be adopted from Miller and Cohen [2001], where it is deﬁned as a mental state of maintaining cognitive activities
that embody speciﬁc goals and the means of achieving those
speciﬁc goals. An important purpose of PFC functioning is
to match cognitive demands by evoking established rules or
goals when encountering novel sensory information. This
“top-down” processing occurs when the system encounters
novel sensory stimuli or tasks and recruitment of cognitive
control resources is determined by the strength of the neural
pathways present. In cases where neural pathways are only
weakly established, greater cognitive control may be needed
as internal representations of goals and means to achieve
them are generated [Cohen et al., 1992]. In cases of welllearned and established tasks, PFC mediation thus may be
minimal to achieve optimal performance. In contrast, during
a novel or rapidly changing task or in cases where the task
does not have a well-developed neural representation,
greater cognitive control may be required. If this conceptualization is extended to clinical samples, determining what
constitutes “suprathreshold demands” is likely dependent
upon the interaction between cognitive dysfunction and task
difﬁculty. In individuals with brain injury and disease, we
can infer that individuals without an established neural
representation of the task or those who are slow to develop
such a representation due to disruption in the neural network, will require additional cognitive control. This last
point has important implications throughout the article as
the relationship between task performance and PFC activation during functional imaging studies is discussed.

WM AND FMRI IN CLINICAL SAMPLES:
FINDINGS AND INTERPRETATIONS
A small body of literature has now emerged employing
functional neuroimaging techniques to examine WM functioning in neurologic samples. To examine the inﬂuences of
cerebral challenge in this article, the focus was on disorders
with a distinct onset, before which the neural system could
be considered “normal.” There is a growing literature using
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functional imaging to examine WM deﬁcits in brain trauma
and brain diseases such as multiple sclerosis (MS) and human immunodeﬁciency virus (HIV) infection. Although
pathophysiologically distinct, these forms of neurologic insult have similar consequences for frontal lobe functioning
resulting in deﬁcits in WM and, more generally, processing
speed. One common mechanism for the cognitive deﬁcits
observed in each of these syndromes is the disruption of
frontal white matter. To date, functional imaging studies of
WM in these clinical samples have been largely cross sectional in nature and their results have indicated that clinical
samples show altered brain activation patterns, typically
increased prefrontal cortical activation. In addition, these
altered patterns of brain activation in clinical samples have
occasionally been interpreted as “brain reorganization” or
“compensatory,” with the latter indicating that increases in
brain activation have facilitative inﬂuences on task behavior.
These interpretations are tenuous for several reasons discussed below.
The ﬁrst use of fMRI methods to examine cognition in
individuals with multiple sclerosis was carried out by
Staffen et al. [2002], who examined processing speed and
WM with a visual analogue of the paced auditory serial
addition test (PASAT). When comparing individuals with
MS to healthy controls (HCs), these examiners noted increased right prefrontal activation (BA 8, 6, and 9) as well as
left parietal lobe activation in individuals with MS during
this task. Task performance was not measured in this study,
so the relationship between task performance and activation
is not known, which greatly reduces the potential for interpretation. Even so, the data in this study provided an important ﬁrst application of fMRI to the study of WM in MS
and revealed altered brain activation (increased right prefrontal cortex) in a neurologically impaired sample. Later,
Hillary et al. [2003] examined the neural mechanisms associated with WM rehearsal in MS through the use of a delayed response task and correlated brain activation with the
behavioral performance on the task. These examiners observed increased right prefrontal cortex (deﬁned as middle
and superior frontal gyri) and right temporal lobe activation
in individuals with MS compared to HCs on this task of
verbal WM. Importantly, these investigators noted a negative correlation between right prefrontal cortex activation
and task accuracy in individuals with MS. In contrast, no
consistent relationship between task performance and left
prefrontal cortex activation was detected, indicating that
although left DLPFC was involved in this task, it was the
degree of right DLPFC recruitment that predicted diminished performance. Similarly, Chiaravalloti et al. [2005] examined individuals with MS with both low and high cognitive impairment, where impairment was determined before
scanning using measures of neuropsychological functioning.
Functional imaging results in this study revealed greater
right PFC recruitment in individuals with MS with high WM
impairment compared to that in individuals with MS with
low WM impairment. The results revealed incremental right
DLPFC recruitment, with HCs showing the least activation,
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individuals with MS and low WM impairment showing
more activation than HCs, and individuals with MS and
high WM impairment showing the greatest activation. This
ﬁnding again reveals an important relationship between
WM performance and increased right DLPFC activation.
Separately, in a study of WM using an n-back task, ﬁndings
by others [Wishart et al., 2004] revealed decreased activation
in individuals with MS in areas of activation common across
healthy adults, but again found increased prefrontal activation in regions surrounding sites commonly activated by the
healthy adult sample.
Other investigators have noted similar ﬁndings on
speeded WM tasks like the PASAT in MS. For example, in
separate investigations of individuals with either mild or an
equivocal diagnosis of MS examiners noted increased bilateral prefrontal cortex activation, with the greatest increases
occurring in the right frontopolar (BA 10) and right PFC (BA
45/46) [Audoin et al., 2003, 2004]. Importantly, these authors
used magnetic transfer imaging to examine WM integrity
and noted a signiﬁcant negative relationship between right
PFC activation (BA 45) and diminished transfer ratios in
their MS sample. This relationship between brain pathophysiology and brain activation was also noted by Mainero
et al. [2004], who observed a positive correlation between T2
lesion load and prefrontal brain activation in individuals
with MS. Even mild cases of MS thus display increased brain
activation during tasks of WM and there seems to be a
relationship between brain pathology and degree of PFC
recruitment. Because task accuracy was not signiﬁcantly
different between healthy adults and individuals with MS,
however, these authors interpreted increased PFC involvement as “brain reorganization” or “compensatory” and associated with improved performance. Although this explanation remains a possibility, there are several important
considerations. First, in each of these studies, response accuracy as opposed to reaction time was used to detect performance decrements in the MS sample, yet prior work has
established a relationship between slowed reaction time and
increased brain activation [Bergerbest et al., 2004; Durston et
al., 2003; Rypma et al., 2002; Rypma and D’Esposito, 2000].
Second, these studies presumed that a failure to ﬁnd statistically signiﬁcant between group differences in task performance was indicative of a positive performance/brain activation relationship within the MS sample. This method
relies upon detecting potentially subtle between-group differences with a small sample size as opposed to directly
examining the relationship between brain activation and
performance within each group. Importantly, in both studies
by Audoin et al. [2003, 2004], the MS group performed
worse than the HCs (albeit not signiﬁcantly) on the behavioral task, but again no direct comparisons between activation and performance were made. In addition, in Audoin et
al. [2004] when examining a subset of the MS sample, the
authors noted that increased right PFC activation (BA 44)
was most marked in subjects with the worst PASAT performance. These ﬁndings are important because they again
indicate that when cognitive deﬁcits were large enough to be
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detected using response accuracy, the negative relationship
between WM performance and brain activation was apparent.
When considering cases of brain trauma, McAllister et al.
[1999] were the ﬁrst to use fMRI to examine WM deﬁcits in
individuals with mild traumatic brain injury (mTBI). When
comparing healthy adults to individuals with mTBI on an
n-back task, these examiners observed increased right dorsolateral prefrontal and right parietal lobe activation in individuals with mTBI during higher versus lower WM load
conditions. McAllister et al. [2001] replicated their ﬁndings
with a separate mTBI sample, again showing a signiﬁcant
relationship between task load and right prefrontal recruitment. Similar to Audoin et al. [2004], however, the authors
did not directly examine the relationship between behavioral performance on the task and the increased brain activation observed in the mTBI samples [McAllister et al., 1999,
2001]. In both studies by McAllister et al. [1999, 2001], the
examiners were unable to detect any signiﬁcant betweengroup differences in accuracy on the fMRI task that could
explain the observed right PFC recruitment in the mTBI
sample. Again, because of this, the increased right PFC
activation in the mTBI sample was interpreted as “compensatory,” or operating to facilitate task performance. Similar
to Audoin et al. [2003, 2004], McAllister et al. [1999, 2001] did
not report subject reaction times on the n-back task, which
limited their sensitivity in detecting between group differences in the behavioral data. Given the mild nature of the
injuries in the mTBI sample, the behavioral task in these
studies may have limited sensitivity to detect a potentially
small difference in performance between groups. In both
studies by McAllister et al. [1999, 2001], formal neuropsychological evaluations outside the scanner revealed that reaction time was the one variable that was signiﬁcantly diminished in their mTBI sample compared to that in healthy
adults. These ﬁndings further emphasize that processing
speed deﬁcits may have gone undetected in the scanner and
may help to explain the increased right prefrontal cortex
activation in the mild TBI sample. For these reasons, the
increased activation in the mTBI group may not be indicative of neural compensation as deﬁned by McAllister et al.
and remains difﬁcult to interpret in their study.
In the ﬁrst fMRI examination of individuals with moderate to severe brain trauma, Christodoulou et al. [2001] also
noted increased right PFC recruitment on a modiﬁed paced
auditory serial addition task (mPASAT), a task requiring
signiﬁcant processing speed and WM demand [Christodoulou et al., 2001]. Again, this right PFC recruitment was most
evident in DLPFC (middle frontal gyrus, translating to BA 9
and 46). In the most recent study of moderate and severe
TBI, examiners used the n-back task to examine parametric
manipulation of WM load in individuals with moderate and
severe TBI [Perlstein et al., 2004]. The TBI sample in this
study showed WM impairments both within and outside the
scanner, and again, when compared to healthy adults in this
study, individuals with TBI showed greater right dorsolateral PFC activation. In fact, both the healthy adults and the
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TBI sample showed sustained increases in right DLPFC
activation (BA 9 and 46) in response to increasing task load
(this consistency with healthy adults is important and is
elaborated upon below). The samples studied in
Christodoulou et al. [2001] and Perlstein et al. [2004] were
injured more severely and exhibited greater cognitive deﬁcits than did those examined in either study by McAllister et
al. [1999, 2001]; therefore, signiﬁcant performance differences between individuals with TBI and matched HCs on
the fMRI task were easily detected. In contrast to the interpretation proposed by McAllister et al. [200], the data provided by Christodoulou et al. [2001] and Perlstein et al.
[2004] revealed that increased right PFC activation was associated with poorer performance on the task and was thus
unlikely to be indicative of neural mechanisms that facilitated performance. Even considering the differences in interpretation between these studies, most investigations of
WM reviewed here revealed increased right PFC activation
that is consistent with those observations made in studies of
MS. This consistent ﬁnding across distinct clinical samples
has important implications for the role of PFC in modulating
WM performance during periods of cerebral challenge.
Yet another example of similar PFC activation during
tasks of WM after brain disease has been illustrated in
examinations of HIV infection [Chang et al., 2001; Ernst et
al., 2002]. Although healthy adults and individuals infected
with HIV maintained similar accuracy rates on a WM task,
individuals with HIV infection showed slower reaction
times that were correlated with the magnitude of increased
bilateral frontal lobe activation [Chang et al., 2001]. These
data are similar to those discussed above and this ﬁnding
again emphasizes the importance of examining several levels of behavioral performance in response to brain activation
including response accuracy and reaction time. Clarifying
the relationship between behavioral performance and brain
activation in studies of WM in neurologically impaired samples will remain important to characterize fully the role of
the PFC in modulating WM.
Taken together, functional imaging studies examining
WM in separate neurologic populations reveal strikingly
similar ﬁndings. These studies reveal a general pattern of
increased prefrontal activation in clinical samples and a
greater relationship between DLPFC, as opposed to VLPFC,
and task performance. Moreover, many of the ﬁndings discussed reveal that increased right PFC, as opposed to left
PFC, may be more likely to be recruited when cerebral
resources are challenged. Analysis of behavioral performance in many studies reveals a negative correlation between task performance and increased prefrontal recruitment. What remains unclear are the causes for increased
DLPFC activation across clinical samples. As noted, several
examiners have interpreted these alterations in brain activation as “cerebral reorganization” whereas others have used
the term “compensatory” to describe increased PFC activation that facilitates task performance. Because of signiﬁcant
methodological shortcomings in the literature to date, interpretation of increased PFC activation as “brain reorganiza-
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tion” may be premature (see Explanations for DLPFC Recruitment below). Separately, use of the term
“compensatory” to describe PFC recruitment is potentially
more problematic and worth discussing here. In several
clinical studies reviewed above, the term “compensatory”
has been used to describe activation that directly improves
performance, i.e., recruitment of resources in PFC is necessary for clinical samples to perform at a level commensurate
to healthy adults. Based upon negative activation/performance relationships observed within much of this literature,
however, it is unlikely that recruitment of PFC directly
enhances performance. It is more plausible that, in a damaged or inefﬁcient system, recruitment of DLPFC resources
occurs in response to increased task load or slowed processing. In other words, in a slow or inefﬁcient system increased
PFC activation temporarily provides additional resources
for sustained processing of novel information. We propose
that these transient alterations in the represented neural
network reﬂect recruitment of cognitive control mechanisms
to tolerate various forms of cerebral challenge. If correct, this
hypothesis suggests that as task representations are formalized, PFC regions originally recruited would be incrementally unnecessary for efﬁcient task processing. Although this
hypothesis has not been tested directly in clinical samples, it
is consistent with the current data in regards to activation/
performance relationships. Moreover, decreased activation
has been observed in healthy adults acclimating to task
demands over repeated trials [Landau et al., 2004]. The term
“compensation,” as it has been used in the clinical WM
literature to describe a direct link between increased activation and improved task performance, therefore may not
describe accurately the role of PFC during periods of cognitive challenge. To best account for the current clinical data,
we propose that recruitment of PFC regions in cases of brain
injury and disease: (1) is associated with poor performance;
(2) temporarily facilitates the development of task representations; and (3) will diminish as task representations are
ﬁnalized and performance increases.

CEREBRAL CHALLENGE IN HEALTHY
ADULTS
It has been shown thus far that in clinical studies of WM,
DLPFC (and, commonly, right DLPFC) is recruited. It has
also been argued that increases in DLPFC activation are
negatively correlated with performance and represent increased cognitive control mechanisms allowing for sustained processing of novel sensory information. If DLPFC
recruitment is a standard response to cerebral challenge we
might expect that, compared to clinical samples, healthy
adults would show a similar pattern of DLPFC activation in
response to changing task conditions. Indeed, prior examinations of young, healthy adults have revealed very similar
patterns of DLPFC recruitment on WM tasks when performance diminishes secondary to increasing task load. For
example, Manoach et al. [1997] observed increased activation in right DLPFC in response to increasing task demand
on a WM task. These ﬁndings that were corroborated by
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TABLE I. Summary of WM and fMRI ﬁndings
Sample and authors
TBI
Christodoulou et al., 2001
McAllister et al., 1999
McAllister et al., 2001
Perlstein et al., 2003
MS
Audoin et al., 2003
Audoin et al., 2005
Chiaravalloti et al., 2005
Hillary et al., 2003
Mainero, et al., 2004
Staffen et al., 2002
Wishart et al., 2004
HIV
Chang et al., 2001
Ernst et al., 2002
HC
Barch et al., 1997
Braver et al., 1997
D’Esposito et al., 1999
Manoach et al., 1997
Mostofsky et al., 2003
Rypma et al., 2002
Rypma et al., 1999
Rypma and D’Esposito, 1999
Stern et al., 2000

Task/manipulation

Findings

mPASAT
n-back, high load
n-back, high load
n-back

Increased
Increased
Increased
Increased

R
R
R
R

PFC, R temporal
DLPFC, R parietal
fup frontal, L mid frontal
DLPFC

PASAT
PASAT
PASAT
DMS
Rehearsal
PASAT
vPASAT
n-back

Increased bilateral PFC (⬍R)
Increased R VLPFC, bilateral PFC
Increased R PFC, R parietal
Increased R DLPFC,
R temporal
R cingulate, bilateral PFC, bilateral temporal/parietal
Increased R PFC, R parietal
Diffuse prefrontal, parietal

n-back
n-back

Increased bilateral PFC
Increased PFC

CPT/delay
n-back
DRT/high load
CPT/high load
Counting go/no go, high load
DMS/high load
DMS/high load
DMS/high load
PWMT, high monitoring

Increased
Increased
Increased
Increased
Increased
Increased
Increased
Increased
Increased

L DLPFC, L Broca’s/parietal
bilateral PFC, L inferior frontal
DLPFC
R DLPFC
R DLPFC
DLPFC
R DLPFC
R DLPFC
R DLPFC

Summary of working memory (WM) and fMRI ﬁndings for healthy control (HC) participants during load or task demand manipulations
and in individuals with brain injury (TBI) and disease (multiple sclerosis [MS], HIV). L, left; R, right; PFC, prefrontal cotex; DLPFC,
dorsolateral prefrontal cortex; mPASAT, modiﬁed paced serial addition test (auditory); vPASAT, visual paced serial addition test; DMS,
delayed match to sample; DRT, delayed response task; PWMT, pattern working memory task; CPT, continuous performance task.

investigators, who noted a negative correlation between
right DLPFC activation and behavioral performance and
recruitment of right DLPFC in response to increasing task
load [Rypma and D’Esposito, 1999]. This “dose-responsive”
relationship between right DLPFC recruitment and increasing task demand has been observed in other studies of
healthy adults [D’Esposito et al., 1999; Mostofsky et al., 2003;
Rypma et al., 1999, 2002] suggesting that right DLPFC recruitment during tasks of WM may represent a general
response to cerebral challenge. These ﬁndings are nearly
identical to those observed in neurologically impaired samples and provide an important context for interpreting ﬁndings across samples.
It is interesting to note that in separate examinations of
healthy adults experiencing total sleep deprivation, sleepdeprived subjects exhibited decreases in brain activation for
some brain regions, but increased right prefrontal activation
on tasks of verbal learning and divided attention [Drummond et al., 2000, 2001]. Similar to these ﬁndings, more
recently, investigators examined healthy adults after 48 hr of
sustained wakefulness and through measures of covariance,
also noted decreases in activation in posterior regions, but
increased activation in anterior regions (e.g., anterior cingulate) [Habeck et al., 2004]. Through the use of a total sleep
deprivation paradigm, these examiners provided a transient
challenge to the prefrontal system resulting in similar ﬁnd-
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ings observed in studies of clinical populations and studies
of younger adults engaging in tasks requiring heavy task
loads. That is, as performance diminishes, there is an increase in prefrontal cortical activation. Table I summarizes
the investigations discussed here and demonstrates the consistent recruitment of prefrontal cortex and, quite commonly, right DLPFC in cases of cerebral challenge.
A review of the current WM literature reveals that increased activation in PFC is consistently observed during
periods of cerebral challenge in both clinical samples and
studies of healthy adults. It has been hypothesized that these
changes represent increases in cognitive control mechanisms, and there is some support for this in the healthy adult
literature. For example, examiners have described DLPFC,
and speciﬁcally areas translating to BA 9 and 46, as providing “supracapacity” resources during periods of increased
task load [D’Esposito et al., 1998, 1999; Rypma et al., 2002;
Rypma and D’Esposito, 1999]. Separately, recent work has
shown that areas translating to BA 46 and 8 may play an
important role in overcoming distractions while processing
incoming information [Sakai et al., 2002] and may be important for implementing structure in anticipation task onset
[Sakai and Passingham, 2003]. Although this level of speciﬁcity has yet to be investigated in clinical samples using
parametric manipulations and event-related designs, these
ﬁndings may have implications for the clinical literature
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reviewed here. For example, it may be the case that increased activation in BA 46 is required in cases of brain
injury and disease to reduce distraction while the task is
being processed over a longer period of time. In other
words, individuals with brain trauma or disease exhibit
slowed processing speed and require more time to perform
tasks due slower development of task representations. With
a diminished capacity for rapid development of task representations, dorsal PFC areas such as BA 9 and 46 thus may
be recruited to handle supracapacity demands or sustain
attention during the development of task routines over a
protracted processing period.

EXPLANATIONS FOR DLPFC RECRUITMENT
It has been posited that PFC activation commonly increases during periods of cerebral challenge, that DLPFC as
opposed to VLPFC plays a critical role in modulating cognitive functioning during cerebral challenge, and that commonly right DLPFC, as opposed to left DLPFC, is more
likely to be recruited as performance diminishes. These observations were made across multiple studies examining
WM and in most cases, the resultant brain activation patterns reﬂect the neural networks responsible for not only
working memory components (i.e., rehearsal, manipulation)
but also basic processing speed/efﬁciency. The following
describes several tenable explanations for these observations.

Increases in DLPFC During Cognitive Challenge
One common explanation for the increased PFC activation
observed in clinical samples is that there may be a basic
difference in the strategy employed by members of each
group while engaging in the experimental task. That is,
compared to healthy adults, neurologically impaired samples may use an alternative method while engaging in WM
tasks that capitalizes upon residual cognitive resources.
Considering the range of functional imaging studies discussed here, the use of different task strategies is unlikely to
account for the consistency of the ﬁndings across several
samples and under distinct testing conditions (e.g., different
tasks, varying task load). In addition, strategy differences
typically offer explanation for divergent as opposed to convergent ﬁndings like those discussed in this article.
An alternative explanation for increased activation in clinical samples could be that increased PFC activation represents widespread cortical disinhibition or neural inefﬁciency
within the network due to the pathophysiological processes
related to brain injury or disease. Cortical disinhibition
might help to explain the generally greater bilateral activation observed in some studies [Chiaravalloti et al., 2005;
Hillary et al., 2003]. This explanation, however, does not
easily account for other ﬁndings including the similar pattern of increased activation observed in HCs during trials of
increased task load. Generalized cortical disinhibition also
does not easily explain the speciﬁc relationship between
right and not left prefrontal activation and diminished per-
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Figure 1.
R-values for correlational analysis between duration since diagnosis and extent of frontal cortex activation (number of active
voxels) for TBI and MS samples (original data presented in
Christodoulou et al. [2001] and Chiaravalloti et al. [2005], respectively).

formance reported in Hillary et al. [2003] and the speciﬁc
relationship between brain pathology and right DLPFC observed by Audoin et al. [2004]. Generalized disinhibition
secondary to brain pathology thus does not account adequately for the speciﬁcity and consistency in the ﬁndings in
the current literature.
A potentially more plausible explanation for the increased
DLPFC activation observed on tasks of WM and processing
speed is that the level of prefrontal activation is directly
proportional to the relative task difﬁculty for each participant. In other words, PFC recruitment may be directly related to task demand and occurs at some threshold across all
samples, albeit a lower threshold in neurologically impaired
individuals. This explanation evokes the idea of cognitive
control mechanisms that are recruited based upon individual differences in task performance. Much of the data presented thus far is consistent with this explanation and this
ﬁnding can be conﬁrmed or refuted by more closely monitoring the relationship between task performance and increases in brain activation in future studies. This explanation
is explored further below in the discussion regarding the
speciﬁc role of right DLPFC in modulating WM performance.
Finally, it remains possible that the observed changes are
due to some permanent brain reorganization. According to
this explanation, the increased activation observed in these
samples is indicative of more formal alterations in the represented neural network and should be observable regardless of task demand or task performance. According to a
brain reorganization hypothesis, the same pattern of activation that is apparent only transiently in HCs (e.g., during
increased task load, sleep deprivation) is therefore incorporated more permanently into the baseline neural network in
clinical samples. Figure 1 reveals a reanalysis of data from
prior studies in our laboratory [Chiaravalloti et al., 2005;
Christodoulou et al., 2001] showing a positive correlation
between duration since diagnosis and right DLPFC recruitment. These ﬁndings indicate that the increased right pre-
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frontal recruitment observed in cases of brain injury and
disease may be time dependent and therefore may be related
to chronic alterations in the represented neural network.
Ultimately, if the altered brain activation observed in cases
of brain injury and disease represents permanent brain reorganization, then we would expect the aberrant activation
(in this case increased PFC activation) to be apparent on
repeat testing and not solely accounted for by changing task
conditions (i.e., low and high load). As discussed, this hypothesis has not been tested directly in WM studies to date
and future investigations will require collection of longitudinal data over the disease/recovery course and methods
that allow for tight control over task difﬁculty to test the
viability of this explanation.

Role of Right DLPFC in WM
As noted, many of the current functional imaging studies
examining processing speed and WM have revealed increased right DLPFC recruitment during periods of cerebral
challenge and, in many cases, investigators have noted a
negative correlation between right DLPFC recruitment and
behavioral performance. Two potential explanations for the
observed right PFC recruitment may help to explain convergent ﬁndings, heretofore referred to as the right hemisphere
novelty hypothesis and the material-speciﬁc hypothesis.

Right hemisphere novelty hypothesis
Traditionally, the right hemisphere has been thought to be
responsible for processing novel sensory information before
it is transferred to the left hemisphere for comprehension
and action [Goldberg and Costa, 1981]. Extensions of this
conceptualization of right hemisphere functioning remain
salient today, and a contemporary view of this model has
been articulated by Gazzaniga [2000] whereby the right
hemisphere plays a critical role in collecting information
about novel sensory input that is later interpreted by the left
hemisphere.
In the right hemisphere novelty hypothesis proposed
here, the right PFC may play a unique role in cognitive
control mechanisms during tasks of WM in clinical samples.
That is, right PFC may be differentially involved in initiating
and developing subroutines to facilitate learning and to
enhance performance when a novel WM task is encountered. In support of this, examiners have noted that the right
PFC may be differentially involved in cognitive control
mechanisms during WM tasks in healthy adults [Wagner et
al., 2001] and may play an asymmetric role in sustaining
attention to novel sensory input [Pardo et al., 1991]. Separately, behavioral studies have shown that brain injury may
inﬂuence successful integration of multimodal sensory information [Sarno et al., 2003]. Taken together, after disruption of established neural networks secondary to brain injury or disease, right DLPFC may predominate due to a
failure to develop efﬁcient task subroutines resulting in
continued demand on cognitive control resources. This explanation can also account for the increased right DLPFC
activation observed in healthy adults during periods of
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higher task load and suggests that at some threshold, recruitment of additional attentional resources is a common
adaptive mechanism. In sum, according to the right hemisphere novelty hypothesis proposed here, the diminished
processing efﬁciency observed in clinical samples demands
greater cognitive control resources during WM tasks, resulting in increased right DLPFC recruitment as the damaged
system more slowly accommodates novel sensory input.

Material-specific hypothesis
The increased right DLPFC recruitment reported in this
article is based upon a literature that has examined predominantly verbally mediated stimuli. Several studies have revealed lateralization in WM functioning, with left PFC processing verbally mediated material and right PFC processing
nonverbal/spatially mediated material [Gazzaniga, 2000;
Glahn et al., 2002; McCarthy et al., 1994]. Because of this, a
material-speciﬁc hypothesis would explain the increases in
right DLPFC activation observed in the current literature as
recruitment of a contralateral homologue elicited from experimental designs that emphasize functions traditionally
considered to be mediated by the left hemisphere. If a material-speciﬁc hypothesis was accurate, then tasks of nonverbal or spatial processing in clinical samples should result in
recruitment of the left DLPFC (a contralateral homologue).
For example, Reuter-Lorenz et al. [2000] observed a “paradoxical” activation pattern in an older sample, with verbally
mediated WM tasks revealing greater right PFC activation
and nonverbally mediated WM tasks revealing greater left
PFC activation compared to that in younger adults. Based
upon these ﬁndings, it could be argued that brain activation
during tasks of WM is dependent upon the material/task
being examined and that right DLPFC does not play a
unique role in modulating WM performance. Even in the
data presented by Reuter-Lorenz et al. [2000], however, recruitment of PFC was more highly lateralized to the right
during the verbal task than it was to the left during the
nonverbal task. Separately, an investigation of healthy
adults using a spatial WM task revealed increasing right
superior frontal gyrus activation in response to increased
task load and not a left DLPFC recruitment as would be
expected by a material-speciﬁc explanation [Glahn et al.,
2002]. Further examinations of nonverbal WM in clinical
samples are necessary to determine if DLPFC recruitment is
material speciﬁc/task dependent (material-speciﬁc hypothesis) or if, regardless of the task, right DLPFC has a unique
role in supporting cognitive control mechanisms during suprathreshold WM demands (right hemisphere novelty hypothesis).

ADDITIONAL CONSIDERATIONS
It is important to consider that not all samples have been
shown to exhibit PFC recruitment as performance diminishes during WM tasks. The most important exception is
normal aging. It is now well established in the aging literature that healthy older subjects show a propensity toward
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recruiting additional cerebral resources in the PFC compared to younger healthy adults when engaged in tasks of
WM [Cabeza, 2002; Reuter-Lorenz et al., 2000; Rypma and
D’Esposito, 2000]. An important departure in the aging literature compared to studies discussed above, however, is in
the relationship between brain activation and task performance. Work provided by Reuter-Lorenz et al. [2000] and
Rypma et al. [2000] independently demonstrated that increased prefrontal activation in healthy, older adults is commonly associated with better performance. Unlike healthy
adults and clinical samples, increased PFC activation on
WM tasks in the elderly operates to enhance performance
directly. This difference may be at least partially due the
integration of recruited regions into relevant neural networks responsible for the task. For example, compared with
young adults an older sample showed signiﬁcant alterations
in brain activation across several regions outside PFC and
both increases and decreases in activation within prefrontal
areas [Grady et al., 1998] These ﬁndings indicate that although DLPFC may play a critical role in modulating processing speed and WM performance, in the case of aging the
success of neural compensation may be more determined by
the integration of increased DLPFC involvement into distributed neural network that is changing over the course of
a lifetime. Related to this, it is also possible that although
anatomically identical, the DLPFC recruitment in older subjects is functionally distinct to that observed in other samples. Ultimately, when compared to other samples discussed
above, the activation/performance relationships observed in
aging indicate that PFC (either alone or due in its role within
an altered neural network) may be modulating WM differently.
There have also been inconsistent ﬁndings in regards to
prefrontal cortical activation in studies of cortical dementia
and schizophrenia. Although several investigators have observed increased activation in response to poorer performance on a task of WM in schizophrenia [Manoach et al.,
2000; Walter et al., 2003] other studies have actually noted
decreased prefrontal activation [for review, see Manoach,
2003]. There are several potential explanations for these
inconsistent ﬁndings. First, in the case of schizophrenia,
because it is has been construed as a neurodevelopmental
disorder, there likely exists widespread functional and neuroanatomical differences compared to healthy adults. Secondly, not only is there great heterogeneity in both the
progression and symptomatology within schizophrenia, but
the chronicity of pharmacologic intervention is rarely controlled [Walter et al., 2003]. In the case of degenerative
disorders, the stage or severity of the illness may greatly
inﬂuence the pattern of brain activation, with recruitment
occurring early in the disease and widespread reductions in
activation occurring much later in the disease course after
signiﬁcant cortical atrophy has occurred. In addition, most
degenerative disorders occur in older populations, so altered brain activation in these samples is in response to a
complicated interaction between aging and pathophysiology. For these reasons, the role of DLPFC in WM may be
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more difﬁcult to characterize in samples with abnormal
neurodevelopment or in cases of older adults with moderate
to severe neural degeneration.

CONCLUSIONS
The current article has argued that DLPFC plays an important role in modulating WM task performance during
periods of cerebral challenge. In cases of brain injury and
disease it seems that DLPFC (as opposed to VLPFC) is
commonly recruited in response to cerebral challenge. It has
also been shown that, in cases of neurologic insult, right
DLPFC (as opposed to left DLPFC) activation is correlated
with degree of brain pathology and poorer task performance. It has also been argued that right DLPFC recruitment
represents increases in cognitive control mechanisms in response to failing performance and is therefore unlikely to be
a compensatory mechanism that directly bolsters performance. Finally, it has been maintained that results in the
current literature may not represent genuine brain reorganization and that methods to date have been inadequate for
making this determination. Further characterization of the
role of PFC in modulating WM performance in clinical samples will require the use of longitudinal examinations, parametric manipulations with tight control over task load/
performance relationships, and both verbal and nonverbal
WM paradigms.
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