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Abstract
The purpose of this study was to examine the relationships between lobar volumes and set shifting.
We studied 101 subjects, including 36 normal controls, 16 patients with probable Alzheimer’s
disease, 30 patients with frontotemporal dementia (FTD), and 19 patients with semantic dementia
(SD), using a shifting paradigm that carefully controlled for component abilities. Subjects were
administered two conditions of the Delis-Kaplan Executive Function System (D-KEFS) Design
Fluency Test. In the control condition (DF:Control), examinees generated as many unique designs
as possible in 60 s by drawing lines connecting only unfilled dots. In the switching condition
(DF:Switch), examinees generated designs by drawing lines alternating between filled and unfilled
dots. We used BRAINS2 software to generate volumes of the right and left frontal, temporal, and
parietal lobes. Partial correlations and multiple regressions showed that, after controlling for Mini-
Mental State Examination and DF:Control, only the right and left frontal lobe volumes significantly
correlated with the DF:Switch, most clearly in the FTD and SD groups. Follow-up analyses indicated
that frontal contributions to shifting were not related to working memory. Results highlight the
importance of carefully controlling for component cognitive processes when studying executive
functioning.
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INTRODUCTION
Set shifting tasks are widely used in clinical and experimental neuropsychology. Subjects are
typically required to shift their attention between different stimulus parameters or alternate
between different response sets. Because these tasks rely heavily on mental flexibility and
cognitive control, shifting tasks are considered excellent measures of executive functioning
(Miyake et al., 2000; Monsell, 2003).

As an index of cognitive control, set shifting is presumed to be mediated by the prefrontal
cortex (Brass et al., 2005; Nakahara et al., 2002; Ravizza & Ciranni, 2002). The literature on
the relationship between shifting and frontal lobes is mixed, however. The Wisconsin Card
Sorting Test (WCST; Heaton, 1993), for example, has been shown to be impaired in patients
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with focal frontal lesions, but the anatomic specificity of the WCST has been questioned by
studies documenting impairments in patients with posterior lesions (Anderson et al., 1991;
Barcelo & Santome-Calleja, 2000). Similarly, the relationship between the widely used Trail
Making Test and the frontal lobes is controversial. Although some studies have used it as a
proxy for frontal lobe functioning (Hanninen et al., 1997), several studies have failed to
demonstrate a convincing association between test performance and the frontal lobes
(Anderson et al., 1995; Reitan & Wolfson, 1995).

One reason for the discrepant literature may be methodological. Set shifting cannot be
measured outside the context of more basic cognitive skills. For example, quickly drawing
lines that serially alternate between number and letter sequences depends not only on executive
ability but also visual scanning, hand-eye coordination, ability to count, facility with the
alphabet, sustained attention, motor speed, and other skills (Arbuthnott & Frank, 2000).
Successful performance on the WCST requires learning and problem solving. A deficit in any
of these more basic skills will lower performance on the executive task, regardless of how
preserved executive functioning might be. Thus, delineating and establishing scores for
component skills on complex tasks is imperative to interpret the target behavior (Levine et al.,
1995).

The purpose of this study was to determine the relationships between lobar volumes and set
shifting using a behavioral paradigm that carefully controlled for component abilities. The task
selected was a design fluency measure that required subjects to generate novel designs by
connecting dots with four straight lines. By using two similar conditions that differed only in
that one required shifting and the other did not, we were able to carefully control for the
component skill of design fluency and more directly assess the response cost of having to shift.
We also simultaneously considered the potential contribution of multiple brain regions because
demonstrating an association with the frontal lobes is not sufficient to suggest anatomical
specificity; it is also necessary to show that nonfrontal structures are not related to set shifting.
Our primary hypothesis was that frontal volumes and not other lobar volumes would predict
set shifting ability after carefully controlling for the component cognitive skills.

METHODS
Subjects

We studied 101 subjects recruited through the University of California at San Francisco
(UCSF) Memory and Aging Center, including 36 normal controls, 16 patients with probable
Alzheimer’s disease (AD), 30 patients with frontotemporal dementia (FTD), and 19 patients
with semantic dementia (SD). Subjects were drawn from the Clinical Core of a Program Project
Grant investigating frontotemporal lobar syndromes. All subjects underwent a standardized
cognitive and neuroimaging evaluation. Inclusion criteria included a Mini-Mental State
Examination (MMSE) score of 15 or higher and a magnetic resonance imaging (MRI) scan
obtained within 90 days of the cognitive testing. The research diagnosis for each subject was
made by a team consensus at the UCSF Memory and Aging Center based on medical, social,
and psychiatric history; neurological evaluation; extensive family interview; visual inspection
of a brain image [computed tomography (CT) or MRI], and mental status testing. The Neary
criteria were used for the diagnosis of FTD and SD (Neary et al., 1998,2000). Exclusionary
features include early severe amnesia, early spatial disorientation, logoclonic speech, and
myoclonus. Core diagnostic features of FTD include decline in social interpersonal conduct,
impairment in regulation of personal conduct, emotional blunting, and loss of insight that occur
very early in the course of the illness (e.g., first 1-2 years) in the absence of severe amnesia,
aphasia, or visuospatial disorder. The presence or absence of these core features during the
earliest stages of the patient’s neurodegenerative disease is determined through careful
interview with informants and completion of the Neuropsychiatric Inventory (Cummings et
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al., 1994). A diagnosis of FTD is further supported by a presenile onset (late 50s or early 60s),
the early presence of hyperorality and dietary changes, decline in personal hygiene, and
predominant frontal and insular atrophy on neuroimaging. The primary clinical features of SD
are a selective impairment of semantic memory; progressive, fluent, empty spontaneous
speech; loss of word meaning; semantic paraphasias; anomia; and relative sparing of syntax
and phonology. The National Institute of Neurological and Communicative Diseases and
Stroke/Alzheimer’s Disease and Related Disorders Association criteria (McKhann et al.,
1984) were used for the diagnosis of probable AD. Table 1 summarizes the demographic,
cognitive, and MRI data for each subject group. This study was approved by the Institutional
Review Board at UCSF.

Set Shifting Procedure
The Delis-Kaplan Executive Function System (D-KEFS) Design Fluency Test (Delis et al.,
2001) is a nonverbal analogue to verbal fluency and was administered according to
standardized procedures. Two of the test’s three conditions consist of a row of stimulus boxes,
each containing an array of 10 dots and requiring the examinee to construct unique designs by
connecting dots with four straight lines. In each condition, the stimulus response box contains
five filled dots and five empty dots (see Figure 1). In the control condition (DF:Control),
examinees are asked to generate as many unique designs as possible in 60 s by drawing lines
connecting only unfilled dots. In the switching condition (DF:Switch), examinees are asked to
generate as many unique designs as possible in 60 s by drawing lines alternating between filled
and unfilled dots. Each condition is preceded by detailed instructions and practice trials to
ensure that the subject understands the task. Instructions emphasize the need to work quickly
and to make each design different. The score for each condition is the total number of correct
designs created in 60 s.

Neuroimaging
MRI scans were obtained on a 1.5-T Magnetom VISION system (Siemens, Inc., Iselin, NJ)
equipped with a standard quadrature head coil. Structural MRI sequences included (1) two-
dimensional fast low-angle shot MRI along three orthogonal directions, 3-mm-thick slices,
∼15 slices in each direction to obtain scout views of the brain for positioning subsequent MRI
slices. (2) A double spin echo sequence [repetition time/echo time 1/echo time 2 (TR/TE1/
TE2) = 5000/20/80 ms] to obtain proton density and T2-weighted MRIs, 51 contiguous axial
slices (3 mm) covering the entire brain and angulated -10° from the anterior commissure-
posterior commissure line; 1.0 × 1.25 mm2 in-plane resolution. (3) Volumetric magnetization
prepared rapid gradient echo MRI [MPRAGE, repetition time/echo time/inversion time (TR/
TE/TI) = 10/4/300 ms] to obtain T1-weighted images of the entire brain, 15° flip angle, coronal
orientation perpendicular to the double spin echo sequence, 1.0 × 1.0 mm2 in-plane resolution,
and 1.5-mm slab thickness.

Magnetic resonance images were processed on Linux workstations using the BRAINS2
software package, which is developed and made freely available by the Mental Health-Clinical
Research Center at the University of Iowa (Magnotta et al., 2002). The T1-weighted images
were spatially normalized and resampled to 1.0-mm3 voxels so that the anterior-posterior axis
of the brain was realigned parallel to the anterior commissure-posterior commissure line and
the interhemispheric fissure was aligned on the other two axes. Next, the outermost boundaries
of the cortex, as well as the anterior commissure and posterior commissure, are identified to
warp the Talairach grid (Talairach & Tournoux, 1988) onto the current brain. The T2- and
proton density-weighted images were then realigned to the spatially normalized T1-weighted
image using an automated image registration program (Woods et al., 1992). The resampled
images were then segmented into gray matter, white matter, and cerebrospinal fluid using the
coregistered images and a discriminant analysis method based on automated training class
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selection (Harris et al., 1999). This tissue classification algorithm uses a Bayesian classifier
based on discriminant analysis to reduce the variability in signal intensity across individual
image sets and to correct for partial voluming. This step requires the manual tracing of venous
blood, but is able to perform “plug” selection for gray matter, white matter, and cerebrospinal
fluid automatically.

We generated a brain mask using a previously trained artificial neural network, one of the
features of the BRAINS2 software package. Then, lobar volumes were calculated using an
automated Talairach-based method of regional classification (Andreasen et al., 1996; Magnotta
et al., 2002). Lobar volumes are normalized to correct for differences in overall head size by
multiplying the absolute lobar volume by the average total intracranial volume (TIV) of our
sample and dividing by the individual’s TIV.

Statistics
Our goal is to study the relationship between set shifting and lobar volumes after controlling
for overall design fluency ability and other potential moderator variables. We first describe the
bivariate correlations between the two fluency tasks, lobar volumes, demographic variables,
and MMSE. We next carried out a second-order correlation between the set shifting condition
and lobar volumes to partial out the effects of DF:Control and potential moderator variables.
Finally, we used hierarchical multiple regression to determine whether frontal volumes
predicted set shifting performance after controlling for the contribution of nonfrontal brain
regions.

RESULTS
Bivariate correlations are summarized in Table 2. Both DF:Control and DF:Switch were
significantly correlated with all six lobar volumes and MMSE score, but not age or education.
Second-order correlations between DF:Switch and lobar volumes after partialling out the
effects of DF:Control and MMSE are summarized in Table 2. Results indicate that, after
controlling for MMSE and DF:Control, only the right and left frontal lobes were significantly
correlated with the shifting condition.

Although the partial correlations indicate a reasonably specific relationship between shifting
and frontal volumes, we carried out an additional test of our hypothesis with hierarchical
regression to control for whatever contribution temporal and parietal volumes might make. We
explored two separate models, one for left frontal volumes and one for right frontal volumes,
because of collinearity between the right and left frontal volumes (r = .78). In each model,
performance on the shifting condition was the dependent variable. In the first step of each
model, we entered DF:Control and MMSE, followed by right and left temporal and parietal
volumes in the second step, and the right or left frontal volume in the final step.

In the first step of the model, DF:Control and MMSE explained 53.8% of the variance in
shifting. The addition of the left and right temporal and parietal volumes did not contribute to
a significant increase in explained variance (p > .30). In the model for the left frontal lobe, left
frontal volume added an additional 5.9% of the variance in shifting (β = .320; Fchange = 14.4;
p < .001). In the model for the right frontal lobe, right frontal volume added an additional 2.7%
of the variance in shifting (β = .219; Fchange = 6.19; p < .05). A scatterplot illustrating the
relationship between the set shifting condition (after partialling out the effect of DF:Control)
and left frontal volumes is shown in Figure 2.

The ability to engage in cognitive set switching is functionally related to working memory
(Ravizza & Ciranni, 2002). For example, the design fluency shifting condition requires the
subject to simultaneously maintain instructions on-line and track progress while generating
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novel designs. Working memory has also been linked to dorsolateral prefrontal cortex (Cannon
et al., 2005; Funahashi, 2005; Petrides, 2005), raising the possibility that our results might have
been mediated by working memory. To address this possibility, we carried out an additional
set of regression analyses entering backward digit span, a widely used auditory working
memory task, into the model before entering the lobar volumes. Backward digit span data were
available on 96 of the 101 subjects. Results were unchanged; both left (β = .325; p < .001) and
right (β = .217; p < .05) frontal volumes were significant predictors of shifting, whereas
backward digit span did not remain in the model (β’s < .04).

DISCUSSION
This study tested hypotheses about the neuroanatomical correlates of set shifting. There were
two main findings. First, after carefully controlling for component cognitive tasks and global
cognition, and simultaneously considering multiple brain regions, only left and right frontal
volumes significantly correlated with the ability to shift during a design fluency task. Temporal
and parietal volumes were not related to shifting after controlling for general design fluency
ability. The second main finding is that the association between frontal volumes and shifting
remained significant even after controlling for working memory.

The association between anterior brain structures and shifting ability is consistent with several
studies that have found shifting impairment in patients with frontal damage (McDonald et al.,
2005a,b;Pantelis et al., 1999;Stuss et al., 2001) and with functional imaging studies that report
frontal activity during shifting tasks (Zakzanis et al., 2005). McDonald et al. (2005a) reported
on two separate shifting paradigms, including the design fluency task used in the present study.
They found that patients with frontal lobee pilepsy were impaired on the switching condition
relative to patients with temporal lobe epilepsy and controls, whereas the two patient groups
performed comparably to each other and controls on the baseline conditions of the test. Stuss
et al. (2001) reported slower times on Trails B (relative to Trails A) in both right and left frontal
lesion patients. Zakzanis et al. (2005) used functional MRI to study normal subjects while
carrying out the Trail Making Test. They found left-sided dorsolateral and medial frontal
activity when comparing Trails B to Trails A, although left middle and superior temporal gyrus
activity was also noted. Our data with the design fluency paradigm build on these earlier studies
by showing a direct relationship between shifting and frontal lobe volumes, and the absence
of significant contributions from the temporal and parietal lobes.

Set shifting tasks are typically complex, requiring a host of perceptual, cognitive, and motor
skills in addition to shifting. The broad spectrum of required skills can make identification of
brain-behavior relationships more challenging. One important element common to several
studies linking shifting with the frontal lobes is that the shifting task is compared with control
tasks with either repeated-measures designs (McDonald et al., 2005b), proportional scores
(Stuss et al., 2001), or, in the case of our study, partial correlations and regression models. This
strategy better enables the parsing out of motor, perceptual, and other component skills that
might otherwise obscure anatomic specificity.

The current study found bifrontal contributions to set shifting, although the relationship
between set shifting and frontal volumes was slightly larger on the left. These findings are
similar to other studies reporting bifrontal contributions (Aron et al., 2004; Stuss et al.,
2001), although other researchers have found greater left-sided involvement (Moll et al.,
2002; Zakzanis et al., 2005). Some investigators have proposed that both hemispheres
contribute to cognitive set shifting but in different ways. Konishi et al. (2002), for example,
found that right lateral frontal cortex was activated during exposure to negative feedback, and
the corresponding region in the left hemisphere was activated during updating of behavior.
Aron et al. (2004) also identified lateralized components of set shifting, with the right
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hemisphere, primarily inferior frontal gyrus, more involved in inhibiting task sets and/or
responses, and the left hemisphere, particularly middle frontal gyrus, more involved in
controlling task set.

The ability to engage in cognitive set shifting is anatomically and functionally related to
working memory because of the need to attend simultaneously to multiple task parameters,
track progress, and maintain task instructions on-line. When we included backward digit span,
a widely used index of auditory working memory, in our regression models predicting shifting
performance, we found that frontal volumes continued to be significant predictors of set
shifting, whereas backward digit span did not remain in the model. These findings are
consistent with those of Ravizza and Ciranni (2002), who reported that set shifting abilities
remained impaired for patients with prefrontal damage regardless of working memory
demands. These results suggest that, despite reported anatomical and conceptual overlap
between set shifting and working memory, set shifting should be considered a distinct
construct.

Some of the variable findings about set shifting reported in the literature may be attributable
to the term “set shifting” being used in different ways. In the WCST, for example, shifting
refers to the subjects’ ability to alter their sorting strategies when the reinforcement
contingencies change. In contrast, tasks like Trail Making and D-KEFS Design Fluency require
serial alternation between two different types of stimuli. Other researchers use the term to refer
to performance on dual-task paradigms where subjects either simultaneously or alternately
engage in two different tasks (e.g., unimanual tapping and verbal repetition; Crossley et al.,
2004). It is likely that these different types of “set shifting” tasks have different underlying
neuroanatomy. For example, extradimensional set shifting refers to when the correct response
changes to a different stimulus dimension from previous trials, and intradimensional shifting
refers to when the correct response changes to a different level within the same stimulus
dimension. Extradimensional shifting has been linked to dorsolateral prefrontal cortex,
whereas intradimensional shifting is thought to be mediated more by ventromedial frontal
structures (Rogers et al., 2000).

Design fluency has been proposed as a behavioral index of right frontal lobe functioning. Jones-
Gotman (1991) suggested that impairment on design fluency might be relatively specific to
patients with excisions involving the right frontal lobes, and several studies of patients with
presumed frontal pathology have been shown to perform poorly on design fluency tasks
(Varney et al., 1996). Our lobar volume data suggest that general design fluency ability has
the highest correlations with left and right frontal volumes; however, the correlation with left
frontal volume was actually slightly higher than right frontal, and nonfrontal regions also
significantly correlate with design fluency. Consequently, inferences about right frontal lobe
functioning based on design fluency may not have a strong empirical basis.

The current study was based largely on patients with neurodegenerative disease, including AD
and FTD. Differentiation between FTD and AD during life can be problematic, however,
because both disorders have an insidious onset, produce a progressive dementia syndrome that
can include executive dysfunction and language impairment, and can cause alterations in
behavior (Mendez et al., 1993). Consequently, despite the careful application of the Neary
criteria (Neary et al., 1998), some subjects might have been misdiagnosed. Implications for
this study are negligible, however, because group differences were not the subject of analysis.

The neural networks underlying set shifting ability are complex. One limitation of the current
study is that lobar volumes do not provide sufficient information about specific frontal regions.
Although dorsolateral prefrontal cortex is often implicated in set shifting (Moll et al., 2002),
other regions, including the bilateral inferior frontal junction (Derrfuss et al., 2005), anterior
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cingulate (Shafritz et al., 2005), medial prefrontal (Wager et al., 2004), ventrolateral prefrontal
cortex (Shafritz et al., 2005), and even basal ganglia (Ravizza & Ciranni, 2002) have been
implicated. Similarly, the act of shifting between two different response sets relies on a host
of abilities, including mental flexibility, inhibition, conflict monitoring, attentional control,
and working memory, and the structural substrates to these cognitive processes are only
beginning to be understood.
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Fig. 1.
Example of design fluency stimulus.
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Fig. 2.
Scatterplot showing the relationship between left frontal lobar volumes and DF:Switch (after
partialling out the contributions of DF:Control). DF, design fluency.
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Table 2
Bivariate and partial correlations between lobar volumes and set shifting

Bivariate correlations Partial correlations
DF:Switch DF:Control DF:Switch

DF:Control .69**
Left frontal .55** .40** .32**
Right frontal .49** .39** .30*
Left temporal .32* .36** -.07
Right temporal .38** .37** .10
Left parietal .42** .41** .09
Right parietal .40** .35** .19
Age .13 .08
Education .09 .21
MMSE .56** .50**

Note. Partial correlations are the relationship between DF:Switch and lobar volumes after controlling for DF:Control, age, and MMSE. DF = design
fluency; MMSE = Mini-Mental State Examination.

*
p <.01.

**
p <.001.
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