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Abstract

Functional neuroimaging studies in healthy adults demonstrate involvement of a left-lateralized
network of frontal, temporal, and parietal regions during a variety of semantic processing tasks.
While these areas are believed to be fundamental to semantic processing, it is unclear if task
performance is correlated with differential recruitment of these or other brain regions. The
objective of this study was to identify the structures underlying improved accuracy on a semantic
decision task. We also investigated whether extra-scanner performance on the Boston Naming
Test (BNT) and Semantic Fluency Test (SFT), neuropsychological measures of semantic retrieval,
is correlated with specific areas of activation during the semantic decision/tone decision (SDTD)
fMRI task. Fifty-two healthy, right-handed individuals performed a block-design SDTD task.
Regression analyses revealed that increased performance on this task was associated with
activation in the right inferior parietal lobule. Higher SFT performance resulted in greater
recruitment of right frontal regions; improved performance on BNT was associated with more
widespread activation in prefrontal, temporal, and parietal cortex bilaterally, although this
activation appeared to be stronger in the right hemisphere. Overall, our results suggest that
improved performance on both intra- and extra-scanner measures of semantic processing are
associated with increased recruitment of right hemispheric regions.
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1. Introduction

Language comprehension involves both speech perception and lexical-semantic processing,
functions often associated with the left temporal lobe (Indefrey & Levelt, 2004; Wernicke,
1874). While the significance of this area continues to be recognized, functional magnetic
resonance imaging (fMRI) studies of speech comprehension in healthy adults have improved
our understanding of the functional anatomy of language and suggest the presence of a more
complicated system (Karunanayaka et al., 2007, 2010, 2011; Kim et al., 2011; Price, 2010).

Processing speech sounds activates the superior temporal gyrus bilaterally and relatively
symmetrically (Binder et al., 2000; Schlosser et al., 1998). However, similar activation has
been shown to occur during passive listening to non-words as well as complex non-speech
sounds (Binder et al., 2008). While the superior temporal gyrus is known to play an
important role in linguistic comprehension, particularly prelexical processing, converging
evidence from neuroimaging and lesion studies suggests that semantic processing involves
cortical areas beyond the superior temporal gyrus, including temporal (inferior and middle
temporal cortices), inferior parietal (angular gyrus), and prefrontal regions (Bates et al.,
2003; Dapretto & Bookheimer, 1999; D’Esposito et al., 1997; Hickok & Poeppel, 2007;
Price, 2000, 2010). In addition, although language processing is believed to take place
primarily in the left hemisphere, there is increasing evidence that the role of the right
hemisphere has been largely overlooked (Bookheimer, 2002; Karunanayaka et al., 2010;
Kim et al., 2011). Clearly, the right hemisphere is involved at the least in non-propositional
speech and its involvement in language production may increase with left-handedness,
presence or absence of preexisting insults (e.g., stroke or epilepsy) or other biologic (e.g.,
hormonal) factors (Code, 1997; Geschwind & Galaburda, 1985; Searleman, 1977; Vigneau
et al., 2011). This picture is further complicated by potential sex differences in language
abilities. It has been shown that women outperform men on verbal tasks, particularly fluency
measures (Weiss et al., 2003a). However, it remains unclear whether these behavioral
differences are associated with sex differences in the underlying language networks. It has
been proposed that language functions are more strongly lateralized in males compared to
females (Shaywitz et al., 1995). Yet, fMRI studies of verbal fluency revealed that, when
matched for performance, males and females show similar patterns of activation (Weiss et
al., 2003b; Allendorfer et al., in press). Although this issue will continue to be debated,
possible sex differences need to be explored in neuroimaging studies of language before
generalizing the findings to both sexes.

More recently, researchers have begun to explore the influence of performance on fMRI
activation during language tasks. There is evidence that task performance directly correlates
with levels of brain activation in task related cortical regions (Vannest et al., 2010). Further,
Yeatman et al. (2010) found that frontal regions are recruited in response to increasing task
demands in children with superior language skills, suggesting that children with strong
language abilities are activating higher-order brain functions with increased task complexity.
It has also been shown that higher verbal 1Q is associated with increased right-hemispheric
involvement on a language comprehension task (Lidzba, in press). Thus, it is currently
unclear whether improved language performance is associated with stronger activation of
regions known to be involved in language functioning or recruitment of more widespread
regions.

Many fMRI studies attempt to isolate the cortical areas associated with a specific language
process by contrasting a language related task (active condition) with a non-language related
task (control condition). In doing so, general cognitive processes thought to be common to
both tasks can be subtracted out, revealing the brain regions specifically involved in the
language process of interest (Binder et al., 2008). Using this subtraction method, Binder et
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al. (1995) designed a semantic decision/tone decision task (SDTD) to identify the cortical
regions specific to semantic processing. Contrasting the semantic decision condition with a
tone decision condition results in elimination of activation associated with both tasks,
namely low-level auditory processing, sustained attention, executive systems, and response
production. In studies utilizing standard analysis methods (e.g., t-test, correlation analysis, or
general linear modeling) the semantic decision condition is known to produce blood
oxygenation level-dependent (BOLD) signal increases in several left hemispheric regions
including prefrontal portions of the inferior, middle, and superior frontal gyri; anterior
portions of the superior temporal sulcus and middle temporal gyrus spreading ventrally to
include the inferior temporal gyrus; fusiform and parahippocampal gyri; angular gyrus; and
posterior cingulate cortex (Binder et al., 1995, 1997, 2008; Szaflarski et al., 2002, 2008;
Springer et al., 1999). More advanced data-driven analysis methods, such as independent
component analysis (ICA), that do not assume an a priori hemodynamic response have
shown a much more complicated picture of the SDTD task (Kim et al., 2011; Karunanayaka
et al., 2011). As we have recently shown, ICA has the capability of examining the
activations specific to each decision condition (semantic or tone) rather than making
inferences based on the contrast between those conditions (Kim et al., 2011); in this study
we have shown that semantic processing is a complex task that includes several sequential
steps including auditory input and perceptual processing, verbal encoding and mental
imagery, and semantic decision with many of these processes involving bilateral albeit
asymmetric networks (see Figure 4 in Kim et al., 2011).

Several functional neuroimaging studies in healthy adults demonstrate activation in anterior
temporal, inferior parietal, and prefrontal regions during a variety of semantic processing
tasks (Cappa et al., 1998; Roskies et al., 2001; Scott et al., 2003; Spitsyna et al., 2006).
However, there is conflicting evidence regarding the relative importance of these areas to
the semantic processing. Impairments of semantic cognition can arise from a variety of
disorders that differentially affect these brain regions. For example, individuals with
semantic dementia suffer from bilateral atrophy of the anterior temporal lobes, while those
with semantic aphasia following a stroke generally have damage to left prefrontal and
temporoparietal regions, with a relative sparing of the anterior temporal regions (Alexander
et al., 1989; Bozeat et al., 2000; Jefferies & Lambon Ralph, 2006; Kertesz et al., 1982). Both
types of patients display deficits in comprehension and naming. Yet, upon closer
examination, their deficits are qualitatively different (Corbett et al., 2009; Jefferies &
Lambon Ralph, 2006). Individuals with semantic dementia perform poorly across a variety
of semantic tasks, while aphasic patients show more variability in their performance
depending on the amount of executive control required by the task. For example, in the
study by Jefferies & Lambon Ralph (2006), both groups displayed poor picture naming
ability; the aphasic patients benefited from phonemic cueing while those with semantic
dementia did not. These authors concluded that in those with semantic dementia, storage of
semantic knowledge is impaired as opposed to being unavailable as is the case in those with
post-stroke aphasia. Thus, a comparison of these two syndromes suggests that the anterior
temporal lobes store semantic information, and the left prefrontal cortex and temporo-
parietal regions contribute to semantic control processes needed to work flexibly with
previously stored semantic knowledge (Corbett et al., 2009; Jefferies & Lambon Ralph,
2006).

Neuropsychological studies further support the position that distinct cortical regions
subserve various aspects of semantic processing. For example, the Boston Naming Test
(BNT), a measure of confrontation naming and semantic retrieval, is sensitive to lesions in
the anterior temporal regions (Bell et al., 2001; Kaplan et al., 1983; Wilson et al., 1996)
while verbal fluency tasks, which also measure semantic retrieval, are often used as an index
of frontal lobe function (Baldo & Shimamura, 1998; Stuss et al., 1998). Verbal fluency tasks
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have long been used in neuroimaging studies to investigate the cortical areas involved in
word generation (e.g., Frith et al, 1991; McCarthy et al, 1993). The fact that they are used as
a measure of frontal lobe function in neuropsychology is not surprising given the executive
control needed to successfully retrieve and produce words associated with either an
identified category (semantic fluency) or those beginning with a defined letter (letter
fluency) over a limited period of time. Given the increased demand on semantic memory,
category fluency has been shown to rely more heavily on temporal regions than letter
fluency (Mummery et al., 1996). However, both tasks are impaired in individuals with
frontal lobe lesions (Baldo & Shimamura, 1998). Using these lesion studies one can begin to
make assumptions about the areas of activation seen during neuroimaging studies of
semantic processing.

Functional neuroimaging studies using the SDTD task consistently show similar patterns of
activation, emphasizing the reliability of the paradigm (Eaton et al., 2008). However, no
study to date has examined the effect of task performance on this pattern of activation. The
neuropsychological literature suggests that frontal, temporal, and parietal regions make
varying contributions to semantic cognition. Thus, it is reasonable to believe that while this
pattern of activation is fundamental to semantic processing, one’s performance on the SDTD
task will determine to what extent each of these regions is recruited. Therefore, the purpose
of this study was to identify the cortical areas associated with increased accuracy on the
semantic decision condition of the SDTD task. Further, we wanted to investigate whether
performance on extra-scanner neuropsychological measures is correlated with specific areas
of activation during the SDTD task. We expected that higher performance on the Semantic
Fluency Test (SFT) would be associated with greater recruitment of left prefrontal cortex
during the SDTD task. In other words, we expected that individuals who perform well on the
SFT are better able to strategically access previously stored information and would
increasingly utilize left frontal regions to successfully retrieve this information when
performing the SDTD task. Conversely, it was expected that higher performance on the
BNT would be associated with greater involvement of temporal cortex, which is thought to
play an important role in the long-term storage of semantic knowledge (Chao et al., 1999).
Those individuals who have encoded and consolidated more information to semantic
memory would show enhanced activation in these temporal regions as subjects attempt to
make semantic decisions during the SDTD task.

To test our hypotheses we used three regression models to examine the effect of intra- and
extra-scanner performance on activation during the SDTD fMRI task. First, to explore the
relationship between cortical activation and intra-scanner performance, accuracy during the
semantic decision condition was used as a predictor of group activation in the regression
model. Next, two separate models were created using BNT and SFT scores as predictors to
determine how performance on these tests affects the pattern of activation during the SDTD
task. In addition, we examined which cortical areas are associated with increased tone
decision performance in order to determine whether the areas associated with increased
semantic decision accuracy truly reflect improved semantic retrieval as opposed to improved
attention and executive processes that are similar to both tasks.

2.1 Task Performance

Performance scores for the neuropsychological tests as well as the SDTD task are presented
in Table 1. On the BNT, subjects achieved a mean score of 57 (range: 48-60). Subjects
generated between 32 and 79 words on the SFT with an average score of 55. As shown in
Table 1, most subjects performed well above chance levels on both the semantic decision (M
= 68.5% correct) and tone decision (M = 94.3% correct) conditions. These performance rates
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are similar to those reported previously (Karunanayaka et al., 2011; Kim et al., 2011,
Szaflarski et al., 2008). Although few individuals performed at or below chance on the
semantic decision condition, they performed above chance on the tone condition suggesting
that their relatively poor semantic decision performance was not related to lack of
concentration or cooperation. These individuals were included in all analyses as the main
goal of this study was to evaluate the cortical underpinnings of improved performance.
Neither BNT nor SFT scores were significantly correlated with accuracy on the semantic
decision condition. However, BNT scores were more strongly correlated (r = 0.21, p = 0.12)
than SFT scores (r = 0.05, p = 0.72). Performances on BNT and SFT were positively
correlated (r = 0.39, p = 0.004).

2.2 Functional MRI results

When contrasted with the non-language tone decision condition, the semantic decision
condition elicited clusters of activation similar to those found in previous studies that used
this task (Binder et al., 1995, 1997, 2008; Springer et al., 1999; Szaflarski et al., 2002,
2008). As shown in Figure 1a these regions were located primarily in the left hemisphere
and right cerebellum. Significant clusters included prefrontal portions of the inferior,
middle, and superior frontal gyri, posterior cingulate gyrus and retrosplenial cortex, anterior
superior temporal gyrus, parahippocampal and fusiform gyri, angular gyrus and precuneus,
and posterior cerebellum (see Table 2). Activation that was greater for the tone decision
condition compared to the semantic decision condition was much more extensive, involving
large temporal and parietal regions symmetrically as well as a smaller area of activation in
the right prefrontal region (data not shown).

Increased accuracy on the semantic decision condition of the SDTD task was positively
correlated with activation in the right inferior parietal lobule, extending into portions of the
angular and supramarginal gyri (Fig. 1b). Significant negative correlations between semantic
decision performance and BOLD response were noted in superior and middle temporal gyri
bilaterally corresponding to bilateral primary auditory cortices (Heschl’s gyri) and adjacent
cortical areas. However, this negative BOLD signal was somewhat greater in the right
hemisphere. Additional BOLD signal decreases were present in occipital, sensory-motor,
and cerebellar regions, bilaterally (see Table 3).

Improved extra-scanner performance on the SFT was associated with increased activation in
the right hemisphere during the SDTD task (Fig. 1c). These regions included significant
portions of the inferior and middle frontal gyri as well as sensory-motor cortex (Table 3).
Performance on the SFT was negatively correlated with activation in the left superior
temporal gyrus while positive correlations between SFT performance and BOLD responses
were noted in the right inferior/middle frontal gyri and in the precentral/postcentral gyri.
Finally, improved performance on the BNT was associated with increased BOLD signal
changes in several cortical regions (Fig. 1d). The regions associated with higher BNT scores
consist of a large prefrontal region (right > left) including medial portions of the superior
frontal gyrus, extending into the cingulate gyrus as well as several right temporal areas
located in portions of the superior temporal gyrus, fusiform gyrus, and parahippocampal
gyrus. Additional clusters of positive activation occurred bilaterally in occipital and parietal
regions (Table 3).

Given the potential for sex related differences in cortical activation patterns associated with
language processing (Harrington & Farias, 2008; Shaywitz et al., 1995), we performed the
above analyses again while treating both age and sex as covariates. A direct comparison of
males and females revealed that males show greater deactivation in temporal and occipital
areas during the SDTD task. Overall, the three performance regressions have not changed
substantially when age and sex were used in the analysis. The only difference was noted in
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the regression model using SFT performance as a predictor of SDTD activation. When sex
was treated as a covariate only the positive correlations remained (right inferior/middle
frontal gyri and precentral/postcentral gyri). The original area of decreased activation in the
left superior temporal gyrus was no longer present indicating that this area was likely
utilized less by males given their overall pattern of deactivation on the SDTD task compared
to females.

Lastly, increased performance on the tone decision condition was correlated with increased
activation in right frontal cortex, including portions of the inferior and middle frontal gyri as
well as a smaller area of medial frontal activation. Similar to semantic decision accuracy,
tone decision accuracy was positively correlated with increased BOLD signal in the right
inferior parietal lobule. This positive parietal activation was also seen in the left hemisphere,
although to a lesser extent. Significant negative correlations between tone decision accuracy
and BOLD signal were found in occipital and temporal cortex as well as the precuneus as
shown in Figure 2.

3. Discussion

A major finding of the current study was that after controlling for age and sex improved
intra-scanner performance on the semantic decision condition of the SDTD task was
associated with increased activation in the right inferior parietal lobule. Further, higher
performance on extra-scanner neuropsychological measures of semantic retrieval was also
associated with increased recruitment of right hemisphere regions during the SDTD task. In
contrast to these findings, standard GLM analysis of the fMRI data contrasting the semantic
decision condition with the tone decision condition revealed strongly left lateralized
activation in areas known to be involved in semantic processing. Thus, we attribute the
improvements in task performance to the increased involvement of right hemispheric
regions. Further support of this finding is the fact that increased tone decision accuracy was
also positively correlated with BOLD signal in the right inferior parietal lobule, indicating
that this region is activated by a cognitive demand similar to both tasks and is not
necessarily a reflection of one’s semantic abilities.

In addition to the positive correlation between semantic decision performance and right
parietal activation, we also noted negative correlations between semantic decision
performance and BOLD signal changes in bilateral temporal, occipital, and cerebellar
regions (Table 3). The decreased activation in occipital cortex occurred mainly in the cuneus
and lingual gyrus, areas that are related to mental imagery (Balsamo et al., 2006; Gardini et
al., 2006). This likely reflects the decreased need for the retrieval of stored mental images
related to presented animal names. In other words, if one can quickly generate a correct
response based on semantic memory, there is less need for access to a visual representation
of the animal. Similarly, individuals that perform well on the semantic decision task may
rely less on superior and middle portions of the temporal lobe because they are able to
recognize and comprehend the animal names quickly and more efficiently. Finally, the
cerebellum, typically activated with this linguistic task (e.g., Szaflarski et al., 2002), is
thought to play a role in a variety of cognitive functions, including verbal working memory,
problem-solving, and attention (Baillieux et al., 2008; Durisko & Fiez, 2010). While the
specific role of the cerebellum in the SDTD task remains somewhat unclear, it possibly
reflects its involvement in semantic discrimination, which may be modulated by the level of
task difficulty (Xiang et al., 2003).

Recruitment of bilateral networks during language tasks is often viewed as a compensatory
function. For example, increased bilateral activity in older adults is associated with
maintenance or increase in performance in a variety of cognitive domains, including naming
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accuracy (Cabeza et al., 2002; Grady, 2000; Wierenga et al., 2008). It has been proposed
that this additional recruitment of right hemisphere regions is implemented to counteract
age-related neurocognitive decline (Cabeza et al., 2002; Szaflarski et al., 2006). However,
others argue that this increased activation reflects impairment in older adults’ ability to
inhibit processing of irrelevant information (Milham et al., 2002) and that this may be
related to disconnection of widespread cortical networks as examined with diffusion tensor
imaging (O’Sullivan et al., 2001). While it is unclear whether this additional involvement is
compensatory or related to decreases in effective processing, right-hemisphere involvement
in language functioning does not only occur subsequent to pathology associated with aging.
For example, while language-related activation in healthy right-handed individuals is
predominantly left hemispheric, right hemisphere areas are often activated to some extent
(Bookheimer, 2002; Knecht et al., 2003; Price, 2000; Springer et al., 1999). While our study
did not show right hemisphere activation during the SDTD task, other studies using this task
have shown activation in right-hemispheric regions when using less stringent cluster size
thresholds or when including patients with atypical language representation due to disease
state (Binder et al., 1997; Lee et al., 2008; Szaflarski et al., 2008). Taken together, these
results suggest that the right hemisphere participates in language comprehension, although
to a lesser extent than the left hemisphere. Thus, it is reasonable to speculate that as task
demands increase, secondary to either task difficulty or damage to left hemispheric language
regions, greater recruitment of right hemisphere occurs.

A growing number of studies report right hemispheric brain activity during higher-level
language tasks, such as comprehending metaphors and jokes (Coulson & Wu, 2005; Mashal
etal., 2007). For example, during a test of sentence comprehension, Just et al. (1996) found
increased activation in right hemispheric areas with increasing linguistic complexity of the
sentences. Similarly, an fMRI study investigating the neural circuitry of word retrieval
revealed that increased difficulty in word retrieval leads to activation of right hemispheric
parietal regions (Dréger et al., 2004). Lastly, a recent study assessing language lateralization
in healthy subjects demonstrated a correlation between increased right hemispheric
involvement and better performance on a variety of language tasks, including reading,
verbal fluency, and naming (van Ettinger-Veenstra et al., 2010). Our results are in line with
these studies and provide evidence to support a relationship between improved performance
on a semantic decision language task and increased right hemispheric involvement.
However, our ability to compare performance on a semantic decision task with a non-
language tone decision task allows us to make assumptions about the role of this right
hemispheric activation. The importance of right hemispheric regions to the semantic
decision task has been previously demonstrated using ICA (Kim et al., 2011). Consistent
with GLM analyses of this task, ICA captured a left-lateralized network of frontal, temporal,
and parietal regions. However, these authors proposed an integrated model of semantic
decision to account for the more bilateral, although asymmetric, areas of activation
including auditory/perceptual processes, verbal encoding/mental imagery, semantic
decision, and maintaining attention (Fig 4 in Kim et al., 2011).

It is impossible to ascribe a particular cognitive function to areas of activation in functional
neuroimaging studies (Price & Friston, 2002). However, we can begin to explore
possibilities through combining neuropsychological and neuroimaging studies. Our results
suggest that the right parietal activation associated with increased performance on the SDTD
task is due to higher-order cognitive functioning rather than language processing. BOLD
signal in the right parietal lobe was positively correlated with performance on both, the
semantic decision task and the tone decision task indicating that this activation is associated
with cognitive functions similar to both tasks rather than a demand on semantic processing.
Interestingly, this parietal region has been implicated in decision making as well as
sustained attention and executive control (Daniels et al., 2003; Shaywitz et al., 2001;
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Vickery & Jiang, 2009), cognitive systems integral to both tasks. Another study found
similar parietal activation with increasing word retrieval difficulty, but these authors did not
specifically attribute this activation to language processing (Drager et al., 2004). Rather,
they proposed that increasing task difficulty is associated with a greater need for attention,
working memory, and executive systems. These authors suggested that if the left-
hemispheric language areas are overtaxed by the complexity of the language tasks, the right
hemisphere will show increased activation associated with these additional cognitive
systems. In the current study, we did not specifically assess task difficulty, but a similar
interpretation can be applied to our results especially that a ceiling effect for the intra-
scanner performance was not observed. We propose that higher accuracy on the semantic
decision condition is related to improved attention and executive control rather than
improved semantic processing. It is possible that the activation associated with these
cognitive systems may be lateralized to the right hemisphere due to the left hemisphere’s
extensive involvement in semantic processing given that tone decision performance is
positively correlated with activation in the inferior parietal lobule of both hemispheres.
However, the tone related activation is much stronger in the right hemisphere providing
further support that this right hemisphere region is integral to improved performance on both
tasks. Thus, we cannot propose that the right parietal activation seen with increased accuracy
on the semantic decision task is a result of the left hemisphere being overtaxed by the
language task. Instead, we believe our results suggest that the right inferior parietal lobule
plays an important role in performance on decision making tasks and may reflect sustained
attention or executive control in those individuals putting forth good effort throughout the
SDTD task. Performance on both tasks was negatively correlated with BOLD signal in
posterior temporal and occipital cortex. However, only semantic decision performance was
negatively correlated with bilateral activation in the middle and superior temporal gyri as
well as the cerebellum, perhaps reflecting less recruitment of these regions in individuals
who are able to perform the semantic decision task more easily and efficiently.

As expected, individuals who performed higher on the SFT increasingly recruited prefrontal
regions during the SDTD task. This frontal activation likely reflects executive processes that
are involved in both the SFT and SDTD task, such as attention and working memory
(Vigneau et al., 2011). However, the lateralization of this activity to the right hemisphere in
the current study may also represent an increased demand on episodic memory in addition to
semantic memory as individuals determine whether animals are “native to the United States”
and “used by humans.” If an individual is unable to make a decision based on general word
knowledge, it seems likely that they would begin to retrieve particular experiences with
those animals to determine whether or not these animals are used by humans and native to
the United States. Right prefrontal cortical regions are involved in retrieval of episodic
information in contrast to the retrieval of information from semantic memory carried out by
left prefrontal regions (Tulving et al., 1994; Wagner et al., 2001). Further, both
neuroimaging and lesional studies confirm the importance of the left inferior and middle
frontal gyri to verbal fluency performance (Abrahams et al., 2003; Baldo & Shimamura,
1998; Stuss et al., 1998). These regions are also believed to be involved in semantic
processing; particularly semantic decision tasks (Gernshacher & Kaschak, 2003). The
decreases in BOLD signal in left temporal cortex may suggest decreased need for auditory
language processing given that semantic information is likely retrieved quickly in
individuals known to perform well on the SFT. It is important to note that given the
relatively weak correlation between SFT scores and semantic decision accuracy, it is
possible that the increased activation in right frontal regions associated with improved SFT
performance does not improve accuracy on the semantic decision condition. Perhaps this
pattern of activation is associated with spontaneous selection and decision making at the cost
of more in-depth processing and retrieval. Interestingly, the area of decreased activation in
the left superior temporal gyrus is not present when sex is treated as a covariate in the
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regression model. A direct comparison of males and females revealed that males show
greater deactivation on the SDTD task. Therefore, the decreased activation associated with
increased SFT performance may be a result of different patterns of activation for males and
females.

In Alzheimer’s disease and temporal lobe epilepsy impaired performance on the BNT is
directly related to the extent of temporal lobe pathology highlighting the importance of
temporal lobe structures to object-naming ability (Bell et al., 2001; Wilson et al., 1996).
Therefore, we hypothesized that increased performance on the BNT would be correlated
with enhanced activation in temporal cortex during the SDTD task. The results of our
analyses confirmed the original hypothesis that higher performance on the BNT was
associated with activation in temporal regions, namely the superior temporal gyrus, fusiform
gyrus, and parahippocampal gyrus in the right hemisphere. Further, BNT performance was
most strongly correlated with signal change in the right superior temporal gyrus, extending
into portions of the precentral gyrus. Increased performance on the BNT was also associated
with increased medial prefrontal activation. Object naming requires the ability to select an
intended word from a competing set of words. This goal-directed selection and response
inhibition is generally associated with prefrontal cortex (Ridderinkhof et al., 2004). Thus,
the prefrontal activation in high BNT performers is likely related to an enhanced ability to
use these skills during the SDTD task. Additional increases in activation were observed in
occipital and parietal regions, including the lingual gyrus and precuneus, which are known
to be involved in visual imagery (Cavanna & Trimble, 2006; D’Esposito et al., 1997) and
are thought to be a part of the language circuit associated with semantic decision (Kim et al.,
2011). While the BNT requires subjects to name visually presented objects, the SDTD task
likely involves generating visual representations of animals presented aurally. Our results
suggest that the connections between cortex involved in visual imagery and that involved in
storage of semantic knowledge are stronger in individuals that perform well on the BNT.
Activation associated with increased BNT performance was seen bilaterally. However, this
activation was once again greater in the right hemisphere. Confrontation naming, or
retrieving words that denote concrete entities, is often believed to rely on the left
hemisphere. Conversely, retrieving conceptual knowledge about these entities depends on
regions located predominantly in the right hemisphere (Damasio et al., 2004). Therefore,
given that the SDTD task relies more on retrieval of conceptual information about animals
(i.e. “native to the United States & used by humans”) rather than naming ability, the
presence of BOLD signal increases in right hemispheric brain regions is logical.

This study has its limitations. The subtraction methodology used in the SDTD task attempts
to isolate brain areas associated with semantic processing by eliminating activation
associated with both tasks (e.g. low-level auditory processing, sustained attention, and motor
response). However, this method only allows one to make assumptions about what areas are
important for semantic processing by identifying regions that are activated more for the
semantic decision condition relative to the tone decision condition. It cannot be concluded
that these areas are necessary for semantic comprehension. The study was further limited by
the fact that there was a small range of scores for the semantic decision condition, with only
eight individuals being less than 60% accurate. Similarly, 90% of the subjects answered less
than five items incorrectly on the BNT. The restriction of range for both of these
performance measures could have masked performance related differences. We chose to
include ambiguous items in the semantic decision task in order to increase the difficulty.
However, accuracy may reflect differences in opinion rather than a correct or incorrect
answer. For example, animals that are used by humans for food can vary greatly depending
on regions within the United States. Lastly, given that we did not measure education or
overall intelligence, we cannot rule out the potential role of general intellectual ability in the
relationship between performance and cortical activation. However, the fact that the
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semantic decision condition and the tone decision condition, which relies less on intellectual
abilities, both showed increased BOLD signal in the right inferior parietal lobule with
increased performance indicates that this region is positively correlated with performance
regardless of 1Q or education. Despite these limitations, to our knowledge this is the first
study to examine the performance related neural substrates of semantic decision making in
healthy adults.

In contrast to the traditional view that language processing is primarily dependent on the left
superior temporal gyrus (Wernicke, 1874), functional neuroimaging studies suggest that a
distributed left-lateralized network of frontal, temporal, and parietal regions is responsible
for our linguistic abilities (Bookheimer, 2002; Gernsbacher & Kaschak, 2003; Hickok,
2009). Further, studies that utilize data-driven rather than hypothesis-driven neuroimaging
analysis methods (Karunanayaka et al., 2007, 2010) paint a much more complicated picture
of the language network. These studies implicate bilateral networks in language processing,
but the dominant node appears to be the left fronto-temporal region, whether it is verb
generation (Karunanayaka et al., 2010), story listening (Karunanayaka et al., 2007) or
semantic decision (Karunanayaka et al., 2011; Kim et al., 2011). Finally, lesions in the
primary left hemispheric language network nodes produce deficits on tasks of language
comprehension and semantic retrieval (Alexander et al., 1989; Corbett et al., 2009; Hart &
Gordon, 1990; Noppeney et al., 2007). Taken together, there is strong evidence to support
the importance of left hemispheric regions in language processing. However, previous
studies have not explored the cortical underpinnings of increased performance on language
related measures. A unique contribution of the current study is our ability to correlate intra-
and extra-scanner performance on tests of semantic processing with BOLD response during
a semantic decision task to reveal the brain regions that are associated with improved
language performance. Interestingly, we found that improved performance on these
measures of semantic retrieval was associated with increased activation in the right
hemisphere.

4. Experimental Procedure

4.1 Subjects

Fifty-two right-handed, healthy volunteers (29 females) took part in the study. Subjects were
18 years of age or older (range: 18-62), spoke English as their first language, and had no
history of neurological or psychiatric disease. Edinburgh Handedness Inventory (EHI)
laterality quotients ranged from 60 to 100, indicating right-handed preference for all subjects
(Oldfield, 1971). Recruitment consisted of local advertisement and word of mouth. This
research was part of a larger study (R01 NS048281), which was approved by the University
of Cincinnati Institutional Review Board. Each participant provided written informed
consent prior to participation in the study. Demographic information for all participants is
summarized in Table 1.

4.2 Neuropsychological measures

Neuropsychological tests were administered to each subject prior to scanning. The 60-item
BNT is a measure of confrontation naming (Kaplan et al., 1983). Subjects are presented with
pictures of objects (ranging from high frequency to rare objects), which they are required to
name. The number of correct responses without phonemic cueing was used as a score for
each subject. The SFT is a measure of verbal fluency (Lezak, 1995). Subjects were asked to
provide as many words as possible within 60 seconds from each of three different
categories. The categories were randomized among subjects and included animals, fruits and
vegetables, things that are hot, things that are cold, food, and cities. SFT requires semantic
knowledge as well as executive control and effective search processes. The total number of
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responses given across three categories, excluding perseverations and errors, was used as a
performance score for each subject. The BNT and SFT were chosen to examine different
aspects of semantic retrieval (i.e. naming and speeded fluency, respectively), language skills
believed to be necessary for successful performance on the SDTD task. The SDTD task,
similar to the BNT and SFT, requires activation of the semantic system including access to
stored semantic information (i.e. verbal concepts and mental images) and executive control
needed to work flexibly with this information in order to generate an appropriate motor
response (Binder et al., 1995; Kim et al., 2011).

4.3 Semantic Decision—Tone Decision functional MRI task (SDTD)

As previously, the block-design SDTD task consisted of alternating active (semantic
decision) and control (tone decision) conditions (Karunanayaka et al., 2011; Kim et al.,
2011; Szaflarski et al, 2008). Each condition lasted 30 seconds with stimuli presented every
6 seconds. Responses consisted of a thumb press to a hand-held button device placed in each
subject’s left hand. During the tone decision condition, subjects heard five brief sequences
of four to seven 500 and 750-Hz pure tones. Subjects were instructed to respond by pressing
the button on the left for any sequence containing two 750-Hz tones and the button on the
right for all other sequences. In the semantic decision condition, subjects heard five spoken
English nouns designating animals and pressed the button on the left for animals they
considered to be both “native to the United States” and “used by humans.” For all other
animals they pushed the button on the right. The task begins with a control condition (30
seconds; data discarded), followed by alternating active and control conditions (5 blocks of
30 second duration each) for the total duration of the task of 5 minutes and 30 seconds. The
SDTD task was presented and responses were recorded using DirectRT (Version 2008;
Empirisoft, www.empirisoft.com). Instructions and brief practice trials on each task were
given before scanning. Subjects completed two runs of the SDTD task. Performance was
defined as the percentage of accurate semantic decisions out of 50 animals or 50 tone
sequences presented.

4.4 Magnetic resonance imaging

All MRI data were acquired on a 3.0 Tesla Phillips MRI system at the Imaging Research
Center at the Cincinnati Children’s Hospital Medical Center. The scanner is equipped with
an audiovisual system for presentation of task stimuli (Avotech Systems Inc.,
www.avotecinc.com). Echo planar imaging (EPI) fMRI scans were performed using thirty-
two 4 mm thick axial slices covering the entire brain. EPl images were obtained using a
T2*-weighted gradient-echo EPI pulse sequence (TR/TE = 2000/38 ms, FOV = 24.0 x 24.0
cm, matrix = 64 x 64, slice thickness = 4 mm, voxel size = 4x4x4). Two runs of the SDTD
task were performed. For each run, whole brain images were sampled at 165 time points.
Prior to the fMRI sessions, a multi-echo reference scan (MERS) was acquired for use during
fMRI image reconstruction to correct for geometric distortions and Nyquist ghost artifacts
(Schmithorst et al., 2001). In addition, a high-resolution T1-weighted three-dimensional
anatomical scan was obtained (TR/TE = 8.1/3.7 ms, FOV 25.0 x 21.1 x 18.0 cm, matrix 252
x 211, flip angle 8°, slice thickness = 1 mm) for localization of brain regions.

4.5 Image processing and data analysis

Image analysis was performed using CCHIPS (Cincinnati Children’s Hospital Image
Processing System; https://irc.cchmc.org/software/cchips.php), a software package
developed by the Imaging Research Center in the IDL environment (www.ittvis.com).
Following MERS reconstruction of fMRI datasets, the first 15 time points during each run of
the SDTD task were removed to allow for T1 equilibration. Next, the two runs were
concatenated into a single dataset followed by motion correction using a pyramid iterative
algorithm (Thevenaz et al., 1998). This step was followed by affine transformation into
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Talairach space (Talairach & Tournoux, 1988) without resampling based on methods
described previously (Muzik et al., 2000; Wilke et al., 2002).

Single subject fMRI statistical analysis was performed using GLM to determine differences
in the magnitude of the BOLD response for the active versus control conditions of the
SDTD task. The hemodynamic response was modeled as 30-second blocks of the active
condition (semantic decision) and 30-second blocks of the control condition (tone decision).
Rather than excluding subjects for motion, the estimated motion parameters were included
as covariates in the single subject regression analysis, which was shown to be more
advantageous than performing motion correction alone (Evans et al., 2010). Low frequency
(i.e., quadratic) signal drift was also included as a covariate of no interest in the first level
analysis. Individual Z-score maps resulting from this analysis were combined for group-
level analysis and a one-sample t-test was performed to create a Z-score map representing
regions of significant group activation. As a final step, a 6 mm Gaussian filter was applied to
the composite dataset for better between-subject overlap of activation. Three models were
then created to examine the effect of intra- and extra-scanner performance on activation
during the task. First, to explore the relationship between cortical activation and intra-
scanner performance, accuracy during the semantic decision condition was used as a
predictor of group activation in the regression model. Next, two separate models were
created using BNT and SFT scores as predictors to determine how performance on these
tests affects the pattern of activation during the SDTD task. All Z-score maps were
generated using a threshold Z score of 9.9. This nominal Z-score value, combined with a
cluster size of at least 30 contiguous voxels, resulted in a corrected p < 0.005 for all images,
as determined via Monte-Carlo simulation (Forman et al, 1995). Age was controlled for in
the three performance regressions given that certain aspects of language functioning have
been shown to decline with age, including semantic fluency and confrontation naming
(Kozora & Cullum, 1995; Mackay et al., 2002; Wierenga et al., 2008) and that language
lateralization may be age dependent (Springer et al., 1999; Szaflarski et al., 2002, 2006).
Further, another fMRI study revealed age-related differences in activation during a word
retrieval task (Wierenga et al., 2008). Thus, we performed the above analyses again while
treating both age and sex as covariates to assess potential sex related differences in cortical
activation patterns (Harrington & Farias, 2008; Shaywitz et al., 1995). Lastly, a follow-up
analysis explored the relationship between cortical activation and intra-scanner performance
on the tone decision task. We created a model using tone decision accuracy as a predictor of
group activation in the regression model

Highlights
We examined the cortical substrates of semantic processing.

Semantic decision accuracy is associated with activation in right parietal cortex.

The right hemisphere is important to improved semantic decision performance.
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Fig 1.

Group z-score maps showing areas of increased BOLD signal during the semantic decision
condition compared to the tone decision condition? and clusters of significant positive and
negative activation associated with increased performance on the semantic decision
condition of the SDTD taskP, Semantic Fluency TestC, and Boston Naming Testd. Maps are
presented in radiological convention with left on the picture corresponding to the right
hemisphere. The 20 axial slices selected range in Talairach coordinates from z = —29 mm to
z = +47 mm.
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Fig 2.

Clusters of significant positive and negative activation associated with increased
performance on the tone decision condition of the SDTD task. Maps are presented in
radiological convention with left on the picture corresponding to the right hemisphere. The
20 axial slices selected range in Talairach coordinates from z = =29 mm to z = +47 mm.
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Demographic and performance characteristics for study subjects

M SD Range
Age (years) 365 131 18-62
EHI score 89.1 125 60-100
Semantic decision, % accuracy 68.5 11.1  34-84
Tone decision, % accuracy 943 10.8 55-100
Boston Naming Test 57 31 48-60
Semantic Fluency Test 554 11.7 32-79
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Table 2

Brain regions showing significantly greater activation during the semantic condition compared to tone
condition
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Anatomical Location Brodmann's Areas  Talairach coordinates  Volume

(center of mass) (mmd)
L. Superior temporal gyrus 38 —41, 19, —21 2,496
L. Parahippocampal gyrus 36 -28, —34, —13 1,344
L. Fusiform gyrus 37 —34, —45, -9 896
L. Inferior/Middle frontal gyrus 10, 45, 46, 47 —47, 29, 15 41,344
L. Superior frontal gyrus, Cingulate gyrus 6, 8,9, 32 -2, 38, 35 34,240
L. Posterior cingulate, Precuneus 30,31 -2, —49, 15 3,840
L. Angular gyrus, Precuneus, Superior parietal lobule 7,39 —34, —69, 47 8,192
R. Cerebellum 9,-79,-21 4,992
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