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Abstract

Objective—To test the existence of sex differences in cortical activation during verb generation
when performance is controlled for.

Methods—20 male and 20 female healthy adults underwent fMRI using a covert verb generation
task (BD-VGT) and its event-related version (ER-VGT) that allowed for intra-scanner recordings
of overt responses. Task-specific activations were determined using the following contrasts: BD-
VGT covert generation>finger-tapping; ER-VGT overt generation>repetition; ER-VGT
overt>covert generation. Lateral cortical regions activated during each contrast were used for
calculating language lateralization index scores. VVoxelwise regressions were used to determine
sex differences in activation, with and without controlling for performance. Each brain region
showing male/female activation differences for ER-VGT overt generation>repetition (isolating
noun-verb association) was defined as a region of interest (ROI). For each subject, the signal
change in each ROI was extracted, and the association between ER-VGT activation related to
noun-verb association and performance was assessed separately for each sex.

Results—Males and females performed similarly on language assessments, had similar patterns
of language lateralization, and exhibited similar activation patterns for each fMRI task contrast.
Regression analysis controlling for overt intra-scanner performance either abolished (BD-VGT) or
reduced (ER-VGT) the observed differences in activation between sexes. The main difference
between sexes occurred during ER-VGT processing of noun-verb associations, where males
showed greater activation than females in the right middle/superior frontal gyrus (MFG/SFG) and
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the right caudate/anterior cingulate gyrus (aCG) after controlling for performance. Better verb
generation performance was associated with increased right caudate/aCG activation in males and
with increased right MFG/SFG activation in females.

Conclusions—Males and females exhibit similar activation patterns during verb generation
fMRI, and controlling for intra-scanner performance reduces or even abolishes sex differences in
language-related activation. These results suggest that previous findings of sex differences in
neuroimaging studies that did not control for task performance may reflect false positives.

Keywords
sex differences; verb generation; semantic association; fMRI; language lateralization

1. Introduction

Language-related sex differences are a matter of debate. Evidence for a female advantage in
language abilities exists early in childhood (Murray et al., 1990; Roulstone et al., 2002),
persisting through adolescence (Lynn, 1992; Mann et al., 1990) and continuing into
adulthood where females reportedly have slightly better language skills than males,
particularly in the domain of verbal fluency (Hyde and Linn, 1988; Kimura, 1992; Weiss et
al., 2003b). There is also evidence for differences between sexes in language processing
strategies; for example, females employ categorical organization to recall words in memory
tasks (Cox and Waters, 1986; Kimura, 1999; Kramer et al., 1997; Kramer et al., 1988),
while males will recall words in order of presentation (Kimura, 1999; Kramer et al., 1988).
These sex differences in language processing and skill level may be rooted in the differing
neurodevelopmental changes that occur in males and females, particularly in the connections
between various brain regions (Schmithorst and Holland, 2006; Schmithorst and Holland,
2007). Sex differences have been previously illustrated in the growth trajectory of white
matter (De Bellis et al., 2001; Lenroot et al., 2007; Perrin et al., 2009) and axonal
myelination (Perrin et al., 2009) during childhood and adolescence. These and other studies
provide a structural and neurodevelopmental basis for the observed sex differences in
language abilities.

Neuroimaging studies have produced mixed findings as to whether differences in language
abilities between males and females are associated with differences in brain activation
during language processing in children (Burman et al., 2008; Plante et al., 2006) and adults
(Baxter et al., 2003; Frost et al., 1999; Gauthier et al., 2009; Shaywitz et al., 1995; Weiss et
al., 2003a). The inconsistent findings have been attributed to differences in sample size, the
language task utilized and differences in analysis methods (Harrington and Farias, 2008). An
aim of the present study was to test another possible reason for the inconsistent findings, in
particular, the failure to control for differences in task performance.

Our study focused on verbal fluency. Verbal fluency tasks require coordination of numerous
brain systems including language, auditory, motor, attention, and memory. In a typical test
of verbal fluency such as the Semantic Fluency Test, subjects are verbally instructed to say
as many words as possible in one minute for a given category (Kozora and Cullum, 1995;
Lezak, 1995). This requires auditory perception and attention to the auditorily presented
category (Binder et al., 2008; Hickok and Poeppel, 2004) as well as linguistic processing to
attach meaning to the category (Levelt et al., 1999; Pulvermuller, 2001). Word processing is
followed by semantic retrieval in which the subject must access words from their lexicon
and decide upon words that are semantically related to the category (Badre et al., 2005;
Hillis et al., 2001; Thompson-Schill et al., 1997). In order to produce a response, the subject
must then access the correct phonological representation of each word and convert it into a
sequence of articulatory movements. This process includes appropriately sequencing
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phonemes for syllabification while holding the phonological representation in an output
buffer (Hillis et al., 2001; Levelt et al., 1999; Nickels and Howard, 2004a; Nickels and
Howard, 2004b). Finally, the speech motor network is engaged to verbalize the semantically
appropriate words (Hillis et al., 2001; Levelt et al., 1999), and subjects monitor their
responses before and during articulation as part of a self-correction strategy (Nickels and
Howard, 2004a; Oomen et al., 2001). The overt responses, in turn, provide auditory
feedback (e.g., from hearing one’s own verbal responses), an element which is thought to be
involved in the control of articulation (Munhall, 2001). The memory system is also engaged
as subjects must hold the category in memory throughout semantic processing and word
retrieval (Shivde and Thompson-Schill, 2004). Using independent component analysis, a
data-driven analysis method that does not require an a priori hypothesis, Karunanayaka et al.
(2010) consolidated these processes and described in great detail a comprehensive model of
verb generation comprised of word processing and word generation modules (Karunanayaka
etal., 2010).

In order to accurately measure performance and determine the extent of cortical involvement
during fMRI study of language including verbal fluency, subjects must be able to respond
overtly during the scan itself, and their overt responses need to be recorded and later fully
assessed. A number of language studies have utilized overt responses during fMRI (Barch et
al., 2000; McCarthy et al., 1993; Phelps et al., 1997; Rosen et al., 2000; Yetkin et al., 1995),
although many more have employed silent (i.e., covert) responses. Advances in
neuroimaging methodology and technology, however, have allowed for the recording of
verbal responses during sparse-sampling (Fridriksson et al., 2010; Fu et al., 2002; Fu et al.,
2006; Schmithorst and Holland, 2004) or continuous fMRI acquisition (Birn et al., 2010;
Crosson et al., 2009). Verb generation is an example of verbal fluency that is readily
performed by both children and adults. VVannest et al. (2010) recently found that brain
activation during both covert and overt verb generation correlate strongly with in-scanner
performance on an overt verb generation task (Vannest et al., 2010). However, these studies
have not yet examined whether differences in fMRI activation during language processing
between males and females relate to differences in overt intra-scanner performance during a
semantic fluency task.

Therefore, the objective of this study was to test whether there are any sex differences in
verb generation during fMRI when overt intra-scanner performance is controlled for.
Recently, Gauthier et al. (2009) tested individuals outside the scanner, selected them based
on high- and low-fluency performance, then investigated sex differences between groups
using a covert verbal fluency fMRI task (Gauthier et al., 2009). Though the authors found
main effects of sex and performance (Gauthier et al., 2009), the stratification approach and
covert nature of the task may have limited their ability to infer which brain regions are
associated with increasing levels of task performance. Here we report results from an event-
related verb generation task utilizing a sparse-sampling method for fMRI acquisition
(Schmithorst and Holland, 2004) that allows for the recording and later analysis of overt
responses. The event-related design of the task also allows for the isolation of brain
activation related to different linguistic components involved in verb generation, e.g.,
processing of noun-verb semantic associations versus articulation and auditory processing
(Vannest et al., 2010). Previous studies of verbal fluency have employed fMRI block-design
tasks (e.g., (Birn et al., 2010; Gauthier et al., 2009; Harrington and Farias, 2008)), which
may have masked subtle differences in language-related processing that exist between males
and females. These subtleties may be better captured by an event-related study design that
can isolate specific language components and processes (Rosen et al., 1998). We
hypothesized that males and females would exhibit similar fMRI brain activation patterns
overall related to verb generation, but that controlling for intra-scanner performance could
reveal sex differences in language-related activation. Additionally, based on the proposed
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sex differences in language processing strategies, we predicted that the association between
verb generation performance and the degree of activation in particular brain regions during
the processing of noun-verb associations would also differ between males and females.

2. Methods

2.1 Subjects

Forty-six healthy adults (=18 years old, 20 males) were recruited as part of a larger ongoing
research study that was approved by the Institutional Review Board (NIH R0O1-NS04828).
All subjects were native English speakers, right-handed with an Edinburgh Handedness
Inventory (EHI) score above 50 (Oldfield, 1971), had no contraindications to receiving an
MRI at 3T, had no prior history of psychiatric or neurological illness, and successfully
completed both functional MRI verb generation tasks. Written informed consent was
obtained from all participants. For this analysis we selected the 20 females that best matched
the 20 males in age and handedness to facilitate statistical comparisons. SPSS 18.0 (SPSS
Inc., Chicago, IL, USA) was used for statistical analyses of demographic and performance
data.

2.2 Language assessments

Language testing was performed prior to MRI scanning. The Peabody Picture Vocabulary
Test, Fourth Edition (PPVT) was used to test receptive vocabulary; subjects were asked to
select one out of a set of four pictures they thought best represented the meaning of the word
orally presented by the examiner (Dunn and Dunn, 2007). The Boston Naming Test, Second
Edition (BNT) was used to test word-finding and semantic retrieval processes; subjects were
asked to name the picture presented by the examiner (Kaplan et al., 2001). The PPVT and
BNT are each summarized as a standardized score based on correct responses. The
Controlled Oral Word Association Test (COWAT) was used to test oral fluency; subjects
were scored based on the number of words beginning with a given letter they could say in
one minute (Lezak, 1995). The Semantic Fluency Test (SFT) was used to test verbal fluency
and semantic retrieval; performance was scored based on the number of words the subject
could say in one minute for a given category (Kozora and Cullum, 1995; Lezak, 1995).
Subjects also completed the 12-item Complex ldeation subtest of the Boston Diagnostic
Aphasia Examination (BDAE), in which they were asked to verbally agree or disagree about
factual material that was orally presented by the examiner (Goodglass and Kaplan, 1972).
The BDAE progressed from simple facts to more difficult material requiring reference to
knowledge beyond word recall, and performance was scored based on the number of correct
responses for the 12 items. Independent samples #tests (two-tailed) were used to test for
differences in performance between males and females.

2.3 Verb generation tasks

Subjects performed two fMRI verb generation tasks, both of which were programmed and
presented using DirectRT (Version 2008; Empirisoft, www.empirisoft.com) during the same
imaging session.

The first task was a block-design verb generation task (BD-VGT) based on a task introduced
by Petersen et al. (1988) (Petersen et al., 1988). The BD-VGT task was used as a reference
task to confirm that subjects displayed fMRI activation patterns during covert verb
generation typical of those observed in previous studies by our group (Eaton et al., 2008;
Holland et al., 2001; Karunanayaka et al., 2010; Szaflarski et al., 2006; Szaflarski et al.,
2008; Tillema et al., 2008). The BD-VGT consisted of alternating 30-second test and control
blocks. During each test block, the subject was aurally presented with a houn every 6
seconds (5 nouns per test block) and was instructed to silently generate verbs associated
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with each noun (covert generation). During each control block, the subject was aurally
presented a target tone every 6 seconds (5 tones per control block) and was instructed to
perform bilateral sequential finger tapping in response to each tone. The control blocks were
designed to distract the subject and interrupt the process of covert verb generation in
between active blocks and to control for the auditory presentation of the noun during the test
condition. The task began with a control condition, followed by alternating test and control
conditions (10 blocks each). Each subject performed two runs of the BD-VGT during fMRI,
and was informed at the start that there would be a memory test on the nouns following the
scan. The post-scan memory test consisted of 30 forced-choice questions in which the
subject was instructed to identify those nouns that were presented during the test blocks of
the BD-VGT.

The second verb generation task was an event-related design (ER-VGT; Fig. 1) that
employed a method of sparse sampling during fMRI acquisition (Schmithorst and Holland,
2004). The task began with a “Ready” screen presented for 4 seconds, followed by 45 task
trials lasting 12-seconds each. The first 6 seconds of each trial occurred during MRI silence
in which the subject was aurally presented with a concrete noun and given visual
instructions to silently “think” of verbs associated with the noun (covert verb generation
similar to the above described block design), “say” the related verbs out loud (overt verb
generation), or “repeat” the noun out loud (overt noun repetition). MRI silence was followed
by 6 seconds in which 3 fMRI volumes were acquired; during this time, the word “STOP”
was visually presented for .5 seconds and then the word “SCAN” for the remaining 5.5
seconds. These prompts were issued to insure that the subjects would stop articulating prior
to commencement of each scan acquisition in order to minimize the possibility of motion
artifacts contaminating data. During the 6 seconds of MRI silence, the subject was able to
clearly hear both the presented noun stimulus and their own verbal response, and the
subject’s verbal responses were recorded. Then, during the 6 seconds of fMRI scanning that
followed, the peak of the hemodynamic response was captured for each stimulus-response
event that occurred during MRI silence. Each trial type was repeated 15 times, alternating in
the following order: covert verb generation, overt verb generation, and overt noun repetition.
The subject performed one run of the ER-VGT during fMRI. Audio recordings of overt
responses were transcribed for analysis of the subject’s in-scanner performance.

2.4 Magnetic Resonance Imaging

Neuromaging was performed on a 3 Tesla Clinical MRI system using an 8 channel phased
array head coil equipped with an MRI compatible A/V system (Avotec, Inc.). Following
pre-scanning procedures that include RF coil calibration, shimming and phase reference
scans (Schmithorst et al., 2001), a T1-weighted 3D whole brain scan was acquired in the
sagittal plane with the following parameters: 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 isotropic. During the verb
generation tasks, a gradient echo EPI (echo planar image) sequence was used to obtain
whole brain T2*-weighted fMRI scans with the following parameters: TR/TE= 2000/38 ms,
FOV = 24 x 24 cm, matrix = 64 x 64, slice thickness = 4 mm, 32 axial slices. We acquired
165 whole brain fMRI scans for each of the two BD-VGT runs (total scan time of 5 minutes
and 30 seconds per run), and 137 whole brain fMRI scans were acquired during the single
ER-VGT run (total scan time of 9 minutes and 4 seconds).

2.5 Behavioral data analysis for verb generation tasks

Performance on the BD-VGT was measured indirectly as the percentage of correctly
remembered nouns on a memory test administered following the MRI scan session. For the
ER-VGT, the audio recordings for the 15 trials of overt verb generation and the 15 trials of
overt noun repetition were manually decoded for appropriate verbs or non-verbs based on
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the quality of the response. For example, the noun “ball” elicited the production of
semantically related verbs such as “throw,” “bounce,” and “kick,” and were considered
appropriate verbs; however, verbs such as “drink” and “write” that were semantically
unrelated, nouns, adjectives, other grammatical categories, and utterances that were
incomprehensible were counted as incorrect responses. If a subject repeated the same verb
multiple times for a particular noun, this was counted as one appropriate response, but the
repeat was not marked as an incorrect response. A correct trial for overt verb generation was
one in which at least one appropriate verb was generated, and for overt noun repetition the
noun had to be repeated at least once. For each condition, we counted the number of correct
trials, the average response time for a correct trial (i.e., the time between the end of
presentation of the noun and the beginning of the verbal response), and the total number of
correct utterances. For the overt verb generation condition, we also calculated the total
number of utterances (i.e., verbs, non-verbs, and repeated verbs) and verb generation
accuracy (i.e., the proportion of the total number of appropriately generated verbs divided by
the sum of the total number of verbs and non-verbs that were generated). Independent
samples ttests (two-tailed) were used to test for differences between males and females in
BD-VGT noun recognition accuracy and in ER-VGT intra-scanner behavioral performance
during overt verb generation and noun repetition.

2.6 Image processing and statistical analysis of fMRI data

Image reconstruction, pre-processing, statistical modeling and visualization of fMRI data for
single subject and group analyses were performed using CCHIPS (Cincinnati Children’s
Hospital Image Processing Software, https://irc.cchmc.org/software/cchips.php) developed
in the Interactive Data Language software environment (www.ittvis.com). Following fMRI
data reconstruction (Schmithorst et al., 2001), we removed the first two fMRI scans from the
ER-VGT data, during which the “Ready” screen was presented, so as to not include it in
event-related analysis. We also removed the first 15 fMRI scans from each run of the BD-
VGT during the first control block to allow for T1 equilibrium. The two BD-VGT runs were
then concatenated into a single dataset for pre-processing steps including motion-correction
using a 12-parameter affine transformation (Thevenaz et al., 1998) and spatial normalization
(Talairach and Tournoux, 1988) for each fMRI task dataset.

For each task, statistical analysis was performed using general linear modeling (GLM),
while accounting for motion-correction parameters and low frequency (quadratic) signal
drift of signal intensity, to calculate magnitude differences in the hemodynamic response
between different conditions for each task (Worsley and Friston, 1995). GLM was used to
estimate brain activation for each subject related to (1) covert verb generation on the BD-
VGT by contrasting activation in test blocks relative to control blocks (covert
generation>finger-tapping), (2) noun-verb semantic association, while controlling for
articulation and auditory processing, on the ER-VGT by contrasting activation during overt
verb generation relative to noun repetition (overt generation>repetition), and (3) articulation
and auditory processing, while controlling for semantic association, on the ER-VGT by
contrasting activation during overt relative to covert verb generation (overt>covert
generation).

Three composite datasets (all subjects, male subjects only, and female subjects only) were
constructed for each GLM contrast for use in group-level analysis. We performed a one-
sample #test to create statistical (i.e., z-score) maps showing group effects for each GLM
contrast and applied a 4 mm full width half maximum Gaussian filter to each dataset. We
performed random-effects regression analysis using the composite dataset of all subjects to
directly compare task-related activation between males and females, with and without
controlling for intra-scanner verb generation accuracy. ER-VGT verb generation accuracy
was applied to each GLM contrast, including for the BD-VGT, with the assumption that
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intra-scanner performance during ER-VGT overt verb generation may be used to infer
performance during covert verb generation in either task. Activation clusters on resultant z-
score maps were comprised of at least 20 contiguous voxels (1280 L) that were statistically
significant at a corrected threshold of p<.05, determined using an alpha probability
simulation algorithm in CCHIPS to account for multiple comparisons (Forman et al., 1995).

2.7 Language-related lateralization index analysis

Based on the statistical maps resulting from the one-sample #tests of composite datasets
with all subjects, we constructed three functional regions of interest (ROI) for each GLM
contrast. These ROIs were within the boundaries of significant activation found in (1) only
the lateral frontal cortex, (2) only the lateral temporal and parietal cortices, and (3) the
combined lateral frontal and temporal/parietal cortices. Each ROI was mirrored to include
symmetrical left and right hemisphere clusters in the activated regions. The frontal and
temporal/parietal ROIs encompassed regions of Broca’s and Wernicke’s areas respectively
such that the combination was considered a global representation of language-related
cortical activation, as described previously (Szaflarski et al., 2006). For each task, language-
related lateralization index (LI) scores were determined for each subject using a voxel
counting method. To determine the threshold for voxels used in the LI computation the
mean z-score within each ROI is computed, and only voxels with a z-score greater than or
equal to this mean are included in the LI calculation (Szaflarski et al., 2006). The LI score is
defined by the formula LI = (ZL - ZR) / (XL + ZR), where L and ZR are the number of
super-threshold voxels in the left (L) and right (R) ROIs, respectively. Language-related
lateralization was determined from the global LI. Adopting the convention used in previous
verb generation studies; scores less than or equal to -.1 were considered right lateralized,
scores ranging from -.1 and .1 were considered symmetric, and greater than or equal to .1
were considered left lateralized (Holland et al., 2001; Szaflarski et al., 2008). Independent
samples £tests (two-tailed) were used to compare male and female LI scores to test for sex
differences in lateralization of language-related cortical activation.

2.8 Correlation analysis of intra-scanner performance and fMRI activation

3. Results

To examine sex differences in the neural correlates of performance on overt verb generation,
we focused on the ER-VGT contrast isolating noun-verb semantic association. Since
performance may be a confounding variable when investigating sex differences in fMRI
language activation, we included intra-scanner performance as a covariate in the regression
analysis examining activation differences between sexes for ER-VGT noun-verb
association. Significantly activated cluster resulting from this analysis were defined as a
region of interest. For each subject, ROI values (i.e., the average signal change in the ROI
relative to the group’s normalized mean signal intensity of the activated voxels in the ROI)
were extracted. For each sex, the correlation between ROI values and verb generation
accuracy were assessed using Pearson’s correlation coefficient.

3.1 Subject demographics and performance

Demographic and performance variables for the 20 male and 20 female subjects are
summarized in Table 1. Male and female subjects were closely matched in age (mean of
41.2 vs. 39.4 years) and handedness (mean EHI score of 92.0 vs. 94.5). Male and female
subjects did not significantly differ in performance on any of the language assessments,
although BDAE scores showed a trend towards significance at uncorrected p=.064. One
male subject did not complete the post-scan noun recognition test for the BD-VGT. Females
exhibited better recognition memory than males (uncorrected p=.006). Neither of these
differences would be significant using a conservative Bonferroni-adjusted critical p-value
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of .0033. Furthermore, the difference in the post-scan noun recognition test is unlikely to be
meaningful since the mean difference was only 1 out of 30 items (4.7%) for noun
recognition accuracy. There were no other differences between males and females in ER-
VGT behavioral performance measures.

3.2 Functional MRI activation patterns

The BD-VGT statistical map for all subjects (Fig. 2a; Table 2) showed language-related
activation (i.e., covert generation>finger-tapping) in bilateral (left > right) inferior/middle
frontal gyrus (IFG/MFG), bilateral (left > right) middle/superior temporal gyrus (MTG/
STG), left superior parietal lobule (SPL) extending into precuneus, and bilateral superior
frontal/cingulate gyrus (SFG/CG). There was also bilateral motor-related activation (i.e.,
greater for finger-tapping than covert verb generation) in numerous regions including the
cerebellum, precuneus extending into the posterior section of the cingulate gyrus (pCG) and
paracentral lobule (PCL), putamen, insula, and pre/postcentral gyrus. Other regions showing
activation greater for motor than for language included the right thalamus, right medial
frontal gyrus (mFG) extending into the anterior portion of the cingulate gyrus (aCG) and
right supramarginal gyrus (SMG) extending into the right inferior parietal lobule (IPL).
Overall, male (Fig. 2b) and female (Fig. 2c) groups exhibited language- and motor-related
activation that overlapped with the patterns shown for all subjects. Unlike in the statistical
map of all subjects, neither group showed greater language activation in the left SPL/
precuneus activation or greater motor activation in the right thalamus. Direct comparison of
males and females (Fig. 2d) resulted in one cluster located in the left pre/postcentral gyrus
that was more active in males than females. Under the assumption that intra-scanner
performance during ER-VGT overt verb generation can be used to infer performance during
BD-VGT covert verb generation (Vannest et al., 2010), we included ER-VGT verb
generation accuracy in regression analysis. Given this assumption, no regions were found to
significantly differ in task activation between males and females.

Similar to our previous study utilizing this task (Vannest et al., 2010), the ER-VGT
statistical map of activation related to noun-verb association (i.e., overt
generation>repetition) for all subjects (Fig. 3a; Table 3) showed left>right activation in the
IFG/insula. Additional activation was observed in the left MTG, left precuneus extending
into IPL/SPL, bilateral SFG extending into mFG and CG, right cerebellum, bilateral
caudate, and bilateral lingual gyrus (LG) extending into the cuneus/pCG. Regions more
active for overt repetition than generation included the bilateral STG extending into the
insular cortex and the putamen, bilateral STG/IPL, as well as the right CG extending into the
precuneus. Patterns of activation in males (Fig. 3b) and females (Fig. 3c) overlapped with
the patterns shown for all subjects, although males only exhibited a single cluster of
activation greater for repetition than generation in the right STG/postcentral gyrus/IPL.
Direct comparison of males and females (Fig. 3d) resulted in males having greater activation
related to noun-verb association than females in the right STG/insula, left precentral gyrus,
left MTG/STG, and the bilateral mMFG/SFG. Regression analysis accounting for verb
generation accuracy (Fig. 3e) revealed two regions that were significantly more active in
males than females: one cluster was located in the right caudate head extending into the
aCG, while the second cluster was in the right MFG/SFG (BA 9).

The ER-VGT statistical map of activation related to articulation/auditory processing (i.e.,
overt >covert generation) for all subjects (Fig. 4a; Table 4) showed bilateral activation in the
midbrain, cerebellum, subcortical regions, as well as widespread bilateral activation in
frontal, temporal, visual and motor cortices. Activation greater for covert than overt
generation occurred bilaterally in the orbital frontal cortex, right parahippocampal gyrus,
and right MTG/angular gyrus. Again, activation in males (Fig. 4b) and females (Fig. 4c)
largely overlapped except males did not exhibit any posterior visual cortex activation, and
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females did not elicit left IFG activation related to articulation/auditory processing.
Furthermore, only females showed greater activation for covert than overt generation,
including an additional region in the bilateral PCL, although not in the right
parahippocampal gyrus or right SMG/IPL. Direct comparison of males and females (Fig. 4d)
showed males had greater activation related to articulation/auditory processing than females
in the PCL and females had greater activation than males in the left cerebellum. However,
regression analysis accounting for verb generation accuracy (Fig. 4e) revealed that only the
PCL cluster was significantly more active in males than females.

3.3 Language lateralization

LI scores did not significantly differ between male and female subjects (Table 5). Similar
numbers of males and females were identified as exhibiting leftward lateralization of
language-related activation during BD-VGT verb generation and ER-VGT noun-verb
association, and also showing predominantly symmetrical activation during ER-VGT
articulation/auditory processing.

3.4 Relationships between ROI activation and intra-scanner performance

The two clusters showing significantly more activation in males than females after
accounting for verb generation accuracy (Fig. 3e) were explored to determine if task
performance was differentially associated with the degree of activation in these brain
regions between males and females. Correlation analysis revealed a significant positive
relationship between activation in the right caudate/aCG and verb generation accuracy in
males (Pearson’s /=.495, p=.026), which did not exist in females (Pearson’s r=-.012, p=.
961). There was also a positive trend approaching significance between activation in the
right MFG/SFG (BA 9) and verb generation accuracy in females (Pearson’s /=.434, p=.056),
but not in males (Pearson’s r=.082, p=.732).

4. Discussion

4.1 Summary

The goal of this study was to determine whether there are sex differences in cortical
involvement during verb generation after controlling for intra-scanner performance. To
achieve these objectives, we used a novel ER-VGT fMRI task that allowed for intra-scanner
overt response monitoring. We found that males and females matched for age and
handedness performed similarly on language assessments (Table 1), had similar fMRI
language lateralization (Table 5), and exhibited overall similar activation patterns (Fig. 2-4).
Direct comparison of male and female activation during the verb generation tasks yielded
very few sex-specific differences in activation (Fig. 2d, 3d, 4d). We had proposed that
controlling for intra-scanner performance and use of an event-related task design may
unmask subtle sex differences that were not evident in previous studies. To the contrary,
controlling for performance abolished the single cluster showing a difference in activation
between sexes for BD-VGT (Fig. 2d) and reduced the number of clusters showing
significant differences for ER-VGT (Fig. 3d-e, 4d-e). These results suggest that previous
studies showing sex differences in language-related activation, in which task performance
was not controlled for, may reflect false positive findings. Therefore, not controlling for
performance may, in part, account for the inconsistent findings of previous neuroimaging
studies investigating sex differences in language processing.

Once performance was taken into account, we did identify two brain regions (i.e., the right
MFG/SFG and right caudate/aCG) in which males showed greater activation than females
for ER-VGT processing of noun-verb associations. Subsequent correlation analysis revealed
that improved verb generation performance was associated with increased right caudate/aCG
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activation in males and with increased right MFG/SFG activation in females, which may
reflect differences in language processing strategies between sexes (Cox and Waters, 1986;
Kimura, 1999; Kramer et al., 1997; Kramer et al., 1988). However, these findings should be
interpreted with caution, as replication is warranted before any firm conclusions can be
made. Overall, we demonstrated that there are very few differences between males and
females with regard to activation during verb generation, especially after accounting for
performance.

4.2 Functional MRI task differences

The ER-VGT was designed to address the possible shortcomings of previous studies that
have explored language-related sex differences. However, since this task is not well
characterized in healthy individuals, discussion of the findings in the context of other fMRI
tasks is relevant. We collected data using a well-established BD-VGT as a reference and to
document normal activation patterns during covert verb generation in the sample of subjects
included in the study, although a covert task may not be the most precise method of studying
verbal fluency. The activation pattern for the BD-VGT in all subjects (Fig. 2a) was
consistent with previous studies (Eaton et al., 2008; Holland et al., 2001; Karunanayaka et
al., 2010; Szaflarski et al., 2006; Szaflarski et al., 2008; Tillema et al., 2008). The ER-VGT
contrast for overt generation>repetition to isolate processing of noun-verb associations (Fig.
3a) were similar to that observed for the BD-VGT contrast for covert generation>finger-
tapping since both were aimed at isolating word-level semantic processing.

The symmetrical activation observed for the overt>covert generation contrast during the ER-
VGT, corresponds to articulation and auditory processing and is consistent with previous
work describing cortical involvement in speech and hearing. In addition to motor regions
that are involved in speech articulation, we noted very robust insular activation. Such
activation may be due to the role this region has been posited to play in articulation and
articulatory planning (Dronkers, 1996; Hiraga et al., 2010; Karunanayaka et al., 2010; Price,
2010). As described in the theoretical model of verbal fluency, overt responses further
provide auditory feedback that is also involved in articulatory control (Munhall, 2001). ER-
VGT activation related to articulation/auditory processing also occurred in frontal and
temporal regions previously shown to be involved in the auditory processing of language
(Binder et al., 2008; Karunanayaka et al., 2010) and music (Schmithorst, 2005). Medial
frontal activation was also observed in this contrast, likely due to attentional and executive
functions involved in producing an overt verbal response. The activation in visual regions
we observed is consistent with activation related to visual imagery thought to be a part of the
verb generation process (Ganis et al., 2004; Karunanayaka et al., 2010), more specifically,
part of the word generation module described by Karunanayaka et al. (2010). An increase in
this region during overt versus covert verb generation may be related to the degree of effort.

Differences between BD-VGT and ER-VGT are apparent in Figures 2 and 3. ER-VGT
activation related to processing noun-verb associations in all subjects (Fig. 2a) was increased
in the left MTG rather than in the left STG as observed in BD-VGT covert generation
contrast (Fig. 3a). While the STG activation during BD-VGT may be attributed to how the
subjects switched between types of aurally presented stimuli, e.g., switching between
hearing nouns and hearing tones (Schmithorst, 2005), the verb generation circuit proposed
by Karunanayaka et al. (2010) suggested that the STG is involved in accessing semantic and
phonological information in memory while the MTG is involved more with generating
semantic representations of the presented nouns (Karunanayaka et al., 2010). Since the two
conditions (i.e., overt generation and overt repetition) used to isolate processing of houn-
verb associations during ER-VGT are both linguistic in nature, access of semantic and
phonological information and related STG activation is common for both conditions and
cancel each other out. However, MTG recruitment allowing for generation of semantic
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representations for the nouns is necessary to facilitate generation of associated verbs and is
therefore isolated in the contrast. We noted increased visual cortex activation during ER-
VGT noun-verb association that was not present during BD-VGT, which is consistent with
the model of verb generation processes that involves visual imagery (Karunanayaka et al.,
2010). Activation of these visual brain regions in our analyses is consistent with other
studies that have evaluated cognitive processes, e.g., memory search (Cabeza et al., 2002),
indicating that subjects rely on visualization or visual imagery in order to generate and
express verbs associated with nouns (Ganis et al., 2004). These results support the notion
that an event-related design can better isolate specific language components and processes
than the block design. Using the event-related design, we were able to identify brain regions
that were differentially recruited by males and females during verb generation after
controlling for individual subject performance.

4.3 Similarities and differences in language-related activation

Perhaps the most remarkable finding in this study is how few sex differences in language-
related activation exist when directly comparing males and females that are matched for age
and performance (Fig. 2d, 3d, 4d). This observation is consistent with previous studies
showing similar language-related activation in both sexes (Buckner et al., 1995; Frost et al.,
1999; Garn et al., 2009; Haut and Barch, 2006; Weiss et al., 2003a). Consistent with
previous studies (Baxter et al., 2003; Buckner et al., 1995; Frost et al., 1999; Gauthier et al.,
2009), we also found that activation differences between sexes were primarily related to
greater overall activation in males than females. Unique to our study was our ability to
control for intra-scanner performance (i.e., verb generation accuracy) when investigating
differences between sexes in language-related activation. Controlling for performance
reduced the number of brain regions showing differences in activation (Fig. 3e, 4e) or
resulted in no significant difference between sexes, as observed in the BD-VGT. Our results
suggest caution when interpreting findings from previous neuroimaging studies that did not
take intra-scanner performance into account when exploring sex differences in cortical
involvement during language production. Furthermore, it appeared that males had more
symmetrical inferior frontal activation than females during BD-VGT covert verb generation
(Fig. 2b, 2c), but direct comparison of task-related activation between males and females
revealed only a single region where activation is significantly different between the sexes
(Fig. 2d). In order to better capture the lateralization patterns for each sex, functional ROIs
were defined based on the statistical maps of all subjects, and these were used in calculating
LI. Although average LI scores (frontal, temporal/parietal and global) were consistently
greater in males than females, the differences were not statistically significant (Table 5).
Therefore, while some studies showed that language-related cortical activation may be more
left-lateralized in males than females (Baxter et al., 2003; Clements et al., 2006; Shaywitz et
al., 1995), our results provide additional evidence for similar language lateralization
between sexes (Frost et al., 1999; Harrington and Farias, 2008; Weiss et al., 2003a) and are
consistent with meta-analyses of neuroimaging studies that showed no effect of sex on
language lateralization (Sommer et al., 2004; Sommer et al., 2008).

As stated previously, we found few differences between males and females in language-
related activation for both verb generation tasks, and controlling for performance either
abolished (as in the BD-VGT) or reduced (as in the ER-VGT) the number of activation
clusters that were different between the sexes. Even after controlling for performance,
however, there remained activation differences between males and females during ER-VGT
processing of noun-verb associations. Specifically, males showed greater activation than
females in the right caudate/aCG and right MFG/SFG (BA 9). Correlation analysis revealed
that males, but not females, exhibited increased recruitment of the right caudate/aCG with
increasing verb generation accuracy. The caudate is part of the fronto-cortical-striatal circuit
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involved in decision-making (Simard et al., 2010), while the anterior cingulate cortex is
thought to be involved in attentional processes (Fichtenholtz et al., 2004) and in regulating
behavior by monitoring performance and detecting errors (Carter et al., 1998; Kerns et al.,
2004). In contrast, increased verb generation accuracy in females, but not in males, was
associated with increased right MFG/SFG (BA 9) recruitment; activation in this region of
the prefrontal cortex is associated with sustained attention (Cabeza and Nyberg, 2000; Kim
et al., 2006; Lawrence et al., 2003) and with increasing working memory load and
organizational demand (Wendelken et al., 2008). Furthermore, Lawrence et al. (2003) found
that right MFG activation increased with better performance on a rapid visual information
processing task (Lawrence et al., 2003). Taken together, these results suggest that males and
females activate a similar network of brain regions during language processing, but may
differ somewhat in the attentional and cognitive control strategies they employ. These
differences in strategies may be reflected in the recruitment of the same brain regions to
different degrees in order to achieve better verb generation performance, as implied by the
results of the correlation analyses. The model of verbal fluency described in the introduction
involves coordination of multiple brain systems for successful performance. Although we
did not examine functional connectivity in this analysis, evidence from studies of sexual
dimorphisms that occur during development of the human brain lead us to posit that the
subtle difference in cortical recruitment by males and females may be mediated by
underlying structural connectivity differences between brain regions involved in the various
neural networks (De Bellis et al., 2001; Lenroot et al., 2007; Perrin et al., 2009; Perrin et al.,
2009; Schmithorst et al., 2008).

4.4 Study limitations and future directions

The small to moderate sample sizes typically used in neuroimaging studies are believed to
contribute to false positive findings and lack of generalizability of sex differences
(Harrington and Farias, 2008; lhnen et al., 2009), and likely limit the ability to replicate
results between studies. Language studies with large numbers of adult subjects (Frost et al.,
1999; Haut and Barch, 2006) and meta-analyses that pooled together subjects from
neuroimaging studies to address the issue of language-related sex differences (Sommer et
al., 2004; Sommer et al., 2008) have found little in the way of sex differences. The
implications of these studies are twofold: 1) language-related sex differences may be small
and, therefore, subtle effects are difficult to detect, and 2) the differences reported by studies
with small sample sizes may be false positives. The results of our current study primarily
support the findings of these larger studies, with the exception of activation in the right
caudate/aCG and right MFG/SFG (BA 9) that showed greater activation in males than
females after controlling for performance. Given our moderate sample size of 40 subjects,
we cannot discount the possibility that these observed sex differences might be false positive
results that may not be present in a similar study with a larger number of subjects.
Therefore, these results should be interpreted with caution until they are replicated in a
larger study. Additionally, we observed a non-significant positive correlation between right
MFG/SFG activation and verb generation accuracy in females; this may or may not be a
false negative result that could also be evaluated in a larger study. Future studies that
replicate our results in a larger sample of males and females are necessary to test the validity
of these sex-specific activation differences and how they relate to verb generation
performance.

Finally, a major aim of the present study was to investigate if the failure to control for task
performance may be another reason for the inconsistent findings regarding sex differences in
brain activation during language processing. Our findings strongly suggest that task
performance is an important factor in acquiring variable results. We showed that controlling
for in-scanner performance consistently reduced the number of observed sex differences in
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activation during verb generation when directly comparing males and females, suggesting
that accounting for task performance may help to minimize false positive results. Taking
task performance into account may also minimize false negative findings; by controlling for
the variability of individual subject performance, small subtle differences in language
processing that possibly exist between males and females may be unmasked. Therefore,
future neuroimaging studies investigating language-related sex differences should utilize
neuroimaging tasks that monitor intra-scanner performance, particularly when studying
verbal fluency. Overall, we believe that conducting studies with larger sample sizes and
controlling for task performance will allow for more consistent results between studies,
making it possible to draw some firm conclusions regarding sex differences in language-
related activation.
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Figure 1.

Schematic of the ER-VGT. Each trial consists of a 6-second period of MRI silence followed
by a 6-second period where we acquire 3fMRI scans (arrows). During the silent period, the
subject hears a noun and is visually instructed to covertly “think” of verbs associated with
the noun, overtly “say” the associated verbs, or overtly “repeat” the noun and audio is
recorded. During the fMRI scan period, the word “STOP” is visually presented for .5
seconds, followed by the word “SCAN” for 5.5 seconds, and we acquire images during the
peak of the hemodynamic response (dotted curve) to each preceding stimulus-response
event.
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Figure2.

Statistical maps for the block-design verb generation task (BD-VGT). Main effects of task in
(a) all subjects, (b) males, and (c) females, with warm colors indicating activation greater
for covert verb generation than finger tapping and cool colors indicating activation greater
for finger tapping than covert genertaion. (d) Direct comparison of males and females for
the BD-VGT; activation greater for males in (1) left precentral gyrus (centroid Tailarach
coordinates x=-36, y=-15, z=47). Activated regions in statistical maps are significant at p<.
05 corrected for multiple voxel comparisons, with nominal Z-scores ranging from -9.5 to -20
(cool colors) or 9.5 to 20 (warm colors). Each statistical map is presented in radiological
convention and superimposed on an average T1-weighted image generated from all subjects.
The 20 axial slices selected for each display panel range in Talairach coordinates from z=-17
mm (top left) to z=+59 mm (bottom right).
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Figure 3.

Statistical maps for the ER-VGT isolating noun-verb semantic association. Main effects of
task in (@) all subjects, (b) males, and (c) females, with warm colors indicating activation
greater for overt generation than repetition and cool colors indicating activation greater for
repetition than overt generation. (d) Direct comparison of males and females, with activation
greater for males than females in the (1) right superior temporal gyrus/insula (centroid
Tailarach coordinates x=39, y=-11, z=-1), (2) left precentral gyrus (centroid Tailarach
coordinates x=-51, y=-4, z=35), (3) left middle/superior temporal gyrus (centroid Tailarach
coordinates x=-36, y=-56, z=19), and (4) bilateral medial/superior frontal gyrus (centroid
Tailarach coordinates x=-2, y=-4, z=59). (e) Controlling for intra-scanner task performance
(i.e., verb generation accuracy) when comparing males and females results in greater
activation for males in the (1) right head of the caudate extending into the anterior cingulate
cortex (centroid Tailarach coordinates x=15, y=22, z=3) and (2) right middle/superior
frontal gyrus (BA 9; centroid Tailarach coordinates x=32, y=45, z=27). Activated regions in
statistical maps are significant at p<.05 corrected for multiple voxel comparisons, with
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nominal Z-scores ranging from -9.5 to -20 (cool colors) or 9.5 to 20 (warm colors). Each
statistical map is presented in radiological convention and superimposed on an average T1-
weighted image generated from all subjects. The 20 axial slices selected for each display
panel range in Talairach coordinates from z=-17 mm (top left) to z=+59 mm (bottom right).
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Figure 4.
Statistical maps for the ER-VGT isolating articulation and auditory processing. Main effects

of task in (a) all subjects, (b) males, and (c) females, with warm colors indicating activation
greater for overt than covert generation and cool colors indicating activation greater for
covert than overt generation. (d) Direct comparison of males and females, with activation
greater for females than males in the (1) left cerebellum (centroid Tailarach coordinates
x=-13, y=-56, z=-5), and activation greater for males than females in the (2) medial frontal
gyrus (centroid Tailarach coordinates x=-2, y=-4, z=55). (€) Controlling for intra-scanner
task performance (i.e., verb generation accuracy) when comparing males and females results
in greater activation for males in only the (1) medial frontal gyrus. Activated regions in
statistical maps are significant at p<.05 corrected for multiple voxel comparisons, with
nominal Z-scores ranging from -9.5 to -20 (cool colors) or 9.5 to 20 (warm colors). Each
statistical map is presented in radiological convention and superimposed on an average T1-
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weighted image generated from all subjects. The 20 axial slices selected for each display
panel range in Talairach coordinates from z=-17 mm (top left) to z=+59 mm (bottom right).
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