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Abstract
In this study we focused on direct comparison between the spatial distributions of activation
detected by functional magnetic resonance imaging (fMRI) and localization of sources detected by
magnetoencephalography (MEG) during identical language tasks. We examined the spatial
concordance between MEG and fMRI results in 16 adolescents performing a three-phase verb
generation task that involves repeating the auditorily presented concrete noun and generating
verbs either overtly or covertly in response to the auditorily presented noun. MEG analysis was
completed using a synthetic aperture magnetometry (SAM) technique, while the fMRI data were
analyzed using the general linear model approach with random-effects. To quantify the agreement
between the two modalities, we implemented voxel-wise concordance correlation coefficient
(CCC) and identified the left inferior frontal gyrus and the bilateral motor cortex with high CCC
values. At the group level, MEG and fMRI data showed spatial convergence in the left inferior
frontal gyrus for covert or overt generation versus overt repetition, and the bilateral motor cortex
when overt generation versus covert generation. These findings demonstrate the utility of the CCC
as a quantitative measure of spatial convergence between two neuroimaging techniques.
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1. Introduction
Human language is a complex neurocognitive process that relies upon a widely-distributed
network in the brain (Bitan et al., 2005; Catani et al., 2005; Ferstl et al., 2008; Friederici et
al., 2011; Karunanayaka et al., 2010; Maess et al., 2006; Price, 2010; Wilke et al., 2009).
Over the past several decades, advances in modern neuroimaging techniques have offered
researchers the opportunity to investigate language function in a healthy human brain non-
invasively, using various techniques including positron emission tomography (PET)
(Petersen et al., 1988; Wise et al., 1991), functional Magnetic Resonance Imaging (fMRI)
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(Holland et al., 2001; Plante et al., 2006; Price, 2010), electroencephalography (EEG)
(Pulvermuller, 1999; Spironelli and Angrilli, 2010), and magnetoencephalography (MEG)
(Bowyer et al., 2004; Pylkkanen and Marantz, 2003; Salmelin, 2007; Xiang et al., 2001).
PET detects increased metabolic activity using radioactive tracers and involves exposure to
ionizing radiation, so it is not suitable for studying brain activity in normal, healthy children.
While fMRI, as a nonionizing imaging technique, measures the blood oxygenation level
dependent (BOLD) response which is an indirect measure of neuronal activity with high
spatial resolution on the order of a millimeter. MEG, the magnetic counterpart of EEG,
detects neuronal activity directly and provides millisecond temporal resolution. Unlike
electric fields measured by EEG, which are strongly influenced by conductivity
inhomogeneities within the head, the propagation of magnetic fields is not distorted by the
brain, skull and scalp (Hamalainen, 1992). Therefore, localizing sources from MEG data is
relatively simpler than determining the sources from EEG data.

Many studies have shown fairly good spatial convergence between MEG and fMRI
responses during low-level sensory processing (auditory, visual, somatosensory) (Ahlfors et
al., 1999; Auranen et al., 2009; Schulz et al., 2004; Tuunanen et al., 2003) or motor
processing (Stippich et al., 1998). Fewer studies have focused on high-level cognitive
functions, such as language, using both of these modalities. Previously, good spatial
convergence between MEG and fMRI has been shown by tabulating individual activation
regions from each modality (Lil]jestrom et al., 2009), or by computing the percentage of
overlapping voxel counts within regions of interest (ROIs) (Pang et al., 2010). Divergent
patterns of activation in the frontal and temporal cortex have been observed in the
comparison between MEG and fMRI during a reading task with additional discrepancies
between the two modalities in the left occipito-temporal cortex (Vartiainen et al., 2011).
These studies hint at the importance of quantitative comparison between MEG and fMRI for
mapping high-level cognitive functions to get a better understanding of brain function.
Challenges remain in developing methodologies for comparing the results from MEG and
fMRI quantitatively to elucidate neurophysiological processes underlying high-level
cognitive functions.

In the past decade, language function has been studied extensively using fMRI. Clinical
studies have shown that fMRI successfully aids specialists in determining language
lateralization for epilepsy or tumor patients during presurgical evaluation (Arora et al., 2009;
Dupont et al., 2010; Gaillard et al., 2002; Szaflarski et al., 2008; Yuan et al., 2006). Several
published papers reviewing neuroimaging studies of language function provide a
comprehensive overview of the present state of the field (Holland et al., 2007; Lee et al.,
2006; Price, 2010). A typical covert verb generation task, as a paradigm for semantic
association in language, produces strong left-lateralized fMRI activations. Such tasks have
been used extensively in fMRI language studies of both pediatric and adult populations
(Elkana et al., 2011; Frost et al., 1999; Holland et al., 2001; Szaflarski et al., 2006). The
typical covert verb generation task presents a noun to the participant as a prompt to covertly
generate corresponding verbs associated with the noun. For our purposes, we used a
modified verb generation paradigm to provide a convenient platform for mapping the
concordance between MEG and fMRI activation maps from sixteen adolescents.

In order to examine this concordance, brain activity needs to be localized in both modalities.
While methods for defining active regions in fMRI are fairly well-established, there are
many MEG source localization techniques. These include the minimum-norm (Hamalainen
and Ilmoniemi, 1994), multi-resolution FOCUSS (Bowyer et al., 2004, 2005), beamformer
(Hillebrand and Barnes, 2005), and multiple signal classification (MUSIC) (Mosher and
Leahy, 1998). We chose an adaptive minimum-variance beamformer algorithm known as
synthetic aperture magnetometry (SAM), for several reasons. First, SAM uses raw MEG
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data instead of an averaged dataset across multiple trials, which can capture induced brain
activity that does not result in a strong average response, making it very suitable for
language studies (Herdman et al., 2007; Mohamed et al., 2008; Pang et al., 2010; Wang et
al., 2011; Xiang et al., 2001). Second, SAM does not need a-priori specification of the
number of dipole sources (Fuchs, 2007; Vrba and Robinson, 2000). Third, SAM yields
three-dimensional volumetric source maps known as statistical parametric maps (SPMs).
The SPMs have been successfully compared with fMRI and have shown good spatial
concurrence with the BOLD responses (Singh et al., 2002). In addition, SAM has also been
successfully applied in various clinical studies (Cheyne et al., 2007; Ishii et al., 2008; Pang
et al., 2010; Wang et al., 2010; Xiang et al., 2010; Zhang et al., 2011), as well as basic
neuroscience research (Huo et al., 2011; Taylor et al., 2011; Wang et al., 2008). Moreover,
SAM results have been suggested to be consistent with intracranial recordings of local field
potentials (Gallen et al., 1995; Oshino et al., 2007).

In this study, we propose to quantify activation regions that were consistently activated in
both MEG and fMRI during a verb generation task. There are a number of approaches
available to quantify reproducibility measures such as voxel-based scatter plots, the Pearson
correlation coefficient, the intraclass correlation coefficient, and the concordance correlation
coefficient (CCC) (Lin, 1989). For continuous data, the CCC is the most popular index for
assessing agreement among these methods (Li and Chow, 2005). The CCC was originally
developed to assess agreement between two methods on the same individual where either of
the methods is treated as reference (Lawrence and Lin, 1992; Lin, 1989), and later was
extended to multiple methods with or without replication (Barnhart et al., 2002, 2005; Li and
Chow, 2005; Lin et al., 2002). The CCC can be expressed as the product of the Pearson
correlation coefficient, which measures precision and a measure of accuracy (Lin, 1989;
Williamson et al., 2007). Compared to the other available methods, the main advantages of
the CCC are that it includes both precision and accuracy, is flexible, and is easy to extend to
data with replication. In addition, others have already applied the CCC successfully to
compare fMRI models (Lange, 1996) and reproducibility in PET images (Strother et al.,
1997). The current literature has evaluated concordance between MEG and fMRI data,
either by listing all the individual activation locations in a table based on suprathreshold
SPMs (Liljestrom et al., 2009) or through a hypothesis-driven ROI-based analysis of
overlapping voxel counts (Pang et al., 2010). In this study, we propose to use a voxel-based
CCC applied to unthresholded individual SPMs to preserve objective information (Abbott et
al., 2010; Strother et al., 1997).

The aim of this study is to investigate the concordance of MEG and fMRI signals
corresponding to the same language paradigm performed by the same participant. Clearly,
the temporal resolution of the two techniques precludes direct comparison of the time
courses of brain activity corresponding to the language stimulus. Instead this study focuses
on measuring the spatial concordance between MEG and fMRI to provide evidence that the
two modalities are assessing the same language network during an expressive and semantic
language task. Measuring spatial concordance between MEG and fMRI is an initial step
establishing a framework to integrate the two modalities because it would provide
confidence that fMRI could be used as a valid spatial constraint on MEG source localization
using SAM or other methods.

2. Results
2.1. In-scanner performance

During the MEG session (see Table 1), the average count of verbs generated per trial for all
participants was 1.8 (±0.5) and the average count of noun repetitions was 3.0 (±1.1). The
average response time for overt verb generation was 2.0 s (±0.3 s), while the average
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response time for noun repetition was 1.4 s (±0.2 s). The average accuracy for overt verb
generation was 95% (±5%) and for noun repetition was 99% (±2%). During the fMRI
session (see Table 1), the average number of verbs generated per trial was 2.0 (±0.5). The
average count of noun repetitions was greater with an average of 3.8 (±2.0). Verb response
times among the group averaged 2.0 s (±0.3 s). Noun repetition times were more consistent,
and faster, at an average of 1.4 s (±0.1 s). The average accuracy for overt verb generation
was 96% (±6%) and for noun repetition was 98% (±5%).

2.2. Head motion
In MEG recordings, the head motion was measured exactly by the maximum displacement
of the three coils relative to the pre-run head position. The average motion by condition was
2 (±1.23) mm for covert verb generation, 2 (±1.27) mm for overt verb generation and 2.07
(±1.29) mm for overt noun repetition. For fMRI recording, the average motion by condition
was estimated from the motion coregistration transformation matrix as 0.55 (±0.33) mm for
covert verb generation, 0.54 (±0.33) mm for overt verb generation and 0.56 (±0.35) mm for
overt noun repetition. Analysis of variance (ANOVA) revealed that there was no significant
stimulus-correlated impact on motion for both MEG and fMRI in all participants.

2.3. Group composite activation maps
2.3.1. C1: overt generation (say) > overt repetition (repeat)—The contrast of overt
generation versus overt repetition (C1) used overt repetition as a control condition to
identify specific activations in the language areas for semantic processes associated with
verb generation with controlling for articulation and auditory processing. The group results
from MEG data for C1 showed a distributed left lateralized activation pattern including the
pars triangular of the inferior frontal gyrus (IFG; BA 45), the pars orbitalis region of the IFG
(BA 47), and the prefrontal cortex (PFC) covering superior/middle frontal gyrus (SFG/
MFG; BA 9/10), the insula (BA 13), the superior/middle temporal gyrus (STG/MTG; BA
22/42), and the inferior parietal lobule (BA 39/40) (see Fig. 2 [C1-1] and Table 2). The
group results from fMRI data primarily activated the LIFG (BA 45/46/47), the PFC (BA
9/10), the medial frontal gyrus, and the cingulate gyrus (BA 32) (see Fig. 2 [C1-2] and Table
2).

2.3.2. C2: covert generation (think) > overt repetition (repeat)—The contrast of
covert generation versus overt repetition (C2) also utilized overt repetition as a control
condition to detect brain regions corresponding to semantic processes associated with verb
generation without controlling for covert versus overt articulation. The group results from
MEG data for C2 showed a similar left lateralized activation pattern in the BA 45 compared
to C1, and demonstrated bilateral activation in precentral/postcentral gyrus, corresponding to
sensorimotor cortex at the level of the face and mouth along the homunculus (see Fig. 2
[C2-1] and Table 2). The group results from fMRI data for C2 depicted significant activation
in the BA 45, the most rostral portion of the IFG (BA 46), and the bilateral STG/MTG, the
bilateral precentral/postcentral gyrus (see Fig. 2 [C2-2] and Table 2).

2.3.3. C3: overt generation (say) > covert generation (think)—The contrast of
overt generation versus covert generation used covert generation as a control condition to
isolate articulation and auditory feedback from the generation process. The group results
from MEG data for C3 depicted significant activation in the left STG (BA 21/22) and
postcentral gyrus (BA 40), and the right precentral gyrus (BA 6), the right insula (BA 13)
(see Fig. 2 [C3-1] and Table 2). The group results from fMRI data for C3 also demonstrated
significant activation in the BA 21/22, the bilateral BA 6, and the right BA 13 (see Fig. 2
[C3-2] and Table 2).
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2.4. Concordance between MEG and fMRI
Centroid of regions with CCC values of 0.3 and higher, reflecting moderate to nearly perfect
concordance between MEG and fMRI for C1, C2 and C3, are listed in Table 3. For each
region the anatomical brain area, Talairach coordinates of the centroid, maximum CCC
value (CCCm), and number of voxels are listed. For C1, IFG showed moderate concordance
between MEG and fMRI (see Table 3 and Fig. 3). For C2, the IFG depicted substantial
concordance, and bilateral motor cortex covering precentral and postcentral gyrus showed
moderate concordance between the two modalities (see Table 3 and Fig. 3). For C3, the right
insula, the right precentral, and the postcentral gyrus were the regions with moderate
concordance between the two modalities (see Table 3 and Fig. 3).

3. Discussion
In this study, we propose a voxel-wise CCC measure to quantitatively investigate the degree
of spatial concordance between MEG and fMRI in the same group of adolescents
performing the same verb generation task. The CCC has previously been used to assess the
agreement between continuous measurements made by different observers (Barnhart et al.,
2007; Carrasco et al., 2007; Crawford et al., 2007). It has also been successfully applied in
fMRI model comparisons (Lange, 1996) and reproducibility in PET images (Strother, et al.,
1997). Our CCC results indicate that high concordances between MEG and fMRI can be
observed during a verb generation task. Several regions showed high concordance between
the two modalities, including the left IFG, the pericentral sensorimotor regions, and the right
insula. In addition, we also observed significant differences between MEG and fMRI in the
left medial frontal gyrus and the left cingulate gyrus. This was not unexpected since the two
modalities measure different properties of the same underlying brain activity, and similar
results were previously reported (Vartiainen et al., 2011). Thus, it is very important to
qualitatively and quantitatively investigate the spatial concordance between MEG and fMRI,
especially during complex cognitive tasks like verb generation before the direct integration
between the two.

Both overt (C1) and covert (C2) verb generation tasks require auditory processing, acoustic
word recognition, phono-logical access and phonological working memory, semantic
processing and sub-vocal word production (Karunanayaka et al., 2010). The tasks have also
been found to engage visual imagery and association areas (Karunanayaka et al., 2010). In
addition, overt generation engages coordination of speech articulation. Overt noun repetition
engages the same sensory and cognitive modules with the exception of the semantic
processing and visual imagery and association. We observed widespread cortical activations
during both overt (C1) and covert (C2) verb generation from the group composite activation
maps of MEG and fMRI. These areas covered the classical language areas including the left
IFG (BA 45/46/47), left STG/MTG (BA 21/22/39/40), and SFG/MFG (BA 9/10), which
were consistent with other neuroimaging studies (Binder et al., 2000; Price, 1998, 2010;
Vannest et al., 2010). We hypothesize that the left IFG controls the phonological access and
working memory processes needed to produce a response, following the semantic
processing in the left MTG needed to construct a relevant verb response to each noun. The
left STG plays a central role in acoustic word recognition, and pericentral regions are active
in execution of overt responses.

Areas where MEG and fMRI group composite activation maps differed, such as the left
medial frontal gyrus and the left cingulate gyrus, demonstrate the variation in regional
sensitivity to brain activity between MEG and fMRI. The left medial frontal gyrus,
specifically, pre-supplementary motor area (pre-SMA), has been suggested to play a role in
language initiation (Crosson et al., 2001). The left cingulate gyrus has been suggested to
monitor performance outcomes, response errors, and response conflicts (Botvinick et al.,
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2004; Ridderinkhof et al., 2004). Why were activations in these two regions absent in MEG
group composite activation maps? It could be due to the different underlying
neurophysiology mechanisms between the two modalities: neuronal biomagnetic activity
versus BOLD signal (Logothetis et al., 2001; Shmuel and Leopold, 2008). Some studies
have shown that gamma-frequency oscillation (30–100 Hz) was associated with SMA
activations (Brovelli et al., 2005; Jensen et al., 2007). We only included 1–30 Hz in SAM
analysis, which could also contribute to the discrepancies between the two modalities. As
expected, significantly greater activation was identified in the bilateral primary motor cortex
during the overt versus covert verb generation (C3) for both MEG and fMRI group results,
which is consistent with our previous publication on this task (Vannest et al., 2010) and
other investigators (Huang et al., 2002; Soros et al., 2006). An alternative explanation for the
differences between fMRI and MEG composite activation maps in Fig. 2 stems from the
difference in the way in which source location is computed in the two modalities. In fMRI
the location of the BOLD signal is provided by the Fourier transformation of the raw MRI
signal and its differences between conditions. With MEG the source of brain activity is
localized using SAM which is particularly insensitive to centralized sources where the phase
differences among sensor signals are minimal. The fact that the differences between the
composite activation maps occur near mid-line areas of the brain could therefore reveal one
of the weaknesses of MEG source localization and at the same time emphasize the strength
of the method we are proposing to spatially localize sources based on the fMRI data.

The CCC is a convenient quantitative index for evaluating reproducibility of a continuous
variable to assess whether different methods produce similar (reproducible) values
(Crawford et al., 2007; Williamson et al., 2007). The CCC has been shown to be identical to
a specific intraclass correlation coefficient (ICC) (Mcgraw and Wong, 1996; Shrout and
Fleiss, 1979) using the variance components from the linear mixed model in which
observers are considered as a fixed effect and subjects as a random effect (Carrasco and
Jover, 2003). However, the expression of CCC is easier to understand and implement than
ICC (Carrasco and Jover, 2003). In this study, we implemented voxel-wise CCC to
quantitatively measure the concordance between MEG and fMRI. For C1, the left IFG
showed moderate concordance (CCC=0.48, see Table 3) between MEG and fMRI, revealing
the consistent role of phonological processing in the generation of a semantically related
verb. For C2, the left IFG showed even greater concordance between modalities (CCC=0.78,
see Table 3), while the bilateral pre- and postcentral gyri showed moderate concordances
between MEG and fMRI data. For C3, bilateral pre- and postcentral gyri, and right insula
had moderate concordances between the two modalities (CCC=0.39, 0.37, 0.45
respectively), emphasizing the consistent role of speech motor circuitry residing in the
contrast between the overt and covert responses.

Motivation for this analysis of the concordance between MEG and fMRI during the same
language task is that we are interested in modeling the connectivity and information flow
within the neural circuitry supporting language functions in the human brain. The main
focus of this current study is to provide the converging evidence by using CCC to measure
the concordance between MEG and fMRI in order to ensure that the two modalities are
assessing the same language network. To achieve this goal, we used a broad bandpass (0.6–
30 Hz) and a long time window (3 s) in order to capture most brain activity and present a
“big picture” of the verb generation process, instead of using different frequency bands and
time windows. In addition, CCC can be utilized to assess the concordance between the two
modalities in different time windows and frequency bands (delta, alpha, theta, gamma, etc.).
However, it is out of the goal and scope of this present study. Our future work will fully
utilize the high spatial resolution of fMRI data to extract time series with high temporal
information from MEG data from all regions relevant to the language task, which will
improve estimates of connectivity within the language network, and provide better
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assessments of changes that occur in the language networks during brain development.
(Karunanayaka et al., 2011).

The direct comparison between MEG and fMRI data from sixteen adolescents during a verb
generation task using CCC demonstrates the spatial convergence in several brain areas
involving classic language regions and primary motor cortex. While the relationship
between BOLD-effects and electrophysiological responses for mapping complex cognitive
processes such as language is still incomplete, the spatial overlap between MEG and fMRI
from our study suggests that the two modalities assess the same neural substrate in several
aspects, but in different ways and with different advantages and disadvantages. Convolution
of neural activation with the hemodynamic response function of the cerebrovascular system
to produce the BOLD signal observed by fMRI, together with relatively slow sampling rate
do not permit fMRI to monitor brain function on a neurophysiologic time-scale. MEG, on
the other hand, offers a high temporal resolution but with some limitations on the precision
of source localization. Thus, combining the two can potentially capitalize on the advantages
of each modality and obviate the primary limitations of each, leading to an improved method
for brain network mapping and connectivity analysis in the future. Optimal integration
methods of MEG and fMRI must address the discrepancies between the two modalities.
Meanwhile, the high temporal resolution of MEG source waveforms with fMRI guided
spatial resolution can lead to better understanding of the temporal dynamics of the neural
networks supporting the language processing. A potential clinical benefit of multimodal
integration as demonstrated here between MEG and fMRI include applications for seizure
localization and surgical planning for epilepsy.

4. Experimental procedures
4.1. Participants

Nineteen healthy, native-English-speaking adolescents were drawn from a longitudinal
subgroup recruited from a larger cross-sectional sample of participants previously included
in our fMRI studies of language development (Holland et al., 2007) (NIH grant R01-
HD38578). Informed consent or assent was given by all parents and participants. This study
was approved by the Institutional Review Board at Cincinnati Children's Hospital Medical
Center. None of the participants had any neurological impairment or neurological trauma.
Data from three participants were excluded due to the extensive noise in the MEG data
which was caused by permanent dental retainers. MEG and fMRI data from sixteen
participants were included in this study with average age 15.8 year±1.2 (mean±SD, Table
1). The handedness was assessed according to the Edinburgh test (Oldfield, 1971).

4.2. Paradigm
We designed an event-related fMRI acquisition with auditory stimuli presented during
completely silent gradient intervals, which also allows us to record the participants’
performance when they articulate the verbs (Schmithorst and Holland, 2004). This method
fully utilized the hemodynamic delay of the BOLD response and collected the image data at
the peak of the response post-stimuli. Thus, using the event-related design we were able to
determine the correlations between the participants’ performance with the fMRI activations
in the classical language areas (Vannest et al., 2010). Another advantage is that it minimizes
the motion artifacts which might be induced by the articulation since the actual data
acquisition happens after the articulation processing. Finally, event-related study design also
allows us to implement the same paradigm from fMRI to the corresponding MEG study. So
we can compare the brain responses from both techniques during the same covert and overt
verb generation task.
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The adolescent participants listened to concrete nouns with visual instructions and
responded with related verbs covertly and overtly during both MEG and fMRI sessions. All
the concrete nouns were selected from the MRC Psycholinguistic Database (Coltheart,
1981), and controlled by the number of syllables (range 1–2, mean±SD: 1.33±0.47), as well
as length (range 3–9, mean±SD: 4.77±1.19). And the difficulty of the words was assessed by
the age of acquisition rating (range 150–300, mean±SD: 245.60±37.97). The words were
binaurally presented at 70 dB. For example, if the participant hears the noun “apple”, he/she
might generate “eat” or “bite”. Participants were visually prompted to generate verbs either
overtly or covertly in an interleaved fashion. As a control task, the participants were
prompted to overtly repeat the noun. The stimuli and timing of presentations for the MEG
and fMRI paradigms were identical, though more trials were used with MEG to enhance the
signal to noise ratio. MEG stimuli included three conditions: covert verb generation (think),
overt verb generation (say), and overt noun repetition (repeat), which were presented with
BrainX software (Xiang et al., 2001). The MEG paradigm included 30 5-s trials for each
condition and 90 5-s trials in total (see [M1] in Fig. 1). FMRI stimuli were presented using
DirectRT software (Empirisoft Corp., NYC, NY). The fMRI paradigm included 15 cycles of
36-s, each consisting of 3 12-s trials: covert verb generation (think), overt verb generation
(say), and overt noun repetition (repeat) (see [F1] in Fig. 1).

4.3. Data acquisition
We used a 275-channel whole head MEG system (VSM Med-Tech Ltd., Port Coquitlam,
BC, Canada) to acquire all the MEG data in a magnetically shielded room (MSR) (Vacuum-
Schmelze, Hanau, Germany). For each participant, the head position with respect to the
sensor array was determined by three coils placed on the nasion and at the left and right pre-
auricular points. Digital photos of the three coils were also taken to assist with the placement
of three fiducial points on the participant before the MRI/fMRI scan. The three fiducial
points established the coordinate transformation between MEG and fMRI. The MEG data
were filtered offline by a 150 Hz low-pass filter and sampled at 6 KHz. All the participants
were instructed to avoid eye blinks and head movements during the recording procedure.
We used continuous head localization method to monitor the head movements during the
MEG acquisition and to eliminate the bad data segments and determine the stimulus-related
motions.

FMRI data were acquired on a Philips Achieva 3-T MRI scanner with Dual Quasar gradients
(Philips Medical Systems, Best, The Netherlands). Before the fMRI acquisition, three
fiducial markers were placed in identical locations to the ones used in the MEG recordings
so that MEG results could be co-registered precisely to the anatomical MRI. A T2*-
weighted, gradient-echo, sparse acquisition, echo planar imaging (EPI) sequence was used
with parameters: TR/TE=2000/38 ms, FOV=24×24 cm, matrix=64×64, slice thickness=5
mm. Thirty-five slices were acquired at 137 time points for a total imaging time of 9 min.
The initial 2 time points were discarded to allow the protons to reach T1 relaxation
equilibrium. In addition, a high-resolution T1-weighted 3D anatomical scan was acquired
using an inversion recovery (IR) prepared turbo gradient echo acquisition protocol with
parameters: TR/TI/TE=8.1/1052/3.7 ms, FOV=25×25×18 cm, spatial resolution of 1×1×1
mm. Audiovisual stimuli were presented using an MRI compatible audio-video system with
binocular goggles and pneumatic headphones (Avotec, Inc. SS3100/SV7021). Verbal
responses were recorded via in-scanner microphone included with this system. Among all
the participants, six of them had fMRI scan before MEG scan, and ten of them had MEG
scan before fMRI scan. The average interval between the two scans was 15 days.
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4.4. Data processing
Based on the routine noise test before the participant entered the MEG room, noisy channels
in the MEG data were identified by visual inspection of the frequency plot and excluded
from data analysis if the noise level was above 10 fT RMS/√Hz. The head motion for each
participant was computed in MATLAB (The MathWorks, Inc., Natick, MA) at each time
point using the continuous head localization channels (HLC11-13, 18, 21– 23, 28, 31–33,
38). Stimulus-correlated motion was evaluated by analyzing the time series of
displacements. For each participant, the mean motion in all directions for each trial and each
stimulus was analyzed for the main effect of stimulus using analysis of variance (ANOVA).
We classified a sample as “bad” if the root mean square (RMS) of all three displacements in
x, y, z directions exceeded 6 mm for any fiducial markers (nasion, left or right pre-auricular
makers). 6 mm is the median of motion in all participants during MEG scan, which is also
within the acceptable range of head movements suggested by literature (Herdman and
Cheyne, 2009). Then, a trial was rejected if more than 10% of the total samples in the trial
were “bad”. In addition, a trial was rejected if the participant did not respond at all. After
removal of the bad trials, unaveraged MEG data were analyzed using SAM with a window
length of 3-s, which allowed us to capture all the brain activity after auditory stimuli onset.

MEG waveforms were downsampled from 6 KHz to 600 Hz and bandpass filtered at 0.6–30
Hz. The task frequency was about 0.2 Hz, and the Fourier transform of all the MEG sensor
data showed 95% power within the frequency range of 0.6–30 Hz. Thus, a frequency band
from 0.6–30 Hz was used to generate SAM images of three contrasts including overt versus
covert, covert versus repetition, and overt versus repetition using the Student t-test. For
group analysis, the individual SPM{t} was transformed into Talairach space (Lancaster et al.,
2000) by applying the transformation matrix derived from the anatomical MRI to Talairach
space using 3dWarp in AFNI (analysis and visualization of functional magnetic resonance
image) (Cox, 1996). MEG SAM results were also aligned with the anatomical MRI by the
three fiducial marks. Then, the transformation matrix, derived from the anatomical MRI
transformed into Talairach space, was also applied to MEG SAM maps in AFNI. Thus, both
modalities were transformed into Talairach space using the same transformation matrix
derived from the anatomical MRI to Talairach space. Then, we performed a one-sample t-
test on the individual Talairach-transformed SAM results on a voxel by voxel basis to
determine which brain regions showed significant activation for the three contrasts,
respectively. To control for multiple comparisons, statistically significant effects were tested
with false discovery rate (FDR) (Genovese et al., 2002). The threshold was set at p<.05,
corrected by FDR.

The fMRI data analysis was performed using routines written in IDL (ITT Visual
Information Solutions, Boulder, CO) and Cincinnati Children's Hospital Image Processing
Software. EPI data were corrected for Nyquist ghosts and geometric distortion using a multi-
echo reference method (Schmithorst et al., 2001), retrospectively motion-corrected using
pyramid co-registration (Yuan et al., 2009), and then spatially normalized into Talairach
space using a linear affine transformation (Wilke et al., 2002). The transformation matrix
was saved for transforming MEG SAM results to Talairach space. The square root of the
sum of the square of all six parameters (translation parameters in x, y, z, and rotation
parameters) was analyzed for the main effect of stimulus using ANOVA. We used a general
linear model and random-effects analysis to generate significant group activations in three
contrasts including overt generation versus covert repetition, covert generation versus overt
generation, and overt generation versus covert generation (Vannest et al., 2010). The
threshold for group activation maps was set at p<0.05, corrected by Monte Carlo simulation
(Schmithorst and Holland, 2006).
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Because the spatial resolution of fMRI and MEG differ, some interpolation is required in
order to resample the data to the same resolution prior to computing the CCC maps. The
fMRI data was acquired at 4*4*5 mm, while the spatial resolution of MEG data was
determined by a three-dimensional grid of possible source locations for SAM analysis.
There is a trade-off between the ability to resolve sources that are close together and the
possibility of introducing spurious sources. With widely spaced grid points (e.g., 10*10*10
mm) the likelihood of observing spurious beamformer activities is relatively low (Green and
Mcdonald, 2009). Taking this into consideration, we used 7*7*7 mm for our SAM analysis
and generated 13,041 voxels over the entire volume of the brain. Using a finer grid to match
the spatial resolution of fMRI data (4*4*5 mm) would likely increase the spurious sources.
Therefore, we interpolated the fMRI data to match the MEG resolution at 7*7*7 resolution
prior to computing the CCC. A recent study by Dr. Pang set a precedent for this approach by
resampling the functional volumes obtained using finer grids with fMRI to match the coarser
grid of MEG (Pang et al., 2010).

4.5. Comparison between MEG and fMRI
For the concordance measures, the fMRI SPM{t} maps were exported from in-house IDL
software package to AFNI and were re-sampled to match the MEG SAM image grids. Then,
the SPM{t} from both MEG and fMRI were converted to SPM{z}. We utilized the CCC
macro written in R (Crawford et al., 2007) and developed our own bash script that provided
a voxel-wise CCC package working with AFNI, which can be downloaded from the
following website: http://homepages.uc.edu/~wang2yg/yw_3dccc_v0605.zip or directly
contact the authors. The CCC was calculated using the following formulas (Crawford et al.,

2007): , where μ1 and μ2 are the means for the two variables (for our

study, z-score values of SPMs from MEG and fMRI),  and  are the corresponding
variances, and σ12 is the covariance. In this study, for a given voxel, the CCC was computed
on an N-length data set (N=16) by the following formulas:

where ρ = Corr(fMRIj, MEGj) is referred to as the precision component, equivalent to the

Pearson's correlation coefficient, and  is referred to
as the accuracy component with μfMRIj = E(fMRIij), μMEGj = E(MEGij), and

, . We note that χa assesses location shift ((μfMRIj –
μMEGj)

2) and scale shift ((σfMRIj –σMEGj)
2) relative to the scales (σfMRIj, σMEGj) . For fixed

values of location and scale shifts, χa is a function of (σfMRIj, σMEGj) and when χa→1,
CCC→ρ. Thus, CCC measures the real concordance rather than merely correlation
(CCC≤ρ). The CCC has the scale of 1 (perfect agreement) to 0 (no agreement) to –1 (perfect
reversed agreement). We aimed to find the regions with high agreement between the two
modalities so only the positive CCC values were counted in this study. Then, the CCC maps
were spatially filtered using a 6 mm Gaussian filter, thresholded at 0.3, and limited to
clusters of size greater than or equal to 10 contiguous voxels to correct for the occurrence of
spurious individual voxels and improve the visualization of the CCC maps in Fig. 3. This
threshold was selected based upon benchmarks used for categorizing the concordance
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results: 0.3–0.5 (moderate concordance), 0.51700–0.8 (substantial concordance), 0.81–1
(almost perfect concordance) (Eaton et al., 2008).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Timing diagram of the event-related verb-generation for MEG and fMRI task. MEG: 30 5-s
Trials for each condition are recorded. FMRI: 15 36-s cycles for each phase of the paradigm
are presented for a total scan time of 9 min. Overt verb generation performance is recorded
for both MEG and fMRI sessions.
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Fig. 2.
Group composite activation maps of three contrasts from MEG (left) and fMRI (right)
results (N=16): (C1) Say > Repeat (covert generation versus overt repetition); (C2) Think >
Repeat (overt generation versus overt repetition); (C3) Say > Think (overt generation versus
covert generation). Significant level for all contrasts: p<0.05 corrected. Cluster size > 15.
Slice range: Z=–8 to +47 mm (Talairach coordinates) and 5 mm between each successive
slice displayed. All images are in radiologic orientation.
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Fig. 3.
CCC maps of three contrasts. (C1) Say > Repeat (covert generation versus overt repetition);
(C2) Think > Repeat (overt generation versus overt repetition); (C3) Say > Think (overt
generation versus covert generation). Thresholded at 0.3. Cluster size > 10. Slice range: Z=–
8 to +47 mm (Talairach coordinates) and 5 mm between each successive slice displayed. All
images are in radiologic orientation.
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