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Our objective was to study changes in EEG time-domain power spectral density (PSDt) and localization of
language areas during covert object naming tasks in human subjects with epilepsy. EEG data for subjects
with epilepsy were acquired during the covert object naming tasks using a net of 256 electrodes. The tri-
als required each subject to provide the names of common objects presented every 4 seconds on slides.
Each trial comprised the 1.0 second before and 3.0 seconds after initial object presentation. PSDt values at
baseline and during tasks were calculated in the h, a, b, low c, and high c bands. The spatial contour plots
reveal that PSDt values during object naming were 10–20% higher than the baseline values for different
bands. Language was lateralized to left frontal or temporal areas. In all cases, the Wada test disclosed lan-
guage lateralization to the left hemisphere as well.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Cerebral lateralization of essential language activity is an
important component of the evaluation of patients with medically
refractory epilepsy who are candidates for surgical therapy. For
more than a half-century the intracarotid sodium amytal proce-
dure, known as Wada test, has been the standard by which this
determination has been made [1]. Being an invasive procedure,
the Wada test is associated with some risk and discomfort. Because
of this, in recent years, a burgeoning interest has developed in
replacing the Wada test with noninvasive measures. Some of these
newer techniques, like the Wada test, are based on ‘‘deactivation”
of the language cortex, such as repetitive transcranial magnetic
stimulation [2], whereas other methods are based on structural
imaging analyses [3]. However, the most promising novel noninva-
sive methods include direct measures of physiological language
activation. Some newer methods include event-related brain
potentials [4] and whole-head magnetoencephalography [5–7].
The other alternative activation techniques are based on hemody-
namic responses to language activation, such as functional
ll rights reserved.

n).
transcranial Doppler [8], single-photon-emission computed
tomography [9], positron emission tomography [10], near-infrared
spectroscopic mapping [11], and functional magnetic resonance
imaging [12]. All of these newer methods have variable limitations,
and none have yet supplanted the Wada test as the ‘‘gold standard”
for lateralizing cerebral language dominance.

Among the aforementioned approaches, the most simple and
least costly are based on scalp EEG measurements. Multichannel
EEG devices are readily available in most clinical sites and could
thus be used to replace the invasive Wada test. Therefore, our
aim was to establish an EEG-based language lateralization test.
Here we present initial results for four patients with epilepsy
examined in an object naming task with 256-channel EEG time-do-
main power spectral density (PSDt) computations. It was found
that PSDt values during object naming tasks were 10–20% higher
than the baseline values for different frequency bands. Lateraliza-
tion to the left cerebral hemisphere in spatial plots of PSDt was also
observed, and these results were similar to those from the Wada
test for all four subjects. The notation PSDt is used to emphasize
that it is the power spectral density of the time-domain EEG data
and it is different from the spatial power spectral density (PSDx
or PSDz) of scalp EEG data. Such notations are becoming very com-
mon in the EEG literature [13,14].
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2. Methods

EEG data were acquired during the task using a net of 256 elec-
trodes (Electrical Geodesics, Inc., Eugene, OR, USA), which provides,
roughly, an interelectrode separation of 2.0 cm. The whole net cov-
ers the head, back of the neck, and also the face and eye areas. The
EEG was acquired with a sampling rate of 250 Hz, that is, 250 sam-
ples/second. Data were collected with reference to the central, Cz,
electrode by using a high-pass filter of 0.1 Hz and a low-pass filter
of 100 Hz. The data were then referenced to the common average
reference while doing the data cleaning and analysis.

Data for four subjects were used for this study. All subjects had
medically refractory localization-related epilepsy and all were can-
didates for epilepsy surgery. This study was conducted prior to sur-
gery. Results of preoperative intracarotid sodium amytal testing
disclosed that essential language function was lateralized to the
left side in all cases. The data were collected at the Regional Epi-
lepsy Center located at the Harborview Medical Center, University
of Washington, Seattle. Data collection and the subsequent data
analysis were governed by protocols approved by the institutional
review board of the University of Washington.

The trials required each subject to provide the names of common
objects presented on a computer screen. A few examples of the ob-
jects used were a pencil, a chair, a television, a lamp, and a cat. Sub-
jects were asked to name the objects covertly, that is, silently. Each
trial comprised the 1 second before and 3 seconds after initial object
presentation. The 1-second data before the presentation constituted
the baseline. There was also a random pause of 3–5 seconds be-
tween each trial. Each subject underwent 80 trials; this means that
80 objects were shown on the computer screen and the correspond-
ing data collected. Actual recording time for data collection is about
15 minutes. When preparation time, instrument check, etc., are in-
cluded, the total time for collection of data for each subject was 45
minutes. No subjects were excluded from the study. Data for one
subject were noisy due to facial muscle artifacts, and we were able
to extract only 15 good trials. Therefore, for other subjects we used
only the first consecutive 15 good trials even though there were
more than 15 good trials. The consecutive trials were selected to
avoid any bias in the selection process.

2.1. Artifact removal

Data were first high-pass filtered with a 2.5-Hz filter to remove
the low-frequency muscle artifacts and any linear drift in the data.
Independent component analysis (ICA) technique was then used to
remove eye movements, eye blinks, and other artifacts from the
continuous EEG data [15]. The spatial patterns of the ICA compo-
nents were plotted and identified as related to eye movement or
facial muscle activity. These components were then removed.
The cleaned continuous EEG data were segmented into trials. For
each subject, the trials on which the EEG amplitude values were
above ±100 lV were manually rejected. This was performed with
EEGLAB software from the University of California at San Diego
[16]. For each subject, the best 15 trials with no artifacts were se-
lected for further analysis.

Time-frequency filtering of the data was performed with a
matching pursuit filter [17,18] to eliminate the 60-Hz power line
artifact. The method is based on the Matching Pursuit algorithm,
but it uses atoms that are distributed in both time and space. This
cleaned data set was then used for PSDt computations.

2.2. PSDt computations

The EEG data for each trial were analyzed in the h (3–7 Hz), a
(7–12 Hz), b (12–30 Hz), low c (30–50 Hz), and high c (50–100
Hz) bands. The data were filtered in each band with an equiripple
Parks–McClellan bandpass filter. The gain was unity (0.0 dB) in the
pass band and –60 dB outside the pass band. The ripples in the
passbands were limited to a maximum of 0.02 dB. PSDt values
for the baseline and during object naming tasks were calculated
after Fourier transform of the EEG data. The object naming task
data were 3.0 seconds long. The PSDt for each second of data
was computed separately. This was done to examine the temporal
behavior of the PSDt during the 3-second-long period. The PSDt
values were then averaged over 15 trials. The same procedures
were used for all four subjects.

Color intensity plots of the PSDt values were constructed using
a montage of the layout of 256 electrode positions. For plotting
purposes, only electrodes above eye level were used. This consisted
of 125 electrodes that were uniformly distributed over the top of
the head, forehead, temporal areas, and occipital area. This plotting
area was sufficient to examine language-related activities during
object naming tasks. The horizontal and vertical axes for plots
are in normalized length units. Color bars in the plots are in arbi-
trary magnitude units. All data analysis was performed using MAT-
LAB 7.4 (The Mathworks, Natick, MA, USA) software.

3. Results

The results of preoperative intracarotid sodium amytal testing
disclosed that essential language function was lateralized to the
left side in all cases. In the following we describe the results of
the PSDt computation for each band of one subject. Thereafter,
the results for all subjects are summarized.

3.1. h (3–7 Hz) band activity

Contour plots of PSDt averaged over 15 trials at baseline and
during the object naming tasks for the h band are shown in
Fig. 1. In the top row are plots for baseline and each second of
the object naming tasks. Hereafter, we use the word task in place
of object naming tasks. The bottom row of plots illustrate the dif-
ferences between baseline and the task. The magnitude scale for
the top row is different from that for the bottom row. This was
done to visualize the differences in these plots. If the same scale
were to be used for all of these plots, the difference plots would
be dark blue, making it difficult to see changes in the spatial pat-
terns. In all of these plots, the subject’s nose is toward the top
and subject’s left is toward the left side of the figure. At lower
edges and on the left and right sides of plots, PSDt values are high-
er. This could be due to a combination of muscle artifacts and brain
activity in the left and right temporal areas and in the occipital
areas.

The differences between baseline and task are very visible in the
lower row of plots. There are some very interesting features to
note. In the first second of the difference plot (bottom row, left
plot), the differences are very close to zero, as illustrated by the
mostly yellow area. However, in the next second of activity (bot-
tom row, middle plot) the left frontal area shows an increase in
PSDt values. There is a further increase in the third second of activ-
ity (bottom row, right plot), which could be related to the in-
creased activity of the essential language area of the brain during
the task. The change is about 30% in the essential language area
in the third second as compared with the baseline value. This
was computed by taking the mean intensity over the activation
area at baseline and during the task. The activation area was deter-
mined by visual inspection of the contour plots of the task. The
same activation area was also used for computation of the baseline
values. The mean intensity above baseline during the task in the
third second (bottom row, right plot) is about 360. The mean base-
line value (top row, left plot) in the activation area is about 1200.
This gives an increase of 30% above the baseline value during the



Fig. 1. Spatial plots of PSDt for the h (3–7 Hz) band. Top row: Baseline and object naming tasks. Bottom row: differences in activity between the object naming tasks and
baseline. Higher PSDt values at the edges in the top row of plots could be due to muscle artifacts. The difference plots in the bottom row definitely indicate language-related
brain activity in the left anterior quadrant of the plots. Note that the magnitude scales are different for the top and bottom rows of plots.
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third second of the task. In the second second (bottom row, middle
plot), the lower area of the plot also shows increased activity. This
could be a muscle artifact and might also contain some activity
from the visual cortex. This is absent in the first- and in the
third-second difference plots.

3.2. a (7-12 Hz) band activity

a band activity is illustrated in Fig. 2. The baseline shows
higher activity in the left and right occipital areas for the visual
cortex. In the same areas, activity increases from first second to
the next during the task. It is noteworthy that during the first
second of the task, visual cortex activity has decreased as com-
pared with baseline; however, it increases in the second and
third seconds and is definitely higher than baseline in the third
second of the task.
Fig. 2. Spatial plots of PSDt for the a (7–12 Hz) band. Top row: Baseline and object nam
baseline. Activation of the visual cortex is very strong in the third second. Refer to the r
The difference between the task and baseline activity is illus-
trated in the lower row of plots. In the first second, activity has in-
creased in the anterior left quadrant, probably related to the
language cortex. This language activity decreases in the second
second and is almost negligible in the third second. Visual cortex
activity decreases in the first second but becomes very strong in
the third second. There is some activity in the left temporal area
in the second second that is absent in the first second and de-
creases slightly in the third second.

3.3. b (12-30 Hz) band activity

In this band the left frontal area, related to the language cortex,
is most active at baseline and also during the task (Fig. 3, top row).
This activity seems to be very focused and very strong at baseline
and also during the task. The difference plots in the bottom row
ing tasks. Bottom row: Differences in activity between the object naming tasks and
ight plots in the top and bottom rows.



Fig. 3. Spatial plots of PSDt for the b (12–30 Hz) band. Top row: Baseline and object naming tasks. Bottom row: Differences in activity between the object naming tasks and
baseline. There is some activity related to the visual cortex in the first second of the difference plot (bottom row, left plot), which becomes much stronger in the third second
(bottom row, right plot). During the second second, the brain response is minimal (bottom row, middle plot).
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provide more details of the changes during the task. In the first sec-
ond, the lower right and left areas, possibly related to the visual
cortex, show some activity, which decreases during the second sec-
ond but becomes very strong during the third second. The activity
is also widely distributed in the lower half of the plot. The left fron-
tal area, possibly related to language activity, also shows increased
activity in the third second.

3.4. Low c (30-50 Hz) band activity

The low c band activity is very focused on the left side at base-
line and also during the task (Fig. 4, top row). It is difficult to ob-
serve any differences in these plots. However, in the difference
Fig. 4. Spatial plots of PSDt for the low c (30–50 Hz) band. Top row: Baseline and object
and baseline. The top row of plots show that activity is very focused at baseline and du
activity is distributed widely, with some stronger activity in the anterior left quadrant t
plots in the bottom row, the activity is distributed more broadly.
There is some higher activity in the possible language and visual
areas. The change is about 10% in the language area as compared
with baseline in the third second. Percentage changes in other
areas are much larger (10–30%) as compared with baseline in the
third second.

3.5. High c (50-100 Hz) band activity

High c band activity is very focused at baseline and during the
task (Fig. 5, top row). This is very similar to the low c band activity
but the intensity values are much lower as compared with Fig. 4.
The difference plots (Fig. 5, bottom row) also show that the activity
naming tasks. Bottom row: Differences in activity between the object naming tasks
ring the object naming tasks. However, the difference plots indicate that the brain
hat could be attributed to the essential language area in the brain.



Fig. 5. Spatial plots of PSDt for the high c (50–80 Hz) band. (Top row: Baseline and object naming tasks. Bottom row: Differences in activity between the object naming tasks
and baseline. The top row of plots show that activity is very focused at baseline and during the object naming tasks. The difference plots also show that brain activity is
confined to the same area as in the top row of plots. Some spatial differences are noticeable in the bottom row. This suggests that activity in the essential language area in the
brain has some temporal distribution during the 3.0-second period of the object naming tasks.
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is very focused. This is very different as compared with the wide
distribution of low c band activity. The change is about 17% above
baseline values in the language area as compared with baseline in
the third second. Such changes are also visible in the first- and sec-
ond-second difference plots.

3.6. Analysis of the data of other subjects

The patterns described above were also observed in the data for
the other three subjects. The language area was lateralized to the
anterior left quadrant in all four subjects. PSDt plots during the
tasks in the first, second, and third seconds for all subjects were
slightly different. However, they did show patterns similar to those
in Figs. 1–5.

For a comparative analysis, we selected the area in the anterior
left quadrant of the plots that could be related to the language
activity in the brain. The mean value of the percentage change
above the baseline in each band for that area was computed for
each subject. Values were averaged over the values for the first,
second, and third seconds. These values are listed in Table 1. These
mean values suggest that there is a measurable change in each
band above the baseline during the silent object naming task that
could be related to the language activity in the brain. We also sub-
jected the mean values for the anterior left quadrant at baseline
and during the task to one-way ANOVA. The mean values during
the task were significantly (P < 0.05) different from the baseline
values for all bands.
Table 1
Mean percentage change above the baseline during silent object naming tasks in the
left frontal quadrant, possibly related to the language activity in the brain

h band
(%)

a band
(%)

b band
(%)

Low c band
(%)

High c band
(%)

Subject 1 22 3 12 7 18
Subject 2 18 5 14 10 16
Subject 3 14 7 20 12 10
Subject 4 20 5 17 15 12
Mean ± SD 18.5 ± 3.4 5 ± 1.6 15.75 ± 3.5 11 ± 3.3 14 ± 3.65
A comparative analysis of left lateralization was also carried out
with one-way ANOVA. This was performed for the difference plots.
The mean value of PSDt of the left half was compared with that for
the right half and was found to be significantly (P < 0.05) different
in all bands.

4. Discussions and conclusions

These plots reveal that PSDt values during the object naming
tasks were approximately 5–20% higher than baseline values in
the anterior left quadrant of the plots. The maximal changes are
lateralized to focal areas of the left cerebral hemisphere. This could
be related to the essential language activity of the brain.

There is an increase in PSDt values in the lower right and left
edges of the plots in the h band. In these areas, contamination from
muscle artifacts is a possibility even though these were silent ob-
ject naming tasks. However, pickup of some brain activation is also
a possibility that is more recognizable in the difference plots (see
Fig. 1). The increased PSDt values in the anterior left quadrant of
difference plots are definitely related to essential language activity
of the brain. The a band plots (Fig. 2, bottom row) show strong
activity in the visual cortex but very little activity in the essential
language area. b band activity shows some activation of the essen-
tial language area in the third second of object naming tasks and
strong activation of the visual cortex. Low and high c band activity
is very focused at baseline and during the object naming tasks. The
difference plots show that low c band activity is widely distrib-
uted, but high c band activity is very focused in the possible essen-
tial language area.

The difference plots in the h band (Fig. 1) and in the low c band
(Fig. 4) show similarities in the widespread activity. c band activity
is modulated by the oscillations of h band activity [19]. This
spreading of PSDt values in large areas could be related to h and
low c band coupling.

High c band activity and its dynamic time-dependent behavior
have also been examined with subdural electrocorticographic
(ECoG) recordings [20–22]. In our results with scalp EEGs, we do
see some very focused high c band activity related to the language
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tasks (see Fig. 5). It also shows some time-dependent changes dur-
ing the covert object naming task (see Fig. 5, bottom row). During
the first-second (0–1 s ERP–Base) difference plot, there is very fo-
cused activity in the left frontal area. There is the main bright spot
at coordinates (0.35, 0.50) and a smaller medium-intensity spot at
coordinates (0.43, 0.60). Both spots are probably related to covert
object naming activity. The main bright spot diminishes in the
middle period between 1 and 2 seconds and then increases and
slightly spreads during the period 2–3 seconds. The other smaller
spot diffuses in a wider area after the period 0–1 second. These
findings are not exactly similar to what was seen earlier [22] on
invasive ECoG recordings. However, we are seeing a chronodynam-
ic pattern in scalp EEG recordings during the covert object naming
tasks that is somewhat similar to what was observed in ECoG
recordings [22].

Our results suggest lateralization of the language area to the left
hemisphere along with possible localization to the left anterior
quadrant of the plots. In comparison, the Wada test lateralizes only
language dominance. However, the Wada test also assists with
memory assessment, whereas the EEG does not. Thus, the results
reported here do not replace the results obtained with the Wada
test, but supplement them. In summary, these results suggest that
it may be possible to noninvasively lateralize, and even eventually
localize, cerebral regions essential for language tasks from scalp
EEG data. This could be very helpful in presurgical planning. These
findings are preliminary and need to be further studied in a large
population base.

References

[1] Wada J. A new method for the determination of the side of cerebral speech
dominance: a preliminary report on the intracarotid injection of sodium
amytal in men. Med Biol (Igaku To Seibutsugaku, Japan) 1949;14:221–2.

[2] Pascual-Leone A, Gates JR, Dhuna A. Induction speech arrest and counting
errors with rapid-rate transcranial magnetic stimulation. Neurology
1991;41:697–702.

[3] Charles PD, Abou-Khalil R, Abou-Khalil B, et al. MRI asymmetries and language
dominance. Neurology 1994;44:2050–4.

[4] Gerschlager W, Lalouschek W, Lehrner J, Baumgartner C, Lindinger C, Lang W.
Language related hemispheric asymmetry in healthy subjects and patients
with temporal lobe epilepsy as studied by event-related brain potentials and
intracarotid amobarbital test. Electroencephalogr Clin Neurophysiol
1998;108:274–82.

[5] Bowyer SM, Moran JE, Weiland BJ, et al. Language laterality determined by
MEG mapping with MR-FOCUSS. Epilepsy Behav 2005;6:235–41.

[6] Papanicolaou AC, Simos PG, Castillo EM, et al. Magnetocephalography: a
noninvasive alternative to the Wada procedure. J Neurosurg 2004;100:
867–76.

[7] Salmelin R. Clinical neurophysiology of language: the MEG approach. Clin
Neurophysiol 2007;118:237–54.

[8] Knecht S, Deppe M, Ebner A, et al. Noninvasive determination of language
lateralization by functional transcranial Doppler sonography: a comparison
with the Wada test. Stroke 1998;29:82–6.

[9] Borbely K, Gjedde A, Nyary I, Czirjak S, Donaucr N, Buck A. Speech activation of
language dominant hemisphere: a single-photon emission computed
tomography study. NeuroImage 2003;20:987–94.

[10] Tatlidil R, Xiong J, Luther S. Presurgical lateralization of seizure focus and
language dominant hemisphere with O-15 water PET imaging. Acta Neurol
Scand 2000;102:73–80.

[11] Watson NF, Dodrill C, Farrell D, Holmes MD, Miller JW. Determination of
language dominance with near-infrared spectroscopy: comparison with the
intracarotid amobarbital procedure. Seizure 2004;13:399–402.

[12] Woermann FG, Jokeit H, Luerding R, et al. Language lateralization by Wada test
and fMRI in 100 patients with epilepsy. Neurology 2003;61:699–701.

[13] Freeman WJ, Rogers LJ. Fine temporal resolution of analytic phase reveals
episodic synchronization by state transitions in c EEGs. J Neurophysiol
2002;87:937–45.

[14] Freeman WJ. Origin, structure, and role of background EEG activity: 2. Analytic
phase. Clin Neurophysiol 2004;115:2089–107.

[15] Moran JE, Drake CL, Tepley N. ICA methods for MEG imaging. Neurol Clin
Neurophysiol 2004;72.

[16] Delorme A, Makeig S. EEGIAB: an open source toolbox for analysis of single-
trial EEG dynamics. J Neurosci Methods 2004;134:9–21.

[17] Gratkowski M, Haueisen J, Arendt-Nielsen L, Chen AC, Zanow F. Time-
frequency filtering of MEG signals with matching pursuit. J Physiol Paris
2006;99:47–57.

[18] Gratkowski M, Haueisen J, Arendt-Nielsen L, Chen A, Zanow F. Decomposition
of biomedical signals in spatial and time-frequency modes. Methods Inform
Med 2008;47:26–37.

[19] Canolty RT, Edwards E, Dalal SS, et al. High c power is phase-locked to h
oscillations in human neocortex. Science 2006;313:1626–8.

[20] Crone NE, Sinai A, Korzeniewska A. High-frequency c oscillations and human
brain mapping with electrocorticography. Prog Brain Res 2006;159:275–95.

[21] Sinai A, Bowers CW, Crainiceanu CM, et al. Electrocorticographic high c
activity versus electrical cortical stimulation mapping of naming. Brain
2005;128:1556–70.

[22] Korzeniewska A, Crainiceanu CM, Kus R, Franaszczuk PJ, Crone NE. Dynamics
of event-related causality in brain electrical activity. Hum Brain Mapp 2007
Aug 21. [Epub ahead of print].


	Power spectral density changes and language lateralization during covert  object naming tasks measured with high-density EEG recordings
	Introduction
	Methods
	Artifact removal
	PSDt computations

	Results
	 theta  (3-7Hz) band activity
	 alpha  (7-12Hz) band activity
	 beta  (12-30Hz) band activity
	Low  gamma  (30-50Hz) band activity
	High  gamma  (50-100Hz) band activity
	Analysis of the data of other subjects

	Discussions and conclusions
	References




