
HUMAN NEUROSCIENCE

Shestakova et al., 2003; Moreno and Kutas, 2005; Conboy and Mills, 
2006; Khateb et al., 2007), and quantitative electroencephalogra-
phy (EEG) analysis (Reiterer et al., 2005; Leinonen et al., 2007). 
Multilingual language organization has also been studied in patients 
with permanent structural lesions resulting from tumors or strokes 
(Aglioti and Fabbro, 1993; Gomez-Tortosa et al., 1995; Aglioti et al., 
1996), or temporary functional lesions produced during language 
mapping with electrocortical stimulation (Ojemann and Whitaker, 
1978; Rapport et al., 1983; Bellotti et al., 1991; Graff-Radford et al., 
1997; Roux and Tremoulet, 2002; Lubrano et al., 2004; Roux et al., 
2004; Walker et al., 2004; Giussani et al., 2007; Kho et al., 2007; 
Serafini et al., 2008; Moritz-Gasser and Duffau, 2009), transcranial 
magnetic stimulation (TMS; Holtzheimer et al., 2005), electrocon-
vulsive therapy (Chernigovskaya et al., 1983), and Wada testing 
(Berthier et al., 1990; Kho et al., 2007).

Cortical mapping studies have yielded heterogeneous results 
regarding the organization of first (L1) and second (L2) languages 
(Caramia et al., 1991). Some studies have demonstrated complete 
overlap between the cortical representation of L1 and L2 within 
the dominant hemisphere, while others have demonstrated spa-
tially distinct cortical representations of L1 and L2. While some 
electrocortical stimulation studies have demonstrated equivalent 
total cortical surface area involved in L1 and L2 processing, with 
partially overlapping regions (Graff-Radford et al., 1997; Roux and 

IntroductIon
Multilingual speakers are individuals who communicate routinely 
in more than one language and now outnumber monolingual indi-
viduals worldwide (French and Jacquet, 2004). However, predicting 
expected cortical language representations in these individuals can 
be challenging (Caramia et al., 1991). Studies comparing cortical 
maps of first (L1) and second (L2) language processing using a 
variety of imaging methods have provided heterogeneous results. 
These maps are important for planning neurosurgical resections 
to preserve L1 and L2 function. We used a novel technique of elec-
trocorticographic (ECoG) spectral mapping to examine whether 
first and second languages are represented in distinct or common 
cortical regions in four adult patients undergoing intracranial lan-
guage mapping for epilepsy surgery.

Language representations in multilingual patients have been 
studied using a variety of techniques including functional mag-
netic resonance imaging (fMRI; Dehaene et al., 1997; Kim et al., 
1997; Marian et al., 2003, 2007; Perani et al., 2003; Wartenburger 
et al., 2003; Cheung et al., 2006; Meschyan and Hernandez, 2006; 
van Heuven et al., 2008; Chee, 2009; Ino et al., 2009; Marangolo 
et al., 2009), positron emission tomography (PET; Klein et al., 1994, 
1995; Perani et al., 1998), functional near-infrared spectroscopy 
(fNIR; Kovelman et al., 2008), event-related potentials (Andreou 
and Karapetsas, 2001; Ceponiene et al., 2001; Alvarez et al., 2003; 
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for L1 and L2, given that these parameters themselves are distinct 
for each language (Perani et al., 1998). Alternatively, some neural 
networks established to process L1 may be functionally specialized to 
such an extent that they cannot later be utilized during L2 processing. 
Other environmental factors may also contribute to patterns of early 
L1 and L2 acquisition (Genesee et al., 1995).

Accurate language mapping can be critical for planning epilepsy 
surgery. The location of the epileptogenic zone can affect language 
organization and in a language-dependent pattern (Cheung et al., 
2006). Therefore, language localization may be influenced not only 
by the age of acquisition and level of proficiency, but also by the 
proximity of the epileptogenic zone to eloquent language cortex and 
the time of seizure-onset. These complex interactions could poten-
tially lead to unpredictable patterns of language localization and 
may necessitate extensive and accurate language mapping to prevent 
post-operative language decline. Functional language mapping is 
usually performed with electrocortical stimulation through sub-
dural electrodes implanted for seizure localization. The placement 
of these electrodes also allows for ECoG spectral mapping during 
functional brain activation. ECoG spectral mapping is an emerging 
technique for functional mapping of language and motor cortex. 
Broadband event-related power augmentation in high gamma fre-
quencies (>60 Hz) has been shown to be an excellent index of corti-
cal activation during language tasks, including visual object naming, 
auditory tone and phoneme discrimination, speech perception, and 
lexical-decision tasks (Crone et al., 1998a, 2001; Crone, 2000; Ray 
et al., 2003; Sinai et al., 2005a,b, 2009; Tanji et al., 2005; Brown et al., 
2008; Towle et al., 2008). Few studies have directly compared post-
operative outcomes following electrocortical stimulation mapping 
(ESM) versus ECoG spectral analysis (Sinai et al., 2005a; Towle et al., 
2008), and it remains unclear which technique is a more sensitive 
predictor of potential post-operative language function.

In the current investigation, we studied four adult patients 
with intractable epilepsy who had acquired English as a second 
language relatively late (>6 years; Wartenburger et al., 2003), and 
in whom subdural electrodes were implanted for epilepsy sur-
gery over the dominant hemisphere. Based on results from the 
majority of functional neuroimaging studies reviewed here, we 
predicted that L1 and L2 cortical representations would include 
distinct cortical regions. Given that our patients acquired L2 at a 
later age, we predicted a greater cortical representation overall for 
L2 than for L1 naming, based on the dynamic view of language 
representation in second language learners (Wartenburger et al., 
2003). We also predicted that ECoG spectral mapping would pro-
vide a more powerful means of directly comparing L1 and L2 than 
ESM. Patients underwent functional mapping with both techniques 
during a visual object naming task using pictures from the Boston 
Naming Test (BNT; Kaplan et al., 2001) in both L1 and L2. We used 
the BNT because normative data existed to compare performance 
in English and several other languages. Most documented post-
operative language deficits involve a component of dysnomia and 
therefore, visual object naming tasks are most frequently used in 
ESM language batteries. Based on previous ESM and ECoG spectral 
mapping studies (Ojemann, 1979; Krauss et al., 1996; Anderson 
et al., 1999; Hamberger et al., 2001; Sinai et al., 2005a; Hamberger, 
2007), visual object naming in English has been localized to the 
dominant posterior superior temporal gyrus, the mid and  posterior 

Tremoulet, 2002), others have shown increased cortical resources 
for L2 processing compared to L1 (Klein et al., 1994; Dehaene et al., 
1997; Graff-Radford et al., 1997; Kim et al., 1997; Perani et al., 2003; 
Meschyan and Hernandez, 2006; Marian et al., 2007; Kovelman 
et al., 2008). Lesion studies have described patients who became 
aphasic in one language but not another as the result of a perma-
nent structural lesion (Aglioti and Fabbro, 1993; Gomez-Tortosa 
et al., 1995; Aglioti et al., 1996), or a temporary functional lesion 
during Wada testing (Berthier et al., 1990; Kho et al., 2007), TMS 
(Holtzheimer et al., 2005), or intracranial electrocortical stimula-
tion (van Heuven et al., 2008; Moritz-Gasser and Duffau, 2009). 
This evidence suggests that cortical representations for L1 and L2 
include distinct regions.

Cortical regions have been found to be involved in both L1 and 
L2 processing within the dominant perisylvian cortex (Ojemann 
and Whitaker, 1978; Dehaene et al., 1997; Kim et al., 1997; Andreou 
and Karapetsas, 2001; Roux and Tremoulet, 2002; Marian et al., 
2007; Serafini et al., 2008). However, studies have also identified 
regions involved in L2 processing alone in the dominant inferior 
frontal lobe (Ojemann and Whitaker, 1978; Kim et al., 1997; Roux 
and Tremoulet, 2002; Marian et al., 2003, 2007; Perani et al., 2003; 
Meschyan and Hernandez, 2006; Serafini et al., 2008), the domi-
nant parietal cortex (Ojemann and Whitaker, 1978; Graff-Radford 
et al., 1997; Roux and Tremoulet, 2002; Meschyan and Hernandez, 
2006; Serafini et al., 2008), the dominant posterior temporal region 
(Graff-Radford et al., 1997), and the non-dominant hemisphere 
(Dehaene et al., 1997; Cheung et al., 2006; Kovelman et al., 2008). 
Yet other studies have identified regions involved to a greater extent 
in L1 than L2 processing in the dominant temporo-parietal region 
(Perani et al., 1998) and in subcortical regions such as the dominant 
basal ganglia (Aglioti and Fabbro, 1993; Aglioti et al., 1996). Some 
of these distinctions in localization may reflect differences in the 
language tasks used.

In summary, previous functional neuroimaging studies, as well 
as studies of the effects of permanent structural lesions and tempo-
rary functional lesions, have shown evidence for complete overlap 
between L1 and L2 representations, while others have demonstrated 
L1-specific regions and L2-specific regions. Views of language organi-
zation have been developed to explain these cortical language repre-
sentations. One view is that L1 and L2 processing recruit the same 
neural networks and that any differences in spatial representations are 
due to varying computational demands only (Perani and Abutalebi, 
2005). Another view is that L2 acquisition is a dynamic process that 
depends on the age of language acquisition and the level of profi-
ciency. During this process, people gradually progress from retriev-
ing L1 words to acquire meaning in L2, to directly accessing word 
meaning in L2 (Wartenburger et al., 2003; Perani and Abutalebi, 
2005; Abutalebi, 2008). This view predicts that proficient L2 speak-
ers and those with an early age of acquisition (<7 years) will have 
very similar or identical cortical language representations in L1 and 
L2. Conversely, less proficient speakers and/or with a later age of 
acquisition will have a larger region of cortex devoted to processing 
in L2 than to processing in L1 (Fabbro, 2001). These views do not 
explain why sites responsible for only L1 but not L2 processing have 
also been identified. One possible explanation for this observation 
is that neural networks involved in storing and utilizing linguistic 
parameters such as syntactic and grammatical regularities are distinct 
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The patient lived in Nigeria as a child where he communicated 
and was educated in Igbo. He completed 14 years of education 
before immigrating to the United States as a teenager, and began 
working and speaking English daily with an accent but continues 
to communicate in Igbo with family.

Patient 2 (L1 = Italian)
Patient 2 was a 47-year-old right-handed man who began hav-
ing intractable complex partial seizures at age 8 years. His pre-
surgical volumetric MRI revealed left mesial temporal sclerosis. 
Continuous video-EEG monitoring identified seizures originat-
ing from the left anterior and midtemporal regions. Wada testing 
revealed left hemisphere dominance for language (tested only in 
English) and impairment of memory with both left and right injec-
tions. The patient underwent intracranial monitoring with grid 
electrodes prior to resection to verify the ictal-onset zone, given 
that two potential ictal-onset zones were identified during previous 
scalp monitoring.

The patient was raised in Sicily, Italy and completed 9 years of 
education in Italian. He immigrated to the United States at age 
16 and began speaking English daily, with an accent. He owns 
and operates a restaurant in the United States and communi-
cates in English with his customers but communicates in Italian 
with family.

Patient 3 (L1 = Spanish)
Patient 3 was a 31-year-old right-handed man who was struck (as 
a pedestrian) by a motor vehicle at 16 years of age and sustained 
a traumatic brain injury with basilar skull fracture, bifrontal 
intracranial hemorrhages, and prolonged loss of consciousness. 
He had no reported functional deficits following this injury but 
began having complex partial seizures 10 years later. An MRI 
revealed non-specific T2 and FLAIR hyperintensities within the 
anterior frontal lobes bilaterally. During continuous scalp video-
EEG monitoring, seizures originated from left anterior temporal–
frontal head regions but frequent bilateral epileptiform discharges 
were seen interictally. An interictal PET scan was not localizing. 
The patient underwent intracranial monitoring with bilateral 
strip electrodes and the ictal-onset zone was again localized to 
the left temporo-frontal region (Patient 3a). The electrodes were 
removed with no ESM or resection performed at that time. Wada 
testing revealed left hemisphere dominance for language and 
memory (tested only in English). The patient then underwent 
repeat intracranial monitoring with subdural electrodes to further 
localize the ictal-onset zone and to map functional cortex prior 
to resection (Patient 3b).

The patient was born in New York and raised by an aunt and 
uncle from El Salvador who spoke Spanish in the home. He 
began learning English in primary school but then moved to El 
Salvador at age 7 where he lived and attended school for a year 
before returning to the United States. On return, he attended 
English-as-a-second-language courses, completed 10 years of 
education in English, and then left school to begin working 
as a construction foreman. He speaks Spanish at work and is 
married to an English-speaking woman. He speaks only English 
with his wife and children in the home and does not have a 
Spanish accent.

temporal cortex, as well as basal temporal–occipital regions. Recent 
studies have suggested that additional cortical areas can be identi-
fied with ECoG spectral mapping that are not appreciated with 
ESM during visual naming (Sinai et al., 2005a; Thampratankul 
et al., 2010). Naming studies using fMRI and PET, including those 
in multilingual subjects, have identified much broader regions of 
cortical activation including bilateral occipital regions, fusiform 
gyri, cerebellar regions, and subcortical structures, not necessarily 
representing eloquent cortex (Votaw et al., 1999; Marangolo et al., 
2009). We sampled dominant hemisphere cortex during both ESM 
and ECoG spectral mapping. We used within-subjects repeated 
measures testing to create time–frequency plots of ECoG spectral 
changes. We used a matching pursuit algorithm of signal decompo-
sition to detect event-related power augmentation in high gamma 
frequencies (60–150 Hz) as a measure of language activation during 
L1 and L2 visual object naming.

Using ECoG spectral mapping, we identified L1 and L2-specific 
cortical regions as well as regions shared by both languages. The 
L1- and L2-specific regions were not identified by ESM. A greater 
number of electrodes revealed high gamma augmentation (HGA) 
during L2 versus L1 naming in two of four patients, suggesting 
that L2 processing required additional cortical resources compared 
to L1 processing in these patients. Post-operative naming deficits 
were identified, and these were predicted by ECoG spectral map-
ping of HGA but not by ESM, upon which resection margins were 
solely determined.

MaterIals and Methods
PartIcIPants
Four adult patients, ages 28, 31, 47, and 50 years, were identified 
for whom English was a second language (L2) and in whom sub-
dural electrodes were implanted over the dominant hemisphere 
cortex for epilepsy surgery planning. This limited the number of 
participants that qualified to be included in the study. The study 
was approved by the Johns Hopkins Medicine Institutional Review 
Board, conformed to relevant regulatory standards, and informed 
consent was obtained from each patient during enrollment. All 
participants underwent extensive pre-operative neuropsychologi-
cal evaluations in English. All patients first learned their native 
language (L1) and continued to use this language to communicate 
with family, then also began speaking English in the United States, 
and required the use of English to work and/or communicate with 
family and friends.

Patient 1 (L1 = Igbo)
Patient 1 was a 28-year-old right-handed Nigerian man who began 
having intractable complex partial seizures at age 24 years. An 
MRI revealed a non-enhancing left hippocampal mass lesion later 
identified as a gangliocytoma. Continuous video-EEG monitoring 
suggested a seizure focus in left temporal region. Language later-
alization by intracarotid amobarbital injection (Wada test) found 
left hemisphere dominance for language in English and in Igbo and 
mild memory impairment with left-sided injection, deemed not 
sufficient to place the patient “at risk for a severe amnestic disorder”. 
Given the proximity of the patient’s lesion to anticipated eloquent 
language cortex, he underwent intracranial monitoring with grid 
electrodes prior to resection.
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ESM(+) for language if stimulation resulted in absent or delayed 
responses, paraphasic errors, and/or incorrect responses not fol-
lowed by after-discharges during at least two trials at the same 
electrode pair, if these errors were not also present during baseline 
testing (Sinai et al., 2005a). For instance, if the patient provided 
a delayed response during stimulation when shown one stimulus 
then did not respond when shown another, the electrode pair 
being stimulated was considered ESM(+), provided that these 
errors were not also present during baseline testing of the same 
stimuli. If there was an interruption in naming during stimu-
lation but none during after-discharges, the electrode pair was 
considered ESM(+). Otherwise, electrode pairs were defined as 
ESM(−) for naming, including if there were after-discharges as a 
result of stimulation, but no hesitation, interruption or incorrect 
response. If ESM at an electrode pair produced or interfered with 
involuntary movement, it was considered ESM(+) for motor func-
tion and was usually not tested for naming. If stimulation caused 
an unpleasant sensation, the electrode pair was also not tested for 
naming. ESM was also performed during additional receptive and 
expressive language tasks including paragraph reading, auditory 
sentence comprehension (modified Token Test), and spontane-
ous speech tasks, but these results were beyond the scope of the 
present study.

Electrocortical stimulation results were displayed on individual 
3D MRI reconstructions for each patient to compare localization of 
motor and language functions with ECoG spectral mapping results. 
ESM(+) and ESM(−) electrode pairs were mapped for visual object 
naming in L1 and L2, and for motor function. Electrode pairs where 
ESM produced pain, seizures, and after-discharges were neverthe-
less included in passive ECoG recordings, which were not affected 
by these complications.

electrocortIcograPhIc sPectral MaPPIng of vIsual object 
naMIng
All patients received functional mapping with spectral analysis 
of ECoG signals recorded during visual object naming in L1 and 
in L2. The stimuli consisted of 60 to 85 distinct black-and-white 
line drawings derived from the BNT (Goodglass et al., 1983). 
Stimuli were presented individually one or more times on a 
computer monitor in a pseudorandomized order for each ECoG 
recording. Patients 1 and 2 were reviewed retrospectively, and 
named 85 stimuli in L2 before naming the same stimuli in L1 
and visual stimuli were displayed until the onset of the verbal 
response. Patient 3 and 4 were studied prospectively. They were 
instructed to name 30 stimuli first in L1 and then in L2, again 
with pseudorandom presentation. Subsequently, 30 additional 
stimuli were named in L2 then in L1, again in random order. 
Stimuli were displayed for 1 s. Patients were asked to fixate on 
a black cross on a white background between stimuli and were 
instructed to name items aloud as quickly as possible. If they were 
not immediately certain of the name of the pictured object, they 
were prompted to say “pass” in English or the equivalent word 
in their native language and proceed immediately to the next 
stimulus. Patients were instructed not to continue thinking of 
previous stimuli so that the baseline prior to stimulus presenta-
tion would not be contaminated by naming-related brain activa-
tion. Trials were discarded if the patient responded incorrectly, 

Patient 4 (L1 = Greek)
Patient 4 was a 50-year-old ambidextrous woman who began having 
intractable complex partial seizures at age 31 years. Her pre-surgical 
MRI showed no abnormalities. Seizures captured during continu-
ous scalp video-EEG monitoring originated from the left ante-
rior temporal region. An interictal PET scan showed left temporal 
hypometabolism. Wada testing revealed left hemisphere dominance 
for language, and memory was impaired following both injections 
(tested only in English).

The patient was born in the Republic of Cyprus and first spoke 
Greek. She immigrated to the United States at age 10 and began 
learning English, speaking with an accent. She completed a master’s 
degree in the United States in English, and worked until recently 
as a financial aid officer, communicating daily at work in English, 
and with her family in Greek.

IMPlanted electrodes
Subdural electrode arrays consisted of 1.5-mm-thick soft Silastic 
sheets (Ad-Tech, Racine, WI, USA) imbedded with platinum–
iridium disks (4-mm in diameter, 2.3-diameter exposed surface, 
10-mm apart) of various configurations determined by the epilepsy 
and neurosurgical team based on previous neuroimaging, anatomi-
cal constraints, and EEG results. Electrode locations were deter-
mined by intra-operative photographs and co-registration of each 
patient’s post-surgical CT to a pre-surgical volumetric MRI (1- to 
1.8-mm coronal slice thickness; see also Crone et al., 1998b, 2001; 
Boatman and Miglioretti, 2005; Sinai et al., 2005a for a complete 
description of co-registration procedures).

electrocortIcal stIMulatIon MaPPIng of vIsual object 
naMIng
All patients underwent functional mapping with electrocortical stim-
ulation of motor and language cortex following routine clinical pro-
cedures (Lesser et al., 1987; Sinai et al., 2005a). ESM was performed in 
2- to 3-h blocks over 1–4 days. Electrode pairs were stimulated using a 
GRASS S-12 Biphasic Stimulator (Grass-Telefactor/Astro-Med, Inc., 
West Warwick, RI, USA). Intracranial EEG was continuously moni-
tored for after-discharges and seizures. Two- to 5-s trains of 50 Hz, 
0.3 ms, alternating polarity square-wave pulses were delivered in 
0.5-mA increments from 1 mA up to a maximum of 12 mA (typically 
between 7 and 12 mA), or the highest amperage that did not produce 
after-discharges at a given electrode pair, maximizing currents at each 
cortical site regardless of adjacent after-discharge thresholds (Lesser 
et al., 1984; Pouratian et al., 2004).

ESM was performed during a visual object naming task consist-
ing of 40 black-and-white line drawings adapted from the BNT 
(Goodglass et al., 1983). Visual stimuli were presented individually 
on paper, and patients were instructed to name each item aloud as 
quickly as possible. Mapping was repeated with verbal responses 
in either L1 or L2 when possible. Adjacent electrode pairs were 
stimulated. Prior studies have indicated that maximal current 
density is immediately subjacent to each of the electrodes and 
that the effect of stimulation may occur at either electrode in the 
pair (Nathan et al., 1993). Tasks were performed with and without 
cortical stimulation, and performance was compared during the 
two conditions to identify interference in naming. Language loca-
tion was determined as follows: electrode pairs were  considered 
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(−100 to −900 ms) was used to calculate power changes relative to 
the baseline and compared for statistical significance to the first 
2000 ms following stimulus-onset. Signal components represent-
ing power line noise (60 and 120 Hz) were excluded from spectral 
power analysis. Baseline power was computed by averaging over 
all baseline points and all trials. Power for each post-stimulus time 
point was computed by averaging over all trials. Significant event-
related power changes were identified by comparing post-stimulus 
time–frequency points to baseline frequency points using a two-
sided t-test (p = 0.05) after logarithmic transformation, assuming 
unequal variance (Zygierewicz et al., 2005). A false discovery rate 
control (q = 0.05) was applied to correct for multiple compari-
sons (Durka et al., 2004). The magnitudes of statistically significant 
power changes were plotted with respect to time and frequency. 
Electrodes that revealed statistically significant HGA (60–150 Hz) 
were defined as HGA(+) sites and electrodes that revealed no sta-
tistically significant HGA were defined as HGA(−) sites.

To test the null hypothesis that there was no difference between 
the number of HGA(+) electrodes during L1 and L2 visual object 
naming, we used a two-sided McNemar’s test for paired samples 
(p < 0.05). For each patient, 2 × 2 contingency tables were computed, 
based on the total number of electrodes tested, and exact binomial 
probability calculations were performed.

Comparing ESM and ECoG spectral maps of naming to post-operative 
outcomes
ECoG spectral mapping of visual object naming was designed to 
produce a statistically significant map of L1 and L2 naming. To 
determine the clinical significance of these findings, individual 
3D post-operative reconstructions were created and pre-operative 
electrode arrays were superimposed on the post-operative image 
to identify electrodes that had been removed during surgery. 
ESM(+), ESM(−), HGA(+) and HGA(−) electrodes for visual 
object naming in L1 and L2 were identified that were preserved 
and resected.

results
Pre-oPeratIve neuroPsychologIcal evaluatIons
In Patient 1, results of pre-operative neuropsychological assess-
ment revealed low average to average range performance on ver-
bal measures including measures of verbal memory in English. 
Patient 2 did not have formal IQ scores reported and verbal abili-
ties were within the average range in English. Verbal memory 
performance was in the low average to average range. In Patient 3, 
pre-operative neuropsychological assessment in English revealed 
generally low average to average range verbal abilities, with the 
exception of spelling, but borderline to low average memory per-
formance. Patient 4 had borderline to average performance on 
verbal measures and low to borderline verbal memory perform-
ance in English (Table 1). All patients tested had below average 
IQ scores, which may have been artificially lowered due to formal 
testing in English (L2).

electrocortIcal stIMulatIon MaPPIng
A total of 107 electrode pairs were assessed for language and motor 
function with ESM. Of these, 18 were ESM(+) for visual object 
naming, located in frontal, temporal and/or parietal regions in 

“passed”, responded during the 1-s pre-stimulus baseline, did not 
respond, or if there was any distraction in the room, unsolicited 
patient speech, or significant patient movement during the trial. 
A marker for stimulus-onset time was digitally recorded using a 
photodiode and verbal responses were monitored with a voice 
trigger or a microphone. When possible, a 30- to 60-item BNT was 
repeated post-operatively in L1 and in L2 using line drawings on 
paper. The verbal responses were recorded and the times to verbal 
response from stimulus presentation (RT) were measured.

data analysIs
Performance on the BNT in L1 and L2
The number of correct verbal responses on the BNT was compared 
to available normative data from a meta-analysis of 33 previous 
English BNT studies (Mitrushina et al., 2005). No BNT norma-
tive data was available for Igbo or Italian. However, three studies 
provided BNT normative data in Spanish: (1) for Spanish speakers 
(Ponton et al., 1996); (2) for Spanish/English speakers (Kohnert 
et al., 1998; Rosselli et al., 2000) comparing Spanish and English per-
formance; and (3) for Spanish/English speakers, examining English 
performance alone (Roberts et al., 2002). One study provided BNT 
normative data in Greek (Patricacou et al., 2007). Z-scores were cal-
culated using these normative data and reported as percentiles for 
each patient in English and for Patient 3 in English and in Spanish. 
Verbal response times (RT) were recorded, mean and median RT 
were calculated, and mean RT were compared between L1 and L2 
in each patient using a paired t-test (p < 0.05).

Electrocorticographic spectral mapping
ECoG signals were amplified and digitally recorded using an 
intracranial referential montage at a sampling rate of 1000 Hz 
and a bandwidth of 0.3–300 Hz along with marker channels for 
stimulus onset and offset. Reference electrodes were selected over 
relatively inactive cortical regions at a corner of the electrode 
array. Signals were then re-montaged to an average reference to 
minimize the contribution of activity at the reference electrode 
(Crone et al., 2001). The digital recording was inspected by a 
trained epileptologist (MCC) to exclude electrodes from analysis 
if the electrographic signal was contaminated by artifact, and indi-
vidual trials if they contained frequent epileptiform discharges. 
The signal was then low-pass filtered to 250 Hz and down-sampled 
by a factor of 2.

ECoG signals were averaged over 28 to 84 trials (correct 
responses only) for event-related changes in the ECoG power 
spectrum with attention to broadband high gamma event-related 
activity (60–150 Hz) as broadband HGA has been shown to be a 
reliable index of cortical activation (Crone et al., 2006). We used 
a time–frequency matching pursuit algorithm for signal decom-
position (Mallat and Zhang, 1993; Franaszczuk et al., 1998; Ray 
et al., 2003; Sinai et al., 2005a, 2009; Boatman-Reich et al., 2010) 
which provides improved time–frequency resolution compared to 
traditional Fourier transform and wavelet transform methods of 
signal analysis (Zygierewicz et al., 2005; Durka, 2006; Boatman-
Reich et al., 2010). Time–frequency decomposition by matching 
pursuits was performed on segments of ECoG that included a 
pre-stimulus interval of 1000 ms and a post-stimulus onset inter-
val of 3000 ms. An 800-ms portion of the pre-stimulus baseline 
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Table 1 | Pre-operative neuropsychological assessment in English (L2) for all patients.

Study Patient 1 Patient 2 Patient 3 Patient 4

Wechsler Adult Intelligence Scale (WAIS-Ra; WAIS-IIIb)

 Full-Scale IQ 69 (2nd *1–2)a “Impaired attention, 75 (5th*2)b 81(10th*3)b

 Verbal IQ 68 (2nd *1–2)a concentration, writing, 75 (5th*2)b 85(16th*3)b

 Performance IQ 73 (4th *2)a arithmetic”a 79 (8th*2)b 79(8th*2)b

Wide Range Achievement Test – 4th Edition (WRAT)c

 Reading skills 13th*3 25th*4

 Spelling skills 3rd*2 61st*4

Verbal Fluency Test (FAS)d 11th*3 34th*4 24th–71st*3–4 3rd*2

Spontaneous Speech Fluent

Writing Skills Average

Token Test (Benton et al., 1994) 33rd*4 45th*4

Summary of verbal/language (non-memory) 

performance measures excluding 

intellectual

Low average to average Average Borderline to average Borderline to 

average

Verbal Memory Measure (RAVLTe; HVLT-Rf) 

 Overall learning 21st*3e 58th*4e 16th*3f 4th*2f

 Delayed recall 38th*4e 10th*3e 4th*2f <1st*1f

Verbal memory performance Low average to average Low average to average Borderline to low average Low to borderline

Percentiles (*) and corresponding performance ranges are included (Mitrushina et al., 2005).
aWechsler Adult Intelligence Scale – Revised (Wechsler, 1987), bWechsler Adult Intelligence Scale-III (Wechsler, 1997), cWRAT-4 (Wilkinson and Robertson, 2006), dFAS 
(Spreen and Benton, 1977), eRey Auditory Verbal Learning Test (RAVLT; Rey, 1964), fHopkins Verbal Learning Test – Revised (HVLT-R; Brandt and Benedict, 2001).
1Extremely low performance, 2Borderline performance, 3Low average performance, 4Average performance.

all patients, and in anterior and basal temporal regions in Patient 
3 (Figure 1). All four patients had regions where ESM could not 
be completed because stimulation provoked pain. In Patient 3, 
one electrode pair could not be tested due to stimulation-induced 
 after-discharges. In Patient 4, naming was performed in L2 only. 
Testing was aborted early to prevent seizure provocation after 
stimulation produced frequent and prolonged after-discharges at 
four electrode pairs. Mapping of visual object naming was identi-
cal in L1 and L2 for Patients 1 and 2 (Figures 1A,B), and a sin-
gle electrode pair within the dominant inferior frontal gyrus was 
identified in Patient 3 that was ESM(+) for L2 naming but not L1 
naming (Figure 1C).

PerforMance on the bnt In l1 and l2
Performance on the 60-item BNT in L1 and L2 during ECoG record-
ings varied between patients (Table 2). Patient 1 (L1 = Igbo) provided 
more correct responses to stimuli in L1 (61%) than in L2 (41%) 
and the RT were not significantly different. Patient 2 (L1 = Italian) 
provided more correct responses in L1 (99%) than in L2 (93%) and 
the RT was significantly longer for L2 than in L1 (p < 0.05). Patient 
3 (L1 = Spanish) provided correct responses for nearly the same 
number of stimuli in L1 and L2 (80 and 77%, respectively) during the 
first session of testing and the second session (77 and 82%, respec-
tively) with no significant difference in the RT during either session. 
Patient 4 (L1 = Greek) demonstrated poor performance on both tasks 
and provided more correct responses in L2 (53%) than in L1 (47%). 
There was no significant difference in the RT between tasks.

electrocortIcograPhIc sPectral MaPPIng
During ECoG spectral mapping, a total of 358 electrodes were 
assessed, and 81 revealed significant HGA in the frequency range 
of 60–150 Hz (Table 3). In all patients, the majority of HGA(+) 
electrodes revealed HGA during both L1 and L2 naming. In two 
patients (Patients 1 and 3), all HGA(+) sites during L1 naming were 
also HGA(+) during L2 naming, and additional HGA(+) sites were 
identified during L2 naming only. In one patient (Patient 2), L1- and 
L2-specific HGA(+) sites were identified as well as L1- and L2-shared 
regions. In one patient (Patient 4), L1 and L2 sites were identical.

In Patient 1, 16 electrodes were HGA(+) during L2 visual object 
naming and of these, only a subset (56%) of the electrodes within 
posterior temporal and temporo-occipital regions were HGA(+) 
during L1 naming and no HGA(+) regions were unique to L1 
(Figure 2A). In Patient 2, 16 (67%) electrodes were HGA(+) during 
both L1 and L2 naming. Four (17%) sites were HGA(+) during L1 
naming only, and four (17%) sites were unique to L2 (Figure 2B). 
In Patient 3a, 20 electrodes were HGA(+) during L1 and/or L2 nam-
ing (Figure 2C). Twelve sites were identified over the left, and eight 
sites were identified over right frontal and temporal regions. Of the 
HGA(+) sites, 14 (70%) sites were HGA(+) during L1 naming and 
all 20 sites were HGA(+) during L2 naming. Note that ESM was not 
performed at any of these sites because the strip electrodes were 
implanted solely to identify the patient’s ictal focus. In Patient 4, 8 
electrodes were identified as HGA(+) for naming and all sites were 
HGA(+) during both L1 and L2 naming. Sites were identified in 
both perisylvian and basal temporal regions (Figure 2D).
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Table 2 | BNT scores (number and percent correct) during ECoG spectral mapping, Z-scores compared to published normative data, mean ± SD and 

median time to verbal responses from the onset of stimulus presentation (RT), and two-sided t-tests comparing first and second language RT.

Patient Language Number of trials Number (%) correct Z-score(percentile) RT (mean ± SD, median in s) t-Test

1 L1 (Igbo) 85 52 (61) NA 1.57 ± 0.48, 1.45 0.09

 L2 (English) 85 35 (41) −10.06(<1)a 1.33 ± 0.93, 1.14  

2 L1 (Italian) 85 84 (99) NA 2.39 ± 1.2, 1.93  0.03

 L2 (English) 85 79 (93) −0.27(38)a 2.94 ± 1.9, 2.19  

3a L1 (Spanish) 60 48 (80) −0.08 to 1.81(46 to 97)b,c,d 1.33 ± 0.46, 1.24 0.16

 L2 (English) 60 46 (77) −3.36 to −0.42(<1 to 66)a,b,d,e 1.19 ± 0.42, 1.05  

3b L1 (Spanish) 60 46 (77) −1.13 to 1.59(14 to 95)b,c,d 1.37 ± 0.61, 1.13  0.83

 L2 (English) 60 49 (82) −2.39 to 0.80(<1 to 79)a,b,d,e 1.40 ± 0.63, 1.23  

3* L1 (Spanish) 60 45 (75) −1.30 to 1.47(10 to 93)b,c,d 1.63 ± 0.65, 1.51  0.20

 L2 (English) 60 39 (65) −5.62 to −0.45(<1 to 31)a,b,d,e 1.85 ± 1.31, 1.29 

4 L1 (Greek) 60 28 (47) −2.53(<1)f 1.93 ± 0.79, 1.86 0.12

 L2 (English) 60 32 (53) −6.16(<1)a 1.64 ± 0.85, 1.38 

4* L1 (Greek) 30 7 (23) −4.32(<1)f 2.13 ± 0.78, 2.15 0.48

 L2 (English) 30 10 (33) −9.20(<1)a 1.89 ± 0.49, 1.83

aMitrushina et al. (2005), bRosselli et al. (2000), cPonton et al. (1996), dKohnert et al. (1998), eRoberts et al. (2002), fPatricacou et al. (2007), *Post-operatively.

FiGuRE 1 | Bipolar electrocortical stimulation mapping of visual object naming 
of L1 and L2 in Patient 1 (A), Patient 2 (B), and Patient 3b (C), and only in L2 in 
Patient 4 (D) using co-registration of a post-surgical CT with pre-surgical MRi to 
determine electrode placement. Left lateral and left basal views are shown when 

applicable. White circles indicate the locations of the implanted subdural electrodes. 
In Patients 1 and 4, the ictal-onset zone was in the left mesial temporal region and is 
not depicted. Areas with red shading indicate the resection boundaries. No basal 
temporal ESM was performed in these patients, so basal views are not included.
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were HGA(+) during L1 and L2 visual object naming during both 
recording sessions. All other electrode positions in the second 
recording session did not overlap with locations of electrodes 
 during the first recording.

For Patients 1 and 3a, a two-sided McNemar’s test rejected the 
null hypothesis that the same number of electrodes were HGA(+) 
during L1 and L2 naming (p = 0.02 and 0.03, respectively). The 
difference approached but did not reach significance in Patient 

In Patient 3b, 13 sites revealed significant HGA and of these, 
8 (62%) sites were HGA(+) during L1 naming, and all sites were 
HGA(+) during L2 naming. Again, no sites were identified that 
were specific for L1 naming alone. Sites that were HGA(+) only 
during L2 naming were present in the anterior temporal tip, the 
superior temporal gyrus, and near the precentral gyrus (Figure 3). 
Two perisylvian electrodes were in nearly identical positions dur-
ing the two intracranial recording sessions in Patient 3, and these 

Table 3 | Electrodes (sites) with statistically significant HGA during visual object naming in first (L1) and second (L2) languages. p Values comparing 

number of HGA(+) sites during L1 and L2 naming within patients using the McNemar’s test.

Patient Sites tested HGA(+) HGA(+) for L1 and L2  HGA(+) for only L1  HGA(+) for only L2 p-Values

1 59 16 9 0 7 0.02

2  87 24 16 4 4 1.00

3a 81 20 14 0 6 0.03

3b 78 13 8 0 5 0.06

4 53 8 8 0 0 1.00

Total 358     

FiGuRE 2 | Electrocorticographic spectral mapping of visual object naming 
in L1 and L2 in Patient 1 (A), Patient 2 (B), Patient 3a (C), and Patient 4 (D). 
Lateral, interhemispheric and basal views are shown when applicable. Electrodes 
used as ground or reference electrodes and those containing electrode artifact are 

indicated with an “X”. Blue circles indicate HGA(+) electrodes during only L1 visual 
object naming. Yellow circles indicate HGA(+) electrodes during only L2 visual 
object naming. Green circles indicate HGA(+) electrodes during both L1 and L2 
naming. As in Figure 1, areas with red shading indicate resection boundaries.
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During the second implantation (Patient 3b), two electrodes near 
the anterior temporal tip were HGA(+) for L2 only (Table 4). 
One was ESM(−). An adjacent and more anterior electrode was 
HGA(+) for L2 only as well but was not tested with ESM. Patient 

3b (p = 0.06), possibly because of the large number of electrodes 
that did not reveal significant HGA during either task. There was 
no difference in the number of HGA(+) electrodes for L1 and L2 
naming in Patient 2 or Patient 4 (p = 1).

ecog sPectral MaPPIng versus esM of vIsual object naMIng
Overall, 171 electrodes were assessed in four patients using both 
ECoG spectral mapping and ESM of visual object naming and 
mouth-related motor function and of those, 53 of 64 ESM(+) 
electrodes were also HGA(+) for naming or immediately adjacent 
to sites that were HGA(+) for naming (Figures 1–3; Table 4). 
Ninety-five electrodes were ESM(−), and of these, 81 were 
HGA(−) during naming. In Patient 1, the majority of HGA(+) 
sites were located in the posterior temporal and occipital regions, 
many of which were not assessed with ESM (Figures 1A and 
2A). In Patient 2, superior temporal and inferior parietal sites 
were identified with ESM, but additional supplementary lan-
guage sites were revealed using ECoG spectral mapping, located 
within frontal and inferior and basal temporal regions (Figures 
1B and 2B). A single L2 specific region was identified with ESM 
in Patient 3. This site was not sampled during the first electrode 
implantation (Patient 3a; Figures 1C and 2C), and both elec-
trodes within the pair were HGA(−) for both L1 and L2 naming 
during the second implantation (Patient 3b; Figures 1C and 3). 

FiGuRE 3 | Electrocorticographic spectral mapping of visual object 
naming in L1 and L2 in Patient 3b. Electrode color schemes are the same 
as in Figure 2. HGA(+) electrodes that were over regions that were 
ultimately resected are enlarged for emphasis. Time–frequency plots of 
changes in power obtained with MP analysis are shown for one selected 
anterior temporal electrode that was HGA(−) for L1 (top) and HGA(+) for L2 
(bottom) and was over a region that was ultimately resected. Time zero on 
the X-axis is the time of stimulus onset. On the color spectrum depicted to 
the right of each plot, red to yellow indicates a significant increase in 
magnitude of power after stimulus-onset relative to the baseline within a 
given time (in ms)–frequency (in Hz) range, and the spectrum from light to 
dark blue indicates a significant decrease in power. White indicates no 
significant difference.

Table 4 | Location of L1 and L2 ECoG spectral responses and ESM 

results by Brodmann area (BA). 

 ECoG – BA(n) ESM – BA(n)

Patient  L1 L2 L1 L2

1 F – 2, 5, 6, 46 NT, NT-M NT, NT-M

  – – 44-44 44-44

 T 22 22 22-22 (2) 22-22 (2)

  NT NT 21-21 21-21

  37 (3) 37 (3) NT NT

 P 39 39 39-39 39-39

 O 19(4) 19(7) NT NT

2 F 4(3),  4(3),  NT, NT-M NT, NT-M 

  6, 44(2) 6, 44(2)

  46 46 – –

 T 21 – – –

  22 22 22-22 22-22

  – 36* NT-Pn* NT-Pn*

  – – 37-37 37-37

  37 37 – –

  – 37 – –

  37 37(2) NT-Pn NT-Pn

  42 42 42-42 42-42

 P 2, 7(3), 39 7(2) – –

  39 39 39-39 39-39

  – 40 40-40 40-40

 O 19 (2) 19(2) – –

3b F 4(2) 4(4) NT-M NT-M

  – 6 6-43 6-43

  – – – 44-44

 T 20 20 NT-A NT-A

  – – 21-22,  21-22,  

    37-37,  37-37,  

    38-38* 38-38*

  37(2) 37(2) 37-37 37-37

  – 38 (2)* – –

  41** 41** NT-M NT-M

 O 19(2) 19(2) NT-Pn NT-Pn

4 F – – NT 6-43

  6 6 NT –

 T – – NT 22-22

  37(2) 37(2) NT NT

 P 40(3) 40(3) NT NT- M, A

 O 19(2) 19(2) NT NT

All ECoG HGA(+) electrodes are listed by BA within each lobe and by number (n) 
of electrodes if greater than one. All ESM (+) electrodes are listed as electrode 
pairs by BA and number (n) of pairs. Electrodes over cortical regions that were 
resected are in bold.
*Electrodes adjacent to ictal-onset zone, **same location during 3a and 3b 
testing, F = frontal, T = temporal, P = parietal, O = occipital, NT = not tested, 
M = motor, A = after-discharges, Pn = pain, − = negative for L1 or L2.
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naming and only from 46 to 45 (2% decline) during L1 naming 
post-operatively compared to pre-operatively. The patient pro-
vided incorrect or no responses to 11 items that he had identi-
fied correctly pre-operatively, even after stimulus and phonemic 
cueing. He did not recognize one of the words even after being 
provided with the correct response.

Patient 4’s ictal-onset zone was identified within the left 
hippocampus. She received a left anterior temporal lobectomy 
with amygdalohippocampectomy, sparing all ESM(+) regions, 
but ESM was extremely limited by frequent after-discharges, so 
only few electrodes were assessed. However, the basal temporal 
resection included regions covered by two electrodes that were 
HGA(+) for L1 and L2 naming (Figure 2D). On post-operative 
Day 4, Patient 4 repeated a 30-item BNT in L1 and L2. RT were 
not significantly different between L1 and L2 (p = 0.48). However, 
the percent of correct L1 responses decreased by 24%, and the 
percent correct L2 responses decreased by 20%. The patient 
responded incorrectly or provided no responses to 10 items in 
L1, and to 5 items in L2, that she had correctly identified pre-
operatively. Note that in Patients 3 and 4, decline in performance 
was observed despite possible practice effects from repeated use 
of the same stimuli.

dIscussIon
We report the results of ECoG spectral mapping and ESM of 
visual object naming in four patients for whom English is a sec-
ond language. We hypothesized that ECoG spectral mapping of 
HGA would identify distinct as well as shared cortical regions 
involved in first (L1) and second (L2) language visual object 
naming. Comparison of the spatial distribution of ECoG HGA 
during visual object naming in L1 and L2 revealed both shared 
as well as distinct regions of cortical HGA in three patients. 
Two patients showed significantly more electrodes with HGA 
during L2 than during L1 visual object naming. In one patient, 
the number of distinct sites was equal for L1 and L2 naming. In 
another patient, ECoG HGA cortical representations of L1 and 
L2 were identical. Overall, these findings support the hypoth-
esis that language processing in L1 and L2 can involve distinct 
cortical regions.

Interestingly, ESM did not reveal differences in the spatial repre-
sentations of L1 and L2 visual object naming in two patients (one 
did not receive ESM in L1 and L2), while differences were seen 
in three patients using ECoG spectral mapping of HGA. Three 
patients received resections that resulted in post-operative language 
deficits. One patient received an anterior temporal lobe resection 
that included regions identified as being involved in L2 visual object 
naming but not in L1 naming based on ECoG spectral mapping 
results. Although these regions were deemed safe for resection by 
ESM, the patient exhibited a decline in L2 visual object naming 
performance with preservation of L1 naming when assessed the day 
following surgery. In another patient, ESM was limited by frequent 
after-discharges so testing was extremely limited. ECoG spectral 
mapping revealed basal temporal L1 and L2 naming areas that 
were resected and the patient had a post-operative deficit in nam-
ing in both languages. These results suggest that ECoG spectral 
mapping correctly identified regions of eloquent language cortex 
not found by ESM.

4 received limited ESM in L2 only (Figure 1D). ECoG spectral 
mapping revealed HGA(+) perisylvian, as well as, basal tempo-
ral regions that were not tested with ESM (Figure 2D). Overall, 
ECoG mapping revealed a broader distribution of L1 and L2 
naming sites than ESM, and frequently HGA(+) basal sites were 
not identified with ESM (Table 4).

seIzure localIzatIon and Post-surgIcal outcoMes
During intracranial monitoring, Patient 1 had complex partial sei-
zures originating from the left mesial temporal lobe, anterior to 
the identified mass lesion. He underwent a left anterior temporal 
lobectomy with amygdalohippocampectomy and with a posterior 
resection margin 4.5 cm posterior to the temporal pole. No elec-
trodes that were ESM(+) or HGA(+) during visual object naming 
were resected (Figures 1A and 2A). Pathology results were consist-
ent with a gangliocytoma. Five years following excision, a follow-up 
MRI revealed no evidence of residual tumor and the patient was 
seizure-free off of all antiepileptic medication with no reported 
immediate or remote motor or language deficits. He was then lost 
to follow-up.

In Patient 2, intracranial monitoring confirmed a seizure focus 
over the left anterior mesial temporal region. He underwent a left 
temporal lobectomy with amygdalohippocampectomy, sparing 
regions found to be eloquent for language based on ESM results 
(Figure 1B). Two HGA(+) sites during naming within the domi-
nant basal temporal region were resected, one that was HGA(+) 
during L1 naming only and one that was HGA(+) during L1 and 
L2 naming (Figure 2B). Pathology results showed severe neu-
ronal loss and reactive astrocytosis in area CA1 consistent with 
left mesial temporal sclerosis. The patient is now 9 years post-
resection and has had only one post-operative seizure after his 
phenytoin was changed from brand name to a generic preparation 
without his knowledge. Based on review of the medical chart, 
this patient was described on post-operative Days 1 through 5 as 
having a mild to moderate anomia for objects with intact nam-
ing of body parts, as well as impaired verbal memory with intact 
comprehension in L2. No mention was made of any evaluation 
in L1. These deficits were “slightly” improved but did not resolve 
prior to discharge. No mention was made of any residual long-
term deficits.

During the second admission for intracranial monitoring, 
Patient 3’s ictal-onset zone was localized to the left anterior tem-
poral tip. The resection included this region, excluding areas 
identified by ESM as eloquent (Figure 1C), as well as a portion 
of the adjacent inferior frontal region where significant interictal 
activity was also observed. Two HGA(+) sites during L2 visual 
object naming, but not L1 visual object naming, were resected 
(Figure 3). ECoG mapping results at these sites were not taken 
into account when planning surgery because they were consid-
ered investigative. Additionally, these sites were included in the 
ictal-onset zone, the locations of these sites were considered 
atypical for sites essential for language function, and ESM at 
these electrodes did not interfere with language function. On 
post-operative Day 1, Patient 3 repeated the 60-item BNT in 
L1 and in L2. RT (verbal response times) were not significantly 
different for L1 and L2 (p = 0.20). However, the number of cor-
rect responses decreased from 49 to 39 (17% decline) during L2 
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naming than during L1 naming. Consistent with these findings, 
previous studies have suggested that a later age of acquisition can 
lead to an increase in cortical resources required for L2 processing 
compared to L1 processing (Kim et al., 1997; Wartenburger et al., 
2003). However, this pattern was not demonstrated in two patients 
(Patients 2 and 4), in whom ECoG spectral mapping did not reveal 
any differences in the number of L1 and L2 naming sites. In fact, 
naming sites were identical for L1 and L2 in Patient 4.

ECoG spectral mapping of L1 and L2 naming in Patient 2 showed 
a different pattern of HGA(+) electrodes in that there was an equal 
number of HGA(+) sites during L1 and L2 naming, with partial 
overlap within the perisylvian, prefrontal, parietal, and posterior 
basal temporal regions. This patient’s performance on the BNT in 
L2 and in other neuropsychological measures of verbal perform-
ance in L2 was superior to those of Patients 1 and 3, indicating 
an overall higher level of proficiency in L2 compared to the other 
patients studied. Similar findings have been reported during ESM 
studies of patients where the number of electrodes involved in L1 
and L2 language processing were equal despite incomplete overlap 
of the involved cortical regions (Graff-Radford et al., 1997; Roux 
and Tremoulet, 2002). Wartenburger et al. (2003) have shown that 
not only age of acquisition, but also level of proficiency impacts 
the overlap between cortical regions responsible for processing L1 
and L2. In this patient, cortical regions were identified that were 
HGA(+) for L1 only, supporting the view that in some instances, 
neural networks responsible for L1 processing can be distinct from 
those for L2 (Perani et al., 1998).

In Patient 3a, bilateral HGA(+) sites were detected during both L1 
and L2 visual object naming. A meta-analysis of 66 behavioral stud-
ies of bilingual adults performed by Hull and Vaid (2007) revealed 
that bilinguals that acquired both first and second languages prior 
to the age of 7 years show evidence of bilateral hemispheric involve-
ment in language processing for both languages, while patients 
that acquired a second language after 6 years of age demonstrated 
dominant hemisphere lateralization for both languages. Patient 3 
was introduced to English prior to age 7 years, which could account 
in part for the bilateral activation demonstrated. Additional fMRI 
and event-related potential studies have also demonstrated bilat-
eral language function in some right-handed bilingual individuals 
(Dehaene et al., 1997; Cheung et al., 2006). Functional MRI and 
ECoG spectral mapping are both activation-based techniques that 
can detect augmentation of neural activity in homologous regions 
of the non-dominant hemisphere (such as visual association areas, 
articulatory motor regions, and auditory regions), which may also 
help explain these findings. Cortical sampling in our other patients 
was unilateral and therefore, no conclusions can be drawn regard-
ing the potential laterality of cortical activation during L1 and L2 
using ECoG spectral mapping in these patients.

To date, only two case studies have directly compared language 
mapping with ECoG spectral mapping of HGA in different lan-
guage modalities. Crone et al. (2001) compared ECoG HGA dur-
ing visual object naming, word reading, and word repetition in 
spoken English to signed responses using American Sign Language. 
Consistent with the very different output modalities of these two 
languages, spoken responses produced gamma activity in motor 
cortex within the tongue and mouth regions while sign language 
responses produced gamma activity in the hand regions of the 

esM of vIsual object naMIng In l1 and l2
In this study, electrocortical stimulation in the left inferior frontal 
region inhibited visual object naming in L2, but not in L1, in a 
single patient but otherwise, no differences were found between 
mapping of L1 and L2 naming. The majority of ESM studies on 
multilingual patients have demonstrated differential effects on 
L1 and L2 processing during stimulation at one or more corti-
cal regions, while others have showed no difference. Ojemann 
and Whitaker (1978) described two early reports of patients in 
which ESM interfered with naming in two languages in some 
regions and in each language separately in other areas. Roux 
and Tremoulet (2002) demonstrated language- and task-specific 
cortical areas during reading, counting, and word retrieval tasks 
in 7 of 12 bilingual or multilingual patients undergoing ESM 
for brain tumor resection. Lucas et al. (2004) mapped visual 
object naming in 25 patients and demonstrated differences in 
the spatial distribution of L1 and L2 function in posterior tem-
poral and parietal regions. In those studies, ESM was performed 
intra-operatively, and therefore used more closely spaced elec-
trodes than those used in the present study. Serafini et al. (2008), 
examined a pediatric patient undergoing English visual naming, 
Hebrew visual naming, English reading, and Hebrew reading 
and demonstrated single-task regions, single-language regions, 
as well as regions involved in both tasks and both languages using 
extra-operative ESM.

One of our patients demonstrated naming inhibition in response 
to stimulation of dominant inferior temporal region, consistent 
with the findings of several previous studies that also demonstrated 
language inhibition in the dominant basal temporal region during 
ESM (referred to as the basal temporal language area or BTLA) 
in epilepsy patients with seizures originating from the dominant 
temporal lobe (Luders et al., 1986; Burnstine et al., 1990; Krauss 
et al., 1996). In this patient, the seizure-onset zone was also local-
ized to the dominant temporal region.

ecog sPectral MaPPIng of vIsual object naMIng In l1 and l2
Despite significant overlap, the spatial patterns of ECoG HGA dif-
fered between first and second language visual object naming in 
three patients. In two patients (Patients 1 and 3), all sites that were 
HGA(+) during L1 naming were also HGA(+) during L2 naming, 
while additional sites were HGA(+) during L2 naming alone. In 
Patient 2, an equal number of sites were HGA(+) during L1 and L2 
naming, but four sites were specific to L1 and four sites were specific 
to L2. In Patient 3a, bilateral sites were identified during both L1 
and L2 naming, but these sites were not tested with ESM. Finally, 
in Patient 4, the same sites were HGA(+) for L1 and L2 naming.

Several previous studies using different functional imaging 
modalities demonstrated that second language processing requires 
more cortical resources than first language processing (Klein et al., 
1994; Dehaene et al., 1997; Graff-Radford et al., 1997; Kim et al., 
1997; Perani et al., 2003; Meschyan and Hernandez, 2006; Marian 
et al., 2007; Kovelman et al., 2008). Researchers have found that 
this difference in spatial distribution for L1 and L2 is lessened or 
is eliminated entirely if L2 is introduced in early childhood (Kim 
et al., 1997; Wartenburger et al., 2003). In the current study, all 
patients acquired their second language after the age of 6 years, 
and in two patients, we observed more HGA(+) sites during L2 
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exhaustively sampled by subdural electrodes, four electrodes within 
this region were evaluated by ESM and were determined not to 
contain eloquent language cortex. However, we observed significant 
HGA during naming in L2 only within the same region that was 
ultimately resected. The patient experienced a measurable decline 
in only L2 naming performance immediately post-operatively with 
preservation of L1 naming. These findings were somewhat surpris-
ing because naming does not typically localize to the dominant 
anterior temporal region and suggests potentially that L2 language 
reorganization may have occurred as a result of the location of the 
seizure focus also within the dominant temporal lobe. The differ-
ential decline in L2 but not L1 naming cannot be explained solely 
by post-operative stress and fatigue, or medication effect since L1 
and L2 testing was performed in the same testing session and the 
patient did not perform more poorly on later test items. If decline in 
naming performance was due to removal of the dominant hippoc-
ampus (Hamberger et al., 2010), a decline in naming performance 
in both L1 and L2 would be expected. These findings suggest that 
in this case, ECoG spectral mapping may have provided a more 
accurate map of language function than ESM and also accurately 
identified a L2-specific cortical region.

When comparing these findings to previous studies, Tripathi 
et al. (2010) demonstrated the use of ECoG to predict post-oper-
ative clinical outcome following epilepsy surgery, but this did not 
include measures of language function. Sinai et al. (2005a) previ-
ously reported the post-operative L2 results for Patient 2 as one 
of a series of 13 patients that underwent ESM and ECoG spectral 
mapping of visual object naming in L2 only. However, this is the 
first study of which we are aware, that demonstrates post-operative 
language decline in only one of two languages, predicted by ECoG 
spectral mapping but not by ESM. Further studies are necessary 
to determine whether long-term post-operative outcomes more 
closely reflect the results of ESM or ECoG spectral mapping.

MethodologIcal consIderatIons
This preliminary study demonstrates the feasibility of mapping 
naming in multiple languages with ECoG spectral mapping. 
However, there were several important limitations to this study. 
We have interpreted our findings in relation to those in patients 
that were truly “bilingual” in that they had equal fluency in two 
languages. There were inadequate data available to indicate whether 
our patients were equally fluent. However, all our patients were suf-
ficiently fluent in L1 and L2 to use them in regular and meaningful 
conversations, and loss of either would have produced a definite 
negative impact on their daily lives and interactions with others. 
Normative data comparing performance on the BNT in English and 
Spanish as well as English and Greek bilinguals indicate that nam-
ing performance is significantly better in English than in Spanish 
or Greek (Kohnert et al., 1998; Patricacou et al., 2007), which may 
have been a confounding factor for Patients 3 and 4. Also, studies 
have indicated that bilinguals perform better when tasks include 
pictures with cognate names (e.g., “dart” in English and “dardo” in 
Spanish), and this was not controlled for when comparing L1 and 
L2 naming using the BNT (Gollan et al., 2007). No normative data 
comparing performance on the BNT in Igbo or Italian was available. 
In addition, for the majority of studies reporting normative data 
on the BNT, the mean level of education was higher than in the 

motor strip. In some instances, letter spelling was used for some 
words in American Sign Language, so the languages themselves that 
were tested were not entirely different, only the output modalities. 
Tanji et al. (2005) measured HGA (80–120 Hz) during a lexical-
decision task in a patient with bilateral lateral and basal temporal 
subdural grids. The lexical-decision task consisted of two written 
forms of Japanese, kanji and kana, and the patient was presented 
with words and pseudo-words in each form. Technically, these 
were not distinct languages, but distinct written scripts within the 
Japanese writing system. The authors found a significant differ-
ence in the magnitude of HGA between kanji and kana words and 
between words and pseudo-words. They concluded that HGA is a 
valid measure of cortical activation in the basal temporal regions, 
and our findings support these conclusions.

ecog sPectral MaPPIng versus esM
In the present study, ESM identified no differences in the cortical 
representations of L1 and L2 visual object naming in two of four 
patients, while ECoG spectral analysis revealed electrodes with 
HGA exclusively during L1 and/or L2 naming in three patients. 
Furthermore, ESM and ECoG spectral mapping revealed different 
language areas in all patients tested. Reasons for these disparities 
could include: (1) ESM is dictated by clinical necessity, so not all 
regions shown to contain HGA(+) sites were tested with ESM, (2) 
ESM stimulates pairs of electrodes and therefore, only one electrode 
within the pair may be responsible for producing cortical inhibition 
at a given site (Nathan et al., 1993), (3) ECoG spectral mapping 
is an activation procedure, so not all HGA(+) sites are necessarily 
essential for language function, (4) mapping language with ESM 
can at times produce equivocal or difficult to interpret results and 
can be influenced by patient motivation at the time of testing, and 
(5) when ESM produces after-discharges, seizures, or pain, testing is 
aborted and language function at those sites cannot be assessed.

Studies of language mapping using ECoG HGA have directly 
compared ECoG language mapping to ESM in left-hemisphere 
dominant epilepsy patients undergoing intracranial mapping for 
surgical planning. Sinai et al. (2005a) compared the spatial dis-
tribution of functional maps derived from ECoG HGA and ESM 
during visual object naming alone and found a specificity of 78% 
but only a modest sensitivity of 38%. When including a comparison 
of mouth-related motor function, the specificity and sensitivity 
increased to 84 and 43%, respectively. Towle et al. (2008) investi-
gated ECoG HGA during word repetition and word memory tasks 
and demonstrated a sensitivity of 63% and a specificity of 57% for 
ECoG high gamma mapping compared to ESM. In a more recent 
study, Sinai et al. (2009) demonstrated high spatial concordance 
between ESM and HGA during auditory perception of tones and 
speech with a specificity of 98%, a sensitivity of 67%, and a positive 
predictive value of 67%. In addition, Thampratankul et al. (2010) 
recently identified activated areas with ECoG spectral mapping of 
HGA that were not appreciated with ESM.

Post-oPeratIve outcoMes
Three of four patients presented here had a post-operative decline 
in naming performance predicted by ECoG spectral mapping but 
not by ESM. In one patient, a portion of the dominant anterior 
temporal region was resected and although this region was not 
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et al., 2004; Hamberger, 2007).

conclusIon
Visual object naming using ECoG spectral mapping of first and 
second languages using HGA revealed shared as well as distinct 
regions. In two of four patients, more cortical regions revealed 
HGA during second language naming than first language nam-
ing. Therefore, mapping of function in L2 may be crucial in 
avoiding naming deficits. However, L1 mapping is also necessary 
given that L1-specific regions were also identified. Three of four 
patients presented here experienced a post-operative decline in 
naming performance predicted by ECoG spectral mapping but 
not by ESM. In one patient, a left temporal resection included 
a region of cortex involved in visual object naming in L2 based 
on ECoG spectral mapping but not ESM, and the patient exhib-
ited an isolated naming deficit in L2 (but not L1) when assessed 
the day following surgery. ECoG spectral mapping of HGA may 
therefore complement ESM when mapping language function in 
multilingual patients.
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patients reported here, which can account for the wide variability 
in Z-scores calculated across studies. Differences in task difficulty 
and relative L1 and L2 naming performance could theoretically 
impact localization or the extent of cortical recruitment. Finally, 
the order of stimulus presentation was not randomized in Patients 
1 and 2, whose data were reviewed retrospectively.

Cultural differences regarding word frequency and complexity 
in different languages may have also impacted the level of relative 
L1 and L2 task difficulty in each patient. Italian and Spanish are 
romance languages, and Italian, Spanish, Greek and English are all 
Indo-European languages, while Igbo is a Niger-Congo tonal lan-
guage and therefore most distinct from the other languages studied. 
In addition, there are other important differences in these languages 
with regard to prosody, syntax, and phonology and studies sug-
gest that these differences can impact hemispheric representation 
and regional localization of different languages (Luke et al., 2002; 
Cheung et al., 2006).

In this experimental design, as with all studies of epilepsy 
patients undergoing intracranial monitoring, subdural electrode 
placement was dictated by clinical necessity and was not necessarily 
ideal for providing adequate coverage of eloquent language areas. 
This significantly limited the number of patients that were appro-
priate to be studied. In addition, resections included cortical regions 
not tested with ESM or ECoG spectral mapping that theoretically 
could have contained eloquent cortex. Finally, one recent study 
by Cheung et al. (2006) using fMRI showed that Chinese–English 
bilingual patients with temporal lobe epilepsy may have a different 
pattern of language lateralization than normal bilingual controls 
(Cheung et al., 2006).

Future studies are necessary to understand the impact of a sei-
zure focus near eloquent cortex on language localization in mul-
tilinguals, and the contributions of proficiency, age of acquisition 
of languages, and age of seizure-onset. This further emphasizes the 
need to map all learned languages in epilepsy patients undergoing 
surgery near suspected language cortex. In addition, future studies 
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