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Abstract Acoustic complexity of a stimulus has been shown

to modulate the electromagnetic N1 (latency *110 ms) and

P2 (latency *190 ms) auditory evoked responses. We

compared the relative sensitivity of electroencephalography

(EEG) and magnetoencephalography (MEG) to these neural

correlates of sensation. Simultaneous EEG and MEG were

recorded while participants listened to three variants of a

piano tone. The piano stimuli differed in their number of

harmonics: the fundamental frequency (f0), only, or f0 and the

first two or eight harmonics. The root mean square (RMS) of

the amplitude of P2 but not N1 increased with spectral

complexity of the piano tones in EEG and MEG. The RMS

increase for P2 was more prominent in EEG than MEG,

suggesting important radial sources contributing to the P2

only in EEG. Source analysis revealing contributions from

radial and tangential sources was conducted to test this

hypothesis. Source waveforms revealed a significant

increase in the P2 radial source amplitude in EEG with

increased spectral complexity of piano tones. The P2 of the

tangential source waveforms also increased in amplitude

with increased spectral complexity in EEG and MEG. The

P2 auditory evoked response is thus represented by both

tangential (gyri) and radial (sulci) activities. The radial

contribution is expressed preferentially in EEG, highlighting

the importance of combining EEG with MEG where com-

plex source configurations are suspected.
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Introduction

There is a growing interest in combining various imaging

modalities to investigate perceptual and cognitive functions

in humans. For instance, in theory the combination of EEG

(electroencephalography) and MEG (magnetoencephalog-

raphy) (for detailed review see [1, 2]), which measure

electrical and magnetic signals respectively, should provide

complementary information that can help identify the

neural correlates underlying a particular brain function [3].

However, EEG and MEG are seldom used simultaneously

or compared directly in the same subjects.

There are several similarities and differences between

EEG and MEG that have been discussed thoroughly in

prior work [4–8]. The differences are briefly highlighted

here. Because the EEG signal is highly dependent on

volume conduction, the various head tissues (brain,

cerebrospinal fluid, skull and scalp) will cause smearing

of the EEG signal at tissue boundaries. MEG signal on

the other hand is less affected by volume conduction,

especially for isotropic media where the contribution from

secondary volume currents diminishes completely [1].

Therefore, MEG has a better signal-to-noise ratio than

EEG and, in general, better source localization accuracy
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[7, 9]. Another important difference between the two

imaging modalities is that radial sources (i.e. from gyri)

do not contribute much to the MEG signal, whereas

these sources sum with other activities and are recorded

in EEG [2]. This can be advantageous or disadvantageous

depending on the objective of the measurement. For

example, if we are mainly interested in tangential sources

(i.e. from sulci), the MEG signal will reveal these sources

uncontaminated by radial sources, hence increasing source

localization accuracy. However, at the same time, the

interpretation of MEG data would be limited to sulci and

may miss important contributions from gyri to the par-

ticular process under study. There is accumulating

evidence indicating that several auditory tasks generate

activity in the superior temporal plane and lateral surface

of the superior temporal gyrus that can only be modeled

with both tangential and radial sources [10–12].

Recently, Shahin et al. [13] measured EEG and MEG

simultaneously while participants were presented with

three variants of a C4 piano tone and a pure tone of the C4

fundamental frequency (f0). They found increased ampli-

tude of the scalp measured P2 (*200 ms) but not the N1

(*100 ms) auditory evoked response (AER) with

increased spectral complexity of piano tones. This P2

enhancement was more pronounced in EEG compared to

MEG, suggesting contributions from radial sources that are

not detected by MEG but sum up at the scalp with tan-

gential sources in EEG. The current study examined

whether the combination of EEG and MEG can provide

meaningful differences that add to our understanding of the

neural sources underlying the N1 and P2 waves. Specifi-

cally, we aimed to clarify whether the enhanced P2

auditory evoked response in EEG compared to MEG

reported for spectrally complex piano sounds by Shahin

et al. [13] can be accounted for by the presence of radial

sources detected in EEG. Previous studies have shown

imaging modality effects (differences and similarities

between EEG and MEG) when investigating the N1 and P2

responses [3, 14–16]. Neukirch et al. [3] showed that the

N1 in EEG increased in amplitude and localized deeper as

intensity of sounds increased, while the N1 in MEG

localized more lateral with increased intensity of sounds

and increased in amplitude initially and tended to plateau

for the highest intensities. They hypothesized that sec-

ondary current sources generated by deep sources led to the

effect of higher intensities on the N1. In another study,

Siedenberg et al. [15] showed that activities of the N1 and

P2 were highly reproducible in both imaging modalities but

MEG was less effective than EEG in revealing the later N2

and P3 components. The N2 and P3 differ from the N1 and

P2 activity in that they may reflect endogenous cognitive

processes (N2: [17], P3: [18]) likely attributed to a dis-

tributed brain activity.

In the present study we modeled N1 and P2 responses

evoked by piano sounds of increasing spectral complexity

and measured simultaneously by EEG and MEG with one

regional source [19] in each hemisphere. A regional source

in MEG contains two orthogonal vectors which are both

tangential to the scalp (T1 and T2, Fig. 1A). A regional

source in EEG contains the same tangential vectors as in

MEG and an additional radial vector (R, Fig. 1A). Each

of the above vectors is usually represented by a trace

depicting its amplitude as a function of time termed

‘‘source waveform’’. We hypothesized that the P2 of the

tangential sources will exhibit comparable enhancement in

EEG and MEG with increased spectral complexity of tones

while the P2 of the radial source, detected in EEG only,

will also exhibit enhancement with increased spectral

complexity. The summation of the radial and tangential

activities at the scalp will render larger differences of P2

amplitudes occurring in EEG than MEG as spectral com-

plexity is increased. The data of Shahin et al. [13] were

used, which were subjected to further analysis and new

results reported here.

Methods

Participants

Sixteen right-handed volunteers (age 28 ± 6 years; 4

females) with normal hearing participated in the study.

Participants gave written informed consent in accordance

with the guidelines of the Research Ethics Committee of

Baycrest.

Fig. 1 (A) Depiction of regional sources. Each regional source

consists of two or three dipoles, one radial (R, EEG only) and two

tangential (T1 and T2, EEG & MEG). (B) Example of auditory

evoked potential (overlay of 32 traces) and field (overlay of 151

traces) for one subject, depicting the N1/P2 and N1m/P2m, respec-

tively. Dotted line depicts the sound onset
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Stimuli

The stimuli consisted of four tones (500 ms in duration):

(1) a C4 piano tone containing the fundamental frequency

(f0 = 262 Hz) and eight harmonics (termed ‘‘piano’’) or (2)

f0 and the first two harmonics (termed ‘‘piano2’’) or (3) f0
with no harmonics (termed ‘‘piano0’’) and (4) a pure sine

tone with only f0 (termed ‘‘pure’’). Stimuli were presented

binaurally through plastic tubes at 60 dB SL above each

participant’s audiometric threshold, while participants

watched a silent movie. Eight runs (2 for each tone type),

each containing 60 stimuli of the same tone type were

presented in a fixed order for all subjects. Tones were

presented with a variable interstimulus interval between 3 s

and 4 s offset to onset.

Recording and Analyses

Auditory evoked potentials and fields were recorded simul-

taneously using a CTF System EEG amplifier (32 Ag/AgCl

Easy Cap, 10–20 system) and 151-channel whole head MEG

system (VSM MedTech, British Columbia, Canada). EEG

channels were referenced to Cz and grounded at the collar

bone. EEG and MEG were sampled at 312.5 Hz, DC to

100-Hz.

Continuous EEG and MEG files for each subject were

loaded into Brain Electrical Source Analysis (BESA)

software (version 5.1, MEGIS Gräfelfing—Germany),

digitally filtered between 0.1 Hz and 20 Hz, and divided

into epochs of 600 ms duration including a 100-ms pre-

stimulus baseline interval. Trials containing amplitude

shifts in any channel greater than ±200 lV in EEG were

rejected. The same trials were rejected in MEG. Accepted

trials (mean 86%, range 75–98%) were re-referenced to an

average reference (EEG only) and averaged according to

stimulus type within each run. Figure 1B shows an exam-

ple of average waveforms in EEG (left) and MEG (right)

for one subject depicting the evoked N1(m) and P2(m).

Two subsequent analyses were performed on these aver-

ages, root mean square (RMS) and source analysis (SA).

Root Mean Square (RMS)

Root mean square waveforms were calculated for each

subject’s run in Matlab (v. 6.0). The N1(m) peak amplitude

was defined as the RMS maximum during the interval

80–130 ms after stimulus onset. The P2(m) peak was

determined as the RMS maximum during the interval 170

and 220 ms after stimulus onset. The N1(m) and P2(m)

RMS values were averaged across runs of the same tone

type. In a subsequent step the N1(m) and P2(m) RMS

values of music tones were normalized to the RMS of pure

tone. Normalization was calculated as the difference

between the amplitude of the component for the specific

stimulus type minus the amplitude of the component for

pure tone divided by the amplitude of the component for

pure tone [e.g. (RMS P2 piano—RMS P2 pure)/RMS P2

pure]. This standardization was done to filter out the effect

of the fundamental frequency (pure tone had the same

fundamental as the other tones) from the final result.

Source Analysis

First, source locations of the N1(m) and P2(m) in EEG

and MEG were obtained by way of the inverse solution

[20, 21], as implemented in BESA. A spherical head

model is used. Two regional sources (one for each

hemisphere) were used to fit separately the N1(m) and

P2(m) waves for each individual’s run average wave-

forms. Source fits were constrained to the window of

±16 ms around the N1(m) or P2(m) peak. The average

goodness of fit exceeded 80% for both EEG and MEG

data. Second, the x–y–z-coordinates obtained from the

individual fits were averaged across tone types and par-

ticipants to construct separate models for each EEG and

MEG component (N1, N1m, P2, P2m). Third, the EEG

and MEG models were then applied back (as spatial fil-

ters) onto the averaged EEG and MEG data for each

subject to obtain the corresponding N1(m) and P2(m)

source waveforms. The orientations of the tangential

components of the regional sources were held constant

across subjects and for EEG and MEG fits. The radial

component in EEG was held constant across subjects.

The source waveforms were averaged across the two

runs for each stimulus type. The N1(m) and P2(m) peak

amplitudes were defined for the same time windows as in

the RMS analysis reported above. The two tangential

components for N1(m) and P2(m) were collapsed into one

value by calculating their vector norm (sqrt {T12 + T22}).

In a subsequent step the N1(m) and P2(m) dipole moments

of music tones were normalized to the dipole moments of

pure tone (similar to the RMS normalization discussed

above).

Statistical Analyses

All tests were two-tailed (a = 0.05) and corrected for sphe-

ricity violations (Greenhouse-Geisser) where appropriate.

Root mean square amplitudes were evaluated separately

for EEG and MEG by an ANOVA (Statistica Version 6.0;

Statsoft Inc, Tulsa, OK) with stimulus type (piano0,

piano2, piano) as the only factor.
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Source locations for the N1(m) and P2(m) were evalu-

ated separately using ANOVAs with modality (EEG/

MEG), tone type and coordinate (x, y, z) as factors. Effects

of spectral complexity on the N1(m) and P2(m) dipole

moments (vector norm of N1(m) and P2(m)) were evalu-

ated separately for EEG and MEG by ANOVAs with

factors stimulus type, hemisphere, and—for EEG only—

component (Tangential/Radial). For the EEG data, a sec-

ond ANOVA of the N1 and P2 dipole moments was done

for the radial and tangential (vector norm of T1 and T2)

components separately to test whether results were signif-

icant even when segregating the two components.

Results

Source Locations

The mean N1(m) or P2(m) sources were very close in

location when measured either by EEG or MEG and did

not differ between tone types for each component. All

sources localized to the supratemporal plane as shown

in Fig. 2A. Average Talairach coordinates for N1(m)

and P2(m) in mm (x (Medial–Lateral) = 38, y (Anterior–

Posterior) = –15, z (Inferior–Superior) = 14) were consis-

tent with sources generated in or near the primary auditory

cortex [10, 11, 22]. There was no main effect of tone type

on the location of the N1(m) or P2(m). However, N1(m)

sources localized more anterior (F(1, 15) = 4.7; P \ 0.05)

and lateral (F(1, 15) = 4.5; P \ 0.05) in the right hemisphere

compared to the left hemisphere. Also the N1 localized

more medial than its magnetic counterpart the N1m

(F(1, 15) = 8.1; P = 0.02). Figure 2B shows the between-

subject mean standard deviation values (collapsing over

tones and hemispheres) for source locations in the x

(medial–lateral), y (anterior–posterior) and z (inferior–

superior) coordinates. There was on average less between-

subject-variability of source locations in MEG than EEG.

Root Mean Square (RMS)

Figure 3A shows the N1(m) (mean latency *109 ms) and

P2(m) (mean latency *196 ms) peak RMS amplitudes

evoked by the piano0, piano2 and piano tones. A main

effect of stimulus type showed that P2 responses increased

in amplitude with increased spectral complexity of tones in

EEG and MEG. However, this effect was much greater in

EEG (F(2, 30) = 26.0, P \ 0.0001) than MEG (F(2, 30) = 4.4,

P \ 0.03). When the above contrasts were based on

normalized RMS values, the P2 still increased in amplitude

with increased spectral complexity of tones for EEG

(F(2, 30) = 18.3, P \ 0.0001) and approached but did not

reach significance for MEG (F(2, 30) = 2.3, P \ 0.15).

N1(m) did not show significance with increased tone

spectral complexity.

Dipole Moments

Figure 3B shows the magnitude of the dipole moments for

the radial and tangential components of the N1(m) and

P2(m) response. Main effect of stimulus type showed that

P2(m) dipole moments for the radial (EEG only) and tan-

gential sources increased in amplitude with increased

spectral complexity (P2: F(2, 30) = 32.5, P \ 0.0001; P2m:

F(2, 30) = 9.24, P \ 0.001). There was a component main

effect due to larger tangential sources compared to radial

sources for the P2 (F(1, 15) = 17.3, P \ 0.001), and also an

interaction between component and tone (F(2, 30) = 7.6,

P \ 0.003) attributed to a greater enhancement of P2 of

the piano tone compared to P2 of piano2 or piano0

occurring for the tangential compared to the radial com-

ponent (P \ 0.001 or better; LSD test). There was a

hemisphere main effect for the P2m, where larger P2m

dipole moments occurred in the left than the right hemi-

sphere (F(1, 15) = 8.1, P \ 0.01). Effect of stimulus type

was significant even when the EEG radial and tangential P2

components were evaluated separately (P = 0.012 or better).

When contrasts were based on normalized dipole moments,

the P2 still increased in amplitude with increased spectral

complexity of tones for EEG (P \ 0.012 or better) and

approached but did not reach significance for MEG

Fig. 2 (A) Source locations for the N1, N1m, P2, P2m auditory

evoked responses. Dotted lines are drawn for symmetry reference. (B)

Between subject mean standard deviation values (collapsing over

tones and hemispheres) for source locations in the x (medial–lateral),

y (anterior–posterior) and z (inferior–posterior). m (as in Xm) denotes

the magnetic value
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(P \ 0.1). N1(m) dipoles did not show significance with

increased spectral complexity. However, an effect of

component occurred (F(1, 15) = 57.0, P \ 0.0001) for the

N1 in the EEG contrast, which was attributed to larger N1

dipole moments occurring for the tangential compared to

the radial components.

Discussion

The current results reveal that the greater P2 enhancement

as a function of spectral complexity observed in EEG

compared to MEG is partly due to increased activity of the

radial sources, which are not detected by MEG. Previous

studies investigating the N1(m) and P2(m) did not reveal a

radial contribution [13, 23] related to the spectral com-

plexity of sounds.

The N1 and P2 dipoles localized to the supratemporal

plane, consistent with generators in the primary and non-

primary auditory cortices [10, 11, 16, 22, 24–26]. It should

be noted that the N1 and P2 activities are likely generated

by several cortical sources and were not confined to one

point as reported here. For example, a recent study by

Yvert et al. [27], where distributed source model was used

to localize the N1 activity applied to intracranial record-

ings, suggested a more distributed activity for the N1 wave,

which spanned Heschl’s gyrus and sulcus, planum tempo-

rale, and superior temporal gyrus. Discrete modeling

of these activities (used here) may reflect the location of

the center of mass of all generators, biased toward the

predominant contributor. Source analysis of the current

data generally showed consistency between the two

imaging modalities. EEG and MEG both revealed hemi-

spheric asymmetries for auditory activities. The N1 and

N1m occurring in the right hemisphere exhibited more

anterior and lateral locations than that of the left hemi-

sphere, reflecting documented asymmetries of an anterior

shift of the right compared to the left auditory cortex in

anatomical [28], MR [29] and MEG [30] studies and a

lateral shift of the right compared to the left auditory cortex

in anatomical [28], and MEG [30] findings. Also, in gen-

eral MEG showed slightly less between-subject-variability

of source locations. This observation should be interpreted

with caution, given that the sources were not co-registered

on the anatomy of individual subjects. Increased subject

variability of source locations in EEG compared to MEG

may reflect the reduced signal-to-noise ratio of the auditory

signal in EEG due to volume conduction or overlap with

additional radial and/or deep sources.

The question of how different components (radial or

tangential) of the N1(m) and P2(m) waves vary with task or

type of stimuli is noteworthy because both of these waves

have been reported to reflect perceptual significance and

are influenced by learning [12, 13, 23, 31–34]. For exam-

ple, the N1 and P2 morphologies have been shown to

reflect the stages of brain development [35, 36] where the

N1 and P2 appear to develop after age 4–5, continue to

increase to about age 10–12, and decrease thereafter until

they plateau at age 18–19. Shahin et al. [36] reported that

the N1 response at age 4–5 years is best accounted for by a

Fig. 3 (A) Grand mean

(n = 16) of N1 (top) and P2

(bottom) RMS values and error

bars (one standard error) for

piano0, piano2 and piano tones

in EEG and MEG. (B) The

grand mean (n = 16) of the N1

(top) and P2 (bottom) dipole

moments for the radial (EEG

only) and tangential

components and error bars (one

standard error) for piano0,

piano2 and piano tones in EEG

and MEG
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tangential dipole, while the P2 response is mainly radial

and lateral to the N1 source at this particular age, sug-

gesting activity in the lateral portion of the auditory cortex

early in life. As the brain matures, the orientation of the

sources underlying the P2 wave appears to change, with

the tangential component being the major contributor to the

scalp recorded P2 wave in young and older adults. These

observations suggest that tangential and radial components

of the N1 and P2 waves may follow different develop-

mental trajectories and express distinctive functional

properties, including sensitivity to remodeling by acoustic

experience or the enhanced sensitivity of P2 radial and

tangential sources to the spectral complexity of sounds

documented here. Although we did not attempt to localize

the tangential and radial activities separately (in regional

source the radial and tangential components are bound

together), it is likely that the tangential activities reflect

sources originating in or near Heschl’s gyrus. The tan-

gential component may index the initial processing of

acoustical cues such as sound onset and pitch. In contrast,

the radial sources may represent activity arising from the

gyri. That is, increased sound complexity may recruit

wider areas of the auditory cortex that extend to the lateral

portion of the superior temporal gyrus. This interpretation

is in line with neurophysiological studies in animal data

showing that the lateral belt of the non-primary auditory

cortex responds preferentially to complex sounds—such as

animal calls—compared to pure tones which are prefer-

entially processed in the core regions of the auditory cortex

[37, 38].

Differences intrinsic to EEG and MEG are informative

with respect to the circumstances under which one method

may be preferable to another. The issue of localization

accuracy [7, 8, 39, 40] of the two methods is particularly

important for specific clinical applications, such as local-

izing epileptic discharges prior to surgery. However, the

intention is also to achieve an understanding of how brain

processes—perceptual or cognitive—may vary with a

specific stimulus or task while maintaining as accurate

spatial information as possible. Our results indicate that

when auditory stimuli become more complex, such as in

music perception, information pertaining to the P2 auditory

evoked response is better revealed when using EEG.

Therefore, our findings suggest that MEG should be com-

bined with EEG when investigating tasks relating to

complex sounds.
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