
Abstract—Auditory evoked potentials (AEPs) in the temporal 
cortex have typical slow positive/negative (P1/N1) biphasic 
waves, which are occasionally associated with an additional 
earlier small deflection (P0/N0).  In the present paper, we 
attempted to address the neural origin of P0/N0 deflection by 
the independent component analysis (ICA) of densely mapped 
cortical AEPs of rats.  The ICA results suggest that the 
deflection appears when subcortical contribution to AEP is 
equal to or larger than cortical contribution.   

I. INTRODUCTION

XTERNAL stimuli activate multiple regions in the brain, 
each of which produces different evoked potentials.  

Auditory evoked potentials (AEPs) in the temporal cortex and 
vertex exhibit different waveforms.  The temporal AEP of rat, 
guinea pig, and cats have typical slow positive/negative 
biphasic waves (P1/N1) within 50-ms post-stimulus latency, 
which are occasionally associated with an additional earlier 
small deflection (P0/N0) [1]-[6].  The vertex AEP also has 
several typical waves, which are different from temporal 
waves [6]-[8].  Previous extensive studies of cortical mapping 
and cortical inactivation suggested that P1/N1 waves have 
neural origins in the auditory cortex and that the vertex AEP 
has subcortical origins.  However, the origin of P0/N0 waves 
has not been satisfactorily understood to date.   

 The short latency of P0/N0 can be considered a sign of a 
subcortical origin.  In contrast, cortical inactivation affected 
the early components [3], and depth recording found a short- 
latency large deflection in a deep cortical laminate [5], [9], 
suggesting that P0/N0 has a cortical origin.  These contra- 
dictions have led to a multiple origin hypothesis [3], [5]-[7].  
In these past studies, separate discussions of the temporal and 
vertex AEPs may have overlooked the P0/N0 origin.   

In order to better understand the controversial AEP neural 
origins, the present study attempts the independent 
component analysis (ICA) to separate subcortical and cortical 
contributions from densely mapped temporal AEPs of rats.   

II. MATERIAL AND METHOD

We anesthetized 10 rats with pentobarbital (50 mg/kg; IP) 
and another 10 rats with ketamine (60 mg/kg; IM) and 
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xylazine (5 mg/kg; IM), and mapped AEPs epidurally with a 
surface microelectrode array [10].  We also epipially mapped 
AEPs for the ketamine-xylazine anesthetized rats.  The array 
had 32 recording points within 2 mm by 2 mm, which covered 
the primary auditory cortex.  Clicks at 80 dB SPL and tone 
bursts at 70 dB SPL served as test stimuli, which were 
calibrated with a microphone at the entrance of the ear.  
Cortical AEPs were simultaneously amplified with a gain of 
1000 and filtered with a band pass of 20 – 1500 Hz, -12 
dB/octave, and digitized at a sampling rate of 5 kHz.  All the 
data presented were the average after taking 50 trials or more.  
Detailed procedures for the AEP measurement with a surface 
microelectrode array are described elsewhere [1], [10].   

We ran FastICA of the measured AEP map [11].  Taking n
point AEP data x(t) (usually n = 32) as a linear combination of 
m dimensional independent components s(t) and n by m
“mixing matrix” A (i.e., x(t) = As(t)), ICA optimizes an 
arbitrary “unmixing matrix” W so that each signal of   = Wx

Separation of Subcortical Component from Cortical Auditory 
Evoked Potential by Independent Component Analysis 

Hirokazu Takahashi, Masayuki Nakao, and Kimitaka Kaga 

E

Fig. 1.  Surface microelectrode recording.  A. AEP map over the primary 
auditory cortex by ketamine-xylazine-anesthesia epidural recording. 
Each waveform is approximately aligned in the spatial coordinates of
recording sites. Bold waveforms are judged as having a P0/N0 
deflection.  R, rostral; C, caudal; D, dorsal; V, ventral.  B. Definitions of
wave.   
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becomes as independent as possible.  Practically, ICA used a 
fixed-point iteration and maximized the following contrast 
function J under || wi|| = 1: 

J = [E{G(wi
t)} – E{G( )}], 

G(u) = log cosh(u),

where E{X} is the expectation value of X, w is one of the row 
vectors of W, and  is a standardized Gaussian variable.  The 
mixing matrix A can then be obtained as the inverse of the 
unmixing matrix W.  In the preprocessing of ICA, we first 
centered and whitened AEP data, and reduce the data 
dimension to m by PCA, i.e., determine the number of ICs.  
Since each of obtained ICs, , has also been centered and 
whitened, each column of the mixing matrix (i.e., n
dimensional vector) represents a contribution of each IC to 
the corresponding AEP.   

III. RESULTS

Figure 1A shows click-evoked AEPs mapped over the 
primary auditory cortex, and Fig. 1B defines the AEP waves.  
We identified P0/N0 waves when P0-N0 amplitude was 
larger than 10% of P1 amplitude.  Total numbers of measured 
AEP were 277, 312, and 320 from each of 10 rats for 
pentobarbital- anesthesia epidural recording, 
ketamine-xylazine-anesthesia epidural recording, and 
ketamine-xylazine-anesthesia epipial recording, respectively.  
P0-N0 was identified in 10, 4, and 0 animals for each 
recording.   Total numbers (and probability of appearacne) of 
identified P0/N0 were 134 (49.4%), 57 (17.8%), and 0 (0%) 
for each recording.  The amplitudes of P1/N1 waves were 
0.20, 1.8, and 3.8 mV on average for each recording.  
Pentobarbital anesthesia significantly reduced AEP 
amplitude as compared to ketamine-xylazine anesthesia.  

Figure 2A shows 1st to 3rd principle components (PCs) for 
pentobarbital-anesthesia epidural recording.  The 
contributing rates (and the standard deviations) of 1st to 5th

PCs were 92.4 (4.1), 5.99 (4.13), 1.08 (0.66), 0.24 (0.13), and 
0.09% (0.04%), respectively.  On the basis of this result, IC 
number n was initially selected between 2 and 4, and 
trial-and-error ICA application finally determined an optimal 
number, with which ICA can best separate subcortical 
responses.  In 8 out of 10 rats, the optimal number of IC was 3, 
with which ICA could separate a putative subcortical 
component with clear auditory brainstem responses (ABRs) 
within 10-ms post-stimulus latency and subsequent 
vertex-AEP-like slow waves [6]-[8].  We labeled this 
subcortical component as IC3 and 2 other biphasic 
components as IC1 and IC2 according to the latency (Fig. 2B).  
Similar ICs were also identified for ketamine- 
xylazine-anesthesia epidural recording, although ABR was 
too small to be identified (Fig. 3).   

For cortices that exhibit P0/N0 waves, we examined the 
obtained mixing matrix A and plotted contributions of each 
IC to AEP in order to find significant combinations of the 

Fig. 2.  PCA and ICA of AEPs of pentobarbital-anesthesia epidural 
recording.  A. Principle components.  B. Independent components and 
definition of characteristic wave.  Left insets show components obtained
form an individual animal, and right insets show the grand-average (solid 
line) and standard deviation (dotted line).

Fig. 3.  Grand-averaged PCs and ICs of AEPs of ketamine-xylazine-
anesthesia epidural recording.  See Fig. 2 for conventions. 
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contribution that could produce P0/N0 wave (Fig. 4).  We 
could not find any general relationship between each IC 
contribution and P0/N0 appearance across the recording 
conditions.  We then investigated the proportions of each IC 
contribution to other IC contribution.  For both pentobarbital- 
anesthesia and ketamine-xylazine-anesthesia epidural 
recording, P0/N0 appears significantly frequently when 
IC3/IC1 > 1.   

We finally applied ICA to tone-evoked AEPs, and 
obtained 3 typical ICs (Fig. 5A), which were identical to ICs 
of click-evoked AEPs.  Figure 5B reconstructed the areal 
distributions of each IC contribution.  IC1 typically exhibited 
a focal distribution, and the location of the focus depended on 
the test frequency of tones.  These foci almost matched a 
place code of frequency in the auditory cortex, i.e., tonotopic 
organization [1], suggesting that IC1 reflects a direct 

thalamo- cortical input.  IC2 and IC3, on the other hand, have 
less focal distribution, and a significant proportion have 
almost flat distribution.   

IV. DISCUSSION

Our results suggest that the temporal AEP consists of at 
least 3 components with independent origins.  The tonotopic 
representation of IC distribution (Fig. 5) suggests that IC1 
possibly reflected mainstream thalamo-cortical inputs (i.e.,
projection from ventral portion of medial geniculate body 
(MGB)) [4]-[7].  The characteristics of a waveform suggest 
that IC3 can be considered subcortical activities.  Notably, for 
pentobarbital- anesthesia epidural recording, ABRs were 
clearly identified in IC3 (Fig. 2).  The latencies of other slow 
characteristic waves suggest that IC3 reflects the vertex AEP.  

Fig. 4.  Condition for P0/N0 appearance.  A. Pentobarbital-anesthesia epidural recording.  B. Ketamine-xylazine-anesthesia epidural recording.  (i), 
contribution of each IC to AEP.  Each marker type indicates AEP from an identical animal.  Marker colors indicate P0/N0 amplitude: black, 10% or more of
P1 amplitude; grey, 1 – 10% of P1 amplitude; white, 1% or less of P1 amplitude.  (ii), P0/N0 appearance as a function of combination of each IC
contribution.  Histograms show the distributions of the proportions between indicated IC contributions.  Each bar is multicolored with colors corresponding 
to P0/N0 amplitude as defined in (i).  Line plots also indicate frequencies of P0/N0 appearance.    
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The origin of IC2 remains unknown.  The delay of 2.5 – 5 ms 
from IC1 may imply that IC2 reflects cortico-cortical inputs.  
Alternatively, IC2 may reflect sidestream thalamo-cortical 
inputs (i.e., projection from dorsal portion of MGB) [4].   

Previous studies often employed PCA for multiple evoked 
potentials [5], [9].  PCA, however, operates under the strict 
constraint that components must be orthogonal to one another.  
This mathematical constraint may not hold in many 
physiological phenomena, resulting in an obscure 
interpretation.  On the other hand, ICA with the constraint of 
independence reflects some biological phenomena more 
realistically.  This difference may distinguish the 
interpretable ICs from the hardly explainable PCs (Fig. 2).    

The early deflection P0/N0 generally appeared when 
subcortical IC3 contribution is equal to or larger than cortical 
IC1 contribution (Fig. 4).  In terms of latencies, an adequate 
combination of P-IC1 and P-IC3-1 is obviously crucial for the 
formation of P0/N0.  Consistent with our idea, ketamine- 
xylazine-anesthesia epipial recording could not find P0/N0 
waves because the recoding reflected cortical activities 
predominantly as compared to other recordings.  Thus, 
significant contributions from both cortical and subcortical 
activities might confound the P0/N0 origins previously.   

In clinical screenings, auditory, visual, and somatosensory 
evoked potentials are routinely obtained with epicranial 
electrodes [12].  Similar to rat AEP we focused so far, these 
human evoked potentials also exhibit characteristic waves, 
some of which have unclear origins and are again discussed 
within the multiple origin hypothesis.  Epicranially measured 
evoked potentials equally mix subcortical and cortical 
contributions because distances from electrodes to cortical 
sources approximate distances to subcortical sources.  In such 
conditions, our idea is specifically worth considering for the 
identification of these controversial origins.   
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Fig. 5.  ICA of tone-evoked AEPs.  A. Grand-averaged ICs.  See Fig. 2 for conventions.  B.  Areal distributions of each IC contribution.  The recording area
covered the primary auditory cortex, where low-frequency (20-kHz) tones activate caudal loci and high-frequency (40-kHz) tones activate rostral loci.
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