What can auditory evoked potentials tell us about binaural processing in humans ?
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1 Introduction

Binaural signal processing provides us with the remarkable ability to precisely localize sounds based on tiny interaural time differences (ITD) and interaural level differences (ILD) across both ears. Even though much research has been done on the psychophysical and physiological basis of these mechanisms, we are still lacking a thorough understanding on how these physical differences are extracted and utilized in early stages of the human auditory system. While some models stress the importance of ITD processing using a Jeffress-type delay line model without a special mechanism for ILD processing, other models like the Equalization and cancellation model utilize interaural subtraction mechanisms that are sensitive to interaural intensity (and phase) differences as well. Since combined models for ITD and ILD processing (such as, e.g., a Jeffress-type model with lateral inhibition (Lindemann) ) are still lacking, the current contribution tries to provide more experimental data on the interplay between  ITD and ILD processing in humans.

Evoked potentials have been widely used to investigate directional hearing in humans. The majority of the studies dealing with the dependence of auditory brain stem responses (ABRs) on ITD and ILD focused on the analysis of the waveforms of single EEG channels (e.g., McPherson and Starr 1995; Brantberg, Hansson, Fransson, and Rosenhall 1999, Riedel and Kollmeier 2002a). A more sophisticated approach to localize active neural tissue in the brain is dipole source analysis from multi-channel EEG measurements (Scherg 1990; Mosher, Lewis, and Leahy 1992). Scherg and von Cramon (1985) proposed a model of six fixed current dipoles to describe the five waves of the monaurally evoked ABR. This model not only used a fixed location and orientation for each dipole, but also heavily constrained the time course of the dipole moment magnitude. The active structures at the latency of the largest deflection, wave V, were identified as the superior olive and the lateral lemniscus.

The present study focuses on the source analysis of monaurally and binaurally evoked ABRs. In order to analyze the influence of lateralization, different combinations of ITDs and ILDs are used. Since the same lateralization can be generated by different combinations of the interaural differences, the variation of both cues allows to draw conclusions about the representation of the stimulus laterality in the brain stem.


2 Methods
Twelve normal-hearing subjects (3f, 9m) aged between 25 and 36 years volunteered in this study. Rarefaction click stimuli were produced by applying rectangular voltage pulses of 100 µs duration to Etymotic Research ER-2 insert earphones. The time interval between two successive stimuli varied randomly and equally distributed between 62 and 72 ms, yielding an average stimulation rate of approximately 15 Hz. 15 stimulus conditions were tested, 9 binaural and 6 monaural. The monaural clicks were presented at the levels 53, 59 and 65 dB nHL. The binaural stimuli were the nine possible combinations of 3 ITDs (-0.4, 0 and 0.4 ms) and 3 ILDs (-12, 0 and 12 dB). ABRs were recorded from 32 sites according to the extended 10-20-system using a DC-coupled differential amplifier (Synamps 5803) at a samplingrate of 10 kHz with 16 bit resolution. 10000 single sweeps for all of the 15 stimuli were recorded in an interleaved manner. Details of the recording procedure can be found elsewhere (Riedel et al. 2002a, Riedel and Kollmeier 2002c). Before averaging, the single sweeps were filtered with a linear phase FIR bandpass with 200 taps and corner of frequencies 100 and 1500 Hz (Granzow et al.  2001). An iterated  weighted average of the filtered sweeps was computed for all subjects and stimulus conditions  (Riedel et al. 2001).
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Two alternative models were analyzed to explain the data: a single rotating dipole versus a pair of fixed dipoles with hemispheric symmetry. The distance of the fixed dipoles was set to 2 cm corresponding roughly to the distances of the superior olives and lateral lemniscii. To fit current dipoles to the data, a software package was written in MATLAB. The inverse problem was solved by means of generalized maximum likelihood estimation taking the noise covariance matrix into account (Lütkenhöner 1998a, 1998b). Confidence regions of the dipole parameters and the goodness-of-fit by means of a (2–test were determined. A detailed description of the source analysis strategy can be found elsewhere (Riedel et al. 2002c, Riedel 2002d).
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3 Results

Fig. 1 shows ABRs of one subject (dj) for all 32 measured channels in recording reference. For each channel three responses are depicted: the response to the diotic stimulus (C00) in the top trace, the response to the stimulus with an ITD of 0.4 ms (R0+) in the middle trace and with an ILD of 12 dB(R+0) in the bottom trace.The residual noise for each channel and condition is shown by the error bars ((3 S.E.M.). Channels near the reference electrode (Cz) generally exhibit smaller responses. The three traces in this example look very similar, however, systematic differences between stimulus conditions can be unveiled by dipole source analysis. 

Fig. 2 shows the dipole moment trajectories of the rotating dipole fitted in the interval from 1 ms before to 1 ms after peak V in the frontal plane. Data are averaged over subjects. The triangle denotes the start of the trajectory at tV-1ms. The ellipses drawn at tV are the 95%-confidence regions for the dipole moment. The trajectories for the central stimuli, i.e., the diotic stimulus C00 and the antagonistic stimuli (C+- and C-+), exhibit the largest dipole moments in the vertical direction (mz). With growing lateralization, mz decreases and is smallest for the monaural conditions. The moment trajectories allow to distinguish between left and right conditions. For stimuli which are lateralized to the right clockwise trajectories are observed while left-lateralized stimuli exhibit counter-clockwise trajectories. Furthermore, for the conditions with ITD only and ILD only the trajectories look very similar. The trajectories to R+0 and R0+ on the one hand, and to L--0 and L0-- on the other hand, bear a strong resemblance to each other. This is striking since they are produced by different physical stimuli but elicit the same subjective lateralization. 
An alternative, physiologically motivated model, assumes two fixed dipoles with hemispheric constraints, i.e., mirrored x-component of the location and mirrored azimuth. The y- and z-component of the location and the elevation were forced to be identical for both dipoles. Unfortunately, fitting two fixed dipoles using these constraints leads to solutions with nearly identical locations of the dipoles in the vast majority of the cases, i.e., the fitting algorithm converges to a single dipole solution. To ensure the separation of the two dipoles, a stronger constraint for the location parameters was introduced. For every subject the locations of the rotating dipole to all 15 stimulus conditions  were averaged. The locations of the two fixed dipoles were defined by shifting the x-component of the rotating dipole 1 cm to the left and 1 cm to the right, respectively. The superior olive (SO) and the nucleii of the lateral lemniscii (NLL) are considered as the likely generator sites of wave V (Scherg et al. 1985). According to an anatomical atlas of the brain (Nieuwenhuys et al. 1988), the distance between left and right SO is about 1.6 cm. The nuclei of left and right NLL reside at a distance of roughly 2.2 cm. Additionally, it was assumed that the current direction in the neural tissue is the same for all stimulus conditions. Therefore, the orientation constraint was extended by fitting a common dipole orientation for all responses. Only the dipole moment magnitude varied between conditions. The fitted orientation of the dipoles is mainly vertical, they are inclined about 9° in the frontal plane (left dipole to the left, right dipole to the right) and roughly 5° to the front in the sagittal plane. The time courses of the dipole magnitudes of the two fixed dipoles are presented in Fig. 3 for the mean over subjects. The error bars mark the 95%-confidence regions of the moment magnitudes corresponding to (2 standard errors of the mean. While the maximal moments for the binaural conditions are similar, for the monaural conditions the dipole contralateral to the side of stimulation clearly exhibits a larger moment. For the monaural stimuli, the maximum of the contralateral dipole is reached 0.4 ms earlier than the maximum of the ipsilateral dipole. This time difference is similar for conditions R0+, R+0, L0- and L-0 and slightly larger for the synergistic stimuli. For the central stimuli the latencies of the maximal dipole moment coincide.


















































4 Discussion
The aim of this work is to analyze the correspondence between psychophyical lateralization and the neural generators of potentials evoked by lateralized stimuli.
Since the generators of early auditory evoked potentials are deep, i.e., reside in the brain stem, data exhibit a relatively low SNR (signal-to-noise ratio). Therefore a large number of sweeps per stimulus condition (10000) was collected to ameliorate the signal quality.

Despite the small extension of the brain stem, significantly different dipole locations were detected for monaural and binaural stimuli in the case of the single rotating dipole. For binaural stimuli a centered source with a 95%-confidence region radius as small as 2 mm is found for subjects with high SNR. For monaural stimuli the fitted dipole position is found in the contralateral hemisphere. This is physiologically meaningful because the majority of the auditory fibers projects to contralateral nuclei in the brain stem (Nieuwenhuys et al. 1988). However, the distance between left and right fitted source amounts to maximally 1 cm. Given the anatomical distance of the likely generators of wave V, namely 1.6 cm for the superior olives and 2.2 cm for the nuclei of the lateral lemniscii, the fitted distances appear as being too small. Two reasons are conceivable to explain this discrepancy. First, the homogeneous sphere which served as head model may be too simple because it does not model the attenuation effect of the skull. Compared to the brain tissue and the skin, the conductivity of the skull is about 80 times smaller (Cuffin and Cohen 1979). Ary, Klein, and Fender (1981) compared the homogeneous sphere with a three-shell head model. They showed that a dipole in the 3-shell head model must have a larger excentricity to generate approximately the same EEG as an identically oriented dipole in a homogeneous sphere. Second, for monaural stimulation the ipsilateral generators will also be activated, albeit weaker. The fitting algorithm had to optimize a single source that must explain two sources of different strengths. It consequently found the best matching position between both sources which is located nearer to the stronger source. Additionally, the rotating dipole fit unveils characteristics of the generators. Centrally perceived stimuli cause trajectories of the dipole moment in the frontal plane that mainly extend in the vertical direction. Lateral stimuli generate trajectories with smaller vertical but larger horizontal extension. This corresponds well to the results from (Riedel et al. 2002b), taking into account that the single channels A1, A2, PO9 and P010 are orientated predominantly vertical and therefore map the vertical component mz of the source dipole. The laterality of the stimulus is coded in the sense of rotation of the trajectory. The moment trajectories of the rotating dipole do not code the ITD or ILD alone, but show a striking correlation with the lateralization of the stimuli (see Figs. 2 and 3), i.e., stimuli with similar lateralization cause similar dipole moment trajectories. This means that ITD and ILD are not processed independently in the brain stem.

As alternative source model, a pair of hemispherically symmetric fixed dipoles was chosen. The attribute `fixed´ means that their orientations were fitted but required to be constant during the fitting interval. This constraint is physiologically motivated by the idea that in an activated brain area the direction of the current should remain constant since the orientation of the nerve fibers does not change. However, from a mathematical point of view, each rotating dipole can be considered as a superposition of three perpendicular fixed dipoles at the same location.  For most subjects and stimulus conditions, the two fixed dipoles converged to nearly the same location representing a single rotating dipole that could rotate in only two dimensions. A separation of the two dipoles could only be ensured by constraining the dipoles to have an a-priori known position which was determined from physiological constraints. A distance of 2 cm was chosen to reflect the distance of the nuclei involved in the generation of wave V. For the monaural conditions, the resulting moments show a stronger activation of the contralateral dipole which is physiologically plausible. For the lateralized binaural stimuli, the latency of the maximal dipole moment is larger for the ipsilateral dipole pointing to a faster signal transduction in the contralateral pathway.
In terms of binaural processing models no difference can be detected with the current method between the processing of interaural time and interaural level differences at the level of the human brain stem. This might be due to an encoding of intensity cues into timing/latency cues using the well-known level-latency characteristic of auditory evoked potentials. However, the level-latency relation for monaural ABR recordings  does not coincide with the time-intensity tradeoff found here (stimmt das oder ist das falsch geraten?). Also, a lateralization due to an interaural time shift can psychophysically be distinguished from  a lateralization due to an interaural intensity shift. Hence it has to be assumed that ITD and ILD are both used by an early binaural signal processing stage to derive a fast, but still not detailed estimate of the direction of an incident sound source. The two-dipole fit would also support the notion that the differential activation of both early binaural processing nuclei in the brain stem plays a key role for sound localization in humans.
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Fig. 1: ABRs recorded from 32 channels for subject dj. Data are plotted in recording reference, the reference electrode was Cz. Top trace: binaural response to the diotic click (C00). Middle trace: response to the stimulus with an ITD of 0.4 ms (R0+). Bottom trace: response to the stimulus with an ILD of 12 dB (R+0). The error bars indicate (3 standard errors of the mean.








Fig. 2: Dipole moment trajectories of a rotating dipole for the 15 stimulus conditions in the frontal plane, mean over subjects.The x-coordinate points to the right, z to the top. The fit interval lasted 2 ms, from 1 ms before (triangles) to 1 ms after peak V. At the latency of wave V, ellipses denoting the 95%-confidence regions for the dipole moment are drawn.





Fig. 3: Dipole moment magnitudes of two constrained fixed dipoles for all stimulus conditions in the frontal plane, mean over subjects. Solid curves: dipole in the left hemisphere. Dashed curves: dipole in the right hemisphere. The error bars denote the 95%-confidence regions of the moment magnitudes, the vertical bars mark the mean latency of wave V.
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