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Abstract

:

In this paper, we study the performance of a source montage corresponding to 29 brain regions reconstructed from whole-head magnetoencephalographic (MEG) recordings, with the aim of facilitating the review of MEG data containing epileptiform discharges. Test data were obtained by superposing simulated signals from 100-nAm dipolar sources to a resting state MEG recording from a healthy subject. Simulated sources were placed systematically to different cortical locations for defining the optimal regularization for the source montage reconstruction and for assessing the detectability of the source activity from the 29-channel MEG source montage. The signal-to-noise ratio (SNR), computed for each source from the sensor-level and source-montage signals, was used as the evaluation parameter. Without regularization, the SNR from the simulated sources was larger in the sensor-level signals than in the source montage reconstructions. Setting the regularization to 2% increased the source montage SNR to the same level as the sensor-level SNR, improving the detectability of the simulated events from the source montage reconstruction. Sources producing a SNR of at least 15 dB were visually detectable from the source-montage signals. Such sources are located closer than about 75 mm from the MEG sensors, in practice covering all areas in the grey matter. The 29-channel source montage creates more focal signals compared to the sensor space and can significantly shorten the detection time of epileptiform MEG discharges for focus localization.
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1. Introduction


Magnetoencephalography (MEG) is routinely used for recording epileptiform discharges and is used in many hospitals for the presurgical evaluation of patients with epilepsy [1,2,3,4,5,6]. MEG provides an accurate representation of the magnetic field distribution over the scalp. However, the high number of channels (306 in a MEGIN system) makes the manual search of epileptiform discharges time consuming as only a subset of channels can be viewed at once, and thus each MEG recording needs to be browsed through several times consecutively to review all sensors for potential epileptiform events. Therefore, source montages have been proposed for transforming the sensor-level MEG and electroencephalography (EEG) signals into virtual source-space signals representing the neural activity in different brain regions. Due to a substantially lower number of channels, the source montages facilitate much faster identification and evaluation of epileptiform activity than the sensor-level signals [6,7,8,9].



The estimation of the source-space signals requires solving an inverse problem that in a general case does not have a unique solution. A restricted inverse problem is, however, solvable, for example when the neural activity is estimated in terms of a limited number of current-dipole sources at pre-determined locations [9,10,11]. Source montages utilize a special spatial filter for converting the MEG and EEG sensor-level signals into the waveforms of standard regional sources in the cortex [8,9]. A regional source is fixed to the local brain structure by assuming one equivalent location in the depth of the gyrus or cortical sub-region, having two tangential components for MEG in a spherical head model, or three orthogonal components for the corresponding EEG data [8].



In the present study, we aim to systematically assess the reliability of the MEG source montage BR29 introduced in [6], representing 29 regions evenly distributed throughout the cortex. The source montage steps involve: (1) segment and co-register individual MRI and define a subject-specific spherical head model; (2) place regional sources at 29 standard locations on the cortex, having 2 orthogonal, tangential orientation vectors for MEG; (3) calculate the lead field vectors for the source dipoles; (4) create an inverse of the lead field matrix; and (5) store the inverse as source montage to be applied as a linear transform to the corresponding continuous MEG data. The amplitudes of these orthogonal dipoles vary over time. Instead of showing 2 × 29 MEG (or 3 × 29 EEG) waveforms, the regional source outputs can be presented as a single trace at each regional source location representing the maximum variance of the dipole activities. In this case, a regional source can be considered as an equivalent to a variable-orientation or rotating dipole [10,11], where the orientation is optimized for each individual analysis time window.




2. Materials and Methods


2.1. Spatial Filtering from Sensor to Source Space


Assume first that the source space consists of P current dipoles with fixed orientations. Let us denote by    b  t    an   M × 1   data vector of M measurement channels (MEG or EEG) for a single timepoint  t , and by   s  t    as the corresponding   P × 1   vector in the source space for P dipoles. We express the relation between the samples in the sensor and source spaces as


  b  t  = L   s  t  + n  t   



(1)




where  L  is the   M × P   lead field matrix whose column vectors define the contributions of the P dipoles at locations    r j    to the measurement   b  t   , and   n  t    refers to measurement noise. The source amplitudes can be reconstructed with the regularized pseudoinverse as [8]:


   s ^   t  =      L T  L + Λ     − 1    L T    b  t    .  



(2)







Here,  Λ  is a diagonal matrix of regularization parameters. The comparison between linear inversion approaches [12] reveals that the generalized linear solution for Equation (1) can be expressed as


   s ^   t  =  C x   L T      L  C x   L T  +  C n      − 1   b  t  =      L T   C n  − 1   L +  C x  − 1       − 1    L T   C n  − 1   b  t    .  



(3)







The matrix    C x    represents some a priori information of the source covariances and    C n    is the noise covariance of the measurement. Equation (2) is obtained by setting the noise covariance to a unit matrix, and the regularization matrix  Λ  corresponds to    C x  − 1     in Equation (3).



Because the MEG devices manufactured by MEGIN contain two kinds of sensors, gradiometers and magnetometers producing signals with different units, a scaling between the signals is needed when all sensors are used. One way is to perform noise whitening for the data and the lead field matrix [13] leading to


   s ^   t  =      L T   C n  − 1   L + Λ     − 1    L T     C n  − 1   b  t  .  



(4)







We can apply either a full noise covariance if it is available or approximation with a diagonal noise covariance. In the latter case, the inverse matrix is    C n  − 1   = d i a g    σ 1  − 2   , … ,  σ M  − 2      , where    σ i    represents the noise variance of the ith channel. Constant values of 50 fT/cm for gradiometers and 200 fT for magnetometers represent default noise variances in unaveraged epochs.



To reduce the depth bias, we rewrite Equation (1) as


   W b    b  t  =  W b    L    W s  − 1    W s       s   t  +  W b    n  t  ,  



(5)




where    W b  =  C n  − 1 / 2    , or    W b  =     d i a g    σ 1  − 1   , … ,  σ M  − 1       for the diagonal case. The elements of the diagonal matrix    W s    contain the column norms of matrix    W b    L  . Denoting    b n  =  W b    b  t  ,      L n  =  W b  L    W s  − 1   ,   and     s ^  n  =  W s     s ^   t  ,   we can rewrite Equation (4) as


    s ^  n   t  =      L n T   L n  + Λ     − 1    L n T     b n   t  =  G  − 1    L n T     b n   t   



(6)




where we have denoted the regularized Gram matrix as   G =    L n T   L n  +  λ    I    . Because the diagonal values of    L n T   L n    are equal to one, the regularization term can be written as   Λ =  λ    I   and the regularization parameter  λ  thus represents a percentage value.




2.2. Regional Sources


A regional source summarizes one location with all possible orientations (for MEG two tangentially oriented orthogonal orientations in the spherical volume conductor; for EEG three orthogonal orientations) of dipole sources at that location [8]. Three display modes are possible for regional sources:




	
Individual amplitudes of the orthogonal dipole sources: 58 waveforms for MEG or 87 for EEG.



	
Root mean square of the amplitudes of all dipolar components of a regional source: 29 waveforms.



	
Amplitude of the principal component of the dipolar sources comprising the regional source: 29 waveforms.








In the last case, the orientations are obtained from


      s ^  j T    s ^  j     u k  =  λ k   u k  ,    



(7)




where     s ^  j      contains the waveforms of the jth regional source and    λ k    and    u k    are the eigenvalues and eigenvectors of the   2 × 2   matrix for MEG, or the   3 × 3   matrix for EEG, respectively. Then, the eigenvector    u k    θ , φ     corresponding to the largest eigenvalue gives the best dipole orientation for the jth location during the analysis time window.



These options were first implemented in the commercial software packages EEGFocus and BESA Research (BESA GmbH, Gräfelfing, Germany; [7]). The first option gives the full information, but the number of waveforms is larger. The latter two options reduce the number of waveforms. The orientation optimization may be better for spike detection than the root mean square, but the orientations need to be optimized separately for each displayed data interval.




2.3. Simulated MEG Signals


MEG data with known current dipole position, amplitude, and orientation, as well as temporal waveforms, were simulated using a custom in-house software (MEGIN Oy). The simulated sources had a period of 200 ms of sinusoidal waveforms per second. These simulated dipoles were superposed with an existing spontaneous brain measurement to have realistic noise levels and background activity, and the total length of 10 s. MEG and EEG data were simulated using spherical or 3-layer BEM models, respectively. All the data were filtered to the frequency band 2–70 Hz.



Sensor-level MEG data were converted into BR29 montage source waveforms according to Equation (6) using in-house software (MEGIN Oy). The SNR for each dipole and reconstructed source montage amplitudes were estimated as well as highest sensor-level and source montage SNR. Diagonal noise covariance with the default noise variances was used for depth weighting in Equations (5) and (6). The simulation study was carried out in three phases.



Simulation 1: A pilot set with dipoles at the 29 source montage locations was simulated with 20-Hz sinusoidal dipole waveforms. These simulations were used to verify that the simulations produce suitable data with a physiological dipole amplitude of 100 nAm. By placing a tangential dipole at each source montage locations, an optimal regularization parameter was estimated.



Simulation 2: Another set of 50 tangential dipoles at various cortical locations in the left and right hemispheres was utilized to determine the detectability of the signals from the BR29 source montage. The dipole amplitude was again 100 nAm.



Simulation 3: In the third phase of the simulations, 4098 oblique cortical dipoles per hemisphere were used for a systematic seeding of source dipoles for the simulations. Additionally, here the dipole amplitude was 100 nAm. SNRs were computed for the source montage locations and the results were plotted as a map for the input source locations covering the cortex [14].



The 29 source montage locations are individually transformed into the subject-specific source space based on segmented MRI data. The geometry for the simulations was obtained from the segmentation of the MRI data of a healthy volunteer (60-year-old male) using the FreeSurfer software [15,16]. A subset of the montage locations is displayed in Figure 1.




2.4. Signal-to-Noise Ratio and Source Detectability


The SNR was estimated in dB from the ratio between the signal power in the signal time window (   s 1  −  s 2   ) divided by the signal power in the baseline window (   r 1  −  r 2   ):


  S N  R k  = 20   log       ∑    t i  =  s 1     t i  =  s 2     1   s 2  −  s 1         b k     t i    − a v  e k     2  /   ∑    t i  =  r 1     t i  =  r 2     1   r 2  −  r 1         b k     t i    − a v  e k     2    ,  



(8)




where   a v  e k    is the mean signal value of channel  k  over the baseline. The SNRs were determined for all MEG and source montage channels during each 1000 ms epoch (800 ms for the baseline and 200 ms for the signal), and the values were averaged over 10 epochs.



Corresponding SNR estimates can be computed from the source montage signals by replacing    b k     t i      in Equation (8) by     s ^   n , k      t i      of Equation (6) for the kth source montage channel. In the following, we denote the sensor and source level SNRs as SNR1 and SNR2, respectively. Among the SNRs of all channels, the highest SNR1 and SNR2 values were used for the analysis.



The estimated visual detectability SNR2 limit for the simulated signals is about 15 dB (see the Results section). For assessing the detectability of each simulated source, we used the count Ndt expressing how many source montage channels have the SNR of 15 dB or better. A smaller value of Ndt indicates more focal activity of the simulated signal, whereas value of Ndt = 0 naturally indicates that the simulated activity is not detectable in the source montage. Below, we indicate the sensor-level and source montage counts by Ndt1 and Ndt2, correspondingly.





3. Results


3.1. Source Dipoles at Montage Channel Locations


Simulation 1 was performed by setting a tangential dipole to one of the 29 source montage locations at a time. Each dipole was excited with four cycles of 20 Hz sinusoidal signal (epoch duration 200 ms) repeated once per second. The dipole moment was   Q = 100   nAm ∗    e θ  +  e φ     , where    e θ  ,  e φ    are the two tangential spherical coordinates unit vectors.



A regularization parameter was first determined for Equation (6) (  Λ =  λ    I  ). The regularization determines the condition number (the ratio between the largest and smallest eigenvalue) of matrix    G  . The regularization parameter was studied separately for using all 306 MEG channels, as well as when using only 204 planar gradiometers or 102 magnetometers. Appendix A Figure A1 presents the details. Figure 2 shows the source montage waveforms for different regularization parameters estimated from signals originating from the red dipole in Figure 1.



Typically, regularization decreases the noise level in the data, which is also clear from Table 1 that summarizes the SNR results for the source dipoles at the 29 sources montage locations. In addition to the SNR values, we also listed the amplitudes (nAm) from the source montage channels with the highest SNR (Table 2). For the SNR, increasing the regularization improves the result, and the SNR of source montage channels reaches that of the sensor channels once regularization is increased to 2%. Increasing the regularization further does not improve the source-montage SNR. The expected amplitude for the montage channel of the source location is 100 nAm, but increasing the regularization value decreases the reconstructed source amplitude (Table 2). The regularization of 2% provides a good trade-off between SNR and amplitude conservation. This regularization is used in the remainder of this paper.




3.2. Source Dipoles at 50 Cortical Locations


In Simulation 2, we utilized the same simulation dipole locations as in [13]. Tangential dipoles   Q = 100   nAm ∗    e θ  +  e φ      were placed one by one at 25 locations in the left and another 25 related locations in the right hemisphere (Figure 3).



The SNR results for the source dipoles estimated from 306-channel data are summarized in Table 3 and Figure 4 (SNR1 for the sensor-level and SNR2 for the source-level SNR). Visual observations of the BR29 signals revealed that the source signals are detectable when the SNR2 is above 15 dB, corresponding to sources that are closer than approximately 75 mm from the sensors (Figure 4a). Table 3 lists also the mean, median and maximum number of montage channels in which SNR is at least 15 dB (Ndt1, Ndt2). The mean, median and maximum values of the distance from the sources to the nearest sensor were, correspondingly, 63, 54 and 107 mm. The corresponding values of the distance from the source to the montage channel with highest SNR were 33, 27 and 95 mm.



Figure 5 shows an example of sensor-level and source montage signals from a source at the left temporal cortex. Figure 6, in turn, presents an example of simulations where the source was close to the limit of detectability on the source montage signals. Figure 7 shows the isocontour maps of the signals in Figure 5 and Figure 6, and the locations of the deepest sources that are barely or not distinguishable from the sensor-level or source-montage signals.




3.3. Source Dipoles on Cortical Surfaces


In Simulation 3, we examined systematically cortical source locations of the left and right hemispheres. Each cortical dipole was oriented along the normal vector for the segmented pial surface following the boundary between white and grey matter. Thus, the simulated sources consisted of a dipole at each cortical surface node and its nearest neighbors, corresponding to a cortical patch of approximately 1–2 cm2. Statistics of the sensor-level SNR, source-montage SNR and source-montage amplitudes are summarized in Table 4 and Table 5.



The head position in the simulations was taken from a real recording and the right hemisphere was slightly closer to the sensors than the left one, which is reflected by the higher values for the right hemisphere in Table 4 and Table 5. Figure 8 was plotted on the cortical surface reconstruction using MATLAB® to show the distribution of SNRs for sensor-level signals (SNR1) and source-montage signals (SNR2) with regularization levels of 0% and 2%. The color map indicates a higher detectability of the sources in the neocortex than in deeper brain structures. As is apparent from Figure 8, simulated source locations included lateral as well as medial surfaces, including the corpus callosum.





4. Discussion


Source montages provide a practical approach to review continuous MEG and EEG data and detect epileptiform discharges without swapping between different channel selections. Generally, the MEG source montage BR29 produced good detectability with most of the simulated sources, except for purely radially oriented sources or the sources at deepest locations in the brain, which are in any case at lowest signal amplitude on the sensor level [17]. The SNR values were evaluated and compared between sensors and source-montage channels. Generally, the SNR of source montages depends on regularization; without regularization, sensor-level signals showed higher SNR than the source-montage channels and higher Ndt counts (number of channels with SNR >= 15 dB). When using adapted regularization of 2%, the SNR of source montages increased to values comparable with the sensor-level values and the Ndt2 counts became closer to the Ndt1 values in Simulation 3 (Table 5). In particular, the regularization reduced the background noise levels in the source montage signals (as can be seen in Figure 5 and Figure 6).



Although epileptiform discharges have a sharper shape and shorter duration than the simulated sinusoidal source waveforms, our simulations demonstrate the performance of the source montages. The SNR definition in Equation (8) represents the mean power of the signal and baseline over the corresponding time windows used for the simulation data. Thus, similar SNR results can be obtained also when simulating shorter spike-like source signals with the same amplitude of 100 nAm and adjusting the signal time window accordingly. The longer signal window in our study was useful for reducing the effects of the variations in the underlying resting state date and provides clearer visualizations (Figure 2, Figure 5 and Figure 6). The detectable visual SNR that was estimated to 15 dB was based on the individual perception of the authors; it may be affected to some extent by the scenario of shorter signals and may also depend on the individual who assesses the signals, for both sensor space and source space signals. On the other hand, the amplitude of the epileptic spikes also varies and can be higher than that in the simulations.



The use of the source montage could reduce the time required for reviewing MEG data, approximately to 1/8 of the original. Another method for efficient data review is provided by the so-called butterfly plots, where the sensor-level MEG or EEG signals from the same anatomical area are superimposed on top of each other to make a simultaneous review of all the possible data. This approach, however, could disturb the detection of fine details in the data, if individual signals are not viewed. A different approach to reconstruct source-level signals from MEG or EEG recordings is obtained via the spatial filtering technique beamforming, where the so-called virtual electrodes can be estimated in the source space [18]. An advantage of the beamformer approach is the method’s ability to typically increase the source SNR compared to that of sensor data [19]. Although visual data review for the detection of epileptiform activity is still commonly used in the clinical work, with the emergence of reliable methods for automated spike detection [20,21,22,23,24,25,26,27,28], the use of visual data review might lose part of its relevance. At this stage, however, where the automated spike detection methods provide suggestions instead of ready solutions, the visual review of data remains an important step in epilepsy analysis.



Basically, similar source montage waveforms can be produced using either all 306 MEG channels or 204 gradiometers or 102 magnetometers separately, provided that the regularization is optimally set. The spatial filter matrix  G  in Equation (6) has the lowest condition number for the subset of 204 gradiometers and it is consequently more stable than the matrix for 102 magnetometers (see Appendix A Figure A1). As a result, reconstructions from the 306-channel mixed data and 204-channel gradiometer data produced a slightly better SNR and less noisy montage waveforms than the 102-channel magnetometer data. Furthermore, the reconstruction with 2% regularization produces slightly smaller source dipole amplitudes from the 102-channel magnetometer data than the reconstruction from the data with only gradiometers.



Reconstructed source montage amplitudes revealed that, on average, the montage channels see about 60 nAm amplitudes when the sources were in the set of 50 tangential dipoles with sinusoidal 100 nAm activity (Table 3), and about 30 nAm source amplitudes when cortical sources had a 100 nAm dipole with both radial and tangential components (Table 4).



The SNR distribution maps in Figure 8 indicate no significant blind areas on the cortex where the dipolar activity would remain undetected in the BR29 montage. The smallest SNR values (SNR2 < 15 dB) correspond to the deepest sources, which are over 75 mm from the nearest MEG sensor. As the MEG device configuration is such that in the optimal head position the source-to-sensor distance is at least approximately 30 mm, this would mean the most superficial ~45 mm from the scalp surface. Appendix A Figure A2 illustrates these brain regions.



Our simulations applied sinusoidal source waveforms, but the findings are also applicable to more complex epileptiform discharges. We focused on MEG data, but similar considerations with source montages can be also performed with EEG [7,8,9]. EEG electrodes are closer to the cortex than MEG sensors and EEG is more sensitive to radially oriented sources. Therefore, source montages computed from EEG are expected to provide an equally good or better detection of epileptiform discharges than BR29, provided that the number of EEG electrodes is sufficient for adequate spatial sampling over the scalp. Still, MEG is generally considered more accurate and reliable for source localization than EEG. In practice, the combination of MEG and EEG has provided the best detection of interictal discharges [2].




5. Conclusions


Our results demonstrate that the source montage signals computed from 306-channel MEG data are feasible in reviewing MEG signals due to higher signal focality in source-space and comparable SNR to sensor space. They can considerably shorten the amount of time needed for MEG evaluation of epileptiform signals and add additional information about the approximate location in source space.
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Appendix A


Stability of the inversion of the 58 × 58 Gram matrix   G =    L n T   L n  +  λ    I     in Equation (6) is determined by matrix eigenvalue analysis. Figure A1a shows the eigenvalue distribution with different regularization values when  G  is computed from all 306 MEG channels. The condition number of  G  is defined as the ratio between the largest and the smallest eigenvalue. The smaller is the condition number; the stabler is the matrix inversion. The condition numbers for 3 sensor arrays (all 306 channels, 102 magnetometers, or 204 gradiometers) are depicted in Figure A1b with varying degrees of regularization.



The smallest SNR values in the source montage correspond to the deepest sources, which are over 75 mm from the nearest MEG sensor. These regions are illustrated in Figure A2 for the study subject. Sources in the regions indicated with the orange color are expected to produce events that are detectable from the source montage BR29.
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Figure A1. (a) Eigenvalues of matrix  G  with all 306 channels for different regularization values  λ . (b) Condition number of the regularized matrix  G  as a function of the regularization parameter between 0 and 5%. 






Figure A1. (a) Eigenvalues of matrix  G  with all 306 channels for different regularization values  λ . (b) Condition number of the regularized matrix  G  as a function of the regularization parameter between 0 and 5%.



[image: Brainsci 12 00105 g0a1]







[image: Brainsci 12 00105 g0a2 550] 





Figure A2. All brain regions closer than 75 mm to the sensors are indicated by orange color. 






Figure A2. All brain regions closer than 75 mm to the sensors are indicated by orange color.



[image: Brainsci 12 00105 g0a2]







References


	



Mäkelä, J.P.; Forss, N.; Jääskeläinen, J.; Kirveskari, E.; Korvenoja, A.; Paetau, R. Magnetoencephalography in neurosurgery. Neurosurgery 2006, 59, 493–511. [Google Scholar] [CrossRef] [PubMed]

	



Knake, S.; Halgren, E.; Shiraishi, H.; Hara, K.; Hamer, H.M.; Grant, P.E.; Carr, V.A.; Foxe, D.; Camposano, S.; Busa, E.; et al. The value of multichannel MEG and EEG in the presurgical evaluation of 70 epilepsy patients. Epilepsy Res. 2006, 69, 80–86. [Google Scholar] [CrossRef] [PubMed]

	



Bagić, A.I.; Knowlton, R.C.; Rose, D.F.; Ebersole, J.S. ACMEGS Clinical Practice Guideline (CPG) Committee. American Clinical Magnetoencephalography Society Clinical Practice Guideline 1: Recording and analysis of spontaneous cerebral activity. J. Clin. Neurophysiol. 2011, 28, 348–354. [Google Scholar] [CrossRef] [PubMed]

	



De Tiège, X.; Carrette, E.; Legros, B.; Vonck, K.; Op de Beeck, M.; Bourguignon, M.; Massager, N.; David, P.; Van Roost, D.; Meurs, A.; et al. Clinical added value of magnetic source imaging in the presurgical evaluation of refractory focal epilepsy. J. Neurol. Neurosurg. Psychiatry 2012, 83, 417–423. [Google Scholar] [CrossRef]

	



Rampp, S.; Stefan, H.; Wu, X.; Kaltenhäuser, M.; Maess, B.; Schmitt, F.C.; Wolters, C.H.; Hamer, H.; Kasper, B.S.; Schwab, S.; et al. Magnetoencephalography for epileptic focus localization in a series of 1000 cases. Brain 2019, 142, 3059–3071. [Google Scholar] [CrossRef]

	



Beniczky, S.; Duez, L.; Scherg, M.; Hansen, P.O.; Tankisi, H.; Sidenius, P.; Sabers, A.; Pinborg, L.H.; Uldall, P.; Fuglsang-Frederiksen, A. Visualizing spikes in source-space: Rapid and efficient evaluation of magnetoencephalography. Clin. Neurophysiol. 2016, 127, 1067–1072. [Google Scholar] [CrossRef]

	



Scherg, M.; Ebersole, J.S. Brain source imaging of focal and multifocal epileptiform EEG activity. Neurophysiol. Clin. 1994, 24, 51–60. [Google Scholar] [CrossRef]

	



Scherg, M.; Ille, N.; Bornfleth, H.; Berg, P. Advanced tools for digital EEG review: Virtual source montages, whole-head mapping, correlation, and phase analysis. J. Clin. Neurophysiol. 2002, 19, 91–112. [Google Scholar] [CrossRef]

	



Scherg, M.; Berg, P.; Nakasato, N.; Beniczky, S. Taking the EEG Back into the Brain: The Power of Multiple Discrete Sources. Front. Neurol. 2019, 10, 855. [Google Scholar] [CrossRef]

	



Mosher, J.C.; Lewis, P.S.; Leahy, R.M. Multiple dipole modeling and localization from spatio-temporal MEG data. IEEE Trans. Biomed. Eng. 1992, 39, 541–557. [Google Scholar] [CrossRef]

	



Hämäläinen, M.; Hari, R.; Ilmoniemi, R.J.; Knuutila, J.; Lounasmaa, O.V. Magnetoencephalography—Theory, instrumentation, and applications to noninvasive studies of the working human brain. Rev. Mod. Phys. 1993, 65, 413–497. [Google Scholar] [CrossRef]

	



Mosher, J.C.; Baillet, S.; Leahy, R.M. Equivalence of linear approaches in bioelectromagnetic inverse solutions. In Proceedings of the IEEE Workshop on Statistical Signal Processing, St. Louis, MO, USA, 28 September–1 October 2003; pp. 294–297. [Google Scholar] [CrossRef]

	



Jaiswal, A.; Nenonen, J.; Stenroos, M.; Gramfort, A.; Dalal, S.S.; Westner, B.U.; Litvak, V.; Mosher, J.C.; Schoffelen, J.M.; Witton, C.; et al. Comparison of beamformer implementations for MEG source localization. NeuroImage 2020, 216, 116797. [Google Scholar] [CrossRef]

	



Goldenholz, D.M.; Ahlfors, S.P.; Hämäläinen, M.S.; Sharon, D.; Ishitobi, M.; Vaina, L.M.; Stufflebeam, S.M. Mapping the signal-to-noise-ratios of cortical sources in magnetoencephalography and electroencephalography. Hum. Brain Mapp. 2009, 30, 1077–1086. [Google Scholar] [CrossRef]

	



Dale, A.M.; Fischl, B.; Sereno, M.I. Cortical surface-based analysis. I. Segmentation and surface reconstruction. NeuroImage 1999, 9, 179–194. [Google Scholar] [CrossRef]

	



Fischl, B. FreeSurfer. NeuroImage 2012, 62, 774–781. [Google Scholar] [CrossRef]

	



Hillebrand, A.; Barnes, G.R. A quantitative assessment of the sensitivity of whole-head MEG to activity in the adult human cortex. NeuroImage 2002, 16, 638–650. [Google Scholar] [CrossRef]

	



Vrba, J.; Robinson, S.E. Signal processing in magnetoencephalography. Methods 2001, 25, 249–271. [Google Scholar] [CrossRef]

	



Hall, M.; Nissen, I.A.; van Straaten, E.; Furlong, P.L.; Witton, C.; Foley, E.; Seri, S.; Hillebrand, A. An evaluation of kurtosis beamforming in magnetoencephalography to localize the epileptogenic zone in drug resistant epilepsy patients. Clin. Neurophysiol. 2018, 129, 1221–1229. [Google Scholar] [CrossRef]

	



Gotman, J.; Gloor, P. Automatic recognition and quantification of interictal epileptic activity in the human scalp EEG. Electroencephalogr. Clin. Neurophysiol. 1976, 41, 513–529. [Google Scholar] [CrossRef]

	



Wilson, S.B.; Emerson, R. Spike detection: A review and comparison of algorithms. Clin. Neurophysiol. 2002, 113, 1873–1881. [Google Scholar] [CrossRef]

	



Wilson, S.B.; Harner, R.N.; Duffy, F.H.; Tharp, B.R.; Nuwer, M.R.; Sperling, M.R. Spike detection. I. Correlation and reliability of human experts. Electroencephalogr. Clin. Neurophysiol. 1996, 98, 186–198. [Google Scholar] [CrossRef]

	



Wilson, S.B.; Turner, C.A.; Emerson, R.G.; Scheuer, M.L. Spike detection II: Automatic, perception-based detection and clustering. Clin. Neurophysiol. 1999, 110, 404–411. [Google Scholar] [CrossRef]

	



Scherg, M.; Ille, N.; Weckesser, D.; Ebert, A.; Ostendorf, A.; Boppel, T.; Schubert, S.; Larsson, P.G.; Henning, O.; Bast, T. Fast evaluation of interictal spikes in long-term EEG by hyper-clustering. Epilepsia 2012, 53, 1196–1204. [Google Scholar] [CrossRef]

	



Jing, J.; Sun, H.; Kim, J.A.; Herlopian, A.; Karakis, I.; Ng, M.; Halford, J.J.; Maus, D.; Chan, F.; Dolatshahi, M.; et al. Development of Expert-Level Automated Detection of Epileptiform Discharges During Electroencephalogram Interpretation. JAMA Neurol. 2020, 77, 103–108. [Google Scholar] [CrossRef]

	



Ossadtchi, A.; Baillet, S.; Mosher, J.C.; Thyerlei, D.; Sutherling, W.; Leahy, R.M. Automated interictal spike detection and source localization in magnetoencephalography using independent components analysis and spatio-temporal clustering. Clin. Neurophysiol. 2004, 115, 508–522. [Google Scholar] [CrossRef]

	



Alotaiby, T.N.; Alrshoud, S.R.; Alshebeili, S.A.; Alhumaid, M.H.; Alsabhan, W.M. Epileptic MEG Spike Detection Using Statistical Features and Genetic Programming with KNN. J. Healthc. Eng. 2017, 2017, 3035606. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, L.; Liao, P.; Luo, S.; Sheng, J.; Teng, P.; Luan, G.; Gao, J.H. EMS-Net: A Deep Learning Method for Autodetecting Epileptic Magnetoencephalography Spikes. IEEE Trans. Med. Imaging 2020, 39, 1833–1844. [Google Scholar] [CrossRef]








[image: Brainsci 12 00105 g001 550] 





Figure 1. Subset of source montage dipoles overlaid on individual anatomical MR images. The red box indicates one location (FC6R) that was used for illustrative examples in Figure 2. 
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Figure 2. Source montage waveforms at a subset of 14 regional source locations estimated from all 306 channels. The simulated source was at the location FC6R. Three seconds data of the two tangential dipole orientations at each location (labeled as 1,2) are shown. Three different regularization values were used: (a)  λ  = 0%, (b)  λ  = 0.5%, and (c)  λ  = 2%. 
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Figure 3. Locations of selected 25 sources used in [13], covering the left hemisphere. A corresponding set of points was also used on the right hemisphere. 
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Figure 4. Simulation 2 results with three regularization values (0%, 1% and 2%). (a) Sensor-level SNR1 and source-level SNR2 distribution as a function of the distance D1 from the source to nearest sensor. (b) Source montage amplitude distribution as a function of D1. 
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Figure 5. Examples of sensor-level and source-montages signals where the reconstructed activity is detectable at multiple sensor-level and source-montage channels. (a) Left temporal gradiometers. (b) Source montage waveforms at all 29 regional source locations of BR29 with no regularization, (c) and with 2% regularization. The source montage dipole orientations were optimized according to Equation (7). The source was a tangential dipole with the amplitude of 100 nAm in a left temporal location. The highest sensor SNR was 40 dB (MEG0242), and highest source montage SNR was 38 dB (TPL; distance to the nearest sensor is 48 mm, distance to the source montage channel with the highest SNR is 24 mm, Q = 99 nAm). In (a) Ndt1 = 46, in (b) Ndt2 = 6, and in (c) Ndt2 = 8. 
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Figure 6. Examples of sensor-level and source-montage signals where the reconstructed activity is barely detectable. (a) Right frontal gradiometers. (b) BR29 montage waveforms with regularization 0%, (c) as in (b) but with 2% regularization. The source was a tangential frontal dipole with the amplitude of 100 nAm in a frontal location. Highest sensor SNR was 20 dB (MEG1022), and highest source montage SNR was 15 dB (FpM; distance to the nearest sensor is 74 mm, distance to the source montage channel with the highest SNR is 13 mm, Q = 35 nAm). In (a) Ndt1 = 20, in (b) Ndt = 0, and in (c) Ndt = 1. 
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Figure 7. (a) Isocontour maps at peak signal of Figure 5a. (b) Corresponding map at peak signal of Figure 6a. (c) Locations of the 15 dipoles with lowest SNR; the red box points to the source dipole of Figure 6. 






Figure 7. (a) Isocontour maps at peak signal of Figure 5a. (b) Corresponding map at peak signal of Figure 6a. (c) Locations of the 15 dipoles with lowest SNR; the red box points to the source dipole of Figure 6.



[image: Brainsci 12 00105 g007]







[image: Brainsci 12 00105 g008 550] 





Figure 8. Lateral and sagittal view for (a) sensor-level SNR1 cortical maps (in dB) on the right hemisphere, (b) source-level SNR2 cortical maps (in dB), regularization 0%, and (c) source-level SNR2 cortical maps (in dB), regularization 2%. These plots represent the highest SNR values among all channels for each simulated cortical source location. 
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Table 1. SNR values (dB) among sensors (SNR1) and source montage channels (SNR2) in Simulation 1. These values are averages of the highest SNRs for the 29 sources at the source montage locations.
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	SNR1
	  SNR 2    λ    = 0%
	  SNR 2    λ    = 0.5%
	  SNR 2    λ    = 1%
	  SNR 2    λ    = 2%
	  SNR 2    λ    = 3%
	  SNR 2    λ    = 4%
	  SNR 2    λ    = 5%





	306 chns
	37
	28
	33
	35
	37
	38
	38
	38



	204 grads
	37
	29
	33
	35
	37
	38
	38
	39



	102 mags
	29
	17
	31
	32
	34
	34
	35
	35
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Table 2. Amplitude values (nAm) of the source montage channels with the highest SNR in Simulation 1. These values are averages of the 29 sources at the source montage locations. The simulated source amplitude was 100 nAm.
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	   Λ    = 0%
	   λ    = 0.5%
	   λ    = 1%
	   λ    = 2%
	     λ  = 3 %    
	     λ  = 4 %    
	   λ    = 5%





	306 chns
	100
	86
	80
	73
	69
	66
	63



	204 grads
	100
	89
	84
	78
	73
	70
	68



	102 mags
	94
	71
	64
	58
	54
	51
	49
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Table 3. Simulation 2: mean, median and maximum values of the sensor-level signal-to-noise ratio SNR1 (in dB), source-level signal-to-noise ratio SNR2 (in dB), number of source montage channels with SNR >= 15 dB (Ndt1 from the sensor-level and Ndt2 from the source montage signals), and the source amplitude Amp (in nAm) at the montage channel with highest SNR2. The results summarize the simulations of 306-channel MEG data from the 50 cortical dipole locations with three regularization values. Cases with Ndt = 0 (SNR < 15 dB) were also included in computing the mean Ndt values.
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Table 4. Simulation 3: mean, median and maximum values of the sensor-level SNR1 (dB), source-level SNR2 (dB), number of montage channels with SNR >= 15 dB (Ndt1 from the sensor-level and Ndt2 from the source montage signals), and the source amplitude Amp (nAm) at the montage channel with highest SNR2. Simulated source amplitude was 100 nAm. Cases with Ndt = 0 (SNR < 15 dB) were also included in computing the mean Ndt values.
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Table 5. Simulation 3: the number of source patches that produced signals that were detectable at least on one source montage channel (Ndt1 > 0 or Ndt2 > 0, SNR >= 15 dB). The total number of simulated patches per hemisphere was 4098.






Table 5. Simulation 3: the number of source patches that produced signals that were detectable at least on one source montage channel (Ndt1 > 0 or Ndt2 > 0, SNR >= 15 dB). The total number of simulated patches per hemisphere was 4098.





	

	
Sensors

	
BR29




	

	
-

	
   λ = 0 %   

	
   λ = 1 %   

	
   λ = 2 %   






	
Left

	
2715

	
1182

	
1894

	
2059




	
Right

	
2840

	
1710

	
2186

	
2333

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
i Ko e ] e v s o

|
|

I

jisegaggeggigee
ﬂi

- i





media/file4.png
- Indnadual MRI

®
._%]241 bl 2|8 h‘ﬂsﬂ}ggﬂ ol =

. -56

|

| N
-41 -35
-20 -14
1 7
22 28
43 49






media/file18.png





media/file3.jpg
OO0 e
DHDOoOODdO e
DODDOO @
HODOOO®
HODO®e
HODOSO
%060600





media/file19.jpg
50dB

40dB

30d8

20d8B

10d8





media/file7.jpg
B e e

= e by

o1 i, T

e el

e B e e

o e

T T T T T

fo-doa o o " T T

ot o] T T

et = o =

ey % el ——

s P e T

e fana e cons s o S ——

P e

s tomatsnehvan iecallin i ate Sty s S ke vt b

™ i i

- @ 2 ® Ll





media/file10.png





media/file14.png
MEG0223

AAA
UAA

A\

MEG0222 «~
MEG0212

ANAA
vV

A

VY

'

MEG0213 WWWWMWM“

MEGO133 wnmrm

MEGO0132 ~mm-

MEGO0112 ~anrn

MEGO113 =~mves

A
% e\ e v o~
75 ~ —
A et APt W Ar
AR A
W/ W - W .
AN AW\ VWV
VWU

MEG0233 ....MWMMWV«VW»MNM,M

MEG0232

MEG0242
MEG0243

f""

MEG1512 -~

MEGO0142

MEGO0143 ~~

MEG1623 ~~~-

MEG1622 «-

MEG1612 #—~emraliiy

PP,

MEG1613

A A A

Wy A WAt VW
possepy P o .

a4 —~

AN, Al P ANA,

ey * AL Al il el ) L B

A A A A A

VA VW

AN A A AA

v vy ad vyvy

NV Ay ANt e wren

AMA s
WV

AA A
b 4

MEG1523 ~mwrliflrnmmm il rvememmr e

MEG1542 e

WWWV\’NVW

MEG1543

MEG1532 ~—rd

v o VW

AN S s e VN s, pstg g

MEG1533 ~

400 fT/em L
200 ms

TAL
AlL
TPL
FpiL
FL
FCIL
A8
CL
CPI1L
CP5L
PL
O1L
FpM
FM
™M
PM
OpM
Fp2R
FR
FC2R
FC6R
CR
CP2R
CP6R
PR
O2R
TAR
A2R
TPR
100 nAm

M‘ AA N . A WA P Ao, Mt aA M
WL e A Y WA WA M o
MW\AANWWWWM e A LTI .
e o —r
.
MMWMMMWMM AV AN
VWA W VAN
ANAAA ANAN ANNA
LA A e vy v
A PN NS AN APA ANAA
vy W A4
Y A A A M LA A A i A, AaNa Y Y AA AlA
Wt VA AW A\ s Vv o g s WA/ WV Vi ~
" Y A o
A ‘Er N g Wi WAASR A WM A MAAVA A P NN o oy SN P PANP Nl ey
a ANA At A adL A Ty A AWy Pt AP AN AL AV P Sy 'Y
B aad et s MY L, VWA | VIV W vy, A " D a A
M*NJMV\’*W”\*ﬂMNW\NWW\-WWM s
At A A AN Alonadetim i sl MAMA
e e T A s M ey Y
o ™ oy A ]
\ AN AA A A A DA
ey o A AL I A A o v o~ I
el A A e i A\ St o s i v e
o~ AW it ~ A Ty P
W WV W AW AN A iy, it e W A NWWAAMAA N Ay,
- And A VA ™ N AA P
WA T A e WA Ve Mg WA, PP et oot —
Al A A A A v ‘MW
A A AN Ve
WA A A o Py AAAACA A S
Sy - e P e \V W vy WA bt
P Ta——— A d A AR DA A s A st A P
A aaudie d 4 WY Lt W W U ok e o ey
N R RV NPT AP AA ~
WA ARSI AN S
oA e AP~ . TP o AL A i AL
W\ Py P~ Rt L e S e e S T Ly | —
. A\ T ey T M
~ ~ ~ WA N Ve ot
e, F—— AN AN ~ A R Sy A A S
W ~s AA W’ A b,
AL s A Y M A il o . e
DDA A gt VW o T e ~
WWMMWWW A~ PO AT, NP P N
WA AN ! ‘MM AL AN A e S L e
o = Ty e e andat AL Nad i A e arts s -
S han e e i S W WA e v -

100 nAm

(c)






media/file11.jpg
i « sensor % 0%
8 “o% 1%
L% Ewo %

B o 120

Ampiitude (nAm)

B

o

.
.
: e
D1 (mm) D1 (mm)
(@) (b)





media/file6.png





media/file15.jpg
s
wecoms
ez
g ——

-—l W

]L

Hill






nav.xhtml


  brainsci-12-00105


  
    		
      brainsci-12-00105
    


  




  





media/file16.png
MEGO0812 -~

MEGO813  “mmmmnafiin L, e
MEG0912 - VAN i v A
MEG0913 s tpp i ctmmsin s Ao AV ipoiams
MEG0922 ~erantians - A
MEG0923 il st s A nch b VA pm A
MEG1212 srrem AR AV A A MW
MEG1213 —r VA N AN BNy AW A
MEG1222 ~ A AN A e NN NN
MEG1223  sumemadpmsasr A s s aasat et Mty
MEG1413  amirmamrhp syttt My Ay
MEGT412 vt i mmahat b A A ey et ot oot
MEGO0943 WA~ W w
MEGO0942  —arrmummtsasmmsssresmy A~ Mron
MEG0933  imerrmhtnmnmsrns s v
MEGO933 sttt otV M
MEG1233 ~rmew —— A AN Ao A A AR
MEG1232 sty s\ isions Vi
MEG1012 Wi - A v
MEG1013  cmammdrirassta o . o
MEG1022 AN A WV w
MEG1023 —ra - IS YN PN
MEG1242 ~ v R
MEG1243  rmmdrmihmsmsmsnmn A At A~
MEG1033 WANAr vy N
MEG1032 NS - ~

400 fT/cm L_
200

ms

TAL
A1L
TPL
FpiL
FL
FCIL
FC5L
CcL
CP1L
CP5L
PL
O1L
FpM
FM
™M
PM
OpM
Fp2R
FR

AL P A anani v,

| e | "I""""P'v‘

A A AR A
Label s ol Al

A A it L T
ey :v A ""IY Wi VAI‘IAWW
AM'I Lol A A me otk A A At VI 2 A, n.h...An

AR AR e |

b, bl "V" . el A

FC2R amvhmwtny

FCOR sty

CR

CP2R s

CP6R wvt

PR

O2R
TAR
A2R
TPR

100 nAm

PPN | PTPRTR | A A A A - N SRV
MW,, N V e, LS — v o —
R ORY P P TP e T | M P A A Ay -
hba T b A Laie s daa o Sla bl A b Ll
MA A ™ A n e Aot U A s At b ake Aa . A A
VWY U N TS Wy WYy W WY "'vvv T NV e,
P YT " A A ALt A 1 i M A
Wi L WA ‘v-‘w"vrv" VRN W/
P, . ey § Ao AN ot S A A A A . A
Y e w/ Vv o N A A A A v
AN St AR A I A AAAAAAAAMAIN A v v e
A AU vl A A A -
WM Ar Al \Ar o P T v .'. W, B ~
v
A Adh ANA L PN, A\ s e vy o, AN e P~ et ANA A A e A,
W g i S U ey 'y W it A AL S die g neattan LAY e WA VWV e
" A A AR A, P A
ol "H‘V"WNW‘ i el YW W R W W "‘VJMK A
i -, At A A A
A A AW N N LV a] My
~ -~ N P
s A\ s w e
oy . A M A A A A A A ~
VY e\ VA .. b
A . .
g WA R AW o W A MW WA N A oLy Wy A A~ AN A S AN SN i o,
AAANN A N M A SN A ey
MV A egre T e e W A N " o
WA AR A At A A MWy o A
AN WV
- . At At P S
o ey AW i v
Aol PP T ArdaARAP FYPPRTT VI Y SRy PP
e P M NAAMAT R W e
PTTR - A ey M MRS
A N bty 'y n/ N PP
o, [T Py ) " [P . PRW P R R T Y
-—1 VWA TS W W Ll 'y VWY b} Al
AN ArA A PR
vy - WAV S !
. Fae— It N A A, PPy -, . A A,
v VA A -’ Ay .
. A A Y W o
SN AN PN g s AN AN AN A gt ~ ~
) T N w ”h -y Man T AN AR A ol .
- o PN Y e Py ) WLV AP T R
o . A P A A I N i g W A A
W W Wi S A W Rl

b i

100 nAm L_

200 ms

(c)





media/file2.png
Eigenvalue

10

0.1

0.01

0.001 : : : : :
0 10 20 30 40 50 60
Dipole component

(a)

Condition

10,000

1,000 ¢

100

306 channels
Magnetometers
Gradiometers

1 2

3 4 5

Regularization %

(b)





media/file20.png
50 dB

40 dB

30 dB

20 dB

10 dB






media/file5.jpg





media/file1.jpg
Eigenvalue

10

01

oo

001

10000

E 1000

100

566 chanrels
Magnetometers
Cradiometers

1 20 0 4 %0 e

Dipole companent.

@

Regularzaton %
(b)





media/file12.png
e o
L 8 R P
O = oo
° ° ° b
*
® -
o
o oo°"
e oo
)
0%’
°
e oo @ @
ik} .W%M....
PR B § Sy
° °
ece o
o o o o o o o
0 (V] o (@)} (Vo) o
— — —
(wyu) apnydwy
- ° o’ee %
2 c &
m X ¥ ) on
v O «—«
e o o o -
o o e
e oo
®e *%¢
@ .
e oo °
e *% @ e%
% - .
o"ooﬁauo oWoon pT ®
o X A
o
o» oo
o o o o o
< o ~ —

(9pP) YNS

95

75

oo

35

95

75

55

35

D1 (mm)

(b)

D1 (mm)

(a)





media/file9.jpg





media/file0.png





media/file8.png
Fp2R-1 B R W e TE R B e L LSRR A AN AT AN AN

FP2R=2 g st At A i o o A A Ay, A AN M A A AN Al WA A

FR-] o AAA A A A I L ——y . . S, A o~
WS W W AN WA S A AN AN M o W M L

FR_Z W e\, NN A AT\ Ve o fonen AR e ALV, M PR A
W AR A VoV M/ AN Mt v B s A A

FC2R-1 AN AN NI TN St AP NI A oAt ol NN i Py v Pronins Ao At

FC2R-2 mrmantbntsmmasmtersspins o - PO "

FC6R-1 WVVVWW“"”V""‘“{U\NV‘W‘“‘""‘""""""‘““wvvv WA vAvhv"v vAvAvAV' "‘va\f“"’_
FC6R-2 e |\l W psssrrsctnprmd| oo

CR-‘I AT o e Ao A A kA A 20 A e -
VWihaie A . W \ W WY W A W
CR—2 I\ e, A PoaAAAANL A, Mo AA AN A A o Pred P P——
Wi VAV AN AN AL AN M AN NAAPAA gt "/ - e
CP2R-T vonmmteomattymrmam mmsmstma st st At A, v -
CP2R-2 mmstoresthmers . YR N — .
bt ad o W o i W e ~ v
CP6R-1 e e vors! eranh S, \ .
-y W v ) Wi v W v aa WA~ v
CP6R 2 A e S/ porey [Ty ML AP ‘Lm-‘h AP A e N PP P
"'"" PINEAW Y s e Ladiand 1 L ety WA VA ey Ml e . W
PR-1 . e -
PR-2 - AN ArA ArAve RN Aprmtnghmmndtd
-~ LA W Won Vi — w
O2R-1 P PSSO SRS PO -
s Vo - v N AN v

O2R-2 msnn A A Ao -~ - .
TAL-T Mot Moty g b ol A AR ANA o A Vi, et A e M Mt S At e

TAL-2 W .l A A raanh sdnaeahM | mAR W st Ad a4 A Y P Y RPUIT Y T PN Py S B PP
A L Lol B B oL h WHRWYW YW L) e e e o WA B VN g AR VAR A -
TAR-1 A ;A'_'A'" L A v ..__.'." Mash mv‘w “ M, PP WA Y ARV P

TAR-2  Actuestnr s RPN U R o e r
A A A L e A e e b i MBa e ¥ L Vv

A2R-1 WA A It A WL A A AUAL AW, .. AAM P PP ArA
v asan Rt e WA AWl e i Lot SR NI VWA ASAA N

A2R-2 s [T SRPR WA

MR At M I AL A ALA_..AMA.A.

WMWY vy-'vv--rr WWSEIATA Y

ALY
TPLAT ittty st M A At i ooy b A s A S
P\,

MW WY i A R NI AN

IPL.Z MAA A it 1 A A s A A Lot VAN . AdA A A — A AA AW AAN N
iy b AT e T U L L LA VS WWAAAAAAN v WYV
TPR-1T ittt FPURPUGEP R A PP
WA (et el Sl A i A e T — ekl AWt 2
TPR-2 s Peteher P P P b P "
B R e e WA Wi Wy - W e

100 nAm L_
" m200 ms (a) (b)






media/file17.jpg
(@) (b)





