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18 Abstract

19 The P3 is an event-related response observed in relation to task-relevant sensory events. Despite
20 its ubiquitous presence, the generators of the P3 are controversial and not well identified. Here, we
21 compared source analysis of combined magneto- and electro—encephalography (MEG and EEG)
22 data with fMRI and simulation studies to better understand the sources of the P3 in an auditory
23 oddball paradigm. Our results suggest that the dominant source of the classical, postero-central
24 P3 lies in the retro-splenial cortex of the ventral cingulate gyrus. A second P3 source in the anterior
25 insular cortex contributes little to the postero-central maximum. Multiple other sources in the
26  auditory, somatosensory, and anterior middle cingulate cortex are active in an overlapping time
27  window but can be functionally dissociated based on their activation time courses. These results
28 provide a new perspective for the interpretation of the extensive research based on the P3

29 response.
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31 Introduction

32 Many tasks that we perform in response to sensory events recruit widespread cortical networks
33  [Hugdahl et al., 2015; Kim, 2014] as detected by functional magnetic resonance imaging (fMRI). In
34  electroencephalography (EEG), such task-relevant stimuli ubiquitously evoke the prominent P3
35 [Sutton et al., 1965], also called P300, which has been explored by a large number of cognitive
36 neuroscience studies including such diverse fields as consciousness [Sergent et al., 2005], mental
37 disorders [Hamilton et al., 2020], or brain-computer interfaces [Chaudhary et al., 2016]. Two
38  variants of the P3 have been studied: the earlier P3a is evoked by rare, salient events which are
39 not assigned as target in an active task; it is recorded over more anterior sites in EEG. The later
40 P3b is only observed for task-relevant target events with an amplitude maximum over more
41 posterior sites [Hillyard et al., 1971; Squires et al., 1975]. There are numerous models of the
42 potential psychological processes related to the P3, a summary of which is beyond the scope of
43  this paper [Polich, 2007; Verleger, 2020]. The focus of the present study is on the P3b, but the
44 paradigm used will be expected to evoke some P3a as well, which is why we will refer to the

45 response below simply as P3.

46  Defining the functional role of the P3 in a neuroanatomically constrained model has been limited
47 by ambiguous findings concerning its neural generators: Early intracranial EEG (iEEG) recordings
48 in patients with epilepsy demonstrated P3-like responses in the hippocampus [Halgren et al., 1980],
49 but subsequent studies in patients with lesions of middle temporal lobe structures demonstrated
50 that the hippocampus is not the source of the P3 as measured by scalp EEG [Johnson, 1988;
51 Onofrj et al., 1992]. Further iEEG studies showed that P3-like responses can be observed by
52 electrodes in many other brain areas [Halgren et al., 1995b; Halgren et al., 1995a], and it was
53  suggested that the neural generator of the P3 is distributed across multiple brain areas, including
54  temporal, frontal, and parietal lobes, as well as the cingulate gyrus. This view was further supported
55 by fMRI, which has been used to constrain source models of the P3 recorded in EEG [Bledowski

56 et al., 2004; Li et al., 2020; Linden et al., 1999; Mulert et al., 2004a; Mulert et al., 2004b]. In
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57 agreement with other fMRI studies [Kim, 2014], these constrained source models suggested
58 potential generators of the P3 in the pre-central sulcus (PCS), intra-parietal sulcus (IPS),
59  supplementary motor area (SMA), midcingulate cortex (MCC), insular cortex, and temporo-parietal
60 junction (TPJ). A potential role of the TPJ has been independently emphasized by studies in
61 patients with structural brain lesions [Knight et al., 1989; Verleger et al., 1994; Yamaguchi and
62 Knight, 1991]. Source analysis of the P3 in magnetoencephalography (MEG) has typically
63 suggested sources in the deep [Rogers et al., 1993; Tarkka et al., 1995] temporal lobes, but others
64 reported that the P3 was not obtained reliably at all in MEG [Siedenberg et al., 1996]. Currently, it
65 is widely held that the P3 is generated by the same areas observed active during target detection
66 of rare events in fMRI [Bledowski et al., 2004; Kim, 2014; Mulert et al., 2004b], i.e., in TPJ, dorsal
67  frontal and parietal cortex, and in the MCC and SMA. In other contexts, however, fMRI has been
68 suggested to be linked with gamma activity rather than with evoked potentials in lower frequency
69 bands [Niessing et al., 2005; Steinmann and Gutschalk, 2011], and a detailed investigation of how
70  activity in defined anatomical areas would generate the spatial distribution of the P3 observed in

71  EEG and MEG is still lacking.

72 The present study assessed the neural generators of the P3 by employing combined M/EEG
73 recordings and source analysis in a classical auditory oddball paradigm [Ritter et al., 1972], and
74  directly compared such source analysis results to fMRI. Our results suggest a different source
75 configuration for the P3 than summarized above, with one source lying in retro-splenial cortex
76 (RSC), and another source lying in insular cortex. This P3 activity is paralleled by activity in multiple
77  other areas, including auditory cortex (AC), left primary somato-sensory cortex (S1), and anterior
78  MCC (aMCC), which can be dissociated from the P3 by their activation time courses. In the second
79 part of the paper, we simulated the scalp EEG and sensor MEG distribution based on circumscribed
80  sources in these regions to evaluate (i) their contribution to the centro-parietal P3 that is typically
81  evaluated in EEG, and (ii) to control for the interaction between remote source areas. Finally, we
82  tested which of the simulated sources can explain the data at the P3 peak. Results suggest that

83  the source in RSC explains more variance of the data than other sources.
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84 Materials and Methods

85 Participants

86 A total of fifteen healthy young adults (female, 8; male 7) with a mean age of 26.8 years (range 20
87 - 45) with no previous history of neurological or hearing disorder participated in this study. This
88 sample size was based on experience from previous studies using similar source analysis
89  techniques. The data of three participants were excluded later from the analysis due to large
90 measurement artifacts (n=2) and incomplete recording (n=1). The study was approved by the ethics
91 committee of Heidelberg University, Germany and each volunteer provided written informed

92 consent before participation.
93 Experimental design and procedure

94  Simultaneous M/EEG data were recorded while presenting a classical auditory oddball sequence
95 consisting of frequent standard (1000 Hz) and rare (14%) deviant (900 Hz) tones. fMRI data were
96 recorded using the same stimuli within a separate session. Tones of 75 ms duration were presented
97  with an average 2-s inter-stimulus interval, randomly jittered by * 0.5s. A total of 1274 tones were
98 presented across 3 separate runs. Listeners were instructed to press a button with their right index
99 finger to identify all deviant tones. For both M/EEG and fMRI measurements, participants were
100 presented with the same stimuli, with a short break in between the three runs. In MEG, stimuli were
101 presented diotically with ER-3 earphones (Etymotics Research, Elk Grove Village, IL, USA) via
102  foam earpieces. In fMRI, stimuli were presented diotically via MR-compatible S14 insert earphones
103  (Sensimetrics Corporation, Gloucester, MA, USA), which attenuate the scanner noise by
104  approximately 15-20dB. Sound level was individually adjusted to be at a comfortable listening level.

105  All sound stimuli were generated using PsychoPy software (www.psychopy.org) [Peirce, 2007].

106 Data acquisition

107 MEG data were acquired at a sampling rate of 1000 Hz (using a 330 Hz online low-pass filter)

108 inside a four-layer magnetically shielded room (IMEDCO) via a Neuromag-122 whole-head system
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109 (MEGIN QY, Helsinki, Finland) equipped with 61 dual-channel planar first-order gradiometers.
110  Participants' head geometry and location of four head-position indicator coils were digitized
111 together with the EEG electrode positions relative to a coordinate system spanned by the nasion
112 and two pre-auricular points using a Polhemus Isotrack Il digitizer (Colchester, VT, USA). EEG data
113 were recorded using an Easycap (Herrsching, Germany) M64 recording cap with a 64-channel
114 10%-system montage. The EEG was amplified with two 32-channel Neuroscan amplifiers,

115  referenced to Pz, and digitized together with the MEG.

116  MRI data were acquired with a 3T Siemens Magnetom Trio scanner (Siemens Medical Systems,
117  Erlangen, Germany) with a 32-channel coil; fMRI data were acquired with an interleaved echo
118  planar imaging (EPI) sequence (TR=2 sec, TE=30 ms, flip angle 80°) with 32 axial slices aligned
119 along the anterior-posterior commissure line (3.99-mm slices, 3x3 mm? in-plane resolution).
120 Structural MRI images with the same field of view were obtained, including T1-weighted anatomical
121  images (GR/MPRAGE, flip angle 9, echo time 2.63, repetition time 1570, resolution 1x1x1 mm?3)
122 and multi-echo fast low-angle shot (FLASH) sequences. These images were used for co-
123 registration with subject-specific M/EEG and fMRI results to standard space and for creating
124 realistic-shaped boundary-element head models. The three scanning runs lasted 800 seconds
125  each and there was a brief break after each run to restart the stimulation and communicate with

126 the participant.
127 M/EEG data Preprocessing

128 Preprocessing of M/EEG data was performed using MNE software packages

129 (http://martinos.org/mne) [Gramfort et al., 2013]. For each recording (three runs per participant),

130 first, a visual inspection of the raw M/EEG data was carried out to identify and mark time epochs
131 as well as the channels containing large artifacts or flat signals. A separate denoising was then
132 performed only for the MEG data to reduce uncorrelated sensor noise and artifacts (i.e., flux jumps)
133 using oversampled temporal projection (OTP) [Larson and Taulu, 2018]. This technique allows
134  suppression of sensor-space noise that is spatially uncorrelated with the data. After applying a

135  bandpass filter (0.5-30 Hz) on the M/EEG data, re-referencing of the EEG was performed to an
6
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136  average reference. Eye blinks and cardiac artifacts were then removed from the data using MNE'’s
137 independent component analysis algorithm [Hyvarinen, 1999]. Afterwards, the data were epoched
138  from -100 to 1000 ms relative to stimulus onset, yielding two stimulus locked conditions: standard
139 and deviant. A separate epoching window spanning -500 to 500 ms relative to the button press
140 was created to track response-locked brain activity. Thus, three overall data conditions were
141 constructed: standard, deviant, and response-locked. Next, the bad segments of epochs (trials)
142  were repaired using an automatic data driven autoreject [Jas et al., 2017] algorithm implemented
143 in MNE. All remaining deviant and response-locked conditions were included in the average
144 response. The number of averaged standards was reduced to the number of deviants using the
145 'mintime’ function in MNE, to equalize the number of deviant and standard trials for the source

146  analysis.
147  The source space and gain matrix

148 To define an individual, cortically constrained source space, FreeSurfer [Dale et al., 1999; Fischl,
149  2012] was first used to reconstruct the cortical surface (white and pial) from the high-resolution T1-
150  weighted scan (3D MPRAGE data) for each participant. Afterwards, at least 10242 dipoles (i.e.,
151 source locations per hemisphere) were placed at the gray-white matter interface to create the
152 source space, with ~3 mm spacing. The individual forward solution was restricted to a cortical
153 source space parcellation, which excludes corpus callosum and areas below that were removed
154  from the source space. The resulting dipole locations correspond to a cortical surface area of about
155 10 mm? on average. High resolution inner-skull, outer-skull, and scalp surfaces created from
156 FLASH images were used to model the electrical conductivity between each surface using a three-
157 compartment boundary-element model (BEM) using MNE. For BEM, 5120 triangles were used for
158 creating the triangulated meshes with respective conductivities of the brain, skull, and skin were
159  assumed to be 0.3 S/m, 0.06 S/m and 0.3 S/m. To define the locations of the EEG electrodes on
160 the scalp and the configuration of the MEG sensors relative to the cortical surface, MNE-coordinate-
161  system alignment tools [Gramfort et al., 2013] were used, where fiducial landmarks (two pre-

162 auricular points and the nasion) are manually identified from the MRI-based rendering of the head
7


https://doi.org/10.1101/2023.03.03.530970
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530970; this version posted March 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

163 surface [Besl and McKay, 1992]. The tool calculates a transformation by minimizing the digitized

164 scalp surface points with respect to the MRI-defined scalp.
165 Inverse modeling and source analysis of M/EEG data

166  The field distribution y(t) of sensor/electrode space M/EEG data can be modeled as a linear

167  combination of the source time courses x(t) and noise n(t):
168 y(t) = Gx(t) + n(t) )

169  where, G is the forward gain matrix. To estimate the source current density on the cortical surface
170  for each participant, a separate forward solution for each experimental segment was computed in
171  MNE separately and averaged together [Gramfort et al., 2013; Hamalainen and Sarvas, 1989;
172 Uutela et al., 2001] for more accurate source estimation. The inverse estimation of active sources
173 (x) is then performed by applying an inverse operator (G") to the data by using the linear L2

174  minimum-norm estimator (MNE) such that:
175 X"= G'wey= G(GG™+ AN°C)'y 2)

176  where, x" is an estimation of the true sources x, C is the noise covariance matrix at the
177 sensor/electrode space, and A is the Tikhonov regularization parameter. In addition to that, a loose
178  orientation constraint of 0.2 was added to the model so that it can remain flexible against co-
179 registration errors [Lin et al., 2006a] Afterwards, the source estimates were normalized to yield a
180 dSPM [Dale et al., 2000]. This step was performed for each condition (i.e., standard, deviant,
181  deviant - standard, and button response) separately. The noise-covariance matrix was calculated
182  from pre-stimulus baseline i.e., 100 ms preceding the stimuli by using an automated advanced
183 regularization method called shrinkage technique [Engemann and Gramfort, 2015]. Subsequently,
184 noise-normalized source-space data from each participant were transformed onto a template brain
185 atlas i.e., the FreeSurfer average brain (fsaverage) using a spherical registration method [Fischl et
186  al., 1999]. This registration was used to accurately align the dSPM results across individuals. The
187 resulting maps across participants were then averaged per evoked condition to create a single

188  grand-average dSPM solution. For the ROI-based analysis, hand-drawn ROls were defined on the
8
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189  FreeSurfer average brain based on the anatomy and were then transformed to the individual brain
190 anatomy; ROIs were placed on one side of a sulcus and not across sulci, such that most dipoles
191  within the ROI are expected to have similar dipole orientation and thus polarity. Time-courses per
192 condition were then calculated as average across all dipoles within each ROI, separately for each
193 individual participant. Note that defining a one-polarity ROI for Heschl's gyrus can be complex,
194 because there is often a polarity reversal towards Heschl's sulcus (between Heschl's gyrus and
195 planum temporale). We therefore also explored separate ROls for the anterior and posterior half of
196  Heschl's gyrus. Because these ROls revealed similar results for the data of this study, we restricted
197  our analysis to a single ROI defined for the middle of Heschl's gyrus, avoiding the posterior border

198 towards Heschl's sulcus and the anterior border towards the circular sulcus.
199  Spread analysis of M/EEG data

200  The point-spread function (PSF) and cross-talk function (CTF) [Hauk et al., 2011] were computed
201  in order to characterize the leakage of current estimates between different ROIs. First, the dSPM-
202 based resolution matrix was computed by multiplying the inverse operator to the forward gain
203  matrix for each ROI. Afterwards, each ROI based PSF and CTF was extracted as the column and
204  the row of that resolution matrix, respectively. This step was then repeated for all individual data
205 set before averaging across participants. Finally, leakage of current estimates and the potential
206  influence of one ROI to another were calculated as the absolute correlation between ROIs for PSFs

207 and CTFs.

208 Statistical tests and reproducibility

209  The statistical difference among ROI-based source-level time courses between standards and
210 deviants was assessed through a two-sample cluster-based permutation test [Maris and
211 Oostenveld, 2007] across participants. The statistical test is a non-parametric test that is designed
212 to solve the multiple comparisons problem (MCP) during hypothesis testing. In detalil, first, an F
213 statistic is computed at each participant-specific ROI-based source-space data sample (every 2 ms

214  from -100ms to 1000ms relative to stimulus onset) from each data condition. A cluster threshold (p
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215 < 0.01) drawn from a standard F distribution was then applied at each sample, keeping only the
216  statistically significant samples to form clusters whose values were higher than the applied
217 threshold. Afterwards, the cluster-level statistic is defined within each cluster by taking the sum of
218 its absolute test statistics. Then, a maximum cluster-level permutation distribution was constructed
219 by using the cluster statistics computed under a Monte Carlo estimation [Ernst, 2004] with random
220 shuffling and 100001 iterations. Cluster level p-values were estimated by computing the proportion
221  thatresulted in some larger cluster-level statistics than the actual one calculated from the maximum
222 cluster-level permutation distribution. Significant cluster p-values were defined by correcting the p-
223 values using a Bonferroni correction i.e., critical alpha level (a = 0.05) was set to (a*= a/n <0.0025,

224  where n=20; 10 ROIs x both hemispheres).
225  fMRI data processing

226 For each participant, the functional volumes were mapped on the high-resolution anatomical
227  surfaces using FreeSurfer. Surface-based fMRI data processing was then carried out using a
228 standard FS-FAST routine (FreeSurfer's functional analysis stream tool) [Fischl, 2012]. First,
229 preprocessing of the fMRI data was performed that includes the following sequence: template and
230  brain-mask creation, followed by the registration of the functional data with FreeSurfer anatomical
231 structure, motion correction, slice timing correction, intensity normalization of all voxels and time
232 points, resampling of the data to the FreeSurfer average brain (fsaverage) atlas, and spatial
233 smoothing of the data by a 5mm Full-Width/Half-Max (FWHM). Next, first level time series analysis
234  of the data was performed for each participant to remove nuisance variables (i.e., head motion)
235 before computing p-values for a contrast between deviant and standard experimental conditions
236 based on individual participant’s time courses with a canonical SPM hemodynamic response
237  function. Later, a random-effects group analysis was performed across participants by using a
238 Generalized Linear Model (GLM) implemented in FreeSurfer [Fischl, 2012], followed by a multiple
239  comparisons correction with the false-discovery rate (FDR, p<0.05) [Genovese et al., 2002]
240 method. fMRI data processing steps were carried out for the left hemisphere and right hemisphere

241  separately.
10
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242 Cortical M/EEG source simulations

243 Bilateral, anatomically constrained sources were simulated for each participant’s cortical surface
244  mainly based on the ROI already used for the time-course analysis. First, each ROI defined on the
245 FreeSurfer average brain was transformed to the individual brain anatomy. For each anatomical
246 RO, all dipolar sources lying within were uniformly activated with a time-course of a half-sinusoidal
247  wave composed with a base frequency of 5 Hz. The amplitude of each individual dipole was then
248 scaled such that the absolute value summed over all dipoles within a single ROl amounted to 25
249 nAm peak. The polarity of the sources was assigned as positive- or negative-going for each
250 ROI with reference to the cortical surface. For each ROI, a source in the left and right hemisphere
251  were combined to yield a bilateral source configuration. Only for S1, the simulation was limited to
252 a source in the left hemisphere. To simulate realistic sensor level noise, the individual noise-
253 covariance matrices based on the M/EEG data were used and scaled to a number of 200 averages.
254  The simulations were then analyzed as described above for the experimental data, separately for
255 each ROI used for the simulation. Individual scalp-EEG, sensor-MEG, and cortical dSPM source
256  estimates were computed at the peak of the simulated source for each individual data set and then

257  averaged across all 12 simulated data sets.
258 Explaining experimental data by simulated activity

259 Linear combinations of the simulated M/EEG patterns from the previous paragraph were used to
260  explain the scalp/sensor-level M/EEG data. The M/EEG data were averaged across subjects at the
261  individual peak latency of the P3 in EEG electrode Pz and in Cz for the N1. The relative weighting
262 of each simulated ROl component was determined with a least-squares procedure to best explain

263 the M/EEG data. This can be written as:
264 Simulated M/EEG = arg min (ZiWi; xi(n) — y(n))? (3)

265  Where, W is the latent weighting vector for each (bilateral) ROI, x(n) is the ROI-based M/EEG

266  simulation, and y(n) is the P3 (N1) data.

11
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267 For this procedure, the MEG and EEG data were normalized relative to the standard deviation and
268  mean of the pre-stimulus baseline interval (i.e., MEG and EEG data were transformed to a z score),
269 keeping the relative amplitudes within MEG and EEG data intact. To control for linear dependence,
270 a multi-collinearity test was carried out by calculating the variance-inflation factor (VIF) across the
271 ROI-based M/EEG simulations. VIF cutoff for linear independence was set to 5, i.e., all ROI

272 combinations with a VIF value of less than 5 were considered linearly independent.

273  To quantify the quality of each model, the residual variance (RV) was calculated between the P3
274  (N1) data and the weighted combination of ROI-based simulations. The weights provided in the
275 table represent the weight W multiplied by 25 nAm, which was the strength of the summed
276  simulated activity within each source. In this scaling, the weights provide a rough estimate of the
277 source strength underlying the activity in the respective ROIs at the P3 (N1) peak latency. Note
278  that this source strength does not equal the strength of a single dipolar source, since the variable

279  geometry of ROIs cause different degrees of signal cancelation within each multi-dipole source.

280

281 Results

282 A standard auditory oddball paradigm was used with the main goal of providing a high signal-to-
283 noise ratio for source analysis. The paradigm comprised repeated, frequent 1000 Hz standard
284 tones and rare 900 Hz deviants, which participants detected by button press. The average hit rate
285  across subjects in M/EEG was 97+3% and mean reaction time 507+103ms (mean * standard

286  deviation). In fMRI the hit rate was 991+4% and the reaction time 490+150ms.

287 At the electrode and sensor levels (Figure 1a), the two most prominent peaks of the event-related
288 response are the central negativity around 100 ms (N1) in both deviants and standards, and the
289 prominent centro-posterior positivity around 400 ms (P3) evoked by deviants (targets). While this
290 P3is readily evident as the biggest response in the EEG deviant waveforms around 400 ms, the

291 N1 is more prominent in MEG. When averaging is aligned to the onset of the button press instead

12
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292  (Figure 1b), the EEG shows a slow and steady increase up to about 40 ms after the button press,
293  whereas MEG activity shows a steeper increase right after this event. Thereafter, EEG and MEG
294  similarly show a slow and steady decrease. Maps of the EEG and MEG distribution at the individual
295  maximum at Pz are highly similar when compared between the stimulus- and response-locked
296  versions of the P3, with some differences in the left hemisphere that are more prominent in MEG

297  (Figure 1c).
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299 Figure 1 Grand-average evoked-response waveforms and maps. (a) Stimulus-locked EEG waveforms (left)
300 and MEG waveforms (right) for standards (black) and deviants (orange). While the N1 is observed for
301 standards and deviants alike, activity in the P3 time window from 300 — 600 ms is only observed for deviants.
302 (b) Waveforms averaged to the button press for detected deviants. While the EEG (left) is dominated by an
303 increasing signal slightly beyond the button press, the MEG (right) shows a particularly strong, steeply rising
304 response after the button press, corresponding to the somato-sensory feedback. ¢ Grand average EEG maps

305 (upper) and reconstructed MEG magnetometer maps (lower) at the peak latency of the N1 (left), the P3
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(middle), and the response-locked P3 (right). Individual peak latencies for mapping were determined at

electrode Cz for N1 and at electrode Pz for response-locked P3.

Source analysis of the P3 in comparison to fMRI
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Figure 2 Cortical M/EEG and fMRI activation maps. (a) Combined M/EEG dSPM maps for deviants (upper),
standards (middle), and the contrast deviants — standards (lower) in three different time windows (p<0.01).
The early 75 — 125 ms time window (T1) is focused on the N1, the middle 300 — 500 ms time window (T2) on
the P3, and the late 500 — 800 ms time window (T3) on the late frontal negativity. Because the dSPM maps
are based on a fixed-effects statistic, the number of standard trials was reduced to the number of deviant trials
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317 for this analysis. (b) dSPM maps for the response-locked average in the time window 50 ms before and 50
318 ms after the button press. (¢) fMRI maps for the contrast deviants — standards (p<0.05, FDR corrected), based
319 on a random-effects statistic.

320

321  To obtain reliable source models for the P3, the raw M/EEG data were first meticulously pre-
322 processed to exclude, and model known artifact sources. Source analysis of the evoked response
323 was obtained by calculating dynamical statistical parametric maps (dSPM) [Dale et al., 2000] in an
324 individual cortical source space, and a dSPM across subjects was then calculated after morphing
325 theindividual source estimates onto the Freesurfer average brain. The results of this procedure are
326  shown in Figure 2a. In the early N1 time range (T1: 75 — 125 ms), source activity is observed in AC
327 on the superior temporal plane with spread to adjacent and medial areas, including the inferior
328 parietal lobes, superior temporal sulcus, medial temporal lobes, and posterior MCC (pMCC). For
329 deviants, AC activity persists into the P3 time range (T2: 300 — 500 ms), but the activation pattern
330 somewhat changes its distribution and extends more anteriorly towards the insular cortex then.
331 Moreover, consistent activation is observed in the retro-splenial cortex (RSC) and in the posterior
332 cingulate cortex (PCC) [Vogt et al., 1995; Vogt, 2019]. The RSC and PCC are opposite to each
333  other, lying on the ventral and dorsal bank of the cingulate gyrus, respectively. Accordingly, the
334 polarity with respect to the cortical surface is positive in PCC and negative in RSC, suggesting that
335  only one of the two is the biophysical generator. This activity continues into the later time window
336  (T3:500 — 800 ms), in which additional activity is observed in anterior MCC (aMCC; previously
337  subsumed to ACC [Vogt et al., 1995; Vogt, 2019]). This aMCC activity is of opposite orientation to
338 PCC/RSC, i.e., negative in the dorsal and positive in the ventral bank of aMCC. Qualitatively similar
339 source analysis results were also obtained by application of other widely used source estimation
340 methods (Figure S1) including standardized low-resolution brain electromagnetic tomography
341 (sLORETA) [Pascual-Marqui R D, 2002] and the unit-noise gain minimum variance beamformer

342 (Borgiotti-Kaplan beamformer) [Sekihara and Nagarajan, 2008].
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343  We also evaluated the activity with respect to the button presses indicating correct target detection
344 (Figure 2b). These response-locked maps overall show similar activation patterns as the stimulus-
345 locked maps in the 50 ms before the button press. In the 50 ms after the button press, as expected,
346  the activity around left S1 is much stronger. No significant motor-cortex activity, peaking before the

347 button press, was observed.

348  The same auditory oddball paradigm was employed in an fMRI experiment, to directly compare
349 M/EEG and fMRI maps. The fMRI results for the deviant-minus-standard contrast (p<0.05, Figure
350  2c) confirmed previous reports [Bledowski et al., 2004; Kim, 2014] of extensive brain activation for
351  oddball, or generally target detection, with activity in frontal, parietal, and temporal lobes, as well
352 as extensive activation in midline structures around MCC and SMA. When comparing the difference
353  maps for M/EEG (Figure 2a) and fMRI (Figure 2c), it becomes evident that only part of the sites
354  identified by fMRI also show significant source activity in M/EEG, including AC, MCC, S1, and
355  probably insular cortex. Strong fMRI activity is also observed in RSC, but not in PCC. Based on
356 this intramodal comparison, it would therefore appear that the M/EEG activity is also more likely
357 generated in RSC. When the fMRI activity is thresholded more conservatively (Figure S2), it
358  appears that the most robust foci of activity are the RSC, aMCC/SMA, insular cortex, auditory
359 cortex, and TPJ. This pattern is quite similar to the M/EEG source analysis, with the exception of

360  TPJ, where no significant activity was observed in the source analysis.

361 Source time courses of M/EEG

362 In order to explore the temporal characteristics of the prominent M/EEG sources in more detail, we
363  calculated source-level time courses for regions of interest (ROI) in the RSC, dorsal aMCC, AC
364  (Heschl’s gyrus), insular cortex, and the hand area of S1. As can be observed in these stimulus-
365  and response-locked time courses (Figure 3a and Figure 3b), the ROIs segregate a number of
366 distinct neural processes by their timing. Activity in AC shows the typical N1 waveform. Subsequent
367  tothe N1, there is a sustained field that is significant in the deviant-minus-standard comparison on

368  the left. Typical P3-like time courses are observed in RSC and insular cortex, and with longer
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369 latency in aMCC (note that the orientation of the RSC and aMCC sources are opposite to each

370  other and that only the RSC produces a positive-going field at Pz)

371
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373 Figure 3 ROI-based source waveforms. Source waveforms based on dSPM, calculated for the ROIs shown
374 in the middle column using the same color code. The ROlIs include auditory cortex (AC), anterior insular cortex
375 (insula), primary somatosensory cortex (S1), retro-splenial cortex (RSC), and anterior mid cingulate cortex
376 (aMCC). (a) stimulus-locked source time courses, averaged relative to tone onset. Typical P3 source
377 waveforms are observed in RSC (purple) and insula (orange). The orange bar indicates the time interval in
378 which the deviant and standard responses are significantly different from each other (cluster-based
379 permutation test, see methods for details). (b) response-locked source time courses shown in similar
380 configuration.

381
382 An interpretation of the P3 as a build-to-threshold process suggests a response increase until

383  (briefly after) the motor response [O’Connell et al., 2012; Twomey et al., 2015]. The present data
17
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384 show a similar response shape directly at the source level in RSC and insular cortex. Note that the
385 stimulus and response locked variants are of approximately similar amplitude, which is compatible
386 with the hypothesis that the P3 is neither locked to the stimulus nor to the response, but represents
387 a mapping between the two [Asanowicz et al., 2020; Verleger et al., 2014]. In contrast, activity in
388 S1 shows a prominent transient wave that peaks approximately 40 ms after the button press, most
389 likely representing tactile and proprioceptive somatosensory feedback related to the button press.
390 Asmalltransient after the button press is also observed in left AC; the latency of this wave coincides
391  with the activity in S1, suggesting that it is spread from or coactivation with S1 rather than auditory
392 evoked activity related to the button press. Finally, activity in aMCC increases rapidly around the
393 button press and persists for more than 300 ms thereafter, suggesting a closer relationship to the
394  task response than to the auditory stimulus.

395 Comparison with simulated source data

396 Next, to evaluate the relationship between neural sources, spread of the source estimates, and
397  scalp/sensor distributions, we simulated (i) the source analysis and (ii) the scalp/sensor distribution
398 that would be generated by activity at the different ROIs based on the individual anatomy of the
399 study participants. Each simulated source had a summed source current of 25 nAm (see methods
400 section for details). As expected, these simulations reproduce the spread that is observed for a
401 focal source to neighboring sulci, for example to the inferior parietal lobe and to the superior
402  temporal sulcus in the case of activity in the primary AC (Figure 4a). Spread from AC is also
403 observed in the medial temporal lobe around the hippocampal gyrus and in the pMCC, matching
404  the activity pattern observed at the peak of the N1 in the original data (Figure 2a). This suggests
405 that the data in the 75 - 125 ms time window can be explained with bilateral sources in AC.

406  Some spread is also observed from AC to insular cortex and vice versa. The positive-going activity
407 in insular cortex is not explained by spread from Heschl's gyrus, however, suggesting that this

408 activity observed in the P3 time window is really generated in insular cortex.

409  To quantify the interaction between the evaluated brain regions in the dSPM source analysis, we
410  calculated the point-spread function and cross-talk function between ROIs (Figure 4c; Figure S3
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411  and Figure S4). A strong interaction between sources within one hemisphere is observed between
412 (1) Heschl's gyrus and hippocampal gyrus, (2) insular cortex and aMCC, and (3) insular cortex and
413  hippocampal gyrus. Strong spread is also observed between RSC and contralateral aMCC. Spread
414  between left S1 and AC is also confirmed by this analysis, which explains the S1-like waveform for
415 response-looked waveforms in AC (Figure 3a). In contrast, there was comparatively little spread

416 between AC and insular cortex ROls.

Estimated source mappings
P-values

Point spread functions between ROIs

aMCC
1.0 0.8 0.6 0.4 0.2 0.0

2 pv correlation cutoff <0.25

EEG

-2 uv

40 fT
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417 aMCC

Cross talk functions between ROls

418 Figure 4 Simulated M/EEG and analysis of spread. (a, b) The data represent an average of n=12 individual
419 simulations, based on bilateral, individually morphed ROIs in auditory cortex (AC), Insula, medial temporal
420 cortex (MT), retrosplenial cortex (RSC), and anterior middle cingulate cortex (aMCC). The simulation of the
421 primary sensory hand area (S1) is based on a single, left sided ROI. Source polarity was chosen to match the
422 pattern observed in the N1 (AC, MT) or P3 (insula, S1, RSC, aMCC) time window shown in Figure 2. (a) dSPM
423 based source mappings of the simulated M/EEG data (p<0.01). (b) Scalp/sensor level maps of the grand-
424 average simulated EEG (upper) and MEG (lower), same scaling for all conditions. (c) Point-spread analysis

425 (upper circle) and cross-talk analysis (lower circle) for the same ROls used in (a) and (b). Each analysis is
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426 visualized using a circular graph with an absolute arbitrary correlation cutoff value of 0.25. The exact values
427 are summarized in Figure S3 (point spread) and Figure S4 (cross-talk).

428

429  The RSC source produces a symmetric, posterior EEG scalp distribution that matches well with
430 main aspects of the typical P3 observed in our data (Figure 1c). In comparison to EEG, the
431 simulated MEG activity for an RSC source is relatively weak, which could be related to the difficulty
432  ofrecording P3 in MEG reported previously [Siedenberg et al., 1996]. However, the MEG simulation
433 does not match well with the measured MEG map at the P3 peak (Figure 1c). Moreover, the P3-
434 peak maps showed higher reproducibility in EEG at the individual level, and much more variability
435  in MEG (Supplementary Figures 5 and 6). These data indicate that the explanation of the EEG and
436  in particular the MEG data requires multiple sources, for which MEG and EEG supposedly have
437  different sensitivity.

438  Explaining the P3 with simulated M/EEG data

439  We therefore explored how the combined M/EEG P3 data can be explained by a combination of
440  the sources that were used for the time-course analysis. To quantify the relative contribution of
441 potential sources, the simulations based on the ROIs used for the time-course analysis were fitted
442  with a least-squares procedure to the P3 data at its peak. The results show that a reasonable
443  explanation of both EEG and MEG data can be achieved with this procedure (Figure 5), leaving
444 6% residual variance in EEG and 62.5% residual variance in MEG (Table 1). Among all five
445 sources, the RSC was scaled to the highest amplitude. When one of the sources was systematically
446  omitted from the model, a massive increase of residual variance in EEG was only observed with
447  the RSC omitted. Note that omitting RSC also led to the strongest increase of residual variance in
448  MEG, supporting that the relatively weak contribution of the RSC is still relevant for MEG. All other
449  sources only caused weak increment of the residual variance in EEG when omitted. This was also
450 the case for the S1 source, the omittance of which increased the residual variance by only 0.4% in
451  EEG, but by 19% in MEG, demonstrating that this source is almost as important for the MEG maps

452 as the RSC at the P3 peak.
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453  To test the validity of the modeling approach, the same sources were fitted to the N1 data, leading
454  to zero weights for all sources except for AC and insula (Figure 5; Table S1). This model resulted
455  inaresidual variance of 16.3% in EEG and 27.8% in MEG. While the weighting of the insular cortex
456  of about 1/3 of the auditory cortex appears relatively high, leaving out the insular ROI leads only to
457  a minor increase of the residual variance, whereas the insular cortex alone cannot explain the N1

458 data well.

Combined simulated N1 source patterns Combined simulated P3 source patterns
459 (AC + Insula) (AC + Insula + S1 + RSC + aMCC)

460 Figure 5 Multi-source simulation for the stimulus-locked N1 and P3. (a) Grand average EEG maps and
461 reconstructed MEG magnetometer maps at the peak latency of the N1 in EEG (upper). Combined simulation
462 of N1 maps in scalp/sensor space based on the sum of the sources (AC and insula; see Table S1) fitted to
463 the stimulus-locked N1 (lower). (b) Grand average EEG maps and reconstructed MEG magnetometer maps
464 at the peak latency of the P3 in EEG (upper). Combined simulation of P3 maps in scalp/sensor space based
465 on the sum of the sources (AC, insula, S1, RSC, and aMCC; see Table 1) fitted to the stimulus-locked P3

466 (lower).
467

468  Note that the values of the residual variance of these models must not be directly compared
469  between MEG and EEG. First, higher residual variance in MEG is generally expected based on the
470 more focal signal in planar gradiometers, which leaves other sensors with less signal but similar
471 noise. Second, the relative weighting of MEG and EEG is based on Z-scores, which then results in

21


https://doi.org/10.1101/2023.03.03.530970
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530970; this version posted March 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

472 an advantage for EEG because of higher signal to noise level. The relative amplitude of MEG and
473 EEG simulations depends on assumptions made in the head model, in particular the conductivity
474  of the EEG model, which is individually different and difficult to estimate exactly. As a consequence,
475  the amplitude of the MEG is somewhat underestimated by the model, for both N1 and P3, which is

476  an additional source of higher residual variance in MEG compared to EEG.
477

478  Table 1 Modeling the grand-average P3 data with simulated M/EEG based on anatomically defined

479 source regions (Figure 4b).

Simulated source activation patterns Residual variance
(RV) (%)
AC Insula S1 RSC aMCC EEG MEG
5.50 7.75 11.25 44.25 12.75 6.0 62.50
g - 3.0 12.75 42.0 20.25 6.0 65.30
[
s
o 3.50 - 11.75 42.0 17.75 5.0 67.0
()
k7]
8 9.25 11.25 - 49.75 16.25 6.40 81.50
3
- 0.0 0.0 22.75 - 4.0 52.90 87.10
10.25 15.50 12.0 45.0 - 8.30 60.50
480
481 Finally, we tested two previous hypotheses for the generation of P3, which were not suggested by
482  the dSPM analysis. First, a source in TPJ has been suggested based on fMRI, fMRI-constrain
483 EEG, and lesion studies [Bledowski et al., 2004; Knight et al., 1989]. To this end, we used the
484  region provided by a standard parcellation [Destrieux et al., 2010]. Such a bilateral TPJ source
485 produces a bilateral posterior maximum (Figure S7b), but cannot replace the RSC in direct
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486  comparison. When added as the sixth source to the model from Table 1, TPJ receives no weight.
487  When TPJ is used to replace RSC in a model with five sources, the residual variance increases to
488 50.4% in EEG and 85.4% in MEG, providing no support for a relevant contribution of TPJ to the P3
489 in the present data.

490 Second, a previous EEG study suggested that a distributed source in superior parietal cortex
491 [Moores et al., 2003] could explain the P3. For this simulation, it was assumed that a distributed
492 source existed right below the centro-posterior P3 in the EEG map, extending down to the IPS with
493 a homogeneous amplitude distribution. This extended source indeed produces an EEG pattern with
494  considerable similarity to the centro-posterior P3 (Figure S7b), as well as to the RSC simulation.
495 Replacing the RSC with this distributed source accordingly produces only slightly higher residual
496  variance in comparison (Table S2). It is interesting to note that the dSPM estimate of this simulated
497  source shows considerable spread to the RSC and PCC (Figure S7a), but, conversely, no strong
498 activity in parietal sulci was observed in the P3 source analysis, as would have been predicted by

499 this simulation.

500

501 Discussion

502 Our results provide evidence of a role for RSC [Vogt et al., 1995; Vogt, 2019] in the generation of
503 the classical P3. A second source with a typical P3 time course was observed in insular cortex, but
504  this component was not dominant for the M/EEG maps. Other sources like S1, AC and aMCC are
505 active in an overlapping time range but contribute to different aspects of the evoked response,
506 which we do not consider part of the classical P3. This model is at odds with the long-held
507  assumption that the P3 as observed by M/EEG is generated by a more distributed set of sources
508 [Bledowski et al., 2004; Mulert et al., 2004b] that is not well accessible to source analysis
509 techniques. The results are based on the combination of EEG, MEG, and individual anatomy to
510 provide the best possible information for the source analysis [Molins et al., 2008]. Conversely, we

511  did not directly constrain the source analysis with information from fMRI [Bledowski et al., 2004]. In
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512 our view, caution is warranted when using such priors unless correlation between the brain activity
513 measured by the different modalities has been independently confirmed; otherwise, such priors
514  have the potential to mislead M/EEG analyses and lead to incorrect inferences regarding M/EEG
515  sources. Indirectly, however, we used the information provided by fMRI, which first confirms that
516  the RSC is active during target detection, and second allows for the disambiguation of the ventral
517 RSC from the dorsal PCC, an inference that cannot be easily made based on the M/EEG data

518 alone.

519  The limitations of the inverse problem remain, though, and alternative source models can easily be
520  constructed. For example, an extended positive-going source directly below the P3 maximum in
521  the EEG map produced a very similar map and could be used to substitute the RSC source in our
522 model. A previous EEG study that used minimum-norm source reconstruction without noise
523 normalization had proposed such a solution [Moores et al., 2003]. However, the latter method
524  generally prefers superficial sources [Lin et al., 2006b], which is balanced by noise normalization
525 as used in the present study. One further difficulty of M/EEG source analysis is that, in contrast to
526  fMRI, the distribution of a source is not directly related to the actual extent of the activity on the
527 cortex. The pattern with opposite polarity with respect to the (outward) cortical normal in adjacent
528  banks of a sulcus is often caused by spread of a focal source (Figure 4b), whereas a physiological
529 source that extends across both banks with the same polarity would lead to major signal
530 cancelation for distant recordings in M/EEG [Goldenholz et al., 2009]. We therefore chose to display
531  source activity together with polarity information, to avoid the impression of extended sources
532 where they are unlikely, based on the activation pattern, and estimated the spread and activation

533 pattern of each source by simulation studies.

534  The other limitation is the degree to which fMRI can be used to constrain M/EEG source analysis.
535  All sources that were found active in the dSPM maps of this study were also confirmed by fMRI,
536 but fMRI shows activity in additional areas that were not revealed by M/EEG source analysis. There
537 are at least two potential sources for this discrepancy: First, electric activity of similar surface

538 polarity cancels out for M/EEG if the source spans two sides of a sulcus [Ahlfors et al., 2010],
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539  whereas this configuration would rather support the activity's detection in fMRI. This could e.g.,
540 apply to potential sources in the IPS or TPJ; it could then be that there was another P3 source in
541  this region, but that its signal-to-noise ratio was low for M/EEG. Second, fMRI often does not match
542  with low-frequency M/EEG activity in the delta and theta band such as e.g. the error-related
543 negativity [Agam et al., 2011], but better with neural activity in the gamma band [Logothetis et al.,
544 2001; Niessing et al., 2005; Steinmann and Gutschalk, 2011]. Thus, while the strong RSC activity
545  in fMRI generally supports the RSC's contribution to the P3 source, it still remains possible that the
546 relationship between M/EEG and fMRI activity in this region is indirect, e.g., via functionally coupled

547  gamma activity.

548  Activity in the PCC and RSC has also been reported in intracranial recordings of the P3 [Halgren
549 et al., 1995b], without providing a clear separation between the two. While the authors of that study
550  suggested that the PCC/RSC was a source of the P3a rather than the P3b, neither fMRI [Kim,
551 2014] nor source-analysis studies [Bledowski et al., 2004] have confirmed such a strict separation
552  of P3 subcomponents as suggested based on these intracranial data. As a limitation, while the
553  depth recordings found high amplitudes in and near PCC, no polarity reversal was found [Halgren

554 et al., 1995b], which would have confirmed that the electrode passed through the source.

555  Another constraint for a potential P3 source in RSC is how this region is connected to other brain
556  networks recruited by target processing. The PCC has been demonstrated to be a major hub of the
557 “task-negative” default-mode network [Fox et al., 2005], while activation during oddball detection
558 [Kim, 2014] has been observed in “task-positive” networks [Fox et al., 2005; Hugdahl et al., 2015]
559 such as the dorsal and ventral attention networks [Yeo et al., 2011]. In the early resting-state
560 network studies, PCC activation included all of RSC [Fox et al., 2005], whereas later, more detailed
561 network maps [Yeo et al., 2011] segregated the dorsal part of RSC into a fronto-parietal network,
562  which would better match with a role in active target detection. Anatomical studies in monkeys
563 indicate that both PCC and RSC are reciprocally connected with multiple frontoparietal areas that
564 are active during oddball tasks in fMRI [Kobayashi and Amaral, 2007; Vogt and Pandya, 1987].

565 This would be consistent with the idea that even if the fronto-parietal network does not itself
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566  generate the P3, it may still be functionally coupled with a generator in RSC. Such connectivity
567 would explain previous findings of reduced P3 with right-TPJ lesions [Knight et al., 1989; Verleger
568 et al., 1994], even if TPJ was not the source of P3. In fact, a model where TPJ provides input into
569 RSC, the neuroelectric source of P3, could better explain why unilateral TPJ lesions caused

570 bilateral reduction of the P3 [Knight et al., 1989].

571 The RSC is also functionally coupled to the hippocampus in the medial temporal lobe [Alexander
572 et al., 2018]. Given the hippocampal P3-like activity demonstrated by iEEG [Halgren et al., 1980],
573  this raises the possibility of a close functional coupling between the extracranial P3 in M/EEG and
574 the intracranial hippocampal activity, despite their anatomical dissociation. Another important
575 question for the source analysis and simulation studies was if hippocampal P3-like activity could
576 potentially be recorded in M/EEG. Despite its clear demonstration in iEEG [Halgren et al., 1980],
577 no hippocampal activity has been shown in fMRI in this (Figure 2c) or previous odd-ball-paradigm
578  fMRI studies [Kim, 2014]. One possible reason for this negative finding could be different neuro-
579 vascular coupling in medial temporal lobe compared to neocortex [Hill et al., 2021], suggested
580 recently based on combined iEEG and fMRI. While the contribution of a hippocampal source to the
581  parietal P3 in EEG had already been excluded based on lesion studies [Johnson, 1988; Onofj et
582 al., 1992], this does not exclude that hippocampal activity may generally contribute to other aspects
583 of the M/EEG response [Alberto et al., 2021], even though with only a weak signal-to-noise ratio.
584 Indeed, the mapping shown in Figure 2 also suggests activity in the medial temporal lobe. However,
585  this activity was as prominent in the N1 as in the P3 time interval, which is not consistent with
586 known iEEG time courses in hippocampus [Halgren et al., 1980]. Moreover, we demonstrated that
587  there is considerable spread and crosstalk between the medial temporal lobe and AC as well as
588 insular cortex (Figure 4). It is therefore more likely that the activity observed in the medial temporal
589 lobe in our source analysis represents spread from AC and insular cortex, particularly given the
590 fact that M/EEG signal-to-noise ratio is much higher in AC (and somewhat higher in insular cortex)
591  than in the hippocampus [Goldenholz et al., 2009]. This leaves us with the paradoxical situation
592 that there is strong iEEG evidence for P3-like activity in the hippocampus evoked by the paradigm

26


https://doi.org/10.1101/2023.03.03.530970
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530970; this version posted March 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

593 used [Halgren et al., 1980], but that this activity is hard to detect or to distinguish from other sources

594  with all three non-invasive techniques used in this study.

595 The situation is somewhat different for the insula. While there is also spread from AC to the insula
596 (or its vicinity) in the N1 time interval, the pattern is clearly different in the P3 time interval, with
597 surface-positive activity in the insular cortex; activity in AC remains surface negative in this time
598 interval, as reported previously for a passive oddball paradigm [Kretzschmar and Gutschalk, 2010].
599 We therefore consider it more likely that the P3-like time course shown in Figure 3 is generated in
600 the insula, rather than in the temporal lobe. P3 generators in the insula have been suggested
601 before. An EEG study [Bledowski et al., 2004] suggested a contribution of insular cortex to the P3a.
602 A recent iEEG study demonstrated a stronger P3b in anterior insular cortex [Citherlet et al., 2020],
603 in synchrony with gamma activity in the same latency range. Given the observation of strong fMRI
604 activity for detected oddballs in insular cortex, this supports the hypothesis stated above that
605 gamma is a potential link between the P3 and BOLD activity. Finally, strong fMRI activity was
606  observed in aMCC. Insular and aMCC activity are often observed together in fMRI [Yeo et al.,
607  2011], but the time course of the insula and aMCC found here are quite different: the insular time
608 course is similar to the RSC and shows a build-up towards the time of the button press. In contrast,
609 aMCC activity was most prominent after the button press and may thus rather indicate some kind

610 of performance control [Heilbronner and Platt, 2013].

611 At this point, this source analysis is limited to a single paradigm, the classical auditory oddball
612 paradigm. The dominant component in this paradigm is the P3b, but it can be expected that some
613 P3a source activity will also be present. Therefore, we cannot as yet make strong conclusions with
614 respect to the neural sources of these subcomponents. The EEG distribution of the simulated
615 bilateral RSC source over centro-parietal electrodes, however, makes it a better fit for the P3b
616 rather than the P3a [Polich, 2007]. If other sources are more specific for the P3a [Halgren et al.,
617 1995a] or show strong overlap between these two subcomponents [Kim, 2014] will require further
618 studies that manipulate the relative strength of these components. Other, more complex tasks will

619 certainly be expected to involve additional brain regions. While we propose that the P3 generator
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620 in RSC will remain a constant contributor for such paradigms as well, this hypothesis requires

621 evaluation in future experiments or the reevaluation of existing data.

622 Conclusion

623 Multiple neural processes are active in parallel with the P3 in M/EEG, some observed more easily
624  with fMRI and some more easily with EEG or MEG. But while the P3 is most likely functionally
625 coupled to this distributed neural network, it does not appear to be the bioelectric source of the
626  classical, parietal P3 signal measured in EEG. Based on the evidence presented here, this source
627 appears to be more focal and to lie in the RSC. This finding is essential to explore the functional
628 role of the P3 between the fronto-parietal network observed in fMRI [Kim, 2014] and the
629 hippocampal P3-like activity demonstrated with iEEG [Halgren et al., 1980], and will help to better
630 understand the functional roles of both RSC and the P3. Moreover, understanding its functional
631 anatomy may support the application of the P3 as diagnostic tool. For example, reduced P3 in
632  Alzheimer’'s disease [Frodl et al., 2002] might be linked to cortical hypometabolism and tau
633 accumulation [Strom et al., 2022], the latter of which has been suggested to covary with the
634 connectivity between RSC and hippocampus [Ziontz et al., 2021]. We hope that future invasive
635 studies will seek to confirm the source configuration suggested by this non-invasive study, possibly
636 by demonstrating co-occurrence of (high-)Jgamma activity together with a typical P3 time course in

637 RSC.
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886

887 Figure S1 Cortical M/EEG and fMRI activation maps. These maps represent combined M/EEG source
888 estimates similar to those shown in Figure 2a, but with alternative source analysis methods, using (a)
889 sLORETA and (b) a Borgiotti-Kaplan beamformer. Note that the numerical values cannot be directly compared

890 between these source estimation methods, even though they represent noise normalized z-scores.
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fMRI maps

P<0.0001

sanjeA-d

<0.01

891
892 Figure S2 fMRI maps for the contrast deviants — standards, based on a random-effects statistic.
893  Same analysis as Figure 2c but with more conservative cutoff (p<0.01, FDR corrected).
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896  Figure S3 Point spread analysis table based on the M/EEG data. The spread values range from

897 0 (minimum) to 1 (maximum).
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899  Figure S4 Cross-talk analysis table based on the M/EEG data. The cross-talk values range from

900 0 (minimum) to 1 (maximum).
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901

902 Figure S5 EEG and MEG maps for individual participants. The responses are mapped at the
903 individual peak latency for N1 (left) stimulus-locked P3b (middle), and response-locked P3b (right)

904 for individual participants 1 - 6.
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906 Figure S6 EEG and MEG maps for individual participants. The responses are mapped at the
907 individual peak latency for N1 (left) stimulus-locked P3b (middle), and response-locked P3b (right)

908 for individual participants 7 - 12.
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Figure S7 Simulated M/EEG for a distributed superior parietal cortex (SPC) and a temporo-
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parietal junction source (TPJ) source. (a) dSPM analysis for simulated distributed SPC (left) and
TPJ (right) sources (n=12 subjects; p<0.01). (b) Average EEG and MEG maps for the simulated

distributed SPC (left) and TPJ (right) sources.
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914 Table S1 Modeling the grand-average N1 pattern with simulated M/EEG based on anatomically

915  defined source regions (Figure 4b).

Simulated source activation patterns Residual variance
(RV) (%)

. AC Insula S1 RSC aMCC EEG MEG
€
<
EC/ 27.75 9.25 0.0 0.0 0.0 16.25 27.80
2
g 28.75 - - - - 20.70 26.80
(2]
3
’g - 26.50 - - - 69.60 100.0
N

916
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917 Table S2 Modeling the grand-average P3b pattern with simulated M/EEG based on anatomically
918  defined source regions (Figure 4b). In this simulation, the extended superior parietal source (SPC;

919  see Figure S6) is used instead of the retro-splenial cortex (RSC).

Simulated source activation patterns Residual variance
(RV) (%)
AC Insula S1 SPC aMCC EEG MEG
5.0 11.25 10.0 69.50 0. 8.90 66.60
g ; 7.25 11.75 66.25 6.50 8.80 70.30
=
S
o 3.0 - 11.25 64.0 6.25 8.0 73.40
o
®
Q 9.0 16.0 - 79.0 0. 11.10 75.10
3
0 0. 0. 22.75 - 4.0 52.90 87.10
5.0 11.25 10.0 69.50 - 8.90 66.60

920
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