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Parietal cortex is recruited by frontal and cingulate areas to support
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In brief

Functional connectivity between the intraparietal sulcus (IPS) and a set of frontal and cingulate
regions indicates that IPS is recruited to aid inhibitory control. Control failures are associated with
increased communication with posterior cingulate. IPS could be a novel and tractable
neuromodulation target for control-related neuropsychiatric disorders.

Parietal cortex displays performance-dependent activity in action stopping

Functional connectivity between IPS and IFG underlies successful stopping

Early communication from ACC and OFC to IPS is also specific to successful stopping
Communication from PCC to IPS is higher during lapses in control
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Summary

Recent evidence indicates that the intraparietal sulcus (IPS) may play a causal role in action
stopping, potentially representing a novel neuromodulation target for inhibitory control
dysfunctions. Here, we leverage intracranial recordings in human subjects to establish the timing
and directionality of information flow between IPS and prefrontal and cingulate regions during
action stopping. Prior to successful inhibition, information flows primarily from the inferior frontal
gyrus (IFG), a critical inhibitory control node, to IPS. In contrast, during stopping errors the
communication between IPS and IFG is lacking, and IPS is engaged by posterior cingulate cortex,
an area outside of the classical inhibition network and typically associated with default mode.
Anterior cingulate and orbitofrontal cortex also display performance-dependent connectivity with
IPS. Our functional connectivity results provide direct electrophysiological evidence that IPS is
recruited by frontal and anterior cingulate areas to support action plan monitoring/updating, and
by posterior cingulate during control failures.
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Introduction

Executive control manages the delicate balance between needs, contextual factors, priorities, and
internal states to enable flexible and adaptive behaviors in our daily experiences.' Stopping
prepotent actions and automatic behaviors in response to changes in the environment is a crucial
part of executive control.*® Suppression of unwanted or inappropriate actions can be broadly
considered a key component for social interactions (e.g., language production or
communication),®*2 and difficulties in this domain are associated with neurological conditions
(e.g., tic or Tourette syndrome),*3° and with psychiatric disorders related to impulsivity and lack
of control (e.g., addictions, attention-deficit/hyperactivity disorder [ADHD], binge eating,
obsessive-compulsive disorder [OCD], and post-traumatic stress disorder).>%-2! Clinical trials
aimed at treating control-related symptoms with non-invasive neuromodulation typically focus on
prefrontal cortex.?2-2* However, parietal regions may represent novel, unexplored targets to treat

these conditions.

In laboratory settings, researchers employ the stop signal tasks (SSTs) to measure inhibitory
control. In this paradigm, subjects perform fast-paced, repetitive actions and are required to
withhold their response when a stop signal occurs, typically represented by a visual®>? or auditory
cue.?” A general consensus from previous human studies is that the right inferior frontal gyrus
(IFG) starts the cascade of inhibitory control signals in the nervous system, then implemented
through pre-supplementary motor area (pre-SMA) and the basal ganglia.?®-3? Broadly, this type of
inhibition is considered an subconstruct of cognitive control, typically associated with the

frontoparietal and the cingulo-opercular networks.3*36 Indeed, several neuroimaging studies
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reported increased activity in the parietal cortex during SST,*"~* but its functional significance in
inhibitory control, in contrast to frontal areas, historically received very little attention. Only a
handful of recent studies directly investigated the role of parietal cortex during inhibitory control,
with conflicting results.!8:37:384445 Transcranial magnetic stimulation (TMS) was employed to
demonstrate that interfering with activity in the intraparietal sulcus (IPS) prolonged stop signal
reaction times (SSRTs).% This effect on behavior was specific to IPS, as TMS over the temporo-
parietal junction (TPJ) did not produce any effect. Repetitive TMS results suggested the existence
of parallel processing streams from ventral posterior IFG to pre-SMA and from dorsal posterior
IFG to IPS.%” Overall, TMS-based evidence suggests that parietal cortex, specifically IPS, plays a
critical role in inhibition, and these causal effects could be harmonized with the well-established
parietal functions for spatial attention,*®° reorienting,***! and adjusting movement planning.5>-*
On the other hand, based on the latency of task-specific neural signals in the parietal cortex,
occurring after SSRTSs, others have concluded that IPS cannot play a causal role during inhibitory
control.’®# Inhibitory control signals are presumed to be transmitted sequentially from IFG to
basal ganglia, motor cortex, and muscle, but not via IPS.% However, the temporal order of the peak
latency does not necessarily correspond to signal propagation in complex networks®® and the
inertia to start and stop movements can smear temporal relations when we interpret neural signals
with respect to behavioral measures,® especially when these cannot be directly measured, like the

SSRT.

To determine if IPS has the potential to be considered as a neuromodulation target for impulse

control disorders, we need mechanistic evidence testing its recruitment with respect to the
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85 traditional set of regions important for inhibitory and cognitive control. To this end, we recorded
86 intracranially from parietal, frontal and cingulate regions in human participants while they
87  performed the SST. We leverage the high temporal precision afforded by intracranial recordings
88 in human participants to test for the presence and direction of functional connectivity between IPS
89  and other regions. If IPS plays a critical role in inhibition, we expect to detect activity and patterns
90 of communication with IFG that depend on the success or failures in inhibitory control. We
91 recruited 12 patients undergoing intracranial monitoring for epilepsy, and measured neural activity
92  from the posterior parietal cortex (including IPS). Across this sample, we obtained simultaneous
93  recordings from IFG and other brain regions that have been implicated in cognitive control:3358
94  anterior cingulate cortex (ACC)?*°%-5 and orbitofrontal cortex (OFC).54-%” We also recorded from
95  posterior cingulate cortex (PCC), a region displaying a mixture of executive, default mode and
96  memory-related functional properties across the literature.®®-"? For both ACC and PCC, we further
97  isolated single unit activity (SUA) to investigate signal dependencies with IPS at the neuronal
98  level. Previous intracranial work primarily focused on single regions, and the few studies on inter-
99  areal relations during inhibition did not focus on parietal cortex.”>"* We put forward the hypothesis
100 that IPS and IFG will display patterns of communication in the beta frequency range (12-30 Hz)
101  based on vast evidence of stopping-related effects in this band.?>">2° If the role played by IPS is
102  critical to the ability of successfully stopping a prepotent action, we expect two main results: arich
103  set of interconnections with the other regions and modulations in its communication patterns as a
104  function of behavioral performance. In contrast, minimal interactions and/or lack of modulations
105 depending on performance would indicate a limited role of IPS in inhibition, and thus very limited

106  potential as a neuromodulation target for impulse control conditions.
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107 Results

108  We performed intracranial recordings of local field potentials (LFPs) from 12 patients while they
109  performed a standard version of the SST (Figure 1A). For a subset of 6 patients, we also obtained
110  extracellular measures of action potentials (SUA) in cingulate areas. Patients were recruited if they
111  had at least one electrode recording from the posterior parietal cortex (i.e., parietal cortex
112  excluding postcentral gyrus). The participants were required to press a keyboard button in response
113  to the visual presentation of an arrow (“Go” trial), and to stop their response if the arrow changed
114 color (“Stop” trial). The stop signal delay (SSD, delay between go and stop signal presentation)
115  was adjusted adaptively based on performance to find the SSD value at which the participant failed

116  at stopping 50% of the time (staircase method; see STAR Methods).

117  Performance measures and the estimation of the SSRT were computed following established
118  procedures.t:®2 Behavior across our sample displayed expected characteristics of the SST. The
119  accuracy in Go trials was very high (median = 0.99, range 0.95 to 1.0). The probability of
120  responding to a stop signal ranged between 0.33 and 0.51 (median = 0.47), demonstrating that the
121  SSD adjustment achieved a balanced number of “Stop-success” trials (subjects successfully
122 stopped their movements when a stop signal was presented) and “Stop-fail” trials (i.e., trials in
123 which subjects failed to stop their movements and erroneously responded with a keyboard press).
124  Reaction times were faster in Stop-fail trials than in Go trials (median = 676 ms versus 793 ms,
125  Wilcoxon signed rank test, p < 0.001). The SSRT, estimated using the integration method, ranged
126 between 120 and 330 ms across participants (median = 248 ms; see Table S1 in Supplemental

127  Information).
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128  First, we performed a time-frequency analysis of LFP power from all locations recording from the
129  posterior parietal cortex, and compared power values associated with Stop-success and Stop-fail
130  (permutation testing with cluster-based multiple comparison correction, p < 0.05) to evaluate if we
131  could detect behaviorally-relevant differences in activity across parietal locations. Higher power
132  values during Stop-success spanned low to mid frequency ranges (5 to 30 Hz), starting around 200
133  ms after the presentation of the stop signal and lasting about 500 ms (Figure 1B). Higher values
134  for Stop-fail occurred across the broadband gamma range (35-150 Hz), similarly starting at about
135 200 ms after the stop-sign and lasting for 400 ms. This result demonstrated that the parietal cortex
136  exhibits changes in neural activity with a timing that is compatible with the ongoing inhibition
137  process, and with differences reflecting the success (or failure) of such inhibition. To offer a
138  comparison with the well-established recruitment of IFG during stopping, we performed the same
139 analysis on electrode locations recording from IFG, replicating previous evidence of an increase
140 in beta power for Stop-success (significant cluster spanning 15-70 Hz) starting around 200 ms after
141 the stop signal (Figure 1C). These results indicate the presence of a similar-timed response in both
142  parietal cortex and IFG during stopping. To determine if the activity in these areas was a mere co-
143  occurrence, or if it reflected actual neural communication, we investigated functional connectivity
144  to and from a subdivision of posterior parietal cortex, IPS. For the connectivity analysis, we
145  focused specifically on IPS based on previous evidence indicating a potential causal role of this

146  specific parietal subdivision in inhibitory control.*®

147  We measured functional connectivity to better quantify neural communication between IPS and

148 IFG. We applied the same analysis between IPS and other regions (ACC, OFC, PCC). For these
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149  analyses, we employed a subsample of 7 patients (inclusion criteria: at least one electrode location
150 in IPS). We used connectivity metrics between brain regions such as LFP-LFP Granger causality,
151  LFP-LFP pairwise-phase consistency (PPC) and spike-LFP PPC.884We specifically implemented
152  LFP-LFP Granger causality and PPC because these two methods have been shown to co-vary
153  reliably and provide us with a robust estimation of inter-areal communication.®® Spike-LFP
154  measures reflect a complementary measure of neurophysiological interactions between brain
155  regions based on the alignment of SUA in one region and the LFP in another region.® Having
156  consistent results across the three connectivity metrics will further increase confidence and
157  generalizability of our results.8>® With functional connectivity measures based on SUA and LFP,
158  we inferred causal relationships between neural activity between different brain regions in the SST
159  from signals at a much higher temporal resolution than previous fMRI studies. Overall, our results
160  show that IPS is primarily a recipient rather than a sender of information from IFG and other
161  regions during action stopping, with rich interconnections and modulations related to the
162  behavioral outcome, detailed in the following sections. This is consistent with IPS being recruited
163  to aid movement inhibition and playing a critical role in the ability to successfully inhibit an

164  ongoing action.
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Figure 1. Experimental design.

(A) Stop signal task. Each participant completed 288 trials: 216 Go trials (75 %) and 72 Stop trials (25 %). Stop signal
delay (SSD) was initially set at 250 ms and adaptively varied so that each subject’s accuracy in stopping is 50%. Trial

types were interleaved. See STAR Methods for details.
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169 (B-C) Time-frequency power (% change from baseline) averaged across recordings in (B) posterior parietal cortex
170 (152 electrodes across 12 subjects) and (C) inferior frontal gyrus (27 electrodes across 6 subjects). From left to right,
171 the time-frequency maps show the average values during Stop-success trials, during Stop-fail trials and their
172 difference. Regions of significant differences (p < 0.05 corrected for multiple comparisons) are outlined in white on
173  the difference map. Both parietal locations and IFG display higher power values during Stop-success trials starting
174  around 200 ms after the stop signal (parietal: between 5-30 Hz; IFG: between 15-70 Hz). Parietal cortex additionally
175 displays a decrease in broadband gamma values around the same time (spanning 35-150 Hz). Details for behavioral

176 data and inclusion in time-frequency and connectivity analyses by each subject are shown in Table S1.

177 Information primarily flows from other brain regions to IPS in successful
178 movement inhibition

179  We quantified direction and strength of information flow between IPS and other brain regions
180  using LFP-LFP spectral Granger causality and PPC in three different but partially overlapping
181  epochs in Stop trials aligned to the stop signal onset: [-800 ms 0 ms] “Before-stop”; [-400 ms
182  +400 ms] “During-stop”’; and [0 ms +800 ms] “After-stop”. With this approach, we aimed to assay
183  how information flow between brain regions subserves stopping behavior in preparation (Before-
184  stop), in inhibition (During-stop), and after stopping (After-stop). We estimate Granger causality
185 across a wide spectral range (10-128 Hz), and we are interested in assessing if the interactions
186  between areas are more prevalent in the beta frequency range, given the prominent role of this

187  frequency band in movement inhibition.5>%

188  First, we focus on LFP-LFP spectral Granger causality between IPS and IFG. We use “Granger

189  causality from A to B” as a simplified terminology to describe how LFP from area B can be

11
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190 effectively predicted based on LFP from area A. We measured Granger causality in the three
191  different 800 ms intervals aligned to the onset of the stop signals (Figure 2). In the Before-stop
192  epoch, Granger causality from IFG to IPS was significantly higher than vice versa at 23-26 Hz
193  (Wilcoxon signed rank test, p < 0.01 at each frequency). Peak IFG-to-IPS Granger causality is
194  0.021 at 16 Hz, and peak IPS-to-IFG Granger causality is 0.015 at 20 Hz. From the chance level
195  of 0.007, this is a ratio of 1.8:1 (Figure 2A). This demonstrates the presence of an early influence
196  of IFG over IPS. There was no significant difference in Granger causality from IPS to IFG and
197  from IFG to IPS in the During-stop epoch (Figure 2B). The lack of difference does not correspond
198  to a lack of communication: as evident in the figure, the Granger causality values are higher than
199 chance (represented by the horizontal gray shaded area) and thus are consistent with symmetric
200 exchange of information between the two areas. For simplicity, we refrain from focusing on
201  symmetric information flow in the Granger causality results, as our main objective with this metric
202 istoidentify directionality effects. In the After-stop epoch, Granger causality from IPS to IFG was
203  significantly higher than vice versa at 13-16 and 31-36 Hz (Wilcoxon signed rank test, p < 0.01 at
204  each frequency). Peak IPS-to-IFG Granger causality is 0.017 at 14 Hz, and peak IFG-to-IPS
205  Granger causality is 0.012 at 23 Hz. From the chance level of 0.007, this is a ratio of 2:1 (Figure
206  2C). Crucially, the asymmetry in Granger causality is not due to signal-to-noise ratios (Figure
207  S1).83% Granger causality results in Stop-success trials were similar when we limit our analyses
208 inright IPS and right IFG only (Figure S2). There was no significant asymmetry in information
209  flow between IPS and IFG across the three different epochs in Stop-fail trials (Figures 2D-F).
210  However, when considering the right hemisphere only, there was asymmetry in Granger causality
211  between right IFG and right IPS in Stop-fail trials (Figures S2D-F): IFG-IPS asymmetry in Before-

212  stop epoch (similar to Stop-success) followed by IPS-1FG asymmetry in the During-stop (different

12
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213  from Stop-success). Thus, functional connectivity between IPS and IFG shows modulations based
214  on task outcomes. Patterns associated with Stop-success were highly preserved within
215  hemispheres, while Stop-fail exhibited more variable patterns, but in any case distinct from those

216  underlying correct inhibition.

13
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217  Figure 2. Granger causality between IPS and IFG in the SST across different time periods in

218  movement inhibition.

219 We measured Granger causality from IPS to IFG (blue) and from IFG to IPS (green) in the epochs aligned to the Stop
220 Cue presentation as the following: (A) [-800 ms 0] “Before-stop”; (B) [-400 ms +400 ms] “During-stop”; and (C) [0
221 +800 ms] “After-stop”. In all panels, the black asterisks and gray vertical shaded regions denote p < 0.01 (Wilcoxon

222  signed-rank test); Gray shaded regions in the bottom are the 99% bounds of a permutation test (see STAR Methods);

14
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223 Colored traces denote mean Granger causality values; Colored shaded regions denote & standard error of the mean

224 (SEM); n indicates the number of LFP-LFP pairs.

225 (A) In the Before-stop epoch, Granger causality is significantly higher from IFG to IPS than vice versa at 23-26 Hz.
226  The schematic summarizes that there is a significantly asymmetric communication from IFG to IPS.

227  (B) In the During-stop epoch, there is no significant difference between Granger causality from IFG to IPS and vice
228  versa.

229 (C) In the After-stop epoch, Granger causality is significantly higher from IPS to IFG than vice versa at 13-16 and 31-
230 36 Hz. The schematic summarizes that there is a significant asymmetric communication from IPS to IFG.

231 (D-F) There is no significant difference between IPS-to-IFG and IFG-to-IPS Granger causality in Stop-fail trials.

232  Formats are the same as (A-C).

15
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233  We also assayed information flow between IPS and the other brain regions (ACC, OFC, PCC)
234  using Granger causality (Figures 3, S3, and S4). In Stop-success trials, OFC sends more
235 information to IPS than vice versa in the Before-stop epoch (13-18 Hz; Figures 3A and S3A),
236  mirroring the result obtained for IFG. In the During-stop, the communication reversed (IPS to
237  OFC) and in the After-stop epoch there was no significant asymmetry in communication between
238 OFC and IPS (Figures 3B-C and S3B-C). The directionality of communication between IPS and
239  ACC and between IPS and PCC does not change significantly across the three different epochs.
240  ACC sends more information to IPS than vice versa in low gamma (35-64 Hz) and high gamma
241  (64-128 Hz) frequency range (Figures 3A-C and S3D-F) while PCC and IPS did not show any
242  directionality (i.e, symmetric exchange of information) in all three different epochs (Figures 3A-

243  Cand S3G-I).

244 In Stop-fail trials, however, we observed different patterns of information flow between IPS and
245  the other brain regions. In the Before-stop epoch, there was higher communication from IPS to
246  OFC, and in the During-stop epoch there were different peaks in the two directions (peak IPS-to-
247  OFC Granger causality 0.021 at 25 Hz; peak OFC-to-1PS Granger causality 0.021 at 13 Hz; Figures
248  3D-E and S4A-B). In the After-stop epoch, Granger causality from OFC to IPS was significantly
249  higher than vice versa, which was not observed in Stop-success trials (Figures 3F and S4C).%2 With
250  respect to ACC, in addition to the modulation in low and high gamma frequency that was already
251  observed in Stop-success trials (Figures 3A-C and S3D-F), Granger causality from ACC to IPS in
252  Stop-fail trials is significantly higher than vice versa at 21-26 Hz in the After-stop epoch (Figure

253  S4F). Interestingly, Granger causality from PCC to IPS was higher at 16-20 Hz in the Before-stop
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epoch (Figures 3D and S4G) and at 50-59 Hz in the During-stop epoch (Figures 3E and S4H).
Electrode locations used for the analysis are displayed on a template (Figure 3G). Overall, failures
in inhibition were associated with stronger interactions between IPS and OFC and more
communication from ACC to IPS in the After-stop epoch. Communication from PCC to IPS was

specific to failures in inhibition, not being present during Stop-success.
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Figure 3. Beta band LFP latency and Granger causality results from IPS and other brain regions of
interest.

(A-C) A schematic of information flow based on Granger causality in Stop-success trials. An arrow indicates

significant asymmetric information flow between the two brain regions with the larger information flow in the arrow
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263 direction. No arrow is consistent with symmetric exchange of information flow. Frequency information is not
264 displayed for simplicity. Details are shown in Figure S3.

265 (A) In the Before-stop epoch, information primarily flows from IFG, OFC, and ACC to IPS.

266 (B) In the During-stop epoch, information primarily flows from ACC to IPS and from IPS to OFC.

267  (C) In the After-stop epoch, information primarily flows from IPS to IFG and from ACC to IPS.

268 (D-F) A schematic of information flow based on Granger causality in Stop-fail trials. Formats are the same as (B-D).
269  Details are shown in Figure S4.

270 (D) In the Before-stop epoch, information primarily flows from ACC and PCC to IPS and from IPS to OFC.

271  (E) In the During-stop epoch, information primarily flows from ACC and PCC to IPS with asymmetric exchange of
272  information between IPS and OFC in different frequency ranges.

273  (F) In the After-stop epoch, information primarily flows from ACC and OFC to IPS.

274 (G) Electrode locations employed in the Granger causality analysis between IPS (n=41) and all other regions: IFG
275 (n=27), ACC (n=57), OFC (n=58), and PCC (n=25) displayed in MNI coordinates on a brain template (fsaverage).
276  Electrode locations for each individual subject are shown in Figure S5.

277  (H) First peak timing in LFP beta (15-25 Hz) in ACC, IFG, IPS, OFC, PCC. Mean latency of the beta power peak
278 (from the stop signal presentation) and standard error for each region divided by Stop-success trials, denoted by “S”
279 and Stop-fail trials, denoted by “F”. Each dot displays the data from each electrode location. There was a significant

280 performance-specific modulation in IPS (p < 0.05) and OFC (p < 0.001) based on the mixed-effects model.
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281 Latency in LFP power in beta frequency shows modulations based on stop

282 success and failure in IFG and OFC

283  To further test the temporal relationship of activity between brain regions, we compared the latency
284  of LFP signals in both beta and gamma frequency ranges for Stop-success and Stop-fail trials in
285  each region. We computed the latency of the first peaks in beta and gamma frequency (same
286  patients and electrodes used for LFP-LFP connectivity analyses, Table S2 and Figure S8).
287  Considering beta-band, the mixed-effects model showed a significant difference between the trial
288  types, with the beta peak occurring earlier for Stop-success versus Stop-fail (p = 0.013, mean and
289  SEM: Success = 123+29 ms; Fail: 142+34 ms). No overall effect of region was evident (p = 0.32),
290  while the interaction between region and trial type was significant (p = 0.0013, Figure 3H). Post-
291  hoc testing revealed that beta activity in IFG had earlier first peaks in Stop-success trials than Stop-
292  fail trials (Success: 96+19 ms; Fail: 152+40 ms; corrected p = 0.011). The same pattern was true
293  for OFC (Success: 12129 ms; Fail: 175+39 ms; corrected p=0.0003). IPS showed a similar
294 modulation, but it did not reach significance in the post-hoc analysis (Success: 110+28 ms; Fail:
295 124429 ms; p=0.43). PCC showed no modulation (Success: 120+23 ms; Fail: 124+30 ms; p=0.87),
296  while ACC displayed a trend in the opposite direction, with Stop-fail trials displaying an earlier
297  peak (Success: 148+33 ms; Fail: 123+26 ms; p=0.09). The analysis was repeated for the broadband
298 gamma range, finding no overall effects for trial type, region, or their interaction (all p-values
299  >0.05). The overall delay in the IFG beta peak associated with failed inhibition is compatible with
300 adelay in the inhibition process, starting the inhibition process later than the go process, in line
301  with race model predictions. Overall, these results also demonstrate that IFG shows the earliest

302  beta-band peak, followed by IPS, PCC, OFC and ACC.
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303 Information flow between parietal cortex and neurons in PCC is higher
304 during fail trials

305 We collected SUA in ACC and PCC. We did not have any recordings of SUA from the other
306 regions (IFG, IPS, OFC) as they are not typical targets for our microwire probes. We quantified
307  spike-LFP coherence by using SUA in ACC and PCC and evaluating the pairwise phase-
308 consistency of spike-timing with respect to beta range LFP in parietal cortex (see STAR
309 Methods).” We use “spike-LFP PPC” or “spike-LFP coherence” as a simplified terminology to
310  describe how SUA in ACC or PCC is coherent with LFP phase in the beta range measured from
311  parietal cortex. Similar to LFP-LFP Granger causality results, spike-LFP coherence between ACC
312  and parietal cortex showed no modulation based on Stop-success and Stop-fail trials (Figures 4A
313 and 4C, red; paired t-test, p > 0.1). Spike-LFP coherence between PCC and parietal cortex was
314  higher in Stop-fail trials than in Stop-success trials (Figures 4B and 4C, purple; paired t-test, p <
315 0.05), and this result is consistent with the pattern observed in LFP-LFP Granger causality (Figures
316  3and S4G-l). Finding a performance-specific information flow from PCC to parietal cortex at the
317  neuronal level further supports the notion that the communication between PCC and parietal cortex

318 s specific to failures in control.
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Figure 4. Spike-LFP PPC in 15-25 Hz from ACC to parietal cortex and from PCC to parietal cortex.

We measured spike-LFP PPC in Stop-success and Stop-fail trials. For each sorted unit in a given participant, we
computed spike-LFP PPC across all LFP signals in parietal cortex in that participant. Spike-LFP PPC from ACC to
IPS is shown in red.

(A) A box plot of all PPC values based on individual spike-LFP pairs from ACC to parietal cortex (n=1661) in Stop-
success and Stop-fail trials. Outliers are omitted.

(B) A box plot of all PPC values based on individual spike-LFP pairs from PCC to parietal cortex (n=68) in Stop-
success and Stop-fail trials. Spike-LFP PPC values are significantly higher in Stop-fail trials than in Stop-success trials
(paired t-test, p < 0.05).

(C) Difference in PPC values between the two trial types. Positive difference indicates higher communication during
Stop-success trials, and negative difference indicates higher communication during Stop-fail trials. There was no
significant modulation based on success or fail trials in spike-LFP PPC from ACC to parietal cortex (paired t-test, p

> 0.1). Spike-LFP PPC from PCC to parietal cortex is shown in purple. Spike-LFP PPC from PCC to parietal cortex

was significantly higher in Stop-fail trials than in Stop-success trials (paired t-test, p < 0.05). Error bars denote +=SEM.
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333 Bidirectional information flow between IPS and other brain regions is
334 higher during success than fail trials

335  Next, we used LFP-LFP PPC to measure phase alignment, an undirected metric of connectivity,
336  between IPS and the other brain regions. With Granger causality, we could infer both direction
337 and strength of communication. The goal of Granger causality analysis was to infer which brain
338 region was a sender and therefore a driver of communication by comparing the incoming and
339  outgoing Granger causality values. In contrast, with PPC we specifically measure bidirectional
340 communication, quantifying whether the signals from two regions display a consistent phase
341 alignment at each frequency, regardless of their amplitude modulations. To test whether phase-
342 based bidirectional connectivity between two brain regions subserves motor inhibition, we
343  measured the difference in LFP-LFP PPC in Stop-success and Stop-fail trials in the same three
344  epochs that we used for Granger causality: Before-stop, During-stop, and After-stop. Positive
345  values in the difference in PPC are consistent with an increased phase alignment during successful
346  motor inhibition, negative values with a consistent phase alignment during stopping failures. Our
347  results in LFP-LFP PPC analysis showed that bidirectional information flow between IPS and IFG
348  (Figures 5B), IPS and OFC (Figures 5D and S7C), and IPS and ACC (Figures 5D and S7D) is

349  important for stopping behavior, detailed below.

350 Early in the trial, there was no significant difference in PPC values between IPS and IFG in Stop-
351  success and Stop-fail trials (Figure 5A). However, in the During-stop epoch, there was significant
352  modulation in PPC at 31-35 Hz (paired t-test; p < 0.01 at each frequency), which was not present
353 anymore in the After-stop epoch (Figures 5B and 5C). We observed similar results when

354  considering only the right hemisphere (Figure S6). We also quantified PPC between IPS and the
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other brain regions (Figures 5D-F and S7). There was significantly higher phase alignment for
successful inhibition between IPS and OFC in the Before-stop epoch at 11-20 Hz (Figures 5D and
S7A) and between IPS and ACC at 39-44 Hz (Figures 5D and S7C) (paired t-test; p < 0.01 at each
frequency). The only effect associated with a higher phase alignment in Stop-fail trials was found

between IPS and OFC in the After-stop epoch (44-48 Hz; Figures 5F and S7C).
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Figure 5. PPC between IPS and IFG in the SST across different time periods in the SST.

We measured the difference in PPC between IPS and IFG in the (A) Before-stop, (B) During-stop, and (C) After-stop
between Stop-success and Stop-fail trials. Positive values indicate that the PPC between IPS and IFG is higher during
Stop-success than Stop-fail trials.

(A-C) The black asterisks and gray vertical shaded region denote p < 0.01 (paired t-test); Gray shaded regions are the
99% bounds of a permutation test (see STAR Methods); Colored traces denote mean PPC values; Colored shaded

regions denote + SEM; n indicates the number of LFP-LFP pairs.

(A) In the Before-stop epoch, there is no significant difference in PPC in successful and failed trials.
(B) In the During-stop epoch, PPC between IPS and IFG is significantly higher in Stop-success trials at 31-35 Hz.

(C) In the After-stop epoch, there is no significant PPC modulation.
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(D-F) A schematic of bidirectional information exchange between IPS and other brain regions based on LFP-LFP
PPC. Double-sided arrow indicates significantly higher phase alignment in Stop-success (+ sign) and Stop-fail (- sign)
trials, respectively. Details are shown in Figure S7. There is significant task-specific bidirectional communication in
(D) IPS-OFC and IPS-ACC in the Before-stop epoch; (E) IPS-1FG in the During-stop epoch; and (F) IPS-OFC in the

After-stop epoch, the only phase alignment effect that was higher for failed inhibition versus success.
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375 Discussion

376  We investigated the role of posterior parietal cortex in movement inhibition by recording
377 intracranially in neurosurgical patients performing a standard SST. Inter-areal communication
378  (e.g., functional or effective connectivity) is key to support complex cognitive functions,3%4-%7
379  and dysfunctional connectivity has been increasingly linked to psychiatric conditions.*®1% Parietal
380  cortex, considered the “crossroads” of the brain, could be a critical player and a potential
381  neuromodulation target. In this study, we employed three different connectivity metrics to
382 investigate the interactions between parietal cortex and other nodes important for inhibition,
383  control and updating of actions, and internally-focused cognition. Our connectivity analyses help
384  usunveil the complex dynamics between IPS and these areas in successful versus failed movement
385 inhibition (Figure 6). Our functional connectivity results support prior evidence of a role of IPS in
386 inhibition,}®1% and provide a novel insight into its function: altogether, IPS seems to be
387  associated with action plan monitoring. IPS receives anterior inputs before stopping (from IFG,
388 OFC and ACC), updates and sends feedback on correctly terminated actions to IFG, and receives
389 input from OFC after mistakes. Directed connectivity from PCC, a DM node, is associated with

390 lapses in control.
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391  Figure 6. Summary schematic of communication between IPS and other brain regions.

392 We depict a summary of all significant findings across the different metrics (different arrows) and denoting with “+”
393  and “-” if the functional connectivity metric was higher for Stop-success or Stop-Fail. Note that connectivity results
394 that were the same for success and fail are not included (e.g. ACC to IPS Granger causality results). (A) In the Before-
395  stop epoch, IFG-to-IPS and OFC-to-1PS information flow is higher for Stop-success, and IPS-to-OFC and PCC-to-
396  IPS information flow is higher for Stop-fail (Granger causality). Bi-directional communication between IPS and OFC
397 and between ACC and IPS is higher for Stop-success (phase alignment). Higher PCC-to-IPS information flow in
398 Granger causality for Stop-fail is consistent with spike-LFP coherence results.

399  (B) In the During-stop epoch, OFC-to-1PS information flow is higher for Stop-fail (Granger causality). Bi-directional
400 communication between IPS and IFG is higher for Stop-success (phase alignment). Communication between PCC
401  and IPS is similar to the pattern in the Before-stop epoch in (A).

402 (C) In the After-stop epoch, IPS-to-IFG information flow is higher for Stop-success, and OFC-to-IPS information
403  flow is higher for Stop-fail (Granger causality). Bi-directional communication between IPS and OFC is higher for

404  Stop-fail (phase alignment).
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405 IFG leads activity in parietal cortex, and their connectivity is critical to

406  stopping

407  First, we confirmed the presence of differential activity between successful and failed stopping by
408 comparing spectral power values across a wide time-frequency range for both posterior parietal
409 cortex and IFG (Figure 1). Next, we used Granger causality to analyze patterns of information
410 flow between IPS and IFG before, during and after the presentation of the stop signal. Successful
411  movement inhibition was associated with IFG beta-range activity leading the communication with
412  IPS when preparing to stop (Figure 2A). During stop signal presentation, phase alignment between
413  the two areas was increased (Figure 5B). After that, the communication was reversed, with IPS
414  leading IFG (Figure 2C). No notable communication asymmetry between IFG and IPS was

415  detected by our Granger causality results during failures in control (see Figure 6 for a summary).

416  Previous work has proposed IFG as a starting point of the cascade of neural signals for inhibitory
417  control forming a cortico-thalamic hyperdirect pathway.%®1%7 IPS has been understood as an area
418  that does not come into play in the hyperdirect pathway, and instead participates in the inhibition
419  of motor responses by ensuring accurate motor planning'®'% rather than reactive response
420 inhibition.r” However, resting-state functional connectivity analyses between IFG and the 1PS37/10°
421  and tract tracing in the non-human primate brain*'%'! showed evidence of direct connections
422  between IFG and parietal locations. Further, recent fMRI and TMS studies on IPS during stop
423  signal tasks indicated that there may be parallel processing streams in the cingulo-opercular and

424 frontoparietal pathways for inhibitory control.3"3 Altogether, this evidence cannot rule out the
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425  possibility of IPS being a key node in the inhibition network. fMRI signals have low temporal
426  resolution, making it impossible in a fast-paced paradigm such as SST to disentangle neuronal
427  communication between brain regions.!'? On the contrary, TMS has very precise timing, but poor
428  spatial precision, and a conclusive consensus is lacking regarding the spatial extent of nervous
429 tissue affected by TMS.13114 Dye to the spatial uncertainty together with variability in individual
430 gyration, and excitability of cortical areas,!*>''* one could wonder if TMS effects can be truly
431  ascribed to IPS or if they are likely a compound effect from neighboring regions. However, Osada
432  and colleagues showed an effect on inhibitory abilities (increased SSRT) for TMS interference on
433 IPS, and not on the adjacent TPJ, thus demonstrating specificity.® This was further ascribed to the
434  presence of direct connections between IFG and IPS, but not IFG and TPJ.® Our own findings
435  provide further support for this interpretation. Indeed, we show functional connectivity during
436  stopping between IFG and IPS, which is present only for successful trials. Thus, the disrupted
437  inhibition performance caused by TMS over IPS could be explained by the interruption in the flow
438  of information from frontal areas to IPS. These top-down influences from frontal areas to IPS
439  demonstrate that parietal regions are recruited to aid inhibitory control,* and that a lack of frontal-

440  parietal communication is associated with lapses in control 1%°

441  Previous work used temporal latency and Granger causality analyses to infer information flow in
442  movement inhibition between IFG and other areas. Timing of broadband gamma activity in
443  intracranial signals was used to determine that IFG activity precedes that of anterior insula and of
444  more anterior ventral prefrontal subdivisions.”® In our results, the latency of the beta band peak

445  indicated that IFG activity preceded that of any other region. Schaum and colleagues measured
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446  information flow between IFG and pre-SMA based on magnetoencephalography signals,® finding
447  higher Granger causality from IFG to pre-SMA in movement inhibition. This result closely
448  resembles the pattern we observed between IFG and IPS, with a key difference: there was no
449  reversal in asymmetry in a later epoch from pre-SMA to IFG, while we found evidence of cross-
450  talk from IPS to IFG. Overall, these asymmetric results from IFG to pre-SMA and from IFG to
451  IPS support that IFG starts the cascade of neural signals that leads to stopping, and that IPS, like
452  pre-SMA, is a recipient of that information. However, the fact that we observed increased
453  communication from IPS to IFG in the After-stop epoch and that it was specific for successful
454 inhibition demonstrates that IPS is more than just a passive receiver or executer. Given that IPS
455  has the capability of influencing back IFG, it is possible that neuromodulation targeting IPS (i.e.,
456  TMS) would have cascading effects on the rest of the inhibitory control network. While it is
457  difficult to speculate on the content of this communication, it is compatible with a feedback signal
458  being relayed back to IFG from IPS. These could reflect the update of the action plan (interruption
459  of the response to the Go cue, correct termination of the movement),* but to support this
460 interpretation recordings across the basal ganglia-primary motor pathway’® and IPS would be
461 needed, disentangling the differential contributions of the frontoparietal and hyper-direct pathways

462 in inhibition.

463 A unique feature of the SST is that with the staircase method we virtually obtain an equal number
464  of success and error trials.8> When considering Stop-fail trials, we noted that the connectivity
465  between IFG and IPS was not associated with any significant asymmetry. In opposition to this, we

466  found complex patterns between IPS and the other recorded regions during control failures.
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467 Complex OFC and IPS connectivity changes might bias action plans and
468  priorities

469  In Stop-success trials, there was higher information flow from OFC to IPS than vice versa in the
470  Before-stop epoch in a low-beta band (Figures 3 and S3A). This higher communication between
471  OFC and IPS was also shown in increased beta phase alignment (Figures 5 and S7A). In Stop-fail
472  trials, however, information flows in the opposite direction in the Before-stop epoch, from IPS to
473  OFC (Figures 3 and S4A). Thus, similar to what we observed for IFG, an early frontal to parietal
474 asymmetry leads to successful inhibition. Later, during successful stopping, we find the opposite
475  pattern, with OFC receiving more information from IPS (Figures 3 and S3B), while during
476  stopping failures there is a mix of both directions (IPS to OFC in a high beta range, and OFC to
477 IPS in low beta [Figures 3 and S4B]). Thus, this indicates functionally distinct channels of
478  communication between these two areas, occupying separate spectral ranges within the beta band,
479  with opposite effects on behavior depending on their timing: an early frontal to parietal directed
480  connectivity associated with stopping, and an early parietal to OFC associated with failures in
481  stopping (see Figure 6 for a summary). After-stop, no asymmetry is seen for successful stop, while
482  there was an increase in OFC to IPS communication (Figures 3, S4B and S4C) paired with a higher
483  phase alignment between the two regions for Stop-fail trials (Figures 5 and S7C). The role of OFC
484  in inhibition has been classically attributed to its causal role in reversal learning, thus critical for
485 inhibiting maladaptive and inappropriate responses*'® and to map reward values on the appropriate
486  responses.®” When considering our results on the early stages of stopping in this context, the OFC
487  to IPSactivity could reflect the OFC integrating prior with current information and communicating

488  to IPS the optimal action-plan.%>%” A recent rodent study demonstrated a decrease in beta phase
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489  synchronization between OFC and STN in this stage, thus providing evidence of OFC influence
490  over action maintenance and updating.®® Recently, the contributions of OFC to inhibition were
491  reconciled with a broader decision making role,®” theorizing that OFC signals are not purely related

117 and

492  to stopping, rather they bias behavior in a particular direction, untangling options
493  deciding'®!® which action to perform or prioritize. In our study, the during and post-error OFC
494  to IPS activity could reflect the process of updating that information for better task performance

495  on the next trial 92103120

496  ACC connects to IPS to guide action selection

497  During both Stop-success and Stop-fail trials, there was higher information flow from ACC to IPS
498  than vice versa (Figures 3, S3 and S4). This ACC to IPS communication was not only consistent
499  regardless of trial outcome, but it was also consistent across different time windows, with some
500 variations in the spectral range. The spike-LFP coherence analysis further confirmed the
501 observation that the communication between these two regions did not depend on performance, as
502 the alignment of ACC SUA with beta LFP in parietal cortex was not modulated by trial outcome
503  (Figure 4). While this finding could seem at odds with the well-established role of ACC in
504  monitoring and control,*?-*24 we find an indication of a modulation related to performance when
505 considering the beta-band phase alignment, with higher synchronization between ACC to IPS for
506  Stop-success in the window preceding the stop presentation (Figure 5). In addition, the influence
507 of ACC over IPS is briefly increased following errors. Lastly, when considering the timing of the
508  beta peak after the stop signal presentation, ACC was the only region to show a trend for an earlier

509 beta-band peak for failed versus successful inhibition (Figure 3). Altogether, these results
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510 demonstrate that a brief phase alignment between ACC and IPS before the stop-signal is associated
511  with correct inhibition (see Figure 6 for a summary), while the constant directional information
512  flow from ACC to IPS is sustained regardless of performance, with a transient increase post-error.
513  ACC is not considered a core region for inhibition, but more broadly important for interference
514  resolution.’? The diverse roles played by this region across different cognitive functions have been
515 proposed to underlie a general ability to track task-relevant information to guide appropriate
516  actions.'?®!27 Our own results are consistent with this view: the sustained influence of ACC over
517 IPS that seems to be independent of action outcomes, and only partially increased after an error,
518  perhaps reflects the encoding of the task-state.>®12%128 The brief influence of ACC over IPS before
519  stopping has behavioral consequences (i.e., interrupting the prepotent action), and the early latency
520  of beta power following a stop-failure could be associated with task errors monitoring,*?® in concert

521  with the transient increase in connectivity between ACC and IPS.

522 PCC to IPS communication is associated with lapses in control

523  Interactions between PCC and IPS were specific to stopping mistakes. Higher information flow
524  from PCC to IPS was observed in both LFP-LFP Granger causality (Figures 3 and S4G) and spike-
525  LFP coherence (Figure 4) in Stop-fail trials. PCC is typically considered part of the default mode
526  network (DMN), a set of regions that is more active during resting state and internally-directed
527  cognition.’3® Our results indicate that higher activity from PCC to IPS is a detrimental feature,
528  associated with lapses in control (see Figure 6 for a summary). A possible interpretation is that this
529  represents a shift in the focus of attention, '3 moving from the task stimuli and cues toward internal

530 states (DM-related), effectively disengaging the IPS (and perhaps more broadly the frontoparietal
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531  network) from the ongoing performance and its monitoring.5®132133 There is an increasing amount
532  of evidence that complex cognitive functions rely on the interplay and switching of activity across
533  multiple networks, including the DMN.2*!% For example, previous work from our group
534  demonstrated that DMN plays a causal role in creative thinking, *¢13” and that in the early stages
535  of this complex ability there is a simultaneous recruitment of the frontoparietal and DM networks.
536  From this perspective, the cross-network interactions reported here may represent a suboptimal
537 state,!3 with PCC’s influence over IPS interfering with the task-relevant interactions with IFG,
538  ACC and OFC and causing lapses in control**® leading to errors.3! An alternative interpretation is
539 related to the evidence of an executive role of PCC,* potentially spatially segregated from the
540 PCC DM region,” engaged by risky choices!*® and prediction errors.**! With the current dataset
541  we cannot discriminate if the negative influence of PCC is the cause for failures (internally-
542  directed cognition interferences, causing the participant to fail at stopping) or if it represents a
543  correlate of encoding prediction errors, needed to alter future actions, in line with a more executive
544  role. Nonetheless, we provide novel evidence of an interaction between posterior cingulate and

545  parietal cortex, evident also at the neuronal level, associated with failures in inhibitory control.

546 Conclusions and Future Directions

547  Inthe current study, we showed performance-specific communication between IPS and other brain
548  regions. The rich patterns of connections to and from IPS could indicate the potential of this area
549  to be considered as a new therapeutic target for patients with inhibitory control dysfunctions.
550  Previous work showed that neuromodulation of parietal cortex!*? primarily induced

551  psychophysical effects such as motor intention,>>*? visuomotor integration,'** attention,45-148
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552  memory,*%1%0 and improved psychiatric symptoms of anxiety and depression.?>¥1%3 In particular,
553  Balderston and colleagues used IPS as their therapeutic target to reduce physiological arousal in
554  anxiety™® motivated by their previous findings of a higher global IPS connectivity in threat or
555  shock.'® Our work expands from previous evidence of a causal role of IPS on stopping
556  abilities,3’3® and reveals its complex pattern of functional interconnections. Through IPS
557  neuromodulation, we may be able to tap into the ability of monitoring and updating action plans,

558  with the advantage of a tractable and accessible target for non-invasive techniques.

559  Limitations of the study

560  The primary focus of the current study was on LFP-LFP and spike-LFP interactions. Yet, Granger
561  causality measures, despite its nomenclature, are not truly causal metrics. Stimulation methods are
562  necessary to establish causality and give us further insight into the functional roles of inter-areal
563  communication.® While our work is in agreement with the few existing studies leveraging TMS
564  and tDCS to assess the functional contribution of parietal regions in inhibitory control,®”*%4> more
565 research is needed to disentangle the relative and causal contributions of inter-areal
566  communication to inhibitory control. Indeed, it is difficult to separate what is truly “inhibition
567  specific” from domain-general functions that play a role in inhibition, and further causal
568  manipulations will be needed to provide us with more conclusive evidence about the role of IPS

569 and its potential as a neuromodulation target for impulse control disorders.

570  Our inter-areal analyses all focus on interactions to and from parietal cortex, not testing direct

571 interactions between other regions (i.e., not mediated by parietal signals). While those interactions
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572  are beyond the scope of the current study, more studies with temporally-resolved interactions
573  between multiple regions are needed to further disentangle the flow of activity underlying

574  inhibitory control.®6:73.7480
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575, STAR METHODS

576 KEY RESOURCES TABLE

causality, LFP-LFP PPC, Spike-LFP
coherence between brain regions

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited Data
Single unit, LFP, LFP-LFP Granger Current study TBA

Experiment models: Organisms/strains

Human subjects

Software and algorithms

Fieldtrip

Fieldtrip Developers

https://www.fieldtriptoolbox.org/

Freesurfer v6.0

Freesurfer Developers

http://freesurfer.net/

FSL FSL Developers https://fsl.fmrib.ox.ac.uk/fsl/docs/#/

iELVis iELVis Developers http://ielvis.pbworks.com/w/page/116347253
/FrontPage

MATLAB Mathworks https://iwww.mathworks.com/

Psychtoolbox-3 functions (v3.0.16)

Psychtoolbox Developers

http://psychtoolbox.org/

R The R Foundation for Statistical Computing https://www.r-project.org/
Original code for data analysis Current study TBA

Other

SEEG probes PMT, MN, USA http://www.pmtcorp.com/

BlackRock Neuroport system

BlackRock Microsystems, UT, USA

https://blackrockmicro.com/
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577 RESOURCE AVAILABILITY

578 Lead Contact
579  Requests for further information should be directed to the lead contact, Eleonora Bartoli

580  (bartoli@bcm.edu).

581  Materials availability

582  N/A. No reagents were generated in this study.

583 Data and code availability

584 e All data reported in this paper will be shared by the lead contact upon request.

585 e All original code will be deposited at Zenodo and will be publicly available at the date of
586 publication.

587 e Any additional information required to reanalyze the data reported in this paper is available
588 from the lead contact upon request.

580 EXPERIMENTAL MODEL AND SUBJECT DETAILS

590 12 subjects (6 males, 6 females, mean age of 26 years, ranging from 24-53 years) consented to
591 participate in this study while they underwent invasive epilepsy monitoring with SEEG at Baylor
592  St. Luke’s Medical Center (Houston, TX, USA). Detailed subject information is reported in Table
593  S1. Experimental procedures approved by the Institutional Review Board at Baylor College of

594  Medicine (IRB protocol number H-18112). No patients with prior surgical resection in the areas
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595 of interest participated in this study. Experiments were recorded while interictal epileptic

596  discharges were minimal and no seizures occurred within 2 hours of the experiments.

597 METHOD DETAILS

5908 Task design

599  All participants performed the experimental paradigm while reclined in a hospital bed in a quiet
600 room. All tasks were presented on an adjustable monitor (1920x1080 resolution, 47.5x26.7 cm
601  screen size, 60Hz refresh rate, connected to a PC running Windows 10 Pro at a viewing distance
602 of 57 cm, such that 1 cm on the screen corresponds to ~1 degree visual angle). Tasks were
603  programmed using Psychtoolbox-3 functions (v3.0.16)*® running on MATLAB (R2019a,
604  MathWorks, MA, USA).

605  Participants performed a simple stop signal task paradigm, adapted from the “STOP-IT2_ beta03”
606  software.®? Each trial started with a fixation cross (500 ms duration) followed by a go cue (an
607  arrow pointing to the left or to the right, 1,500 ms duration). The participant was instructed to press
608 the corresponding button on a keyboard (with the right hand). On 25% of trials, a stop signal (color
609 change in the arrow, from gray to bright orange) was presented at a variable delay from the onset
610  of the go cue (stop signal delay, SSD) and participants attempted to stop the button press response.
611  Each participant completed a brief training session (10 trials with feedback) to familiarize with the
612 task and receive coaching. This data was not analyzed. The experimental session consisted of 3

613  blocks of 96 trials each separated by short breaks (10 seconds), with the stop signal being presented
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614  one fourth of the trials (of 288 total trials, 216 go and 72 stop trials). The SSD was initially set at
615 250 ms and varied adaptively based on performance with the staircase method (SSD increased by
616 50 ms with each successful stop, decreased by 50 ms after a failed stop, with SSD boundaries set
617 at 0 and 1,300 ms). Two independent staircases were used for the left and right button press
618  responses. Participants repeated the whole experimental session a second time with a different
619  visual background. Here we report data from only one session, as the visual background

620  manipulation is not relevant to the current study.

621 Behavioral analysis

622  For each trial, the following measures were collected: accuracy and, if a response was given,
623  reaction time. From these metrics we computed: the probability of responding to a stop signal
624  (number of “Stop-fail” trials over number of stop trials), accuracy on Go trials, reaction time during
625  Go trials, and reaction time in “Stop-fail” trials. We ensured that the assumptions of the race model
626  were met by testing that the reaction times for failed inhibition were shorter than the ones for go
627 trials using a non-parametric paired test (Wilcoxon signed rank test). The stop signal reaction time

628 (SSRT) was estimated using the integration method.

629  Stereoelectroencephalography (SEEG) probes

630 Reported data were acquired by sEEG depth probes. The sEEG probes had either a 0.8 mm

631  diameter, with 8 to 16 electrode contacts along the probe with a 3.5 mm center-to-center distance
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632  (PMT Corporation, MN, USA) or a 1.28 mm diameter, with 9 recording contacts, with a 5.0 mm

633  center-to-center distance between contacts (AdTech Medical Instrument Corporation, WI, USA).

634 Electrode localization and selection

635 For each patient, we determined electrode locations by employing the software pipeline
636 intracranial Electrode Visualization, iELVis.’" In short, the post-operative computed tomography
637  (CT) image was registered to the pre-operative T1 anatomical magnetic resonance imaging (MRI)
638 image using FSL.™®® Next, the location of each electrode was identified in the CT-MRI overlay
639  using Biolmage Suite.'>® Anatomical locations of the electrodes were classified based on their
640  proximity to the cortical surface model, reconstructed by the T1 image using Freesurfer (version

641  6.0).160

642  We further labeled each electrode by finding the most likely cortical parcellation estimate in a 5
643  mm radius around each electrode using the Destrieux Cortical Atlas.'®* The atlas contains 76
644  cortical parcellation labels and each cortical surface point is assigned a label by mapping the
645  parcellation estimates on each individual cortical surface. The inclusion criteria for this study was
646  the presence of at least one electrode recording from posterior parietal cortex (Destrieux labels:
647 ‘G _pariet_inf-Angular’, ‘G_pariet_inf-Supramar’, ‘G_pariet_sup’, ‘G_precuneus’,
648 ‘S interm prim-Jensen’, ‘S intrapariet and P trans’, ‘S parieto occipital’, ‘S subparietal’).
649  Electrodes classified as recording from the IFG (Destrieux labels containing ‘inf-Triangul’), IPS
650  (‘intrapariet’), OFC (‘orbital’), ACC (‘cingul-Mid-Ant’ and ‘cingul-Ant’), and PCC (‘S_cingul-

651 Marginali’, ’S subparietal’, ’S parieto_occipital’) were selected for the main functional
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652  connectivity analyses of the current study.®? For the spike-LFP coherence analysis, we selected
653  SUA isolated from microwires recording from ACC and PCC (defined above) and LFP recorded

654  from parietal cortex (‘pariet’, ‘Jensen’, ‘Marginalis’, ‘precuneus’).

655 Electrophysiological recording and preprocessing

656 SEEG signals were recorded by a 256 channel BlackRock Neuroport system (BlackRock
657  Microsystems, UT, USA) at 2 kHz sampling rate, with a 4" order Butterworth bandpass filter of
658  0.3-500 Hz. sEEG recordings were referenced to an electrode contact visually determined to be in
659  white matter and at least 3 mm away from gray. A photoresistor sensor recording at 30 kHz was
660 attached to the task monitor to synchronize intracranial recordings to the precise go and stop signal
661  presentation time (a white square was presented at the same time as the go and stop cues in the
662 lower right corner of the monitor, and its timing was recorded through the photoresistor signal).
663  All signals were processed in MATLAB (R2019a, MathWorks, MA, USA). Raw sEEG signals
664  were firstly inspected for line noise, recording artifacts (e.g., contamination by muscle activity,
665 presence of large deflections, additional noise components), and interictal epileptic spikes.
666  Electrodes with artifacts and epileptic spikes were excluded from further analysis. Next, the signal
667  from each electrode was re-referenced to the average of all electrodes that survived exclusion
668 criteria. Re-referenced signals from electrodes localized within our ROIs were selected for further
669 analysis. 12 patients had parietal coverage and were included in the study. Across this sample, 7
670 participants had electrodes recording IPS and 6 from both IPS and IFG. Table S2 has detailed

671 information about the number of electrodes in brain regions of interest for each patient.
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672  Single-unit activity (SUA) was obtained in a subset of locations by Behnke-Fried configuration
673  hybrid macro-micro electrodes, with a bundle of 8 recording shielded microwires at the tip of the
674  electrode (~40 um diameter, extending about 3 mm from the tip) and 1 unshielded microwire used
675 as a local reference. Signals from Behnke-Fried electrodes were recorded at 30 kHz using
676  NeuroSnap Headstages connected to a NeuroSnap Headstage Bridge, feeding into the BlackRock
677  Neuroport system. Across our sample, 6 participants had microwires in ACC and at least one
678 SEEG electrode in parietal, and 3 of those also had microwires in PCC. In this work, we refer to
679  LFP as the signal recorded from macro-electrodes (SEEG) only. From the micro-electrodes, only

680  SUA was analyzed, as described below in spike-LFP PPC.

681 Electrophysiological analysis

682  Re-referenced signals were downsampled to 1000 Hz and spectrally decomposed using a family
683  of Morlet wavelets (7 cycles), with center frequencies ranging logarithmically from 1 to 200 Hz
684 in 100 steps. First, we performed a time-frequency analysis of LFP power from all locations
685  recording from the posterior parietal cortex and from IFG, and compared power values associated
686  with Stop-success and Stop-fail. We identified the time of the stop signal presentation (using the
687  photoresistor signal) and we selected time-frequency power values from the 300 ms to 700 ms
688 after the stop sign. Power values during each stop trial were normalized to percent change with
689  respect to the pre-trial baseline period (300 to 0 ms before go cue presentation). Power % change
690  values computed for each electrode location were then averaged over Stop-success trials and Stop-
691 fail trials separately, for each electrode location and participant. To assess the presence of

692  differences in the time-frequency power values, we employed permutation testing (5,000
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693  permutations), randomly shuffling labels between Stop-success and Stop-fail to estimate the
694  distribution of differences at each time-frequency point under the null hypothesis and compute p-
695  values. More details in the statistics section below. For LFP latency detection, we focused on the
696 beta range. Beta band power was obtained by averaging the magnitude of the Morlet wavelet
697  decomposition result between 15-25 Hz for beta, and normalized to percent change with respect
698 to the base-line period (300 to 0 ms before stop cue presentation) (Figure S8). Next, for each
699 electrode location, we used the matlab function findpeaks in MATLAB and we defined the first
700 beta peak as the first local maxima after stop cue onset. We adjusted the parameter
701  MinPeakProminence to 10 to filter out minor variation and noise. We used this setting after

702  visually inspecting LFP power traces for reliable peak detection across all LFP data.

703 Spectral LFP-LFP Granger causality

704  We recorded LFP-LFP pairs between IPS and IFG (n=106 pairs; 6 patients), IPS and OFC (n=247
705  pairs; 5 patients), IPS and ACC (n=231; 7 patients), and IPS and PCC (n=233; 4 patients). To
706  quantify causal relationships between LFP signals in different brain regions, we implemented
707  spectral Granger causality (nonparametric bivariate) using the FieldTrip toolbox.%® Granger
708 causality in neural signals estimates causal influence from signal X to signal Y by comparing the
709 variance of signal Y that can be explained by the recent history of the signal Y alone with the
710  variance that can be explained by taking the recent history of both signals X and Y into account.64
711  Ifthe difference between the two variances is large, we interpret that there is causal influence from
712  signal X to signal Y. Time-based autoregressive models, however, may not fully reflect spectral

713 qualities of signals.1%>16¢ Because we aimed to study frequency-specific causal influences between
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LFP signals, we implemented spectral LFP-LFP Granger causality from signal X to signal Y at
frequency w to quantify casual relationships using cross-spectral density matrix factorization in

Egs. (1) and (2).8316

_ Syy(w)
GCX—)Y ((l)) =In <Syy(w)—(2XX—§XL;|HYX(a))|2)) (1)
S(w) = H(w)ZH(w)* (2)

For a pair of signals X and Y at frequency w, S(w) is the cross-spectral density matrix and H (w)
is the spectral transfer matrix. X' is the covariance of an autoregressive model’s residuals. We

excluded LFP signals below 10 Hz because they were unreliable (Figure $1).83%

LFP-LFP pairwise-phase consistency (PPC)

To measure synchronization of two LFP signals, we implemented LFP-LFP PPC® using the
FieldTrip toolbox.8® Compared to phase coherence, PPC is less affected by amplitude correlations
and therefore is a bias-free metric for LFP synchronization.?*% PPC of LFP signals X and Y at

frequency w was estimated as in Eq. (3).

2 _
PPCyy(w) = 555 Y Bk=gen  [cos(8xj — 6vi)] ©)
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728 N is atotal number of cycles at frequency w. 8y; and 8y, are unit vectors that correspond to phase

729  angles of signals X and Y at a particular cycle of j and k, respectively.

730  Spike-LFP PPC

731 To measure synchronization of spikes and LFP signals, we implemented spike-LFP PPC using the
732 FieldTrip toolbox.%® Spike-LFP PPC is a bias-free statistic that is not affected by the number of
733 spikes.38% We measured consistency of phases of from all LFP signals 100 ms before and 100 ms
734  after each spike (200 ms sliding window with a stepping size of 10 ms) in 15, 20, and 25 Hz. For
735  this analysis, we used spikes detected during the whole trial [-500 ms +1500 ms] aligned to the
736  onset of the first black arrow. We chose a broader epoch to ensure higher spike counts and robust
737  statistics. Spike-LFP PPC at frequency w of between spikes and and a LFP signal was estimated
738 asinEq. (4)

739 PPC(w)zN(Nl_l) N Sees lcos(i—¢i)] 4)

740 N is a total number of spikes. ¢; and ¢, are the phases of the LFP signal in the 200 ms time
741 window at the time of the j-th and k-th spike, respectively. Extracellular spikes were detected on
742  the band-passed microwire signals (300-3000 Hz) based on a signal-dependent negative voltage
743  threshold, and automatically sorted employing waveform features and unsupervised nonparametric
744 clustering (Wave_clus3).1% Isolated waveforms were segregated into units in a semi-automated

745  manner. The times of threshold crossing for identified units were retained for spike-LFP coherence
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746 analysis. Based on previously used criterion,’® units were classified as single- or multi-units based
747  on the spike shape and inter-spike-interval (IS1) distribution of the cluster (single-units with <1%
748  of spikes with an ISI less than 3 ms). In addition, to be included in the spike-LFP PPC analysis,
749  units needed to have a sufficient number of spikes across the stop trials (minimum n = 72). Across
750  the 6 subjects with Behnke-Fried probes in ACC, 62 single-units were used for this analysis
751  following the inclusion criteria. From the 3 subjects with probes in PCC, 12 single-units were
752  employed. The number of spike-LFP pairs between participants ranged from 8-1036 (ACC-

753  parietal cortex) and 12 to 40 (PCC-parietal cortex).

754  Statistics

755  Statistical analyses were conducted in MATLAB (Mathworks) and R Statistical Software (4.3.3).
756  All statistical tests were two-sided unless specified as one-sided. Statistical significance for time-
757  frequency power values differences was obtained using permutation testing (5,000 permutations)
758  and using cluster-based correction for multiple comparisons across the time-frequency space.
759  Clusters associated with a corrected p < 0.05 were considered significant. To test for statistical
760  significance between behavioral measures and connectivity metrics (Figures 2, 3, 4, 5, S1, S2, S3,
761  S4,S6, S7), we applied either Wilcoxon signed-rank or paired t-tests. Granger causality is a biased
762  metric with a minimum of 0 but no upper bound for maximum, and we used Wilcoxon signed-
763  rank tests for statistics of Granger causality values. Multiple comparisons correction for spectral
764  measures is challenging because values at neighboring frequencies are not independent. We also
765  have a step where we do frequency smoothing with a Gaussian filter in our analysis, and this step

766 increases dependencies between adjacent frequencies. Therefore, we used a conservative statistical
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767  threshold for our statistical testing: p < 0.01 in four or more contiguous bands (below 60 Hz) and
768  six or more contiguous bands (above 60 Hz). For the latency analysis, we employed a mixed effect
769  model approach (Imer package in R) defining fixed effects for electrode location (levels: IPS, IFG,
770  ACC, OFC, PCC), and trial type (Success and Failure) and random effects for participants. P-
771 values were approximated using Satterthwaite's method. Post-hoc comparisons were used to test
772  for differences between Stop-success and Stop-fail trials within each region (emmeans function
773  contrast with Bonferroni correction for multiple comparisons). Statistical significance is denoted

774  as*p<0.05and **p <0.01.
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