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SUMMARY

In daily life, we must recognize others' emotions so we can respond appropriately. This
ability may rely, at least in part, on neural responses similar to those associated with our own
emotions. We hypothesized that the insula, a cortical region near the junction of the temporal,
parietal, and frontal lobes, may play akey rolein this process. We recorded local field potential
(LFP) activity in human neurosurgical patients performing two tasks, one focused on identifying
their own emotional response and one on identifying facial emotional responses in others. We
found matching patterns of gamma- and high-gamma band activity for the two tasksin the
insula. Three other regions (MTL, ACC, and OFC) clearly encoded both self- and other-
emotions, but used orthogonal activity patternsto do so. These results support the hypothesis that
the insula plays a particularly important role in mediating between experienced vs. observed

emotions.

Keywords: emotion; empathy; valence; human intracranial recordings; local field

potentials; insula; cross-task decoding
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INTRODUCTION

The ability to understand and respond appropriately to emotions of other peopleis one of
the key skillsin humans' cognitive repertoires (Happé et a., 2017; Precke et al., 2018; Schurz et
al., 2021). This ability in turn is central to social skills like empathy and theory of mind. Emotion
identification is of great interest to psychiatrists because it is compromised in diseases like
depression and autism (Fletcher-Watson & Bird, 2020; Gambin & Sharp, 2018; Nowacki et al.,
2020). Consequently, the foundations of this skill have been of great interest in neuroscience and
psychology (de Waal & Preston, 2017; Decety, 2015; Marsh, 2018). One important question is
how recognizing our own emotions relates to recognizing emotions in others.

One possibility is that these two abilities rely on shared neural representations that can
trandate between representations of emotion in self and others. Thisideais supported by
findings from related fields. For example, the ability to identify visceral statesin others depends
in part on circuitry related to perceiving our own emotions (Preckel et al., 2018; Singer & Lamm,
2009; Singer & Tusche, 2014). When people experience a painful stimulus, part of the pain
network including bilateral anterior insula and anterior cingulate cortex is activated as when they
see aloved one have asimilar experience (Lamm et al., 2011; Singer et al., 2004). Likewise,
multivoxel pattern analysis found that feelings of disgust and perceptions of unfairness also co-
activate the insula and cingulate cortex in similar ways (Corradi-Dell’ Acqua et al., 2016). The
overlapping activation is cons stent with the hypothesis that observersinfer the emotional states
of others through a process that makes use of overlapping representations that help map the
experiences of the observed onto the observers own state (de Waal & Preston, 2017). Indeed,
some authors have conjectured that shared reactivations may be a core element of theory of mind
and may contribute to empathy aswell (Mitchell & Phillips, 2015; Molenberghs et al., 2016;
Schaafsmaet al., 2015).

Emotion activates much of the brain, including regions like the medial temporal lobe
(MTL), anterior cingulate cortex (ACC), orbitofrontal cortex (OFC), and insula (Hultman et al.,
2016; Janak & Tye, 2015; Rggmohan & Mohandas, 2007; Underwood et al., 2021). Among these
regions, theinsulais of particular interest (Gasquoine, 2014; Menon & Uddin, 2010). Theinsula
responds to viscerally relevant stimuli, such as pain or disgust-inducing odor, whether
experienced personally or observed in others (Kanske et al., 2015; Lamm et al., 2011; Singer et
al., 2009; Zhao et a., 2022). The insulais a key node in the salience network (Menon & Uddin,
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2010; Uddin, 2017), which shapes our emotional experiences and contributes to the generation of
emotional states (Cidler et al., 2019; Luo et a., 2014; Underwood et al., 2021). Moreover, insula
contributes to the perception of bodily states, which in turn are thought to be foundational to
emotion processing (Craig, 2002; Karnath et al., 2005; Paulus & Khalsa, 2021). Indeed, activity
intheinsulais elicited by avariety of emotional events, suggesting a role beyond visceral
sensory processing (Nguyen et al., 2016; Uddin, 2015; Zhou et a., 2021). However, limited
accessibility and the rarity of isolated lesions have provided difficult barriers to amore
sophisticated understanding of its role (Molnar-Szakacs & Uddin, 2022; Uddin, 2017).

We recorded local field potentialsin the human insula, and, for comparison, the MTL,
ACC, and OFC. Participants performed two tasks, an emotional identification task (in which they
identified their own emotional response) and an emotional expression identification task (in
which they identified another person’s emotional response). In theinsula, we found a response
pattern that encoded emotions and was consi stent across the two tasks, highlighting the
convergence and generalizability of valence representation. We found clear encoding of emotion
in both tasksin the other three regions, but no evidence for overlapping representations of self-
and other-emotions. Thus, within our set of four sampled regions, overlapping representations
appear to be unique to the insula. Together, these findings suggest that the insula can process
emotional valence across different person contexts and suggest a possible basis for empathetic

cognition.
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RESULTS

Task and recording sites

We recorded from intracranial €l ectrodes while human epilepsy patients (n=17, nine
female) viewed videos (Emotional brain behavior quantification task) and facial expressions
(Affective Bias task) that varied along the emotional valence dimension (Figure 1A). The
emotional brain behavior quantification (EBBQ) task was used to test for self-emotion and the
Affective Bias task was used to test for other-emotion.

In the EBBQ task, stimuli consisted of 30-60 second duration emotional videos
containing real-life news events (Samide et al., 2020). We used real-world news clips because
they are clearly non-fictional, and thereby provide greater validity than previous studies that used
clips taken from movies or music videos (Abraham et al., 2008). Participants rated their
emotional valence at the end of each video.

In the Affective Bias task, participants viewed a series of emotional facial expressions
and rated the emotion of the face using a continuous scale by clicking on alider bar (Bijanki et
al., 2019; Metzger et al., 2023; Surguladze et al., 2004). The stimulus set consisted of computer-
morphed faces spanning different emotional valence and intensity (100% happy, 50% happy,
30% happy, 10% happy, neutral, 10% sad, 30% sad, 50% sad, and 100% sad). Previous
behavioral studies have shown that in thistask, depression patients required a higher intensity of
happiness to identify a face as happy compared to the healthy control group, and this perceptual
bias was reduced with clinical improvement (Munkler et al., 2015).
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Figure 1: Self and other emotion tasks and neural recording locations. (A) Task
structure. Each participant completed both EBBQ task (left) and Affective Bias task
(right). (B) Recording locations across all participants on a template brain. Coordinates
are in Montreal Neurological Institute (MNI) space. Different colors indicate contacts
from different regions: green, anterior cingulate cortex; orange, insula; purple, medial
temporal lobe; blue, orbitofrontal cortex. Dorsal (D), ventral (V), left (L), right (R),
anterior (A), and posterior (P) directions are indicated.

Response to emotional valence is heter ogeneous acr 0ss contacts

We recorded from 678 contacts in four brain regionsin 17 participants who performed
both tasks (Figure 1B). We first computed spectral power from each of six frequency bands:
delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12—30 Hz), gamma (35-50 Hz), and high-
gamma (70-150 Hz) (These are standard definitions of these bands; we used the same band
definitionsin Xiao et al., 2023). For each band, we fit alinear regression model between spectral
power and valence rating, using the |east-squares approach, to obtain a normalized regression
weight on the single contact level (Figure 2A). A positive normalized regression weight (that is,
normalized beta value, shown in red in Figur e 2B-E) indicates the contact has a larger response
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in gamma band during positive valence stimuli in each of the four regions we recorded. These
illustrative figures highlight the diversity of responses across contacts within each region.

We were especialy interested in the gamma and high-gamma bands. Spectral power in
these bandsis a good index of local processing (Daume et al., 2024; Henrie & Shapley, 2005;
Nir et al., 2007). Prior research has shown a close relationship between the spiking activity of
neurons and the high-frequency activity observed in intracranial recordings (Lachaux et al.,
2012; Nir et a., 2007; Rich & Wallis, 2017). The primary contributor to the high-frequency
components of the local field potential may be the synchronized spiking of neighboring neurons
(Buzsaki et al., 2012). Thus, it has been proposed that spectral power in high-frequency bands
including gamma and high-gamma may represent the collective activity of alocal group of
neurons, and could potentially serve as a potential proxy for neuronal activity (Colgin et al.,
2009; Fernandez-Ruiz et a., 2021; Manning et al., 2009; Miller et al., 2014).

In the insula, we found clear encoding of emotional valence in both tasks. Specifically,
the spectral power in gamma or high-gamma band was modulated by emotional valence in
13.5% of contacts during the EBBQ task, and 11.1% was modulated during the Affective Bias
Task (EBBQ: n=28/208 contacts, Affective Bias Task: n=23/208 contacts, note that these
proportions were generated using p-values Bonferroni corrected for two frequency bands). Both
of these proportions were substantially greater than would be expected by chance (chance level:
5.0%, p < 0.05 when compared to the true proportions).

Valence was also encoded in both tasks in the three other regionsin our study: the medial
temporal lobe (MTL, EBBQ: n=29/198, 14.6%, Affective Bias Task: n=23/198, 11.6%), the
anterior cingulate cortex (ACC, EBBQ: n=11/69, 15.9%, Affective Bias Task: n=15/69, 21.7%),
and the orbitofrontal cortex (OFC, EBBQ: n=27/203, 13.3%, Affective Bias Task: n=29/203,
14.3%). These proportions from all regions were significantly larger than expected by chance
(chanceleve: 5.0%, p < 0.05in al cases).

Overal, the proportion of contacts encoding emotional valence was similar between the
EBBQ task and the Affective Bias Task. Indeed, we did not find any significant difference in the
encoding of valence acrosstasksin al four regions (p > 0.9 for all four regions, chi-squared test).
In both the EBBQ and the Affective Bias task, and in all regions, the spectral power was greater
during positive valence in some contacts while in other contacts the power was greater during

negative valence; in other words, the response is heterogeneous across contacts (Figur e 2B-E).
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169 Caollectively, these results indicate that emotion isencoded in all four regions studied, consi stent

170  with findings from earlier studies (Jackson et al., 2024; Rogers-Carter et al., 2018; Ralls, 2019;
171  Zhenget ., 2019).
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173 Figure 2. Neural response pattern across tasks. (A) For each contact, we obtained
174  one normalized beta value for each frequency band representing the relationship
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175 between the spectral power in that band and the valence rating. (B-E) Normalized beta
176 value for gamma power across contacts during EBBQ and Affective Bias task in insula
177 (B), medial temporal lobe (C), anterior cingulate cortex (D), and orbitofrontal cortex (E).
178 Contacts in red have a larger response during positive valence stimuli while contacts in
179 Dblue have a larger response during negative valence stimuli.

180

181 Task-general and task-specific coding

182 We next asked whether the pattern of activation across contacts was similar within each
183  brain region for the two tasks. To quantify the similarity between tasks, we calculated the

184  correlation between the normalized regression weights (betas) from the EBBQ task and the

185 normalized betas from the Affective Biastask. We concatenated the lists of regression weights
186 into two vectors for each brain region, one for each task. Each element in a vector therefore

187  corresponded to a specific recording site within abrain region. Correlating these two vectors
188  essentially asks whether variation in one variable covaries with variation in the other; a positive
189  correlation would suggest a common code for empathy between the two tasks (cf. Azab &

190 Hayden, 2017). This analysis therefore assesses the similarity in the pattern of activation across
191 thetwo conditions.

192 In the insula, we found a positive correlation between these normalized regression

193 waeights, indicating that the response pattern in high-frequency bandsis consistent across tasks
194  (Figure3A, gamma: r = 0.34, p = 4.24x10°; high-gamma: r = 0.32, p = 2.79x10”). In the three
195 other brain regions, we did not observe a significant positive correlation between normalized
196  betas acrosstasks (Figure 3B-D, p > 0.9 for each of these regions). The measured correlation
197  coefficients within the insula were substantially larger than those of other brain regions (Fisher's
198 z-transform, p values were Bonferroni corrected for gamma and high-gamma bands, compared
199  withMTL: z=4.19, p = 5.70x10° for gammaband, z = 2.59, p = 0.020 for high-gamma band;
200 compared with ACC: z = 2.83, p = 0.0092 for gammaband, z = 3.04, p = 0.0047 for high-gamma
201  band; compared with OFC: z = 4.15, p = 6.77x10 for gammaband, z = 3.67, p = 4.81x10™ for
202  high-gamma band).

203 We next asked whether the positive correlation between these normalized betasin the
204  insulareflects a combination of abstract and task-specific codes. To do so we used a positive-
205  control / negative-control approach we have used in the past (Fine et a., 2023; Herman et al.,
206  2023; Yoo and Hayden, 2020). We split the data within a single task into two halves and

207  generated bootstrapped beta values from each half of the data. The correlation between these


https://doi.org/10.1101/2024.06.04.596966
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.04.596966; this version posted June 8, 2024. 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.

10

208  vectors provides an estimate of the correlation that would be measured given the noise properties
209  of the stimuli under the assumption that the correlation was perfect (see also Azab & Hayden,
210 2017, 2018). We repeated the entire process 1000 times to generate a distribution of randomized
211 perfectly correlated r-values. We then examined where the experimental r-value we obtained
212 from the across-task correlation fell within this positive control distribution. In the medial

213  temporal lobe, anterior cingulate cortex, and orbitofrontal cortex, the experimental r-values we
214  obtained from the across-task correlation were significantly lower than r-values from the

215  correlations within tasks (p < 0.05 in these brain regions). However, we did not observe a

216  significant difference between theser-valuesin theinsula(p > 0.5 in theinsula). Theinsula

217  result indicates that its encoding is, to the best of our ability to measure, abstract, and does not
218 contain aclearly detectable task-selective component. Conversely, the other regions do not have
219 ameasurable task-general component.

220 In other words, these results endorse a potential qualitative difference between the insula
221  and the other regions we studied, in which the insula has an abstract (i.e., cross-task) encoding of
222  valence and the other regions do not. While the other regions encode emotion and do so with a
223  similar magnitude to the insula, we see no evidence that their code is the same across the two
224 contexts of first-person (self emotions) and second-person (others' emotions). Thus, within our
225  four regions, the insula appears the most likely substrate for cross-person emotional encoding.
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227 Figure 3. Cross-task coding in gamma and high-gamma activity. (A) Correlation
228 between the normalized betas for gamma and high-gamma power in insula from EBBQ
229 task and the normalized betas from Affective Bias task. Each dot indicates one contact.
230 (C-D) Correlation between the normalized betas from EBBQ task and Affective Bias
231 task in other brain regions. Regions with significant positive correlations were shown in
232  green while non-significant results were shown in gray.

233

234  Valenceisdecodable both within task and acrosstasksin the human insula

235 We next used decoding analysis to test whether the valence representation is decodable
236  acrosstasksin these regions. We performed both within-task and cross-task decoding to predict
237  vaence condition (positive/negative) using the average spectral power across thetrial in all

238  frequency bands (Figure 4A). For within-task analysis, we used training and testing data from
239 the sametask and performed stratified 10-fold cross-validation using a support vector classifier
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240 (Berrar, 2018; Chang & Lin, 2011). For cross-task generalization analysis, we used training and
241  testing data from different tasks.

242 First, using only the insula data, we found that accuracies for all training and testing pairs
243  were higher than chance (Figure 4B, p < 0.001 for all pairs after Bonferroni correction for four
244 regions when compared with an accuracy of 0.50). Thiswas true in both tasks separately.

245  Interestingly, EBBQ was overall more decodable than bias, however, both EBBQ and Bias were
246  highly significant. To confirm that our findings were not artifactual, we permuted the valence
247  condition labels and repeated the same decoding process 10000 times. With the valence ratings
248  permuted and thus mismatched with the neural data, the valence condition could no longer be
249  accurately predicted (Figure 4C, p > 0.5 for all pairs when compared with an accuracy of 0.50).
250 Inany case, the highly significant cross-task decoding indicates that the valence condition can be
251  decoded by the decoder trained on a different task, consistent with a pattern of abstract valence
252  encoding in theinsula.

253 In comparison, we performed the decoding analysis for the other three brain regions:

254  medial temporal lobe (Figure 4D, p values from left to right when compared with an accuracy of
255  0.50, Bonferroni corrected for four regions: 0.003, 0.36, 0.003, 0.24), anterior cingulate cortex
256  (Figure4E, p values from left to right: <0.001, 0.80, 0.91, 0.47), orbitofrontal cortex (Figure
257  4F, p valuesfrom left to right: <0.001, 0.32, 0.17, 0.20). Most notably, the cross-task decoding
258 wasnot statistically significant for either direction in any of the three brain regions. We

259 performed Kruskal-Wallis tests to assess significant differences in decoding accuracy across
260  regions (Figure 4G-H ,train Bias, test EBBQ: H = 20070.01, p < 1x10™ train EBBQ, test Bias:
261 H=23319.37, p < 1x10™). Subsequent post-hoc Wilcoxon rank sum tests confirmed that the
262  accuraciesfor training and testing pairs from different tasks, using datafrom the insula, were
263  much higher than the accuracies obtained from other brain regions (Bonferroni-corrected, p <
264  1x10*for insulavs. MTL, insulavs. ACC, insulavs. OFC). The higher accuracy in the insula
265 indicates that the abstract representation is stronger in the insula than in other regions.
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267 Figure 4. Decoding valence condition from neural activity. (A) Analysis paradigm.
268 (B) Decoding accuracy for each training and testing pair using insula data. Boxplots
269 illustrate quartiles at 25% and 75%, with horizontal lines denoting medians, and
270  whiskers extending to 1.5 times the interquartile ranges. The dotted line indicates the
271  chance level performance (50% accuracy). (C) Decoding accuracy using permuted
272 insula data. (D-F) Decoding accuracy using data in medial temporal lobe, anterior
273  cingulate cortex, and orbitofrontal cortex. (G-H) Comparison of decoding accuracy
274  across regions for the same type of training and testing pairs.
275

276


https://doi.org/10.1101/2024.06.04.596966
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.04.596966; this version posted June 8, 2024. 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.

14

277 DISCUSSION

278 We recorded intracranial field potentials while human neurosurgical patients performed a
279  task in which they responded to emotional videos and, in a separate task, evaluated facial

280 expressions for emotion. We found that in the insula, much more than other regionstested (MTL,
281 ACC, and OFC), neural activity was similar for similar emotions in the two tasks, and thus for
282  <df and other. Thus, our results suggest that the insula carries a cross-person representation of
283  valence, thereby expanding our understanding of itsrole in emotional processing. Thistype of
284  cross-task commonality suggests that the insula carries an abstract encoding of emotional state,
285  independent from the person it is associated with. This abstraction may help usin drawing

286  conclusions about the emotional states of others (de Waal & Preston, 2017; Preckel et al., 2018).
287 These results are related to questions about how we recognize emotions in others and
288  how the ability to do so relates to our own emotional states (Ferretti & Papaleo, 2019; Spunt &
289  Adolphs, 2019). Notably, in simulation-based theories, we can recognize emotional statesin

290 other people by smulating the expression of emations, that is, by recapitulating them (Goldie,
291  1999; Marsh, 2018). If this theory is correct, then it would help quite a bit to have a part of the
292  brain in which we have an abstract representation of the emotion, so that it can be applied from
2903  <df to other. Our results therefore suggest that the insula may be one such sitein the brain.

294 Therole of theinsulain emotional processing remains a subject of ongoing debate. The
295 insulaisactivated by awide range of emotional stimuli, from acute painful sensationsto fearful
296 facial expressions (Frot et a., 2022; Segerdahl et al., 2015). However, some researchers have
297  proposed that the insula primarily serves as a sensory rather than affective region, with other
298 regions such asthe orbitofrontal cortex playing alarger role in value representation in

299  subsequent stages of processing (Rolls, 2016). A previous fMRI study, for instance, found that
300 theanterior insula specifically encodes valence related to taste, but not vision, whereas the

301 orbitofrontal cortex encodes valence independent of the sensory source (Chikazoe et al., 2014).
302  Our results challenge this idea.

303 Our results do not, of course, demondtrate that the other regions from which we recorded
304 havenorolein emotional processing. Indeed, our results highlight the broadly distributed nature
305 of emotional information throughout the four regions from which we recorded. We suspect that
306 emotion, which has a pervasive influence on our decisions and our interpretation of the world, is

307 likely represented broadly throughout the brain. If so, it would align with reward, which is
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308 closdy related to emotion, and is likewise represented in many brain regions simultaneously
309 (Fine& Hayden, 2021; Vickery et al., 2011). Indeed, we believe that the demonstration of both
310 sdf and other emotion encoding in these regions argues against a strong functional specialization
311 for different aspects of emotion (Westlin et al., 2023).

312 To make our stimuli more relevant to real life, and thereby increase the ecological

313  validity of our findings, we used videos containing non-fictional news clips as part of the study's
314  stimuli (Samide et al., 2020). However, the use of emotional videos and facial expressions may
315 not fully capture the intricate nature of emotional processing. Emotion is a multifaceted

316 phenomenon that involves various sensory modalities, including visual, auditory, tactile, and
317  olfactory components (Schirmer & Adolphs, 2017; Feldman Barrett, 2006). Considering the
318 involvement of the insulain gustatory and olfactory processing, aswell asitsrolein

319 multisensory integration, future research should consider incorporating additional sensory

320 modalities to provide a more comprehensive understanding of how the insula processes emotions
321 (Chikazoe et al., 2019; Gogolla, 2017; Koeppel et a., 2020).

322 The perception of emotional stimuli not only enriches our daily experiences but also

323 playsavital rolein our survival. Emotional valence processing could influence perceptual,

324  attentional, and mnemonic processes, thus guiding our behaviors and shaping our interactions
325  with theworld around us (Ballhausen et al., 2015; Dolcos et al., 2020; Gutchess & Kensinger,
326  2018). Disruptionsin this crucial process have been strongly associated with various psychiatric
327  conditions (Price & Duman, 2020; Tschida & Y erys, 2021). For example, neutral or ambiguous
328 facia expressionstend to be evaluated as sad in individuals with depression (Bourke et al., 2010;
329 Disner et a., 2011). This aternation in valence processing can profoundly impact how they

330 perceive and interact with their environment. In the future, researchers can explore potential

331 changesin neural activity among these patients. Understanding the neural underpinnings of

332  emotional valence processing in healthy participants and individuals with psychiatric disorders
333 may provide valuable insights for early detection and targeted treatment, ultimately offering

334  important clinical benefits. Ultimately, our results provide a valuable complement to studies

335 using animal models and studies using non-invasive methods in humans. These kinds of studies
336 have had agreat impact, but for studying certain high-level aspects of cognition, it isvaluable to
337  have human participants and direct brain measures (Widge et a., 2019).

338
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340 EXPERIMENTAL METHODS
341 Participants
342 Seventeen participants (eight males and nine females, mean age 43 years, range 19-63

343  years) undergoing invasive monitoring for the treatment of refractory epilepsy at Baylor St.

344  Luke sMedical Center (Houston, Texas, USA) participated in our study. The implantation sites
345 wereexclusively determined by the clinical team with the sole goal of localizing the seizure

346  onset zone. Ethical approval for the study was granted by the Institutional Review Board at

347  Baylor College of Medicine, under IRB protocol number H-18112. All participants provided
348  both verbal and written consent to participate in the study. After the surgical implantation of
349  electrodes, patients underwent approximately one week of inpatient monitoring. During this

350 period, we conducted both the EBBQ task and the Affective Bias (in the same patients) task

351  while concurrently recording neural activity. These tasks were presented on a Viewsonic VP150
352  monitor with aresolution of 1920 x 1080, positioned 57 cm away from the participants.

353

354 Emotional brain behavior quantification (EBBQ) task

355 Each run in thistask contained eight emotionally positive and eight emotionally negative
356 videos. The valence category was predefined by average ratings from 100 healthy studentsin a
357  publicly available database and all videos contained real-life news events (Samide et al., 2020).
358  Unlike previous studies that have used video clips from movies or music videos, which might be
359 processed differently due to their fictional nature, the video database employed in our research
360 used real-life newscasts. At the end of each video, participants provided avalence rating using a
361 USB numeric keypad, ranging from 1 (extremely unpleasant) to 9 (extremely pleasant). In this
362 dataset, 16 out of the 17 participants completed two runs of thistask, while the remaining

363  participant completed four runs. Datafrom all runs were included in the anaysis.

364

365 Affective Biastask

366 Participants were asked to rate emotional human face photographs. We used a set of

367 happy, sad, and neutral face examples (6 identities for each emotion, split evenly between

368 genders), adapted from the NimStim Face Stimulus Set (Tottenham et al., 2009). These faces
369  were manipulated through a Delaunay tessellation matrix to create subtle variations in emotional
370 intensity, ranging from neutral to highly expressive. The increments were set at 10%, 30%, 50%,
371  and 100% for happy and sad expressions respectively.

372 In each trial, a white fixation cross was presented on a black background for 1000 msec
373  (jittered +/- 100 msec). Then aface image and arating prompt were displayed s multaneously on
374  thescreen. The rating prompt included an interactive analog slider bar positioned under the text
375 ingruction: “Please rate the emotion”. Participants indicated their rating by clicking a specific
376 position on adlider bar using a computer mouse. The ratings were captured on a continuous scale
377 ranging from O (‘"Very Sad') to 0.5 ('Neutral') to 1 ('Very Happy'). The presentation of stimuli
378 followed ablocked design, with all happy faces (plus neutral) appearing in one block while all
379  sad faces (plus neutral) appearing in a separate block. Each run consisted of one block of happy
380 facesand one block of sad faces, with each block containing 30 randomized trials (6 identities x
381 5Slevelsof intendity). Participants completed between two to twelve runs with alternating happy
382 andsadtrias. All datafrom these runs were included in the analysis. The order of these blocks,
383 dther starting with happy faces or sad faces, was counterbalanced across participants.

384

385 Electrodelocalization and intracranial recordings
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386 Prior to surgery, patients underwent brain magnetic resonance imaging (MRI), followed
387 by post-implantation computed tomography (CT). For precise localization of implanted

388 dectrodes, we aligned the pre-operative T1-we ghted MRI scans with the post-operative CT
389  scans. The automated cortical reconstruction was executed using Freesurfer tools (Fischl, 2012).
390 After mapping the electrodes onto the native MRI space using Biolmage Suite v3.5b1 (Joshi et
391 al., 2011), an expert anatomist assessed the images to identify brain regions and categorized
392  contacts as either gray or white matter. Contacts found within white matter were excluded from
393  subsequent analyses. Detailed methodol ogies have been outlined elsewhere (Sheth et al., 2022;
394 Xiao et al., 2023). Neura signals were recorded using sEEG electrodes at a sampling rate of
395 2000 Hz through the Cerebus data acquisition system (BlackRock Microsystems, UT, USA). The
396 signalswere processed with a bandpass filter set at 0.3-500 Hz using a 4th-order Butterworth
397 Afilter.

398
399 Preprocessing and spectral decomposition
400 We conducted a visual inspection of the raw signalsto identify any recording artifacts

401 andinterictal epileptic spikes. Contacts exhibiting excessive noise were excluded to prevent

402  noise propagation to other contacts through re-referencing. To minimize the impact of line-noise
403  artifacts and volume conduction, signals were notch-filtered (60 Hz and its harmonics) and then
404  re-referenced through bipolar referencing (Bastos & Schoffelen, 2015). Subsequently, the

405 referenced signals were down-sampled to 1000 Hz, followed by the application of a Hilbert

406  transform to estimate spectral power across six distinct frequency bands. 1-4 Hz (delta), 4-8 Hz
407  (theta), 8-12 Hz (alpha), 12—30 Hz (beta), 35-50 Hz (gamma), and 70-150 Hz (high-gamma).
408

409 Calculation of spectral power

410 To determine spectral power values for each trial, we computed the average of squared
411  magnitudes from the Hilbert transform decomposition. For the EBBQ task, spectral power was
412  averaged across atime window beginning at video onset and ending at video offset. For the

413  Affective Biastask, the mean spectral power was calculated across a time window beginning at
414  the onset of the face stimulus and ending at the participant’ s response. The spectral power values
415  were then standardized across trials in the same run for each contact.

416
417 Datavisualization in thetemplate brain
418 Contacts were mapped onto the MNI space and visualized using the open-source software

419 RAVE (R Anaysisand Visualization of iIEEG) (Magnotti et al., 2020). To assess variationsin
420 neural responses to stimuli of different valence ratings, we used an ordinary least squares

421  regression to generate one normalized regression weight (normalized beta) for each contact.
422  These normalized betas, which compared the average spectral power during positive valence
423  videos/faces with that during negative valence videos/faces, were then plotted at each contact.
424

425  Encoding of emotional valence in each task

426 A contact was considered selective for emotional valence when the spectral power in at
427  least one frequency band was significantly modulated by valence in the linear regression model.
428  To assess whether the proportion of selective contacts was significant, we derived a null

429  distribution by repesating the same procedures after randomly permuting the valence ratings 1000
430 times. The p-value was defined as the probability that the proportion of selective contacts from
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the null distribution is higher than the true proportion. To test the encoding of emotional valence
in both tasks, this analysis was conducted separately for each task in al four regions.

Calculation of differencein correlation coefficient between regions
To compare the correlation coefficients, we transformed the correlation coefficients to
Fisher's z scores using the following equation for each correlation coefficient:

147
z=0.5*ln(1 )

Then we computed the Z-test statistic for the difference between the two z scores using
the following equation:

z1l —z2

1 1
ni—3 nz—3
where z; and z, are the z scores transformed from the correlation coefficients for the two regions,
and n; and n, are the sample sizes associated with the two values (number of contactsin each
region).

Lastly, we determined whether the difference between the two correlation coefficientsis
statistically significant by comparing the Z-test statistic to the critical value from the standard
normal distribution. A p-value of less than 0.05 indicates that the two correlation coefficients are
significantly different from each other.

Z — test =

Decoding

First, we identified all contacts within a specific brain region that had recordings from a
minimum of ten trials for both positive and negative valence conditions. From this pool of
available contacts, a subset of 100 contacts was randomly chosen. Due to the limited number of
contacts in the anterior cingulate cortex, 50 contacts instead of 100 contacts were randomly
chosen for the decoding analysis in this region. From each of these selected contacts, we
randomly extracted spectral power values from ten EBBQ trials associated with either positive or
negative valence conditions. By concatenating the spectral power of these 100 contacts across
each of theten trials, we generated a total of 10 * 2 data points. For the Affective Biastask, we
randomly extracted spectral power values from 70 trials associated with either positive or
negative valence conditions to generate atotal of 70 * 2 data points.

To evaluate the within-task classification accuracy, we employed a stratified 10-fold
cross-validation approach, ensuring that the distribution of samples for each valence condition
was preserved in each fold. We employed the sklearn.svm.SV C class in Python's Scikit-learn
library to perform classification tasks using a support vector machine with alinear kernel.
Predictions were generated using the trained classifier on the testing dataset through the * predict’
method.

Cross-task decoding is used to investigate whether the information encoded in the brain's
activity patterns during one task can be leveraged to accurately classify the brain's responses
during adifferent task. We trained the model using the same set of data from either EBBQ task
or Affective Biastask and used the trained model to predict the valence labd in the other task.

We then replicated this entire procedure 10000 times to attain arobust and reliable
classification accuracy estimate. We counted the number of samplesin the distribution for which
the accuracy due to chance was higher than the true accuracy. The p-value was defined as the
probability that the prediction accuracy is higher than 0.5.
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We used a permutation test to further validate our model. By permuting the valence
condition labels to mismatch it with the neural data and repeating the same decoding process
10000 times, we tested whether the valence condition could still be accurately predicted.
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