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Participants received explicit instructions regarding the association between the avatar 184 

and the corresponding threat level, as well as the outcome probabilities of approach and 185 

avoidance decisions. These contingencies were all clearly explained to the participants before 186 

starting the task, and comprehension was verified during a short practice session of 9 trials. 187 

The association between avatars and threat levels was counterbalanced across participants. 188 

In total, participants completed 90 trials (10 trials for each combination of reward and threat). 189 

Figure 1. Overview of the Fearful Avoidance Task (FAT). (A) Example of the FAT trial structure. In 190 

each trial, participants were first confronted with a combination of reward (displayed in text) and threat 191 

(signalled by the avatar). Participants had 2.5s to decide to approach or avoid by pulling the joystick 192 

towards themselves or pushing it away, respectively. Next, they anticipated the outcome of their 193 

decision. Finally, the outcome of their decision was displayed. After receiving the outcome, a fixation 194 

cross was presented during the inter-trial interval (ITI). (B) Overview of threat levels: three distinct 195 

avatars signalled shock duration. Contingencies between avatars and threat levels were 196 

counterbalanced across participants. (C) Overview of outcome probabilities for approach and avoidance 197 

decisions. 198 

 199 

MRI acquisition 200 

Data was acquired on a 3T MAGNETOM PrismaFit MR scanner (Siemens AG, Healthcare 201 

Sector, Erlangen, Germany) using a 32-channel head coil. A T1-weighted scan was acquired 202 

in the sagittal orientation using a 3D MPRAGE sequence (TR=2000ms, TE=3.03ms, 192 203 
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sagittal slices; 1.0mm isotropic voxels; FOV=256mm). T2-weighted volumes were acquired 204 

using a multi-band multi-echo (MB3ME3) sequence, a fast sequence designed for whole brain 205 

coverage with reduced artefacts and signal dropout in medial prefrontal and subcortical regions 206 

(Cohen et al., 2018; Fazal et al., 2023) (TR = 1500ms, TE1-3 = 13.4/34.8/56.2ms, flip angle = 207 

75°, 51 sagittal slices; 2.5mm isotropic voxels). 208 

 209 

Behavioural analyses 210 

First, we verified whether the data adhered to the preregistered inclusion criteria, which 211 

stipulated a maximum of 50% missing responses and absence of atypical response patterns 212 

as defined by Hulsman, Klaassen, et al., (2021). Atypical response patterns refer to behaviour 213 

indicating that the participant may not have comprehended the task correctly or did not perform 214 

the task seriously (e.g., when participants avoided substantially more on low threat trials than 215 

high threat trials, see supplement for a detailed description of atypical response patterns). All 216 

participants met these inclusion criteria. 217 

To investigate the effect of reward, threat, and their interaction on the decision 218 

(approach/avoid) that participants made, we ran a Bayesian multilevel model. For full model 219 

specifications, see equation (1) below. Other model specifications were as described in the 220 

next section. 221 

 222 

𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛 𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 𝑣𝑠 𝑎𝑣𝑜𝑖𝑑  ~ 𝑅𝑒𝑤𝑎𝑟𝑑 ∗ 𝑇ℎ𝑟𝑒𝑎𝑡 + (1 + 𝑅𝑒𝑤𝑎𝑟𝑑 ∗ 𝑇ℎ𝑟𝑒𝑎𝑡 | 𝑆𝑢𝑏𝑗𝑒𝑐𝑡) (1) 

 223 

Bayesian multilevel analyses (general) 224 

As preregistered (Hulsman et al., 2021b), throughout behavioural and fMRI analyses, we 225 

employed Bayesian multilevel models. Bayesian multilevel models were executed using R 226 

(Version 4.2.1; R Core team, 2022) within RStudio (Version 2022.12.0; RStudio Inc., 2009-227 

2022) using the brms package (2.18.0, Bürkner, 2013 and Carpenter et al., 2017). All Bayesian 228 

multilevel models adhered to the following configurations: continuous predictors were 229 

standardized, and categorical predictors were coded using sum-to-zero contrasts. All models 230 
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included a maximal random effects structure, consisting of a random intercept for each 231 

participant along with random slopes for all predictors and their interactions. Models with a 232 

binomial dependent variable (i.e., decision: approach/avoid) were modelled using a Bernoulli 233 

distribution, whereas models with continuous dependent variables (i.e., fMRI beta values) were 234 

modelled using a Gaussian distribution. Models were fitted using 4 chains with 4000 iterations 235 

each (2000 warm-up). A coefficient was deemed statistically significant when the associated 236 

≥95% posterior credible interval was non-overlapping with zero. As recommended for analyses 237 

with an effective sample size <10.000 (Kruschke, 2014) this was supplemented with 90% 238 

posterior credible intervals when the 95% intervals were overlapping with 0, given that these 239 

intervals may yield more stable results (Makowski et al., 2019). These latter results are 240 

reported as trends when the 90% interval was non-overlapping with zero. Planned 241 

comparisons were conducted using the emmeans package (Lenth et al., 2018). 242 

 243 

fMRI analyses 244 

The fMRI data were processed using SPM12 (Wellcome Trust Centre for Neuroimaging, 245 

London, UK). Functional scans were combined to a single image with a PAID-weighting 246 

method (Poser et al., 2006), co-registered to the anatomical scan, and normalized to the 247 

Montreal Neurological Institute (MNI) 152 T1-template. The normalized images (2mm 248 

isotropic) were then smoothed with an isotropic 3D Gaussian kernel with 6mm full width at half 249 

maximum (FWHM).  250 

Our preregistered regions of interest (ROIs, see Figure 2) included the anterior insula 251 

(Shirer et al., 2012), amygdala (Rolls et al., 2020), bed nucleus of the stria terminalis (Avery et 252 

al., 2014), dorsal anterior cingulate cortex (Shirer et al., 2012), periaqueductal gray (Lojowska 253 

et al., 2015), thalamus (Rolls et al., 2020), ventral medial prefrontal cortex (Rolls et al., 2020), 254 

and ventral striatum (Piray et al., 2017).  255 
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Figure 2. Regions of interest (ROIs). aInsula = anterior insula, amygdala, BNST = bed nucleus of the 256 

stria terminalis, dACC = dorsal anterior cingulate cortex, PAG = periaqueductal gray, thalamus, vmPFC 257 

= ventral medial prefrontal cortex, vStriatum = ventral striatum. We hypothesized that the aInsula, dACC, 258 

PAG, and thalamus show sensitivity to both reward and threat. Additionally, we hypothesized that the 259 

amygdala and BNST are predominantly sensitive to threat, while the vmPFC and vStriatum are 260 

predominantly sensitive to reward. Furthermore, we expected that the dACC and vmPFC are involved 261 

in the integration of reward and threat.  262 

 263 

To gain global insight into the neural activation patterns probed by the task, 264 

independent of the level of reward, the level of threat, and the decision, we first report the 265 

results of the whole-brain voxel-wise analysis contrasting neural activity during the decision 266 

phase against the baseline (i.e., the intertrial interval). 267 

 268 

Bayesian Multivariate Multilevel (BMM) fMRI analysis: effects of reward, threat, and 269 

decision 270 

To investigate the effects of reward, threat, decision, and their interactions on neural activity 271 

within our regions of interest, we leveraged Bayesian Multivariate Multilevel (BMM) analyses. 272 

Particularly for intricate designs, BMM analyses surpass conventional MRI analyses by 273 

effectively managing data dependency and unbalanced data, leading to increased accuracy 274 

(Chen et al., 2019a, 2019b). We expected unbalanced data due to specific task conditions in 275 

which minimal within-subject variation can exist for the decision (approach vs avoid). Given 276 

that conducting BMM analyses on whole-brain voxel-wise level is not computationally feasible, 277 

we performed the BMM analyses on our regions of interest. In line with our preregistration, we 278 

also conducted two additional whole-brain voxel-wise analyses: one parametric modulation 279 
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analysis focussing on stimulus effects (i.e., the effect of reward/threat) and one general linear 280 

model (GLM) analysis focussing on response effects (i.e., the effect of the decision to approach 281 

or avoid). However, these additional analyses partially overlap with the BMM analyses, and 282 

the BMM analyses are more suitable for capturing higher-order interactions. Therefore, we 283 

focus on the BMM analyses, while further voxel-wise model specifications and results are 284 

provided at: https://osf.io/hbjp5. 285 

 286 

Subject-level analysis 287 

We employed subject-level models using SPM12 (Wellcome Trust Centre for Neuroimaging, 288 

London, UK). For each trial, we fitted one regressor for the decision phase (i.e., from trial onset 289 

until the response) and one regressor for the outcome anticipation phase (i.e., from response 290 

until the outcome). Additionally, we added regressors for each type of outcome (positive, 291 

negative, neutral) and motion regressors, leading to 190 regressors in total. For each trial, we 292 

contrasted the regressor of each phase against the regressors of the corresponding phase in 293 

all other trials. Finally, trial-by-trial mean betas for each phase were extracted for each ROI 294 

using the MarsBaR toolbox (Brett et al., 2002). 295 

 296 

Group-level analysis 297 

For each phase, we employed a Bayesian Multivariate Multilevel (BMM) analysis where we 298 

used the trial-by-trial betas of our ROIs as dependent variables. For full model specifications, 299 

see equation (2) below. Other model specifications were as described in the section ‘Bayesian 300 

multilevel analyses (general)’ above. 301 

 302 

𝐵𝑎𝐼𝑛𝑠𝑢𝑙𝑎, 𝐵𝐴𝑀𝑌, 𝐵𝐵𝑁𝑆𝑇 , 𝐵𝑑𝐴𝐶𝐶 , , 𝐵𝑃𝐴𝐺 , 𝐵𝑇ℎ𝑎𝑙𝑎𝑚𝑢𝑠, 𝐵𝑣𝑆𝑡𝑟𝑖𝑎𝑡𝑢𝑚, 𝐵𝑉𝑀𝑃𝐹𝐶  ~ 

 𝑅𝑒𝑤𝑎𝑟𝑑 ∗ 𝑇ℎ𝑟𝑒𝑎𝑡 ∗ 𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛 + (1 + 𝑅𝑒𝑤𝑎𝑟𝑑 ∗ 𝑇ℎ𝑟𝑒𝑎𝑡 ∗ 𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛 | 𝑆𝑢𝑏𝑗𝑒𝑐𝑡) 

(2) 

 303 

Betas and posterior credible intervals of all main effects, interaction effects, and post-hoc 304 

comparisons are provided at: https://osf.io/hbjp5. 305 
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RESULTS 306 

Avoidance behaviour 307 

As expected, participants avoided significantly more with decreasing reward levels (B = -2.01, 308 

99.9% CI [-3.49, -0.74]) and increasing threat levels (B = 1.79, 99.9% CI [0.86, 2.75], see 309 

Figure 3). In low threat conditions, the effect of reward appears to be less pronounced, as 310 

participants typically approach, while in high reward conditions, participants tend to approach 311 

regardless of threat. However, this was not reflected in a significant interaction between reward 312 

and threat on avoidance (B = -.01, 90% CI [-0.19, 0.15]). 313 

Figure 3. Overview task effects on avoidance behaviour. The bars represent the mean proportion 314 

avoidance as function of reward and threat level, overlaid with individual data points to illustrate variance 315 

between participants. Results showed the hypothesized opposing influences of reward and threat on 316 

avoidance. 317 

 318 

fMRI: decision phase 319 

Whole-brain voxel-wise analysis: decision phase vs baseline 320 

Initial whole-brain voxel-wise analyses confirmed global activation across regions of interest 321 

hypothesized to be associated with weighing of reward and threat (aInsula, amygdala, BNST, 322 

dACC, PAG, thalamus, and vStriatum) when making approach-avoidance decisions (vs 323 

baseline; see Figure 4). Subsequently, to capture the weighing of rewards and threats for 324 

approach and avoidance decisions for each region of interest, we employed Bayesian 325 

Multivariate Multilevel (BMM) analyses.  326 
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Figure 4. Whole-brain fMRI results demonstrating widespread activations during approach-327 

avoidance decision-making (contrast: decision phase vs baseline). For illustrative purposes, 328 

images are shown at a threshold of p<.001 uncorrected. All marked regions of interests reach 329 

significance after correction for multiple comparisons (pFWE<.05). aInsula = anterior insula, AMY = 330 

amygdala, BNST = bed nucleus of the stria terminalis, dACC = dorsal anterior cingulate cortex, PAG = 331 

periaqueductal gray, vStriatum = ventral striatum. 332 

 333 

Bayesian Multivariate Multilevel fMRI analysis: reward, threat, and decision effects 334 

First, we investigated the effects of reward, threat, decision, and their interactions on BOLD 335 

activity within our ROIs during the decision phase, i.e., prior to indicating approach-avoidance 336 

decisions (see Figure 5). We found that BOLD activity in the bed nucleus of the stria terminalis 337 

(BNST), periaqueductal gray (PAG), and ventral striatum increased as a function of reward, 338 

whereas BOLD activity in the dorsal anterior cingulate (dACC) increased as a function of threat. 339 

We did not find significant differences in overall BOLD activity between approach and 340 

avoidance decisions, nor significant interactions between reward and threat for any ROIs 341 

independent of decision (all 90% credible intervals overlapping with 0). 342 
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Figure 5. Posterior estimates and credible intervals for task-related activations in the regions of 343 

interest during the decision phase. This figure illustrates the posterior estimates (dots) with respect 344 

to the null (vertical dashed line). Bold lines represent 90% posterior credible intervals, while thin lines 345 

represent 95% posterior credible intervals. Significant effects, defined as ≥90% posterior credible 346 

intervals non-overlapping with zero, are highlighted in color. aInsula = anterior insula, BNST = bed 347 

nucleus of the stria terminalis, dACC = dorsal anterior cingulate cortex, PAG = periaqueductal gray, 348 

vmPFC = ventral medial prefrontal cortex, vStriatum = ventral striatum.  349 

 350 

More importantly, we discovered that in several regions, the effect of reward and threat 351 

on BOLD activity differed between subsequent approach and avoidance decisions. 352 

Specifically, both the amygdala and vmPFC exhibited stronger BOLD activity with increasing 353 

reward preceding approach, but not avoidance decisions (reward x decision; see Figure 6A), 354 

in line with the idea that activity in these regions may drive approach reponses with increasing 355 

reward. Moreover, stronger BOLD activity was observed in the amygdala in response to 356 

increasing threat for avoidance relative to approach decisions (threat x decision; see Figure 357 

6B), thus suggestive of a dual role for the amygdala in processing both rewards and threats. 358 

Interestingly, in addition to these two-way interactions, BOLD activity in the BNST, thalamus 359 

and ventral striatum exhibited a pattern suggesting that the integration of reward and threat 360 

differed for approach and avoidance decisions (reward x threat x decision; see Figure 6C).  361 

Specifically, when participants decided to avoid in low reward conditions, BOLD activity in the 362 

thalamus and ventral striatum was stronger with increasing threat. In contrast, prior to 363 
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indicating approach decisions in low reward conditions, BOLD activity in the BNST and ventral 364 

striatum was decreased with increasing threat. Conversely, no differences in threat reactivity 365 

between approach and avoidance decisions were found when reward was high and the impact 366 

of threat on decisions much smaller (see Figure 3). 367 

In conclusion, our findings reveal that BOLD activity as a function of reward and threat 368 

preceding approach-avoidance decisions varied depending on the subsequent decision. 369 

Interestingly and contrary to theoretical predictions, several subcortical regions exhibited a 370 

pattern suggesting an integrative role. 371 

Figure 6. Effects of reward and threat on neural activity during approach-avoidance decision-372 

making. The figure presents marginal effects plots for interactions between reward, threat, and decision 373 

in the decision phase. These plots depict seperately for approach (solid lines) and avoidance (dashed 374 

lines): (A) the effect of reward, (B) the effect of threat, and (C) the interaction between reward and threat 375 
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across all regions of interest where these interactions were observed. For each region of interst, only 376 

the highest-order interaction is plotted as it conveys most information. #≥90%, *≥95%, **≥99%, or 377 

***≥99.9% posterior credible intervals non-overlapping with zero. vmPFC = ventomedial prefrontal 378 

cortex, BNST = bed nucleus of the stria terminalis, vStriatum = ventral striatum. 379 

 380 

fMRI: outcome anticipation phase 381 

Bayesian Multivariate Multilevel fMRI analysis: reward, threat, and decision effects 382 

Recent research suggests involvement of specific brain regions may depend on the specific 383 

stage of the approach-avoidance decision-making process. Therefore, we subsequently 384 

probed the contribution of our ROIs at the stage following approach-avoidance decisions, when 385 

participants were passively anticipating the outcome. During this outcome anticipation phase, 386 

BOLD activity in the amygdala, BNST, PAG, and thalamus was more pronounced following 387 

approach decisions compared to avoidance decisions (see Figure 7). Given the higher 388 

likelihood of receiving a threatening outcome with approach decisions, this finding supports 389 

the hypothesized involvement of these regions in anxious anticipation. In line with this, we 390 

observed stronger BOLD activity in the aInsula and PAG with increasing threat. We did not 391 

find any significant main effects of reward nor interactions between reward and threat in any 392 

ROI (all 90% credible intervals overlapping with 0).  393 

Figure 7. Posterior estimates and credible intervals for task-related activations in the regions of 394 

interest during the outcome anticipation phase. This figure illustrates the posterior estimates (dots) 395 

with respect to the null (vertical dashed line). Bold lines represent 90% posterior credible intervals, while 396 

thin lines represent 95% posterior credible intervals. Significant effects, defined as ≥90% posterior 397 
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credible intervals non-overlapping with zero, are highlighted in color. aInsula = anterior insula, BNST = 398 

bed nucleus of the stria terminalis, dACC = dorsal anterior cingulate cortex, PAG = periaqueductal gray, 399 

vmPFC = ventral medial prefrontal cortex, vStriatum = ventral striatum.  400 

 401 

Interestingly, in several regions, the influence of reward and threat on the BOLD 402 

response during the outcome anticipation phase depended on the preceding decision. 403 

Following avoidance decisions, BOLD activity within the vStriatum and vmPFC significantly 404 

decreased with increasing reward, suggesting downregulation of reward-related activity when 405 

receiving rewards is unlikely. Conversely, no such effects were oberved following approach 406 

decisions (reward x decision; see Figure 8A). Furthermore, we found that following avoidance 407 

decisions, BOLD activity in the thalamus decreased with increasing threat. In contrast, 408 

following approach decisions, when the risk of receiving electrical stimulation was high, BOLD 409 

activity in the aInsula, BNST, dACC, PAG, and thalamus increased with increasing threat 410 

(threat x decision; see Figure 8B). This finding further aligns with the presumed role of these 411 

regions in anticipating impending threats. Notably, there was integration of reward and threat 412 

in the aInsula, exhibiting variations between approach and avoidance decisions (reward x 413 

threat x decision; see Figure 8C). This interaction was driven by the fact that while anticipating 414 

the outcome of avoidance decisions (low risk), BOLD activity in the aInsula was marginally 415 

decreased as a function of threat in low reward conditions. In contrast, while anticipating the 416 

outcome of approach decisions (high risk), BOLD activity in the aInsula increased as a function 417 

of threat in low reward conditions. Thus, the pattern of BOLD activity in the aInsula was similar 418 

to patterns observed in other threat anticipation regions. However, it was the only region that 419 

exclusively exhibited this pattern when reward was low.  420 

In conclusion, following avoidance decisions, regions in the reward network tracked 421 

diminishing reward expectations, while upon approach decisions, regions from the salience 422 

network tracked threat prospects, with the aInsula only doing so when reward was low. 423 
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Figure 8. Effects of reward and threat on neural activity during anticipation of the outcome of 424 

approach-avoidance decisions. The figure presents marginal effects plots for interactions between 425 

reward, threat, and decision in the outcome anticipation phase. These plots depict seperately for 426 

approach (solid lines) and avoidance (dashed lines): (A) the effect of reward, (B) the effect of threat, 427 

and (C) the interaction between reward and threat across all regions of interest where these interactions 428 

were observed. For each region of interst, only the highest-order interaction is plotted as it conveys most 429 

information. #≥90%, *≥95%, **≥99%, or ***≥99.9% posterior credible intervals non-overlapping with 430 

zero. vStriatum = ventral striatum, vmPFC = ventromedial prefrontal cortex, BNST = bed nucleus of the 431 

stria terminalis, dACC = dorsal anterior cingulate cortex, PAG = periaqueductal gray, aInsula = anterior 432 

insula.  433 
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DISCUSSION 434 

In this study, we investigated how the decision to approach or avoid may arise of distributed 435 

processing and integration of reward and threat information throughout the brain. We aimed to 436 

provide a better understanding of the neural dynamics governing approach-avoidance 437 

decisions by 1) investigating whether the decision to approach or avoid is preceded by parallel 438 

and/or integrated neural processing of reward and threat across brain regions previously 439 

implicated in approach-avoidance decision-making and 2) evaluated how such processing and 440 

integration evolve over time following approach-avoidance decisions during outcome 441 

anticipation. Our preregistered Bayesian Multivariate Multilevel (BMM) analyses on fMRI data 442 

revealed two key findings. First, in contrast to the notion of parallel processing of reward and 443 

threat in subcortical regions traditionally associated predominantly with either reward 444 

(vStriatum, vmPFC) or threat (amygdala, BNST) processing, we found evidence for dual and 445 

integrated processing. Specifically, there was dual processing of reward and threat information 446 

in the amygdala and evidence for integration in other subcortical regions, including the 447 

vStriatum, thalamus, and BNST. Critically, the weighing of reward and threat in these regions 448 

varied as a function of the subsequent decision to approach or avoid. Second, after indicating 449 

the decision to approach or avoid, we observed that the hypothesized regions associated with 450 

reward (vmPFC, vStriatum) and threat (BNST) processing, as well as the salience network 451 

(dACC, thalamus, PAG) were tracking reward and threat outcome expectations in accordance 452 

with previous theories. Together, these findings illuminate neural dynamics of approach-453 

avoidance decision-making and suggest distributed subcortical integration of reward and threat 454 

as a potential driver of subsequent approach-avoidance decisions. In contrast, following the 455 

decision to approach or avoid, there is separate tracking of reward and threat outcome 456 

expectations by dedicated neural circuits. These neural circuits play a role in preparing for the 457 

anticipated consequences of the decision.  458 

In accordance with prior research, we found that when making approach-avoidance 459 

decisions, individuals balance potential rewards and threats against each other (Talmi et al., 460 

2009; Basten et al., 2010; Park et al., 2011; Aupperle et al., 2015; Schlund et al., 2016; 461 
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Hulsman et al., 2021a, 2024; Klaassen et al., 2021; Moughrabi et al., 2022). Subsequently, we 462 

employed Bayesian Multivariate Multilevel (BMM) analyses to delve deeper into the specific 463 

contributions of regions traditionally associated with reward and threat processing to approach-464 

avoidance decision-making under these mixed outcome prospects. Notably, prior to indicating 465 

approach-avoidance decisions, distinct patterns of neural responding emerged. These 466 

patterns deviated from conventional perspectives, which primarily propose isolated reward and 467 

threat processing in subcortical regions, followed by the integration of reward and threat in 468 

cortical regions such as the ACC or vmPFC (Yacubian et al., 2006; Talmi et al., 2009; Basten 469 

et al., 2010; Park et al., 2011; Azab and Hayden, 2020; Livermore et al., 2021). Instead, our 470 

findings suggest that the decision to approach or avoid is supported by partially overlapping 471 

brain regions responding to both reward and threat information. Specifically, the amygdala, 472 

BNST, thalamus, and vStriatum showed a pattern of increasing neural activity as function of 473 

threat prior to indicating avoidance as compared to approach decisions. In contrast, the vmPFC 474 

uniquely displayed a reward-by-decision effect without being moderated by threat, consistent 475 

with its hypothesized role in reward valuation (Talmi et al., 2009; Aupperle and Paulus, 2010; 476 

Basten et al., 2010; Bartra et al., 2013) and subsequent approach decisions (Pedersen et al., 477 

2021). The convergence of brain regions engaged in processing both reward and threat 478 

corresponds with recent findings demonstrating that the BNST, vStriatum, and PAG respond 479 

to both reward and threat information (Murty et al., 2023) and that conflict between approach 480 

and avoidance tendencies is represented at the level of the vStriatum (Ironside et al., 2020). 481 

Additionally, converging findings have shown that the amygdala responds to both aversive and 482 

appetitive stimuli (Baxter and Murray, 2002; O’Doherty, 2004; Schultz, 2006; Pessoa, 2010). 483 

These observations also align with long-standing reports in rodents (Gentry et al., 2016; 484 

Burgos-Robles et al., 2017; Hamel et al., 2017; Beyeler et al., 2018), collectively suggesting 485 

that the traditional notion of these regions responding primarily to either reward or threat is 486 

untenable. Nevertheless, it remains possible that depending on the context certain regions 487 

predominantly encode reward or threat information, as observed here, with vmPFC and PAG 488 

demonstrating sensitivity to reward and the dACC to threat. Tentatively, such signals could 489 
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serve as input for regions integrating both reward and threat inputs, such as the BNST, 490 

vStriatum, and thalamus. This perspective aligns with theories proposing that these regions, 491 

due to their connectivity profile, may serve as intermediaries between lower downstream 492 

subcortical and upstream cortical regions (Avery et al., 2014; Goode and Maren, 2017; De 493 

Groote and de Kerchove d’Exaerde, 2021; Hammack et al., 2021; Sieveritz and Raghavan, 494 

2021), akin to striatal-thalamo-cortical loops in motor control (Pessoa, 2023). 495 

The observed integration patterns of reward and threat notably diverge from prior 496 

human imaging research, which indicated such integration primarily in cortical regions such as 497 

the dACC, dlPFC, dmPFC, and inferior frontal gyrus (Basten et al., 2010; Park et al., 2011; 498 

Zorowitz et al., 2019; Moughrabi et al., 2022). Our findings of subcortical integration, therefore 499 

provide a new perspective although they do resonate with other previous non-human literature 500 

(Costa et al., 2016; Gentry et al., 2016; Burgos-Robles et al., 2017; Hamel et al., 2017). 501 

Furthermore, the observed increase in threat-related activity in the vStriatum, thalamus, and 502 

BNST preceding avoidance relative to approach under low reward, aligns with recent findings 503 

that increased threat representations in these regions during decision-making were linked to 504 

avoidance (Moughrabi et al., 2022). Behaviourally, the presence of high reward attenuated the 505 

impact of threat on subsequent decisions. This attenuation was also reflected in neural 506 

responses within the vStriatum, thalamus, and BNST. These findings further align with 507 

previous research outside the field of value-based decision making that demonstrate 508 

competition between reward and threat processing in various brain regions, including the 509 

BNST (Choi et al., 2014).  510 

Finally, we demonstrated that neural patterns of processing and integration varied 511 

depending on the specific moment within the approach-avoidance conflict. After participants 512 

indicated the decision to approach or avoid and were anticipating the outcome of their decision, 513 

we found predominantly distinct tracking of reward or threat magnitude. Following approach 514 

decisions, we observed increased threat-related activity in the salience and threat network, 515 

encompassing the BNST, thalamus, dACC, and PAG, all of which have consistently been 516 

associated with threat anticipation (Mechias et al., 2010; Fullana et al., 2016; Klumpers et al., 517 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted April 23, 2024. ; https://doi.org/10.1101/2024.04.22.590530doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.22.590530
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 
 

2017; Andrzejewski et al., 2019; Patrick et al., 2019). Interestingly, in the aInsula we only found 518 

increased threat-related activity following approach decisions when rewards were low. This 519 

aligns with previous research suggesting that the presence of reward can suppress the effect 520 

of threat in the aInsula (Cristofori et al., 2015). Conversely, following avoidance decisions we 521 

found decreased reward-related activity in the reward network, including the vStriatum and 522 

vmPFC. These findings appear to reflect decreased reward expectancies after avoidance 523 

decisions (Heekeren et al., 2007; Jia et al., 2016; Pujara et al., 2016; Rehbein et al., 2023).  524 

Despite the implementation of a fast multiband-multiecho fMRI sequence (MB3ME3), 525 

our findings cannot fully reflect the temporal dynamics of approach-avoidance decisions due 526 

to the inherent limitations in the temporal resolution of fMRI. To further delineate the temporal 527 

dynamics of approach-avoidance decisions, employing methods with superior temporal 528 

resolution, such as MEG or EEG, are informative (Khemka et al., 2017; McFadyen et al., 2023). 529 

Another limitation for our study is a relatively small sample size (N=28 included in MRI 530 

analyses). However, our analyses were preregistered, and we employed BMM analyses to 531 

investigate neural responses, thereby minimizing the risk of false positives (Kajimura et al., 532 

2023). Still, replication of our findings is desirable, particularly in clinical populations that show 533 

approach-avoidance deficits to gain further knowledge of how reward-threat balances across 534 

distinct regions may be disturbed (Ironside et al., 2020; Smith et al., 2021b, 2021a, 2023; 535 

McDermott et al., 2022). 536 

In conclusion, our findings unveiled distributed cortico-subcortical processing and 537 

subcortical integration of reward and threat prior to the decision to approach or avoid. These 538 

findings suggest a departure from traditional, yet still widely professed, views that segregate 539 

brain regions as either predominantly reward-sensitive or threat-sensitive, and assign the 540 

integration of reward and threat primarily to cortical regions. Following approach-avoidance 541 

decisions, however, brain regions traditionally associated with reward and threat processing 542 

reflected reward and threat expectencies contingent on the decision that was made. These 543 

findings provide new insight into the unfolding neural dynamics of approach-avoidance 544 

decision-making.   545 
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