
 

The color bar indicates t-value. CB = cerebellum, dfPFC = dorsolateral prefrontal cortex, INS = insula, IPL = 
inferior parietal lobule, lOC = lateral occipital cortex, PoCG = postcentral gyrus, SMA = supplementary motor area. 
 
fMRI-PET fusion analysis 
Finally, we assessed whether baseline MOR availability was related to whole-brain BOLD responses 
during emotion regulation. Higher MOR availability was significantly associated with stronger 
hemodynamic responses for the Regulate > View contrast in inferior frontal cortex (IFG), angular 
gyrus, temporal pole and the thalamus (Figure 4). No significant negative associations between MOR 
tone and Regulate> View BOLD contrast  were observed. 
 
 

 
Figure 4. (a) Regions where baseline [11C]carfentanil binding was positively associated with BOLD activation for the 
Regulate > View contrast. Statistical maps are thresholded at a voxel-wise p < 0.01 (uncorrected) and cluster-level 
FWE-corrected at p < 0.05. The color bar indicates t-value. (b) Correlations between baseline BPND and mean beta 
values in selected ROIs for the View and  Regulate trials. AG = angular gyrus, CB = cerebellum, IFG = inferior 
frontal gyrus, TP = temporal pole 
 

.CC-BY 4.0 International licenseavailable 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 made 

The copyright holder for this preprintthis version posted August 4, 2026. ; https://doi.org/10.64898/2026.07.30.739761doi: bioRxiv preprint 



 

Discussion 

Our main finding was that MOR availability predicted hemodynamic responses in frontal, temporal, 
and parietal regions during an emotion regulation task. Specifically, individuals with higher baseline 
MOR availability showed larger BOLD responses when regulating their emotions versus viewing the 
affective images passively. Follow-up analyses indicated that MOR availability was associated with 
both enhanced responses during passive viewing of emotional images (across the regions) and 
attenuated responses during emotion regulation in IFG, temporal pole and thalamus.  Together, these 
findings suggest that baseline MOR availability is associated with bidirectional modulation of 
distributed cortical systems engaged during emotional processing and cognitive reappraisal. 

Baseline MOR availability predicts hemodynamic responses during natural viewing and 
reappraisal 
Our findings extend previous PET-fMRI studies showing that baseline MOR availability predicts 
hemodynamic responses to emotional stimuli (Putkinen et al. 2025; Seppälä et al. 2025; Nummenmaa 
and Tuominen 2018). Although the larger Regulate > View differences in individuals with higher 
MOR availability were driven primarily by stronger responses during passive viewing, some regions, 
particularly the temporal pole, also exhibited negative associations between MOR availability and 
BOLD responses during regulation, further accentuating this difference (Figure 4b and S3). This 
finding indicates that individuals with higher MOR availability exhibit heightened neural 
responsiveness to emotional stimuli yet also show attenuation of activity within portions of the same 
network during cognitive reappraisal. 

MOR-BOLD associations were observed in thalamus and caudate nucleus, but also in parietal, 
temporal and frontal regions that fall outside the canonical emotion circuits. Parietal activity was found 
in the angular gyrus, which has been described as a multimodal association hub with several functions 
relevant to the processing of emotional visual stimuli, including attention reorienting, visual search, 
social cognition, self-processing, semantic processing, and episodic/autobiographical memory 
retrieval (Seghier 2023). The temporal effects were concentrated on the temporal pole which has also 
been implicated in emotional processing, theory of mind, autobiographical memory, semantic 
processing, and integration of socially relevant multimodal information (Herlin et al. 2021). An 
association between MOR availability and BOLD responses was also observed in a left-lateralized 
cluster spanning portions of the anterior insula, frontal operculum, and inferior frontal gyrus. The 
anterior insula, in particular, has been implicated in emotional processing, arousal, and interoception 
(Gu et al. 2013; Craig 2009). Together, these findings suggest that individuals with higher MOR 
availability engage distributed heteromodal cortical systems more strongly during affective processing, 
whereas MOR-dependent variation was less evident within the core limbic circuitry. 

 
Neural circuits supporting emotion regulation 
The fMRI results revealed that reappraisal engages the dlPFC and inferior parietal lobule. These 
regions are involved in domain-general cognitive control, attention and working memory processes 
that support deliberate emotion regulation (Toh et al. 2024; Buhle et al. 2014). Although prior studies 
have frequently reported IFG engagement during reappraisal tasks (Morawetz et al. 2017), we did not 
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observe IFG recruitment in the Regulate > View contrast. The IFG has also been implicated more 
broadly in semantic processing and evaluative appraisal during emotional tasks (Morawetz et al. 2017). 
Thus, participants may have spontaneously engaged such processes during unconstrained viewing of 
emotional stimuli reducing the differential IFG response between regulate and view conditions. This 
interpretation is further supported by the observation that individuals with higher MOR availability 
showed stronger IFG responses during view trials, suggesting greater spontaneous engagement of 
appraisal- or semantic-related processing even in the absence of explicit regulation instructions. We 
did, however, observe IFG activation for the Regulate > View contrast when the analysis was 
restricted to positive images only (Figure S2). Although speculative, it is possible that the more 
aversive negative images elicited spontaneous recruitment of regulatory processes during viewing, 
thereby reducing the additional IFG engagement required during explicit reappraisal and consequently 
attenuating the overall Regulate > View contrast when positive and negative images were analyzed 
together. 

The View > Regulate contrast revealed increased activation in lateral occipital regions, 
consistent with enhanced visual processing of emotionally salient stimuli. Enhanced responses were 
also observed in somatosensory cortex, insula, and SMA, suggesting increased bodily/interoceptive 
processing and autonomic engagement during unconstrained emotional viewing. Together, these 
findings indicate that the emotional stimuli primarily modulated sensory and embodied aspects of 
affective processing rather than strongly engaging the subcortical reward or salience regions, as we did 
not observe robust ventral striatal or amygdala responses in the View > Regulate contrast despite 
evidence that reappraisal frequently modulates amygdala activity (Buhle et al. 2014). This suggests that 
the present task primarily engaged perceptual and bodily aspects of emotional processing rather than 
strong differential limbic responding between conditions. 
 
Limitations 
We recruited only women to minimize sex-dependent variation in MOR availability and to maximize 
statistical power (Kantonen et al. 2020). The findings may thus not generalize to men. Although the 
task included both positive and negative emotional pictures, the study was underpowered to examine 
valence-specific effects of baseline MOR availability on BOLD responses because the PET-fMRI 
analyses were restricted to the 15 participants who underwent both PET and fMRI, requiring 
subdivision of trials into four conditions. While cognitive reappraisal is thought to rely on broadly 
overlapping neural mechanisms across emotional valence, possible valence-dependent differences in 
MOR-related effects remain to be investigated. [11C]carfentanil BPND reflects both receptor density 
and endogenous opioid occupancy, and the present design cannot disentangle these explanations. 
Finally, the study was run using cross-sectional design and it cannot reveal acute effects of emotion 
regulation on opioidergic neurotransmission; this effects needs to be established in future studies using 
repeated PET imaging with the challenge paradigm (Manninen et al. 2017; Seppälä et al. 2025; 
Putkinen et al. 2025) 
 
Conclusions 
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Baseline MOR availability is positively associated with neural responses in temporal, frontal, and 
parietal regions during an emotion regulation task. These effects reflect primarily heightened responses 
during natural viewing of emotional stimuli, while responses in temporal pole, IFG and thalamus are 
reduced during emotion regulation in individuals with higher MOR availability. Together, these 
findings suggest that higher MOR availability is associated with greater neural sensitivity to emotional 
stimuli and stronger downregulation of responses during cognitive reappraisal. Taken together, these 
results align with the role of the MOR system in stress buffering and affect regulation (Seppälä et al. 
2025; Nummenmaa et al. 2020).  
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Supplementary Material 

 

 

Supplementary Figure S1. Regional loadings for the first BPND principal component.  
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Supplementary Figure S2. BOLD responses for the Regulate, View, View > Regulate, and Regulate 
> View contrasts shown separately for positive and negative images. The Regulate > View contrast 
for negative images yielded no significant clusters and is therefore not displayed. Statistical maps are 
thresholded at a voxel-wise p < 0.05 (uncorrected) with cluster-level FWE correction at p < 0.05. 
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Supplementary Figure S3: Whole-brain voxel-wise associations between the first principal 
component (PC1) of baseline MOR availability and BOLD responses during the View and Regulate 
trials. 
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