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296

297 Fig. 4. Main effect of emotion prediction. A) Top: Activation map (p<0.05 cluster-level whole-brain FWE corrected,
298 with a CDT of p<0.001) overlaid onto the MNI152 standard-space T1-weighted average structural template. Slices
299 show activations at coordinates [24, -42, -8] cutting through the right fusiform gyrus. Bottom: Glass brain showing
300 the results of the F-test (whole-brain FWE cluster-level corrected at p<0.05, with a cluster-defining threshold of
301 p<0.001). B) Contrast estimates (arbitrary units) for the emotion prediction in the left and right fusiform gyrus,
302 and right superior temporal gyrus. Bars indicate 90% C.l. Note that bar plots are shown for illustration only.
303 Statistical significance was assessed at the whole-brain level described above.

304

305 Discussion

306  We used the Hierarchical Gaussian Filter, a computational model for learning and inference, to simulate
307 belief trajectories of an ideal Bayesian observer presented with a sequence of face stimuli. The trial by
308 trial update of internal hidden belief states in the HGF relies on precision weighted prediction errors.
309 Traces of predictions and pwPEs pertaining to color and emotional expression of faces served as
310 regressors in a GLM which yielded brain structures where activation showed a significant relationship to
311 those computational quantities. We manipulated sensory expectations towards color and emotional
312 expression of faces independently. Crucially, emotion and color pwPEs/predictions were evoked by
313 physically identical stimuli; only the specific expectation (statistical regularity) that was violated on any
314  given trial, differed between the two conditions. While our previous EEG study reported the scalp
315  distribution and time-course of pwPE responses (Stefanics et al., 2018a), here we used fMRI to find BOLD
316  correlates of pwPEs and predictions in generator structures. We found BOLD correlates of pwPEs to color
317  changes in bilateral fusiform gyrus, whereas pwPEs to changes of emotional expressions activated a
318 different set of areas including the bilateral cerebellum, lingual gyrus, precuneus, thalamus, and right
319  supramarginal gyrus as well as right posterior medial frontal cortex. We observed activations pertaining
320 to emotion predictions in bilateral fusiform and the right supramarginal gyrus (Fig. 5A).
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322 Fig. 5. Overview of the results and PC framework for perceptual prediction errors. A) Colored areas mark main
323 clusters related to color pwPEs (red), and emotion pwPEs (green). Note the dissociation of PEs for color and
324 emotion changes. B) pwPE- and prediction-related activations for different sensory features arise and are
325 updated, respectively, during Bayesian inference as properties of the hidden states that cause the sensory
326 information dynamically change over time. Prediction and pwPEs to color and emotion are marked as in A),
327 additional features are marked with grey. C) Schematic depicting functional segregation in the nervous system, as
328 distinct features of the world are inferred and predicted by distinct neural structures specializing in the given
329 features. Image of a model used in our study reproduced with permission of the Radboud Faces Database (Langner
330 et al., 2010).

331

332  According to recent hierarchical formulations of PC (Friston, 2005), creating and maintaining our internal
333 model of the world is a process during which predictive object representations about the likely properties
334  of the hidden objects are updated using precision-weighted PEs (e.g., Moran et al., 2013; Stefanics et al.,
335  2018a) that signals mismatch between the expectations based on prior information and the current
336 sensory data (Fig. 5B). In the present study, the demonstration of activations correlated to pwPE in ventral
337 visual areas as well as in emotion processing structures suggests a role for PC in color and emotion
338  perception. Importantly, we manipulated stimulus sequences to induce automatic expectations about the
339 occurrence of different stimulus features, using the same faces to elicit distinct emotion and color pwPEs.
340 In line with our hypothesis, color and emotion pwPEs were reflected by activity in brain structures known
341  to be dedicated to color and emotion processing. A hypothetical generalization of our results is shown in
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342 Fig. 5C, which illustrates functional segregation of inferring hidden causes of sensory information for
343 different features, including color and emotional expression of faces.

344  Here, we studied predictions and pwPEs to unattended and task-irrelevant stimuli. We used a primary
345  task independent of the facial stimuli to ensure that participants did not attend to the faces and verified
346  their attentional focus by eye-tracking. Thus, predictions and pwPEs were elicited under an automatic
347 recognition processes and minimized confounding variations in attentional contributions.

348 It is important to note that due to the lack of significant group level results for the emotion stick regressor,
349  we were not able to directly compare models using the approach presented in Stefanics et al. (2018a).
350 Hence, we could not use model comparison to assess whether the pwPE or the stick regressor traces
351 provided the formally better model. Notably, the latter are equivalent to a very quick adaptation without
352 precision weighting. However, the second level results suggest that the representation of pwPEs is more
353 consistent across subjects, leading to a significant group effect. In addition, while we use computational
354  quantities to model neural activity in the GLM, our method (fMRI) does not allow us to make a direct
355 statement about the neuronal implementation, e.g., neuronal fatigue, suppressive effects in single
356 neurons, or network effects (e.g., Solomon and Kohn; 2014, Stefanics et al., 2016). Based on the current
357  analysis it is not possible to reject some form of adaptation (e.g., fatigue) as a potential mechanism as
358 opposed to a more general model based on hierarchical Bayesian inference. Thus, adaptation could be an
359  alternative explanation of our findings.

360 To our knowledge this is the first fMRI study using a Bayesian observer model to describe automatic
361 predictions and pwPEs to violations of expectations to different features of the same objects, in the
362  absence of focal attention and task-relevance. Both expectation based on stimulus probability and
363  attention based on task-relevance have been suggested to modulate sensory PEs (e.g., Summerfield and
364 de Lange, 2014; Auksztulewicz and Friston, 2015; Auksztulewicz et al., 2017). Attentional effects have
365 been suggested to increase synaptic gain of PE coding neurons (Kok et al., 2012; Wyart et al., 2012; Jiang
366 et al., 2013; Vossel et al., 2014; Auksztulewicz and Friston, 2015), whereas expectation effects manifest in
367 reduced neuronal responses (Grotheer and Kovacs, 2015; Auksztulewicz and Friston, 2016; Stefanics et
368  al., 2018a,b). Recent formulations of PC suggest that attention serves to optimize precision estimates of
369  specific PEs. By increasing the weight that is put on PEs, the role of attention is to influence subsequent
370 inference and learning (Friston, 2009; Feldman and Friston, 2010; den Ouden et al., 2012; Parr and Friston,
371 2018). Furthermore, a previous study also found that PEs spread across object features in the visual cortex
372 (Jiang et al., 2016). Here, we extend these previous findings by showing that (i) pwPEs can also be elicited
373 in spatially remote neural structures that specialize in the processing of distinct stimulus attributes and
374 (ii) in the absence of attention. Notably, Jiang et al. (2016) studied PEs to attended and task-relevant
375 random dot stimuli, while in our study face stimuli were task-irrelevant and not attended, as verified by
376 eye tracking. The differences between our current and their results suggest that the role of focal attention
377  in perception might not only be to enhance but also spread PEs across features at the object level (Jiang
378 etal, 2016) which is in line with the feature-integration theory of attention (Treisman and Gelade, 1980).
379  Thus, while the visual system likely represents statistical relationships across features and automatically
380  structuresthem into objects (Mdiller et al., 2009, 2011), our results suggest that PEs to violations of specific
381  features are processed mostly in different regions. Clusters in the cerebellum, thalamus, precuneus,
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382 posterior medial frontal cortex, and right temporal areas were activated exclusively for predictions and/or
383 pwPEs pertaining to emotions. However, activations in the fusiform gyrus for color and emotion showed
384  some overlap (Fig. 5A). In addition, we could not find any evidence for an interaction between PEs for
385 different features when they are task-irrelevant and unattended. However, we only considered an
386 interaction between color and emotion PEs at the level of the GLM and did not investigate possible
387 interactions at the level of the perceptual model of the HGF. This would require establishing a novel HGF
388  thatincorporates interactions between hidden beliefs.

389 Color PEs

390 Color processing involves the ventral visual pathway (Mesulam, 1998; Bartels and Zeki, 2000), where fMRI
391 studies have shown strong color-related activations (Brewer et al., 2005; Solomon and Lennie, 2007;
392 Barbur and Spang, 2008; Brouwer and Heeger, 2009). The location of the fusiform activation in our
393  experiment is in agreement with “color-biased” regions in the ventral occipito-temporal cortex (Lafer-
394  Sousaetal. 2016). To our knowledge, there have been no previous investigations of color processing from
395 a PC-related perspective. Our results suggest the importance of pwPEs, as a putative signature of PC, for
396  color perception.

397 Emotion PEs and predictions

398 Facial emotions are non-verbal acts of communication that express emotional states and intentions, and
399 are fundamental in social interactions (Fridlund, 1994; Frith, 2009). The social environment is not
400 constant, and detecting changes in the emotional valence of facial expressions in our social space is
401 important for socially successful behavior. Prior ERP studies (Susac et al., 2004; Kimura et al., 2012; Li et
402 al., 2012; Csukly et al., 2013; Stefanics et al., 2012, 2018a; Astikainen et al., 2013; Fujimura and Okanoya,
403 2013; Xu et al., 2018) suggest that emotional expressions are processed in a few hundred milliseconds
404 and stored in predictive memory representations. We found emotion pwPEs in a set of areas including
405  the bilateral cerebellum, precuneus, thalamus, right lingual and supramarginal gyrus, as well as right
406 posterior medial frontal cortex. We observed activations pertaining to emotion predictions in bilateral
407  fusiform and the right superior temporal gyrus. Details of significant clusters are provided in Table 1. This
408  pattern of results (Fig. 5A) is in line with the notion that emotion processing involves a mosaic-like set of
409  affective, motor-related and sensory components (Bastiaansen et al., 2009). More specifically, it
410 demonstrates pwPE/prediction activations in areas that previous work identified as activated by the
411 processing of emotional faces (Fusar-Poli et al., 2009; E et al., 2014; Adamaszek et al., 2017) and theory
412 of mind tasks, in particular the Mind in the Eyes task (Schurz et al., 2014).

413 In our current study we observed positive and negative betas for color and emotion pwPEs, respectively,
414  which might reflect complementary neural mechanisms for predictive processing across distinct features.
415  The notion that predictive coding across features can be mediated by qualitatively different mechanisms
416  (Auksztulewicz et al., 2018) suggests domain-specific predictive signaling. As fMRI does not allow to
417 measure detailed neural firing but rather represents the bulk signal of excitation and inhibition within a
418 region (Logothetis, 2008), we cannot draw conclusions about specific mechanisms that could lead to this
419 difference in the PE signal.

14


https://doi.org/10.1101/447243

bioRxiv preprint doi: https://doi.org/10.1101/447243; this version posted April 6, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

420 In summary, our findings demonstrate that the same physical stimulus can elicits separate feature-specific
421 pwPE/prediction responses, depending on distinct predictions about its various attributes. This is in
422  agreement with PC theories of perception. In future extensions of this work, models of effective
423  connectivity could examine the signaling of pwPEs/predictions in cortical networks as postulated by PC.
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604 Table 1.

Contrast and Cluster Structure Cytoarchitectonic area Cluster max. (MNI)
Main effects of color PEs
Cluster 1 (326 voxels) L Fusiform Gyrus Area FG3 -30 -58 -14
L Fusiform Gyrus Area FG1 -28 -70 -8
L Fusiform Gyrus Area FG3 -30 -54 -10
Cluster 2 (212 voxels) R Fusiform Gyrus Area FG3 32 -46 -20
R Fusiform Gyrus Area FG3 30 -46 -12
R Fusiform Gyrus n.a. 26 -54 -12
Main effects of emotion PEs
Cluster 1 (1417 voxels) R Cuneus Area hOc3d [V3d] 10 -88 26
L Lingual Gyrus Area hOcl [V1] -2 -78 -8
Cerebellar Vermis (4/5) n.a. -2 -64 0
R Lingual Gyrus Area hOc3v [V3v] 14 -66 -2
L Cerebellum (Crus 1) Lobule Vlla crus | (Hem) -12 -88 -22
R Calcarine Gyrus Area hOc2 [V2] 10 -94 8
n.a. Area hOcl [V1] 6 -82 -14
R Cuneus Area hOc2 [V2] 8 -94 14
L Lingual Gyrus Area hOcl [V1] 2 -72 6
R Calcarine Gyrus Area hOcl [V1] 18 -68 10
R Lingual Gyrus Area hOc3v [V3v] 18 -86 -14
Cluster 2 (554 voxels) L Cerebellum (Crus 1) Lobule Vlla crusl (Hem) -40 -50 -32
L Cerebellum (VI) Lobule VI (Hem) -30 -64 -24
L Cerebellum (Crus 1) Lobule Vlla crusl (Hem) -42 -66 -30
L Cerebellum (VI) Lobule VI (Hem) -36 -54 -28
L Cerebellum (VI) Lobule VI (Hem) -24 -74 -20
L Cerebellum (Crus 1) Lobule Vlla crusl (Hem) -20 -80 -24
L Cerebellum (Crus 1) Lobule Vlla crusl (Hem) -22 -80 -32
L Cerebellum (Crus 1) Lobule Vlla crusl (Hem) -26 -80 -32
Cluster 3 (511 voxels) R SupraMarginal Gyrus Area PF (IPL) 58 -38 26
R Middle Temporal Gyrus n.a. 56 -40 6
R Middle Temporal Gyrus n.a. 58 -42 8
R SupraMarginal Gyrus Area PFm (IPL) 64 -44 26
R Superior Temporal Gyrus Area PF (IPL) 66 -34 10
R Superior Temporal Gyrus Area PFm (IPL) 60 -42 20
R Middle Temporal Gyrus n.a. 52 -48 16
R Superior Temporal Gyrus n.a. 54 -44 14
R SupraMarginal Gyrus Area PFt (IPL) 54 -24 28
R SupraMarginal Gyrus n.a. 48 -42 32
R Superior Temporal Gyrus n.a. 62 -38 12
Cluster 4 (380 voxels) L Precuneus n.a. -2 -54 54
L Precuneus n.a. 0 -56 60
R Precuneus Area 5M (SPL) 2 -50 58
L Precuneus n.a. -2 -54 48
R Precuneus n.a. 10 -60 42
R Precuneus n.a. 8 -58 50
L Midcingulate cortex Area 5M (SPL) 0 -38 52
L Midcingulate cortex n.a. -2 -38 44
L Midcingulate cortex n.a. -2 -44 42
Cluster 5 (178 voxels) R Cerebellum (VI) Lobule VI (Hem) 34 -46 -30
R Cerebellum (Crus 1) Lobule Vlla crus | (Hem) 44 -56 -28
R Cerebellum (Crus 1) Lobule Vlla crus | (Hem) 40 -54 -30
R Cerebellum (Crus 1) Lobule Vlla crus | (Hem) 38 -52 -32
R Cerebellum (Crus 1) Lobule Vlla crus | (Hem) 48 -60 -32
R Cerebellum (Crus 1)* Area FG2 46 -62 -26
Cluster 6 (162 voxels) R Cerebellum (Crus 1) Lobule Vlla crusl (Hem) 34 -80 -28
R Cerebellum (Crus 1) Lobule Vlla crusl (Hem) 28 -76 -34
R Cerebellum (VI) Lobule VI (Hem) 32 -72 -24
R Cerebellum (VI) Lobule VI (Hem) 36 -64 -26
R Cerebellum (Crus 1) n.a. 40 -76 -22
Cluster 7 (130 voxels) L Thalamus*** Thalamus proper -2 -4 8
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R Thalamus Thal: Temporal 8 -22 10
R Thalamus Thal: Temporal 14 -28 10
Cluster 8 (120 voxels) R Posterior-Medial Frontal** Supplementary motor cortex 6 2 58
R Posterior-Medial Frontal** Supplementary motor cortex 8 12 58
R Posterior-Medial Frontal n.a. 10 14 62
Cluster 9 (107 voxels) n.a. n.a. 4 -36 2
Cerebellar Vermis (4/5) n.a. 4 -46 4
n.a. n.a. -2 -36 8
Cluster 10 (79 voxels) R Lingual Gyrus n.a. 14 -48 -6
R Lingual Gyrus n.a. 18 -52 -6
R Lingual Gyrus n.a. 22 -48 -8
R Fusiform Gyrus n.a. 22 -46 -12
Main effects of emotion PREDICTIONS
Cluster 1 (1500 voxels) R Fusiform Gyrus Area hOc4v [V4(v)] 24 -64 -10
R Lingual Gyrus Area hOc3v [V3v] 22 -74 -10
R Lingual Gyrus n.a. 22 -56 -8
R Fusiform Gyrus Area FG3 32 -54 -14
R Calcarine Gyrus Area hOcl [V1] 12 -76 10
R Lingual Gyrus Area hOcl [V1] 24 -56 -2
R Calcarine Gyrus Area hOc1 [V1] 20 -72 8
L Calcarine Gyrus Area hOc2 [V2] -16 -68 8
R Lingual Gyrus n.a. 24 -46 -10
R Lingual Gyrus Area hOc2 [V2] 10 -78 -2
L Calcarine Gyrus Area hOcl [V1] -10 -66 8
Cluster 2 (515 voxels) L Fusiform Gyrus Area FG1 -24 -62 -14
L Lingual Gyrus n.a. -22 -48 -8
L Lingual Gyrus n.a. -22 -52 -8
L Lingual Gyrus n.a. -20 -58 -8
L Fusiform Gyrus Area FG1 -28 -72 -12
L Fusiform Gyrus Area hOc4v [V4(v)] -22 -72 -14
L Fusiform Gyrus Area hOc4v [V4(v)] -30 -76 -12
L Lingual Gyrus Area hOc4v [V4(v)] -18 -70 -10
Cluster 3 (147 voxels) R Superior Temporal Gyrus n.a. 54 -44 18
R Middle Temporal Gyrus n.a. 62 -40 2
R Middle Temporal Gyrus n.a. 58 -42 8
R SupraMarginal Gyrus Area PFcm (IPL) 54 -38 26
R SupraMarginal Gyrus Area PF (IPL) 66 -38 30

Table 1. Assignment of activations to anatomical and cytoarchitectonic regions (Anatomy Toolbox, v2.2c).
In order to characterize the anatomical locations of the cluster we report maxima within the clusters and
their assighment to anatomical regions. If a maximum lies within a particular region, this means that the
cluster extends into that anatomical region, but does not imply that the entire region is activated or that
the entire cluster lies within that anatomical region. Whole brain analyses on the cluster level p<0.05
(FWE-corrected) with a cluster defining threshold of p<0.001. Contrast estimates from structures in bold
font are plotted in Figures 2-4. n.a.: these maxima were not assigned to any region. *The anatomy toolbox
labelled this maximum as Cerebellum but assigned it to the fusiform area FG2. **The anatomy toolbox
labelled this maximum as Posterior-Medial Frontal cortex but did not assign it. The anatomical label was
corrected to Supplementary motor cortex based on Neuromorphometrics labelling in SPM. ***The
anatomy toolbox did not label this maximum. The anatomical label of left Thalamus was added based on
Neuromorphometrics labelling in SPM.
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