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Should perception of emotions be classified according
to threat detection rather than emotional valence? An
updated meta-analysis for a whole-brain atlas of
emotional faces processing
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Background: Human navigation of social interactions relies on the processing of emotion on faces. This meta-analysis aimed to produce an up-
dated brain atlas of emotional face processing from whole-brain studies based on a single emotional face—viewing paradigm (PROSPERO
CRD42022251548). Methods: We conducted a systematic literature search of Embase, MEDLINE and PsycINFO from May 2008 to October
2021. We used seed-based d mapping with permutation of subject images to conduct a quantitative meta-analysis of functional neuroimaging con-
trasts between emotional (e.g., angry, happy) and neutral faces. We conducted agglomerative hierarchical clustering of meta-analytic map con-
trasts of emotional faces relative to neutral faces. We investigated lateralization of emotional face processing. Results: From 5549 studies identi-
fied, 55 data sets (1489 healthy participants) met our inclusion criteria. Relative to neutral faces, we found extensive activation clusters by fearful
faces in the right inferior temporal gyrus, right fusiform area, left putamen and amygdala, right parahippocampalgyrus and cerebellum; we found
smaller activation clusters by angry faces in the right cerebellum and right middle temporal gyrus (MTG) and by disgusted faces in the left MTG.
Happy and sad faces did not reach statistical significance. Clustering analyses showed similar activation patterns of fearful and angry faces; activa-
tion patterns of happy and sad faces showed the least correlation with other emotional faces. Emotional face processing was predominantly left-
lateralized in the amygdala and anterior insula, and right-lateralized in the ventromedial prefrontal cortex. Limitations: Reliance on discretized ef-
fect sizes based on peak coordinate location instead of statistical brain maps, and the varying level of statistical threshold reporting from original
studies, could lead to underdetection of smaller clusters of activation. Conclusion: Processing of emotional faces appeared to be oriented toward
identifying threats on faces, from highest (i.e., angry or fearful faces) to lowest level (i.e., happy or sad faces), with a more complex lateralization pat-
tern than previously theorized. Emotional faces may be processed in latent grouping but organized by threat content rather than emotional valence.

Introduction

Human beings are a socially complex species.! Our ability to
navigate social interactions is dependent, in part, on the effect-
ive processing of emotions on faces. Such processing allows
humans to recognize the affective states of others and enables
appropriate cognitive and behavioural adjustment during
interpersonal exchanges.? Emotional face processing follows
a slow developmental course, but the ability to detect facial
emotion categories is already present in young infants.3* Dis-
crete categories of facial emotions are also observed across
cultures,> although there are cross-cultural differences in the
categorization and interpretation of these emotions.”

These observations have led to several theorizations of
how emotion, in general, is processed in the brain. The clas-
sical locationist view of emotional perception assumes that
there exists a set of discrete and universal emotional categor-
ies, and that each emotional category is associated with dis-
tinctive neural signatures.’ In contrast, the constructionist
view proposes that all emotions are processed by a common
underlying brain network that becomes psychologically at-
tributed to a different and discrete range of emotions based
on previous experiences.® Others have attempted to bridge
these fundamentally opposing views by suggesting that the
processing of emotions occurs in latent groupings; for in-
stance, according to a broad valence polarity where negative
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Classifying perception of emotions

emotions (i.e., fear, anger, disgust and sadness) are processed
distinctly from positive ones.’

It is unclear which of these theories best describes the brain
processing of emotional faces, given that most theorization
has been based on meta-analytic findings of brain activation
during a variety of emotional processes (e.g., experiencing
emotional scenes and perceiving emotions on faces). These
potentially different processes may indeed rely on overlap-
ping brain regions such as the limbic system and insular cor-
tices.*1%! However, each emotional face category may also
engage specific cortical activation in visual, temporoparietal,
prefrontal (including the inferior and orbitofrontal areas) and
cerebellar cortices, as has been observed during the viewing
of emotional relative to neutral faces.'***

Among the meta-analyses that have contrasted discrete
emotion relative to neutral faces, some findings suggested
commonality and specific brain activation across the emotional
categories. In our previous meta-analysis involving 105 unique
whole-brain and region-of-interest studies, amygdala activa-
tion was reported during the processing of happy, fearful and
sad faces but not angry or disgusted faces, which selectively
activated the insula.’? A recent meta-analysis including
141 studies found that left or bilateral amygdala activation was
involved in the processing of happy, sad, angry and fearful,
but not disgusted faces.® Angry faces — which activated the
left pallidum and right fusiform face areas (FFA), and the right
posterior middle temporal and occipital gyri — and fearful
faces — which activated similar areas including the bilateral
pallidum, left inferior frontal gyrus (IFG), left FFA and bilat-
eral occipital areas — appeared to activate more brain regions
than any other emotions; disgusted faces activated only bilat-
eral occipital face areas.” However, this meta-analysis did not
control for activation related to cognitive functions nonspecific
to face processing since it included studies using any para-
digms involving emotional faces.

The present meta-analysis sought to contribute to the
understanding of how discrete emotional face categories
were processed in the brain, relative to neutral faces. Unlike
previous approaches,®> our meta-analysis focused on a
single paradigm involving passive or active viewing of emo-
tional faces and excluded tasks involving additional cogni-
tive function — such as oddball target detection, inhibition or
cognitive interference, and mnestic or memorization tasks —
to control for nonspecific cognitive processes other than that
for emotional faces. To update and extend our previous ap-
proach,’? we included only whole-brain studies to produce
an unbiased location of effects. Furthermore, we used a hier-
archical clustering analysis of the meta-analytic maps!®'” to
explore how closely related the processing of one emotional
face category was to another.

Methods
Search strategy
We conducted a comprehensive systematic literature search of

the Embase, MEDLINE and PsycINFO databases using the
Ovid platform, combining key terms related to emotional faces

(i.e., “facial emotion*” or “facial affect*” or “affective face*” or
“emotional face*”” or [happy or happiness or sad or sadness or
fear* or anger or angry or disgust® or neutral] ADJ3 face*) and
neuroimaging (i.e., “functional magnetic resonance imaging”
or “neuroimaging” or fMRI). We searched literature published
from 2008, when the last meta-analysis done in a similar man-
ner on this topic was conducted,' to Oct. 5, 2021. We con-
ducted a manual reference search through previous meta-
analyses to find articles meeting our criteria before 2008. The
protocol for this meta-analysis was preregistered in
PROSPERO (CRD42022251548). This systematic review and
meta-analysis followed the Preferred Reporting Items for Sys-
tematic Review and Meta-Analysis (PRISMA) 2020.'8

Eligibility criteria

Included studies reported functional magnetic resonance im-
aging (fMRI) data during emotional face viewing with
whole-brain coverage, which is unbiased toward specific
brain anatomic regions.”**'> We included only peer-reviewed
empirical research studies involving at least 12 healthy par-
ticipants to reduce the probability of false positive findings,
as applied in previous meta-analyses.” Included studies also
reported 1 of the acceptable fMRI contrasts between emo-
tional faces (i.e., happy, sad, angry, fearful or disgusted) with
either a neutral face as primary interest, or a baseline fixation
cross as secondary interest in this study. Following our previ-
ous meta-analytic approach,'? we included only studies using
a single paradigm assessing emotional processing during the
passive or active viewing of emotional human faces (i.e., ex-
cluding studies that used tasks involving additional cognitive
functions such as oddball target detection, inhibition or cog-
nitive interference, and mnestic tasks or memorization). We
also excluded studies if there were no brain activation peak
coordinates or if their samples overlapped with other publi-
cations, in which case we contacted the study authors to help
decide which study sample should be included in the meta-
analysis. Finally, we excluded reviews, meta-analyses and
non-peer-reviewed publications.

Study selection

The study selection was assisted by the software EndNote 20,
starting with a semiautomated removal of duplicates, confer-
ence or dissertation abstracts and foreign-language publica-
tions before screening. We then screened studies in 2 stages.
Two independent screeners (L.F. and S.L.) first screened by
title and abstract. Three pairs of independent screeners (L.F.
and V.O,, F.G. and SL, and E.T. and K.W.) then completed
full-text screening. In both stages, screeners discussed rating
discrepancies to reach a consensus; if necessary, a third re-
searcher (P.F.P. and S.D.) helped to reach consensus.

Data extraction
Data extracted from the studies included sample sizes and

characteristics (i.e., mean age, handedness and percentage of
female participants); MRI parameters (i.e., field strength, time
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repetition, sequence duration, slice thickness, interslice gap,
whether a whole-brain scan took place); task parameters (i.e.,
trial numbers or lengths, interval duration between trials and
task design [block v. event-related]); neuroimaging analysis in-
formation such as preprocessing software (e.g., FSL, SPM), the
use of slice timing correction, motion correction and stereotac-
tic space (e.g., MNI, Brett’s mni2tal); and registration methods
to the stereotactic space (e.g., nonlinear based on T;), high-pass
filtering, smoothing, covariates at first level, numbers and rea-
sons for rejected scans, group-level statistics and the statistical
threshold. Finally, for each contrast, we extracted the coordin-
ates and effect size statistics (e.g., f or z scores) from the peaks
of clusters of statistically significant voxels or statistical para-
metric maps, where available. Pairs of researchers (L.F. and
V.0, F.G. and SL.,, and E.T. and K.W.) extracted data. They
discussed disagreements to reach a consensus, and discussed
with a third researcher (P.F.P. or 5.D.), if necessary.

Quality assessment

We evaluated each study using a quality assessment tool
adapted from a reporting checklist for fMRI studies.” Our
checklist contained 8 items (Appendix 1, available at https://
www .jpn.ca/lookup/doi/10.1503/jpn.230065/tab-related
-content) — each given a score of 1 (i.e., clear reporting), 0.5
(i.e., possible reporting bias) or 0 (i.e., evidence for reporting
bias) — with a maximum score of 8. A total score of 6.5 or
higher was given a quality rating of good, 3.5-6.0 was fair
and 3.0 or lower was poor. Pairs of researchers completed as-
sessments independently (L.F. and V.O., F.G. and S.L., and
E.T. and K.W.); they discussed their rating disagreements to
reach a consensus, and discussed with a third researcher
(P.E.P. or S.D.), if necessary. We excluded studies with poor
ratings from the meta-analysis.

Neuroimaging data synthesis

We took a meta-analytic data synthesis approach using the
seed-based d mapping with permutation of subject images
(SDM-PSI, www.sdmproject.com). The SDM-PSI enables the
synthesis of discrete peaks and effect sizes of clusters of brain
activation and continuous statistical parametric maps. Briefly,
the SDM-PSI creates a map of voxel-wise Hedges g for each
study and then applies a meta-analytic random-effects model.
The tool allows studies with incomplete data (e.g., only report-
ing coordinate but not effect size) to be included in the meta-
analysis, by using multiple imputation to impute Hedges ¢
maps, which are subsequently combined using Rubin’s rules.
The present SDM-PSI version applies a threshold-free cluster
enhancement correction and participant-based permutation
tests for multiple comparisons.

We conducted the main meta-analyses for the contrasts be-
tween each category of emotion with neutral faces alone,
considered an ideal index for tapping emotional processing.
Given the frequent use of a fixation cross as a baseline condi-
tion in studies of emotional face processing, we also con-
ducted meta-analyses for contrasts between each emotion
with neutral face or fixation cross in combination. These

analyses were investigated primarily using a p value cor-
rected for family-wise error (FWE) rate of less than 0.05, but
we also indicated clusters surviving pe: < 0.01. Furthermore,
we explored clusters at an uncorrected threshold of p < 0.005
if no clusters survived the FWE correction to provide readers
with a range of statistical significance.

To explore the processing closeness among different emo-
tional categories, we conducted agglomerative hierarchical
clustering of the meta-analytic maps contrasting a given emo-
tion with neutral faces. First, we calculated pairwise Pearson
correlations (r) between unthresholded effect size maps across
all voxels within the SDM mask, which has been shown to best
capture the image dissimilarity among SDM meta-analyses."”
We subsequently calculated the dissimilarity matrix (1-r val-
ues) and applied agglomerative hierarchical clustering in R
using the average linkage method.”” We used bootstrapping to
assess the stability of these clusters. Specifically, we used the
pvclust package for R, which resampled the voxels 1000 times,
conducted the cluster analysis for each resample and counted
how many of these resamples showed the original clusters.?

We conducted further exploratory analyses when sufficient
data were available. First, we conducted a meta-analysis
combining all negative emotions (i.e., angry, fearful, disgust,
sad’), in contrast with neutral faces. We also conducted a
meta-analysis combining only threatening faces (i.e., angry,
fearful) against neutral faces. We conducted comparative
meta-analyses pairwise between each emotion category,
which was contrasted with neutral faces, for instance, be-
tween angry (v. neutral) and happy (v. neutral) faces.

As an additional investigation after previous meta-
analyses,>*! we investigated the consistency of hemispheric lat-
eralization of emotion processing regions across neuroimaging
studies. Lateralization was indicated by a laterality index, com-
puted for each emotion using the method outlined by Xu and
colleagues.”® We sought to explore the replication of findings
and extracted the average Hedges g values from the right and
left amygdala, anterior insula and ventral medial prefrontal cor-
tex (vmPFC), corresponding to past meta-analyses.'>* Extracted
regions followed the automated anatomic labelling template.”

Finally, within each emotional category, we conducted
sensitivity meta-analyses with studies involving only adult
participants, and with those involving only implicit tasks. In
addition, we used meta-regressions to evaluate the associa-
tion between sex or age with emotional face processing.

Results
Study selection

The initial search retrieved 5549 studies. After duplicate re-
cords, conference and dissertation abstracts and foreign lan-
guage publications were removed, 1823 studies underwent a
title and abstract screening, of which 519 were submitted to a
full-text screening. From this subset, we excluded 477 stud-
ies, primarily in the absence of appropriate neuroimaging
contrasts (1 = 158) or a whole-brain analysis (1 = 121), leaving
53 studies (i.e., 55 unique data sets) to be included in the
meta-analysis (Figure 1 and Table 1).
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Meta-analyses of emotional face processing

Table 2 shows the peak coordinates and effect sizes
(Hedges g) of the activation clusters associated with each
emotion relative to neutral faces alone (Figure 2A), or in com-
bination with a fixation cross (i.e., baseline condition). Find-
ings are reported at the threshold of significance pry: < 0.05,
which was relaxed to an uncorrected p < 0.005 when further
exploration was warranted. Table 2 also indicates regions
that survived the conservative threshold of py,: < 0.01. Unless
otherwise stated, all findings showed no significant hetero-
geneity or publication bias.

Angry
The contrast of angry relative to neutral faces (1 = 21) was as-

sociated with activation in the right cerebellum and FFA and
the right middle temporal gyrus (MTG) at puy: < 0.05 (Table 2
and Figure 2A). Relative to baseline (1 = 26), angry faces were
associated with activation in the bilateral cerebellum and FFA,
left IFG, right MTG, right inferior occipital gyrus (IOG) and
left amygdala at pry: < 0.05 (Table 2). The right IOG cluster
showed a significant publication bias (p = 0.046).

Fearful

The contrast of fearful relative to neutral faces (n = 27)
evoked activation in the right inferior temporal gyrus
(ITG), FFA and cerebellum; the left putamen, hippocam-
pus and amygdala; and the right parahippocampal gyrus
(PHG) and amygdala at ppw: < 0.05 (Table 2 and
Figure 2A). Relative to baseline (1 = 33), fearful faces were
associated with activation in the bilateral cerebellum, FFA,
amygdala and supplementary motor area (SMA), and the
left inferior parietal gyrus (IPG) and left thalamus at
Pewe < 0.05 (Table 2).

Disgusted

Relative to neutral faces, disgusted faces (n = 8) were
associated with increased left MOG activation at pu: <
0.05 (Table 2 and Figure 2A). Compared with baseline
(n = 10), disgusted faces were associated with in-
creased activation in the left SMA and left superior
frontal gyrus (SFG) at piwe < 0.05 (Table 2). The cluster
of activation in the SMA had high heterogeneity (I* >
50%) across studies, and a significant publication bias
(p < 0.001).

Identification of studies via databases and registers | | Via other methods
S | | Initial records identified n = 5549 Removed before screening Records identified from past
O oras | LTeenalees 0= 109
= * Ovid MEDLINE n = 1484
= ; n=1032
g | | -Ovid Embase n =2624 « Foreign language publications n = 14
S | | «Ovid PsycINFO n = 1441
- v v
Records underwent title and _)I Records excluded n = 1303 | Reports sought for retrieval
abstract screening n = 1823 n=105
. ] J
'g Reports sought for retrieval at _)I Reports not retrieved n =2 | Reports assessed for eligibility
© | | full-text screening n = 520 n=105
? v
Reports assessed for full-text N Reports excluded n =477 Reports excluded n =93
eligibility n =518 » No appropriate contrast n = 158 * No whole-brain analysis n =38
— * No whole-brain analysis n = 121 * No appropriate contrast n =20
* No separate healthy control data n =57 * Not enough participants n =23
* No appropriate analyses n = 41 * No separate healthy control data
* No peak coordinates n =12 n=4
* No appropriate task n =73 * No appropriate task n =4
* Not an fMRI study n=3 * Duplicated dataset n=2
* Not peer-reviewed n=5 * No appropriate analyses n =2
* Not in English language n =3
= * Not enough participants n =2
% e Duplicated data n =2
>
5 Y
= | | Studies included in meta-analysis |
n =53 (i.e., 55 unique data sets)

Figure 1: Preferred Reporting ltems for Systematic Review and Meta-Analysis (PRISMA) flow diagram of study selection, obtained from http://
www.prisma-statement.org/PRISMAStatement/FlowDiagram.
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Table 1 (part 1 of 2): Characteristics of included studies*

Age, yr, Scanner
No. (%) mean + magnetic  Task Face Control Implicit
Study female SDt field, T design paradigm Emotion condition condition response
Arsalidou et al.?®f 15 (86.7) 26.3+4.5 1.5 BD MacBrain Angry Fixation Y
Arsalidou et al.*} 24 (75.0) 26.5+46 1.5 BD MacBrain Happy Fixation Y
Azuma et al.? 14 (35.7) 13.0+ 3.0 15 ER Emotional Disgust, fearful, neutral Fixation Y
Batut et al.?® 15 (60.0) NA 2 BD KDEF Fearful, happy, sad Neutral Y
Chan et al.?® 54 (61.0) 23.0+2.4 1.5 BD Ekman Angry, neutral Neutral Y
Daly et al.?” 14 (0.0) 28.0+10.0 1.5 ER Emotional Happy, fearful, disgust, sad, Fixation Y
neutral
Davies et al.?® 19 (42.0) 23.9=x42 3 ER Emotional Fearful Neutral Y
de Greck et al.?® 20 (55.0) 23.0 3 BD Ekman Angry, neutral Fixation N
Del-Ben et al.®° 12 (0.0) 248 +3.2 1.5 BD Ekman Happy, fearful, angry Neutral Y
Domes et al.%! 16 (100.0) 24.2+25 1.5 BD Emotional Fearful, angry Neutral N
Faivre et al.® 18 (67.0) NA 3 BD Ekman Happy Neutral Y
Fischer et al.®® 22 (50.0) 741 +£3.8 1.5 ER Ekman Angry Neutral Y
Grosbras and Paus® 20 (50.0) 28.6 1.5 BD Emotional Angry, neutral Fixation Y
Haller et al.® 25 (60.0) 14.0+22 3 BD Ekman Happy, fearful, angry Neutral Y
Hoehl et al.®® 18 (50.0) 24.0 3 ER NimStim Happy, angry Fixation Y
Hornboll et al.” 23 (39.0) 31.8+6.5 3 BD Emotional Fearful, angry Neutral Y
Ihme et al.®® 48 (47.9) 24.0+3.0 3 ER KDEF Happy, fearful, angry Neutral N
Jehna et al.®° 15(66.7) 30.3+10.6 3 BD KDEF Fearful, angry, disgust Neutral Y
Jehna et al.#° 30 (70.0) 36.3+14.3 3 BD KDEF Fearful, angry, disgust Neutral Y
Jones et al.! 13 (0.0) 11.3+0.92 3 BD Ekman Fearful Neutral Y
Kempton et al.*? 74 (45.9) 349+137 15 ER Ekman Fearful Neutral N
Kersting et al.*® 12(100.0) 30.6+4.2 3 BD Ekman Happy Neutral N
Lassalle et al.* 21 (0.0) 19.7+7.7 3 BD MacBrain Happy, fearful, angry Neutral Y
Lee et al.®® 29 (0.0) NA 3 BD Ekman Angry Fixation N
Lee et al.*® 18(22.3) 39.3+12.6 3 Mixed Ekman Angry Neutral Y
Lee et al.#” 13 (0.0) 24.8 + 3.6 1.5 BD NA Happy, sad Neutral Y
Lennox et al.*® 12(50.0) 32.6+10.7 3 ER FEEST Happy, sad Neutral N
Mallorqui-Bague et al.*® 51 (64.7) 33.3+4.9 3 ER NA Sad Neutral Y
Marchand et al.5° 19 (0.0) 33.7+125 3 BD Ekman Happy Neutral Y
McCloskey et al.%! 20 (40.0) 32.8 3 BD Ekman Happy, angry Neutral N
Miskowiak et al.5? 12 (41.7) 23.7+6.2 15 BD Ekman Happy, fearful, neutral Fixation Y
Morawetz et al.%® 48 (52.1) 29.7 + 111 3 Mixed  Emotional Angry Neutral N
O’Nions et al.5 30 (43.4) 26.6 £ 6.0 3 BD NA Happy, fearful Neutral Y
Palm et al.® 16 (100.0) 34.0+13.0 15 BD Ekman Happy, angry, fearful, sad Neutral Y
Park et al.s 230 (62.6) 39.4+128 3 BD Emotional  Happy, angry, fearful, sad, ~ Neutral N
disgust
Park et al.%” 17 (52.9) 23.1+£3.9 3 BD Emotional Happy, fearful, neutral Fixation Y
Passamonti et al.5® 19 (47.4) 245+3.3 3 BD MacBrain Angry, sad Neutral Y
Rauch et al.®® 20 (50.0) NA 3 BD Ekman Happy, angry, fearful Neutral Y
Reidy et al.° 15 (0.0) 8.7x1.1 3 ER NimStim  Happy, angry, fearful, disgust  Neutral Y
Sambataro et al.5! 24 (54.2) 26.8+5.6 3 BD Emotional Disgust Neutral Y
Spencer et al.®? 40 (50.0) 151 +1.6 3 BD Ekman Happy, fearful Neutral Y
Spilka et al.®® 27(51.9) 407 +11.1 3 ER Emotional Happy, angry, fearful, sad Neutral N
Stevens et al.® 20 (100.0) 41.1+£10.7 3 BD Ekman Fearful Neutral N
Surguladze et al.® 20(50.0) 419x+11.6 15 ER FEEST Happy, fearful, neutral Fixation Y
Tamm et al.®® 72 (55.6) 44.0 3 BD KDEF Happy, angry Neutral Y
Trautmann et al.®” 16 (100.0) 21.6+2.3 3 BD Emotional Happy, disgust Neutral Y
van den Bulk et al.5® 27 (88.9) 146+1.6 3 BD NimStim Happy, fearful, neutral Fixation Y
Vuilleumier et al.®® 12 (50.0) 27.7 2 ER N/A Fearful Neutral Y
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Table 1 (part 2 of 2): Characteristics of included studies*

Age, yr, Scanner
No. (%) mean + magnetic  Task Face Control Implicit
Study female SDt field, T  design paradigm Emotion condition condition response
Vuilleumier et al.” 13 (46.2) 35.9+8.6 2 ER N/A Fearful Neutral Y
Wabnegger et al.” 22 (50.0) 51.8+9.8 3 BD KDEF Angry, disgust, fearful, sad  Neutral Y
Wicker et al.” 14 (0.0) NA 3 BD Video Happy, disgust Neutral Y
Williams et al.”™ 22 (36.4) 27.2+8.1 15 BD N/A Fearful Neutral Y
Williams et al.” 15 (53.4) 35.8 + 9.1 1.5 BD Gur Fearful Neutral Y
Zsoldos et al.”> § 17 (47.1) 68.6 + 5.6 3 ER KDEF Fearful Neutral Y
Zsoldos et al.”>§ 17 (60.0) 249+27 3 ER KDEF Fearful Neutral Y

BD = block-design task; ER = event-related task; FEEST = facial expressions of emotion,

no; NA = not available; SD = standard deviation; Y = yes.

stimuli and tests; KDEF = Karolinska-directed emotional faces; N =

*Neutral faces were always contrasted with fixation cross, while other categories of emotional faces were contrasted with either neutral faces or a fixation cross.

Summary findings are in Appendix 1, Table S1.
1Some studies did not provide SD.

iDifferent experimentation in the same study.
§ Older and younger adult data sets.

Happy
The contrast of happy relative to neutral faces (n = 20)

evoked no significant activation at pmy: < 0.05 (Table 2 and
Figure 2A), but further exploration using an uncorrected p
threshold less than 0.005 revealed an activation in the left
MOG and right FFA (Table 2). The contrast of happy relative
to baseline (n = 38) elicited activation in the bilateral MOG at
Prwe < 0.05.

Sad

The contrast of sad versus neutral faces (n = 9) showed no
activation at either pp: < 0.05 or an uncorrected p < 0.005
(Table 2). Sad faces compared with baseline contrast (1 = 10)
showed no activation at pny: < 0.05, but further exploration
revealed higher activation in the left insula at uncorrected p <
0.005 (Table 2).

Neutral face v. fixation cross

Neutral faces, relative to a fixation cross, evoked activation in
the right SMA, the right cerebellum and putamen, the left
postcentral gyrus, the right IFG and the left hippocampus at
Prwe < 0.05.

Hierarchical clustering analyses

Pairwise correlations between meta-analytic maps across
emotional categories (Figure 2B) were in the lower moderate
range (r = 0.3 to 0.4), except between angry and fearful faces,
which was a higher moderate correlation (r = 0.47), and be-
tween sad and any other emotional faces, which was in the
low range (r = -0.1 to 0.2). Thus, the dendrogram first
merged for the processing of angry and fearful faces (cophen-
etic distance d = 0.53), which were subsequently merged with
the processing of disgusted and happy faces (d = 0.64 to
0.66). Processing of sad faces was not merged until the top of
the dendrogram (d = 0.93). The activation clusters of angry
and fearful faces were differentiated from those of the dis-
gusted faces with 100% probabilities. The activation clusters

of disgusted faces were differentiated from those of happy
faces with 73% probabilities. Finally, the activation clusters of
happy faces were differentiated from those of sad faces with
100% probabilities.

Meta-analyses of emotion groups

Negative emotional faces

The contrast of negative emotion relative to neutral faces
(n = 40) evoked increased activation in the bilateral cerebel-
lum and FFA, the left IFG and SFG, the right putamen and
amygdala and the left MTG (Figure 2C and Appendix 1,
Table S2). The contrast of negative emotion relative to base-
line (n = 51) was associated with increased activation in the
bilateral cerebellum and FFA, the right precentral gyrus and
amygdala, the left IFG, the left SFG, the right MTG, the left
postcentral gyrus and the right median cingulate and para-
cingulate gyrus.

Threatening emotional faces

The contrast of threatening relative to neutral faces
(n = 35) evoked increased activation in the bilateral cere-
bellum and FFA, the left IFG, the bilateral putamen and
amygdala, the right MTG and the right precentral gyrus at
Pewe < 0.05 (Figure 2C and Appendix 1, Table S3). The con-
trast of threatening faces relative to baseline (n = 46)
evoked increased activation in the bilateral cerebellum and
FFA, the right precentral gyrus and amygdala, the left IFG,
the left SFG, the right MTG, the left postcentral gyrus and
the right median cingulate and paracingulate gyrus at
Prwe < 0.05.

Exploratory pairwise comparisons between emotional contrasts
Negative emotions v. happy faces

Relative to happy faces, angry faces were associated with
activation in the right MTG and left IFG, disgusted faces
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were associated with activation in the left IFG and right
putamen, and fearful faces were associated with activation
in the right ITG, right precentral gyrus and right putamen
and insula, whereas sad faces were associated with deacti-
vation in the bilateral MOG and right FFA, all at py: < 0.05
(Appendix 1, Figure S1A and Table S2).

Pairwise comparisons among negative emotional faces

In pairwise comparisons between the negative emotions
versus neutral face contrasts (Appendix 1, Figure S1B and
Table S3), we found that angry faces showed increased
activation in the right MTG, compared with disgusted or
fearful faces, at ppye < 0.05. Compared with sad faces,
angry faces also showed increased activation in the bilat-
eral IOG, right FFA, right STG, left MFG, left lingual gyrus

and right MTG at ppy:e < 0.05. Disgusted faces showed de-
creased activation in the right ITG compared with fearful
faces and showed increased activation in the SMA, left
MOG, right putamen and left IFG compared with sad
faces. Finally, fearful faces, relative to sad faces, were asso-
ciated with increased activation in the bilateral FFA, PHG
and amygdala, the right precentral gyrus and the left IOG
at prws < 0.05.

Hemispheric lateralization of activation

Amygdala activation was left-lateralized during the process-
ing of all emotion categories. Activation of the anterior insula
also showed left hemispheric lateralization during the view-
ing of all emotions except disgusted faces, which showed no

Table 2 (part 1 of 2): Meta-analytic findings of processing of emotional versus neutral faces or baseline

Peak Cluster
Variable MNI Hedges g V4 ? Prwe Voxels Breakdown (voxels)
Emotional v. neutral faces
Angry v. neutral
Right FFA 40, -54,-18 0.306 5.796 2.4 < 0.0001 867 Right cerebellum (486)
Right FFA (294)
Right MTG 56, —62, 2 0.264 4.870 71 0.001 381 Right MTG (323)
Fearful v. neutral
Right ITG* 52, -54, -20 0.263 5125 13.2 0.002 970 Right FFA (335)
Right ITG (284)
Right cerebellum (273)
Left putamen* -32, -4, -4 0.254 3.388 25 0.017 820 Left amygdala (132)
Left STG (113)
Left putamen (55)
Right PHG 18, -6, 26 0.241 4.010 24 0.030 156 Right PHG (46)
Right cerebellum 32, -72,-20 0.176 3.846 2 0.023 114 Right cerebellum (96)
Disgusted v. neutral
Left MOG -34,-90, 0 0.249 2560 10.7 0.038 111 Left MOG (86)
Happy v. neutral
Left MOGT —20,-94, 14 0.23 4.21 8.7 < 0.0001 343 Left MOG (151)
Right FFAT 36, -74,-16 0.22 4.35 0.9 < 0.0001 257 Right FFA (121)
Sad v. neutral
NA

Emotions v. baseline (mixed neutral faces/fixation cross)
Angry v. baseline

Right cerebellum* 34, —66, —26 0.298 6.373 7.8

Left IFG* -40, 26, -2 0.218 5.046 0.9

Left cerebellum* -10,-76, -12 0.204 4.482 6.6

Right MTG*
Right I0G*

56, -62, 2 0.250 5.621 4.4
38, -86, —4 0.286 4.495 487

Left amygdala* -30, -6, -14 0.252 5413 10.1

< 0.0001 2068

Right cerebellum (953)
Right FFA (638)
Right ITG (190)

0.002 1267 Left IFG (981)
Left insula (107)
0.005 1092 Left MOG (361)
Left cerebellum (281)
Left I0G (107)
Left lingual gyrus (106)
0.001 905 Right MTG (744)
0.003 714 Right MOG (320)
Right 10G (176)
0.004 209 Left amygdala (36)
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Table 2 (part 2 of 2): Meta-analytic findings of processing of emotional versus neutral faces or baseline

Peak Cluster

Variable MNI Hedges g V4 P? Prwe Voxels Breakdown (voxels)

Fearful v. baseline

Right cerebellum* 34, -46, —24 0.257 5.668 6.6 < 0.0001 15992 Right cerebellum (2550)
Right IFG (1893)
Right FFA (1134)
Right pre-CG (786)
Bilateral lingual gyrus (739)
Right I0G (672)
Right ITG (566)
Right insula (564)
Right PHG (483)
Right MOG (436)
Right putamen (303)
Right post-CG (252)
Right STG (227)
Right rolandic operculum (208)
Right amygdala (194)
Right hippocampus (193)
Right MFG (159)
Right striatum (106)
Left IFG* -50, 18, 18 0.268 5416 128 < 0.0001 5644 Left IFG (1635)
Left STG (498)
Left insula (429)
Left PHG (336)
Left striatum (295)
Left putamen (257)
Left hippocampus (214)
Left amygdala (197)
Left rolandic operculum (102)
Left SMA* 0, 18, 56 0.268 4877 282 < 0.0001 2391 Bilateral median cingulate/paracingulate (846)
Bilateral SMA (821)
Bilateral SFG (419)
Bilateral ACC/paracingulate (364)
Left FFA* -36, —66, —14 0.228 5.151 1.7 < 0.0001 970 Left FFA (460)
Left cerebellum (227)
Left 10G (217)

Left IPL* —42,-42, 52 0.250 4790 143 < 0.0001 875 Left IPL (512)
Left post-CG (285)

Left thalamus* -6,-8,8 0.199 3.873 7 0.009 177 Left thalamus (34)
Disgust v. baseline

Left SMA -4, 6,54 0.576 2.887 844 0.029 341 Bilateral SMA (321)

Left SFG -2, 46, 24 0.225 3.249 1.2 0.028 142 Bilateral SFG (118)
Happy v. baseline

Right MOG* 44,-82,2 0.218 4.890 2.5 < 0.0001 1732 Right FFA (404)

Right MOG (283)
Right 10G (217)
Right cerebellum (179)
Left MOG* -18,-96, 14 0.241 4.662 4.3 < 0.0001 872 Left MOG (204)
Left cerebellum (109)
Sad v. baseline

Left insulat -38,18,0 0.256 3.872 2.8 < 0.0001 107 Left insula (78)

ACC = anterior cingulate cortex; CG = central gyrus; FFA = fusiform area; FWE = family-wise error—corrected; IFG = inferior frontal gyrus; IOG = inferior
occipital gyrus; IPL = inferior parietal lobule; ITG = inferior temporal gyrus; MFG = middle frontal gyrus; MNI = Montreal Neurological Institute-Hospital; MOG =
middle occipital gyrus; MTG = middle temporal gyrus; NA = not available; PHG = parahippocampal gyrus; SFG = superior frontal gyrus; SMA = supplementary
motor area; STG = superior temporal gyrus.

*Cluster significant at prye < 0.05 and remained significant at pg.e < 0.01.

tCluster not significant at p-.: < 0.05 but significant at an exploratory threshold of uncorrected p < 0.005.
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Figure 2: (A) Meta-analytic activation clusters in each emotional face category, contrasted with neutral faces (activation clusters for fearful,
angry and disgusted faces were significant at pr.,. = 0.05; clusters for happy faces were significant at p = 0.005, uncorrected). (B) Meta-
analytic maps and clustering dendrogram showed that fearful and angry faces were most similar among other emotional categories. (C) Meta-
analytic grouping of negative emotions (i.e., fearful, angry, disgusted and sad faces), and of threatening faces (i.e., fearful and angry faces),
contrasted with neutral faces. FFA = fusiform face area; IFG = inferior frontal gyrus; ITG = inferior temporal gyrus; MOG = middle occipital gyrus;
MTG = middle temporal gyrus; PHG = parahippocampal gyrus; SFG = superior frontal gyrus; STG = superior temporal gyrus.

lateralization, and happy faces, which showed right lateral-
ization. Meanwhile, the vmPFC showed a right dominance
for processing all negative emotions but left hemispheric lat-
eralization in response to happy faces (Figure 3 and
Appendix 1, Table S4).

Other exploratory meta-analyses

No significant brain activation was found in sensitivity
meta-analyses involving subgroups of adult participants or
implicit tasks within each emotional category. No signifi-
cant association was observed between age or sex and each
category of emotional face processing.

Quality assessment ratings

Among the included studies, 31 (58.5%) of them were rated
good while the remaining were fair. No studies were rated
poor (Appendix 1, Figure S2). Therefore, we included all
studies in the meta-analysis.

Discussion

Theories of emotional face processing have relied on find-
ings from studies involving the processing of broad emo-
tional stimuli and tasks that might be influenced by other
cognitive functions. This meta-analysis focused on studies
that compared emotional and neutral faces using a single
passive or active emotional face viewing paradigm. Our pri-
mary findings showed extensive activation clusters by fear-
ful faces relative to neutral faces in the right ITG, right FFA,
left putamen and amygdala, right PHG and cerebellum.
Fewer activation clusters were evoked by angry faces in the
right cerebellum and right MTG, and by disgusted faces in
the left MTG, relative to neutral faces. Happy and sad faces
did not evoke activation beyond the main threshold of sig-
nificance, relative to neutral expressions. However, an ex-
ploration using a less conservative uncorrected threshold
(p < 0.005) showed that happy faces evoked activation in the
left MOG and right FFA. Fearful and angry faces appeared
to have the highest meta-analytic map correlation and
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Figure 3: Hemispheric laterality of brain activation in the (A) amygdala, (B) anterior insula and (C) ventromedial prefrontal cortex (vmPFC).
The laterality index approaches —1 (blue) when it is left-lateralized and approaches 1 (red) when it is right-lateralized. L = left hemisphere; R =

right hemisphere.

shortest cophenetic proximity, while happy and sad faces
had the lowest correlation to and highest distance from any
other emotional faces.

Different emotions primarily evoked discrete clusters of
activation. Among the different emotional face categories,
fearful faces appear uniquely associated with amygdala acti-
vation, which corresponds to the idea that the amygdala is
more sensitive toward, and is more strongly activated by,
fearful faces than any other emotion.'”6”” We also found that
fearful faces evoked the most extensive clusters of activation
in the brain, which is similar to findings from a recent meta-
analysis of whole-brain studies of emotional faces relative to
neutral faces.’ Such wide-ranging activation may reflect a
heightened vigilance and arousal supporting the readiness
for flight-or-fight responses.””

Notable findings are the overlaps of several activation
clusters (i.e., cerebellum and closely neighbouring posterior—
temporal regions) during the processing of fearful and angry
faces, and the closest proximity of these 2 emotions in the
novel hierarchical clustering analysis. Furthermore, the cere-
bellum, neighbouring posterior-temporal regions and amyg-
dala were all activated when we investigated the processing
of fearful and angry faces in combination, compared with
neutral faces. This functional similarity is presumably related

to the threats conveyed by both emotional faces, whether in-
ferred from a third-person perspective in the case of fearful
faces, or directly experienced by the observer of an angry
face. The cerebellum plays an important role in fear learning
and mediating motor response to threats,®%! and its stimula-
tion enhances the perception of threatening faces.®> The acti-
vation of posterior-temporal cortices may be related to the
engagement of the theory of mind network to assess the in-
tention of a potential perpetrator.'”#

Disgusted faces elicited activation in the left MOG, partly
replicating previous findings in the bilateral MOG."> How-
ever, unlike previous findings of activation in the left amyg-
dala by sad and happy faces,"> we did not observe a consist-
ent brain response to these facial emotions in the present
study. These discrepant findings may be related to the speci-
ficity of the eligible task in the present study, and may also
indicate that these effects were weaker in magnitude, such
that they were undetectable with the inclusion of fewer
studies in this meta-analysis.

The meta-analytic maps of emotional categories, which
show imperfect correlation of weak to moderate-strong mag-
nitude, point toward an underlying general neural response
during emotional face processing, as theorized by the con-
structionist model,® although the spatial response patterns
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seem specific to the emotion. In the context of the theories of
emotional face processing, however, our most interesting
finding was the lack of consistent amygdala activation dur-
ing the processing of emotional faces other than fearful faces,
and the hierarchy of cophenetic proximities that led to early
agglomerative clustering of threat-related activation by fear-
ful and angry faces. These findings show that the human
brain orients its response to emotional faces based on the ab-
sence or the presence of threats, the latter of which receives
processing priority. This may explain why happy and sad
faces — which convey the absence of a potential threat and,
for sad faces, the presence of vulnerability — evoke less re-
sponse and show a weaker meta-analytic map correlation in
relation to fearful and angry faces.

Negative emotional faces (i.e., fearful, angry, disgusted,
sad), relative to neutral faces, were associated with activation
in the right amygdala, temporal and fusiform cortices, corres-
ponding to previous meta-analytic findings,”'> which ex-
tended to the cerebellum — presumably driven by responses
to the angry and fearful faces — and to the left inferior and
superior frontal cortices. The additional comparison of
threatening (i.e., angry, fearful) faces, relative to neutral faces,
that we conducted following the hierarchical clustering an-
alyses, found evoked activation in highly overlapping areas
in the bilateral putamen and amygdala, the cerebellum and
FFA, the left IFG, the right MTG and the right precentral gyrus,
indicating the predominant contribution of threatening faces
in activation clusters observed in the contrast between nega-
tive emotion and neutral faces. Furthermore, exploratory
pairwise meta-analytic comparisons among facial emotion
categories (Appendix 1, Figure S1) elucidated the activation
clustering elicited by these 5 emotion categories, where angry
or fearful faces evoked the most pervasive pattern of activa-
tion when compared with happy and particularly sad faces,
which are the furthest in the cophenetic distance. Overall, our
findings support the view that emotions are processed in a
latent grouping as previously suggested,’ but this grouping is
based on threat content rather than valence.

We investigated laterality effects in the amygdala, anterior
insula and vmPFC, following previous studies.'>*! There are
2 classic hypotheses of brain lateralization of emotional pro-
cessing. The right-hemisphere dominance theory proposes
that all emotions are predominantly processed in the right
brain hemisphere,*# while the valence lateralization hypoth-
esis proposes a left hemispheric specialization in processing
positive and approach-related emotions, and a right-
lateralized processing of negative and withdrawal emotion,
particularly in the frontal area.®>%

Our findings provide little support for an absolute right-
hemisphere dominance of emotional face processing.? %
Evoked activation across all emotional categories was exclu-
sively left-lateralized in the amygdala or predominantly left-
lateralized in the anterior insula. The exclusive left-lateralized
processing of emotional faces in the amygdala is in line with
conclusions of some reviews and meta-analyses'>® but not of
others, including our previous meta-analytic attempt.!>2!5488%9
The different findings may be related to the exclusion of
studies involving subliminal or subconscious perception of

unattended emotional faces, which are thought to be associ-
ated with predominantly right amygdala activation.®®® The
anterior insula activation, which was predominantly left-
lateralized during perception of nearly all emotional faces ex-
cept happy faces, only partly replicates recent findings.'® Spe-
cifically, the right-lateralized anterior insular response to
happy faces contradicts a previous meta-analytic finding that
has shown left-lateralized insula activation by positive emo-
tions,” although the previous meta-analysis included studies
involving emotional experience, as well as emotional face
perception, which may have confounded the laterality of
findings. Interestingly, lesion studies have shown an associa-
tion between left hemispheric insula lesions with emotional
face recognition,’*? and an association between right anterior
insula lesions with happy and angry face recognition,” al-
though the emotional or regional specificity of these associa-
tions were not always examined. Finally, activation in the
vmPFC is predominantly right-lateralized for all emotion cat-
egories, which also partly replicates recent findings,' except
for the processing of happy faces, which is left-lateralized.
The frontal pattern of asymmetry in this region is thus in line
with the valence hypothesis.®> Overall, our findings suggest a
general pattern of left-lateralized activation in the amygdala
and insula, and right-lateralized activation in the vmPFC.
The variation to this general pattern should be taken with
caution, given the relatively few studies included in the
meta-analyses. Taken together, our findings show that the
processing of emotional faces is more complex than previ-
ously existing theories have proposed.

Finally, several studies used a fixation cross as a control
condition for emotional faces when investigating emotional
face processing. Our meta-analysis shows that neutral faces
evoke non-negligible activation in the prefrontal, subcortical
and cerebellar areas when compared with a fixation cross.
Furthermore, including studies with a fixation cross as a con-
trol condition leads to the presence of more activation clus-
ters for each emotion compared with neutral faces alone, pre-
sumably because of the recruitment of regions associated
with processing of facial features unrelated to emotion. Our
findings demonstrate the need to control for processes re-
lated to general face perception when studying the process-
ing of each emotional category of faces.

Limitations

As with any other imaging meta-analyses, the reliance on
discretized effect sizes based on peak coordinate location in-
stead of statistical brain maps, and the varying level of statis-
tical threshold reporting from original studies, could lead to
underdetection of smaller clusters of activation. At an uncor-
rected significance threshold, the activation in the left MOG
and right FFA during the viewing of happy faces relative to
neutral faces should be considered a preliminary finding and
will require confirmation from future meta-analyses. The de-
cision to limit our scope to a single paradigm involving the
viewing of emotional faces in this meta-analysis resulted in
the inclusion of relatively few studies, which further con-
strained the power to detect smaller effects. This may explain
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why we found no influences of age or sex in emotional pro-
cessing activation in the meta-regression analyses. However,
this choice of method also enhances the specificity of our
findings to brain activation related to emotional face process-
ing only, controlling for nonspecific cognitive processes
beyond passive or active emotional face viewing.

Conclusion

This meta-analysis is among the few that specifically investi-
gated the processing of discrete emotional face categories rela-
tive to neutral faces, but focused on studies involving only
the viewing of emotional faces. The primary findings suggest
that the processing of emotional faces in the human brain is
oriented to prioritize the identification of threats (i.e., fearful
and angry faces) over nonthreatening emotional categories
(i.e., happy and sad faces), with a more complex lateraliza-
tion pattern than existing theories have proposed. This ap-
pears to support the view that emotional faces are processed
in latent groupings, by threat content rather than valence,
which provides a novel way for theorizing how emotional
faces are processed in the human brain.
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