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The two-pathway ventral (“what”) and dorsal (“where”) model of visual per-
ception has dominated neuroscience for over 30 years. In this framework, face
perception, crucial for social interactions, is linked to the ventral pathway,
which processes static features. However, dynamic facial expressions activate
the superior temporal sulcus, outside both established pathways. An alter-
native model recently proposed a third visual pathway dedicated to dynamic
facial expressions. Using neuroimaging and behavioral testing in 108 patients
with focal brain lesions, we provide causal evidence of a double dissociation
between static and dynamic face perception. Our findings show direct causal
evidence for the putative third visual pathway that bypasses the occipital and
fusiform face areas.

In the ambiance of a quaint café, a captivating moment unfolds as you
engage in a silent dialogue with your companion across the table. With
each subtle shift in their facial expression, a symphony of emotions fills
you, effortlessly communicated without a single spoken word. Beneath
the surface of this subtle exchange lies a sophisticated brain network,
orchestrating the seamless communication of emotions via visual
perception. The traditional two-pathway model of visual perception
has long dominated neuroscience, delineating a ventral pathway for
visual perception and a dorsal pathway for action (Fig. 1)"*. Studies in
humans and non-human primates have shown that the ventral visual
pathway, which includes key functional areas such as the Occipital
Face Area (OFA) and the Fusiform Face Area (FFA), is responsible for
processing static aspects of face perception, such as facial identity and
emotion recognition"*°. However, the recognition of dynamic facial
expressions, biological motion (movement patterns characteristic of
humans and animals), and social perception (interpretation of social
cues from others) engages the posterior Superior Temporal Sulcus
(pSTS), a region that is not a part of either the ventral or the dorsal
pathway’~°. Research over the last few decades suggests the existence
of a pathway along the lateral surface of the brain, distinct from the
traditional dorsal and ventral pathways'°°. Regions such as the pSTS

and others along the STS may be part of this pathway, contributing to
face perception and social cognition (Fig. 1-blue)'*'®. This putative third
pathway is proposed to selectively respond to moving aspects of the
face, biological motion, and social perception'*'*. However, the precise
causal roles of these regions, their structural and functional con-
nectivity, their role in complex motion processing, and how they
interact with other regions involved in face and body processing is still
being elucidated'*"'**, Hence, demonstration of a double dissocia-
tion in human participants would provide important convergent evi-
dence supporting the third visual pathway. Whilst a transcranial
magnetic stimulation (TMS) study showed evidence for a transient
double dissociation between dynamic and static emotion recognition
when inhibiting pSTS", here we ask whether such dissociation persists
in patients with the relevant focal lesions.

Although functional neuroimaging and non-human primate stu-
dies have provided significant insights into face perception, large
human lesion-based studies have been limited**"**. Human lesion
studies have the advantage of providing strong causal evidence rather
than mere correlational associations®>. Here we directly tested the
existence of the putative third visual pathway by assessing facial
emotion recognition in 108 patients with focal lesions in the occipital,
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Fig. 1| Cortical visual pathways in the human brain. Schematic representation of
the three cortical visual pathways in the human brain. The dorsal pathway (black),
ventral pathway (Yellow), and putative third Visual Pathway (blue dotted line) ori-
ginate in the primary Visual Cortex (V1) and extend to various specialized visual
regions. The ventral pathway, also known as the “what” pathway, is involved in
object recognition and static aspects of face perception. It links V1 to the Occipital
Face Area (OFA)/ 10G-faces, and the Fusiform Face Area (FFA), and then extends to
the anterior temporal lobe face regions (ATL). The OFA is a cluster along the
inferior occipital gyrus (I0G), while the FFA area consists of two subregions pFus-
faces/FFA1 and mFus-faces/FFA-2 along the fusiform gyrus. The dorsal pathway,
also known as the “where” pathway, is involved in vision for action and spatial
relationships and projects to the parietal lobe. The putative third pathway origi-
nates in the primary visual cortex (V1) and extends to the motion-selective area
hMT+. It then proceeds to the posterior banks of the superior temporal sulcus
(pSTS), continues to the anterior superior temporal sulcus (aSTS), and finally
projects to the anterior temporal lobe.

parietal, and temporal lobes. We hypothesized that if the static aspects
of facial recognition are part of the ventral pathway and the dynamic
aspects of facial perception are part of the putative third pathway that
projects to the pSTS, there should be a double dissociation between
dynamic and static facial recognition.

All patients underwent detailed neurological examination and a
battery of behavioral tasks to assess visual function (see “Methods”).
To assess static emotion recognition, we used color photographs of
faces of different ethnicities. Participants had to choose from the
displayed options (SAFC: happy, sad, fearful, angry, or neutral) with a
verbal response. To assess dynamic emotion recognition, we played
1.5-s video clips of emotional expressions and participants were asked
to choose from the displayed options (6AFC: happy, sad, fearful, angry,
surprised, or disgust) with a verbal response. Each patient’s brain
lesion was identified based on their individual magnetic resonance
images and manually mapped to the MNI template brain. Statistical
associations between lesion location and behavioral performance were
then investigated.

Results

Double dissociation between static and dynamic emotion
recognition

To look for a double dissociation between performance on dynamic
and static emotion recognition and its association with lesion location,
we first conducted a region of interest (ROI) analysis. As the face
processing network is known to be right lateralized, we used FFA (MNI
coordinates: 40, —55, -12), OFA (MNI coordinates: 39, -79, —6) and
pSTS (MNI coordinates: 50, —47, 13) in the right hemisphere as regions
of interest”. We categorized patients based on whether their lesion
overlapped within these ROIs and compared their performance accu-
racy on the static and dynamic facial expression recognition tasks.
Each patient’s lesion map in MNI space was overlayed with the selected
ROIs to determine their overlap (Table S4). Patients were then cate-
gorized into four lesion groups: (1) right pSTS only (N =31), (2) right
OFA/FFA only (N=12), (3) both right pSTS and OFA/FFA (N=15), and

(4) neither involved (N=50). A GLM analyzed main effects and inter-
actions, with static and dynamic emotion recognition accuracies
alternately as dependent variables and lesion groups as the indepen-
dent factor. We found a significant main effect of lesion location on
static emotion recognition (F (3103) =22.1, p < 0.001, n?p = 0.392, 95%
Cl [0.241, 0.506]), and on dynamic emotion recognition
(F (3103) =12.5, p < 0.001, n2p = 0.266, 95% CI [0.121, 0.389]). Post-hoc
tests revealed that the right FFA/OFA lesioned group (N=12) had sig-
nificantly lower performance on static emotion recognition
(t (103) =6.29, p<0.001) compared to the right pSTS lesioned group
(N=231) (Figs. 2A, B and 3). In contrast, the right pSTS lesioned group
had significantly lower accuracy on dynamic emotion recognition
compared to FFA/OFA lesioned group (¢t (103) =5.61, p <0.001), thus
demonstrating a double dissociation (Figs. 2A, B and 3). We repeated a
similar analysis using the left FFA(MNI coordinates: 38, -58, -14), OFA
(MNI coordinates: —41, —81, —4), and left pSTS (MNI coordinates: —50,
-48, 15) ROIs®. Our results did not show a significant effect of the left
FFA/OFA lesions (N=9) on the performance of static emotion recog-
nition (F (3103)=0.63, p=0.600, n?p=0.018, 95% CI [0, 0.071])
Fig. 4). However, isolated lesions of left pSTS (N =9) were associated
with lower scores on dynamic emotions recognition (F (3103) =3.61,
p=0.016, n?p=0.095, 95% CI [0.003, 0.199]). We also found that
pulvinar lesions (N=5, left=3, right=2) were associated with poor
performance on dynamic emotion recognition (F (1105)=14.08,
p<0.001,n%p =0.118, 95% CI [0.027, 0.241]), despite intact pSTS. Thus,
we were able to demonstrate a double dissociation between static and
dynamic emotion recognition, with right hemispheric lesions involving
the FFA/OFA impairing static recognition and pSTS lesions impairing
dynamic recognition. Though left sided lesions involving the FFA/OFA
had no significant effect on static recognition, left pSTS lesions and
pulvinar lesions sparing pSTS were associated with impaired dynamic
emotion recognition.

Dissociation between dynamic face processing and global visual
motion perception

We asked whether impaired dynamic emotion recognition might stem
from a broader deficit in global motion perception. To answer that
question, we computed the correlation between the behavioural
scores of dynamic emotion recognition and motion direction dis-
crimination, but found no evidence for a correlation (Pearson’s
r=0.16, p=0.106). To further rule out the possibility of a global
motion perception deficit, we then asked if the involvement of V5/hMT
+ (a key region associated with global visual motion perception) by the
lesion had any association with performance on the dynamic emotion
recognition task. Patients were categorized as follows: isolated uni-
lateral pSTS lesions (N=23), isolated unilateral hMT+ lesions (N=35),
bilateral hMT+ lesions (N=1), bilateral hMT+ lesions with pSTS invol-
vement (N =2), unilateral h(MT+ and pSTS involvement (N =19), and no
involvement of pSTS or hMT+ (N=58). We found that patients with
isolated pSTS lesions had normal scores on motion direction dis-
crimination but significantly lower scores on dynamic emotion
recognition compared to patients with isolated hMT+ lesions (t
(97) =3.312, p Bonferroni = 0.002) (Fig. 5). Conversely, one patient, who
had a bilateral hMT+ lesion with sparing of the pSTS had normal per-
formance on the dynamic facial recognition task but severely impaired
motion discrimination, demonstrating a double dissociation between
motion direction discrimination and dynamic emotion recognition
(Crawford’s p < 0.001) (Fig. 5), and suggesting a short-cut for dynamic
emotion recognition with visual inputs to pSTS bypassing hMT+.

Multivariate lesion symptom mapping using support vector
regression

In order to complement the findings of the ROI-based analysis, we
performed a support vector regression lesion symptom mapping
(SVR-LSM), which provides an apriori, voxel-wise, multivariate view
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Fig. 2 | Double dissociation between dynamic and static emotion recognition.
Performance on static and dynamic emotion recognition tasks and brain lesion
mapping in patients with focal brain lesions (A) 31 Patients with focal brain lesions
involving the right posterior superior temporal sulcus (pSTS) but sparing the right
fusiform face area (FFA) and occipital face area (OFA), showed normal performance
in the static emotion recognition task but poor performance for dynamic emotion
recognition. B 12 patients with focal brain lesions involving the right FFA or OFA,
but sparing the right pSTS, showed normal performance in dynamic but poor
performance in static emotion recognition. In (A, B), the rendered MNI152 template
brain shows the extent of the associated lesions in green. The boxplots show the
z-transformed performance accuracy of the static and dynamic emotion recogni-
tion tasks. The boxes denote the interquartile range, the whiskers extend to

Clusters predicting performance on Dynamic emotion recognition
White matter tracts associated with Dynamic emotions- MDLF, AF

Clusters predicting performance on Static Emotion recognition

Ommn

White matter tracts associated with Static Emotions-ILF, IFOF

1.5 x IQR from each quartile and the horizontal lines denote the median. The source
data and code used for generating the plots are available at https://osf.io/ez9dp/.
C Rendered MNI152 template brain and orthogonal brain slices show results of the
multivariate support vector regression lesion symptom mapping (SVR-LSM).
Clusters show significant associations with behavioral performance (FWE-cor-
rected p <0.001) for dynamic (blue) and static (red) emotion recognition, identi-
fied using a two-tailed, permutation-based maximum statistic approach. A
disconnectome analysis for the white matter revealed tracts associated with
dynamic (in purple) and static (in yellow) emotion recognition. [AF Arcuate fasci-
culus, MDLF Middle longitudinal fasciculus, ILF Inferior longitudinal fasciculus,
IFOF Inferior fronto-occipital fasciculus].

of lesion-behavior relationships. Unlike ROl methods, SVR-LSM is
more data-driven as it does not rely on predefined regions, hence
reducing bias and enabling a more comprehensive whole-brain ana-
lysis. Using this method, we adjusted for confounding factors such as
lesion size, etiology, and time from onset known to affect behavior,
thereby enhancing our understanding of the lesion’s impact on
behavior (see “Methods”). Consistent with our double dissociation
findings, we identified a single cluster along the right pSTS that was
associated with performance in the dynamic emotion task (Fig. 2).
For static emotion recognition, we identified significant bilateral
clusters (right > left) over the fusiform and lingual gyrus including
the FFA (Fig. 2C) (Table S7). To understand how lesions in one part of
the cortex can affect distant regions through their white matter
connections, we identified the white matter tracts associated with
the behavioral performance on the static and dynamic tasks. To do

so, we used the clusters resulting from the SVR-LSM approach as
seeds for diffusion tractography. The white matter tracts that
exclusively passed through these clusters were identified using a
disconnectome analysis approach (see “Methods”). We found that
the white matter tracts associated with the dynamic emotion
recognition cluster were over the right middle longitudinal fasciculus
(MdLF) and over parts of the right arcuate fasciculus (Fig. 2C-purple).
For static emotion recognition, we found clusters over the inferior
longitudinal fasciculus (ILF) and the inferior fronto-occipital fasci-
culus (IFOF) (Fig. 2C-yellow). To see if the performance could be
determined by brain regions distant but connected to the lesion, we
also performed SVR-LSM on indirectly derived functional con-
nectivity maps and disconnectome maps. However, we did not find
significant associations beyond the face processing network (see
Supp. Info.).
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Fig. 3 | ROI analysis comparing static and dynamic emotion recognition based
on the right face processing network. Performance on static and dynamic emo-
tion recognition tasks of patients with focal brain lesions to face processing regions
in the right hemisphere. Patients were categorized as having isolated lesions
involving the right posterior superior temporal sulcus (pSTS) (N =31), isolated
lesions of the right fusiform face area (FFA) and occipital face area (OFA) (N=12,
FFA), lesions involving both right pSTS and OFA/FFA (N =15, Bl), and lesions where
neither of these regions were involved (N =50, NI). A shows the rendered MNI152
template brain with color-scale denoting the extent of the lesion in each of the
categories. B, C show boxplots for the performance accuracy on the static and
dynamic emotion recognition tasks categorized by lesion location. The boxes

denote the interquartile range, the whiskers extend to 1.5 x IQR from each quartile
and the horizontal lines denote the median. The dots denote individual patient’s
performance. There is a double dissociation between the right FFA/OFA lesions and
right pSTS with regards to static and dynamic emotion recognition, respectively. Bl
- Lesions involving both right FFA/OFA and pSTS, NI- Lesions not involving both
right FFA/OFA and pSTS, FFA- lesions involving the right FFA/OFA, pSTS- lesions
involving the right posterior superior temporal sulcus. Red dotted line denotes cut-
off threshold for the performance accuracy derived from normative data (shown in
Table S3). The source data and code used for generating the plots are available at
https://osf.io/ez9dp/.

Discussion

In this study, we provide causal evidence for the putative third visual
pathway. We demonstrate this with converging behavioural and neu-
roimaging evidence for a double dissociation for static and dynamic

face reception in (N = 108) patients with focal lesions. Classic models of
face perception posited that the OFA (a cluster along the ventral
stream in the inferior occipital gyrus (I0G), also known as I0G-faces)
was the initial entry point for face processing, relaying information to
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Fig. 4 | ROI analysis comparing static and dynamic emotion recognition based
on the left face processing network. Performance on static and dynamic emotion
recognition tasks of patients with focal brain lesions to face processing regions in
the left hemisphere. Patients were categorized as having isolated lesions involving
the left posterior superior temporal sulcus (pSTS) (N =9), isolated lesions of the
right fusiform face area (FFA) and occipital face area (OFA) (N=9, FFA), lesions
involving both right pSTS and OFA/FFA (N=4, Bl), and lesions where neither of
these regions were involved (N =86, NI). A shows the rendered MNI152 template
brain with color-scale denoting the extent of the lesion in each of the categories.
B, C boxplots show the performance accuracy of the static and dynamic emotion

recognition tasks categorized by lesion location. The boxes denote the inter-
quartile range, the whiskers extend to 1.5 x IQR from each quartile and the hor-
izontal lines denote the median. Left pSTS lesions were associated with poor
performance on the dynamic emotion task, while left FFA lesions had normal
performance on static emotion recognition. BI- Lesions involving both left FFA/
OFA and pSTS ROIs NI- Lesions not involving both left FFA/OFA and pSTS, FFA-
lesions involving left FFA/OFA, pSTS- lesions involving the left pSTS. Red dotted
line denotes cut-off threshold for the performance accuracy derived from norma-
tive data (shown in Table S3). The source data and code used for generating the
plots are available at https://osf.io/ez9dp/.

the FFA and pSTS***. While direct connections of OFA to the FFA have
been demonstrated, its inputs to the pSTS have not yet been
established®”*?°, Additionally, patients with lesions in the right OFA
and right FFA still exhibit normal face-selectivity in the right posterior
superior temporal sulcus-face area (pSTS-FA), leading to revisions of
these models***?°. Current models propose that dynamic faces are

processed via a parallel pathway that runs from early visual cortex into
the pSTS, via the Middle temporal area (hMT+), a key brain region
associated with motion processing, bypassing the OFA and FFA>”*16%
According to these models, the primary functional division between
the dorsal and ventral pathways of the face perception network lies in
the dissociation of motion and form information®'®. They suggest that
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Fig. 5 | ROI analysis comparing motion direction discrimination and dynamic
emotion recognition based on the lesion extending to STS and hMT+. Perfor-
mance on motion direction discrimination and dynamic emotion recognition tasks
of patients with focal brain lesions. Patients were categorized as: isolated unilateral
posterior superior temporal sulcus (pSTS) lesions (V=23), isolated unilateral
motion selective human middle temporal area (hMT+) lesions (N =5), bilateral hA(MT
+ lesions (N =1), bilateral h(MT+ lesions with pSTS involvement (N = 2), unilateral
hMT+ and pSTS involvement (N =19), and no involvement of pSTS or hMT+
(N=58). A shows the rendered MNI152 template brain with color-scale denoted the
extent of the lesion in each of the categories. B, C boxplots show the performance
accuracy of the motion direction discrimination and dynamic emotion recognition

tasks categorized by lesion location. The boxes denote the interquartile range, the
whiskers extend to 1.5 x IQR from each quartile and the horizontal lines denote the
median. Each of the dots denotes individual patient’s performance. Patients with
bilateral hMT+ lesions had normal performance on dynamic emotion recognition
but impaired motion direction recognition. U-hMT + STS - Unilateral involvement
of hMT+ and pSTS, U-hMT- Unilateral involvement of hMT+, B-hMT - Bilateral
involvement of hMT+, B-hMT + STS- involvement of bilateral \MT+ and pSTS on at
least one side, NI - Both not involved, U-pSTS- Unilateral isolated posterior
superior temporal sulcus lesions. Red dotted line denotes cut-off threshold for the
performance accuracy derived from normative data (Table S3). The source data
and code used for generating the plots are available at https://osf.io/ez9dp/.

facial expressions involve both pathways: the ventral pathway extracts
form information, while the dorsal pathway processes motion'. The
pSTS processes dynamic facial information, such as head rotation, eye
gaze, and expressions, and may also extract motion-related details

from invariant features like identity>*"*>"71*?5, Conversely, the FFA,
which includes 2 subregions FFA1 and FFA2, primarily extracts form
information from static face images, conveying both invariant (iden-
tity, race, age) and changeable aspects, including
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expressions>>71¢20272930 1t has been previously demonstrated in

functional neuroimaging studies that the pSTS is selective to dynamic
elements of facial expression®*'%?°?2 Direct inputs to the pSTS via
the motion selective areas hMT+ independent of the ventral OFA and
FFA have been demonstrated in both human tractography studies®
and tracer studies in macaques®. While most human lesion studies
support the dissociation between face processing networks and the
pSTS’s role in dynamic facial expression, one study reported a patient
with a selective lesion to the right pSTS, showing impaired matching of
static facial expressions’®*~%, Upon reviewing the lesion image, we
noticed that it extended to the right thalamus, particularly the pulvi-
nar, which plays a key role in emotional recognition®**, In our study,
lesions involving the pulvinar were associated with impaired perfor-
mance on all emotion recognition tasks, suggesting that the static
emotion recognition impairment in this patient could possibly be due
to pulvinar involvement. A TMS study that inhibited the pSTS showed
evidence for a double dissociation between dynamic and static emo-
tion recognition®. While TMS reveals causal brain-behavior links
through temporary disruptions, lesion studies such as ours, uncover
the long-term effects of tissue loss and neuroplasticity***. Together,
they provide converging evidence: TMS offers precision and transient
insights, while lesions reveal enduring impacts. Double dissociations
identified through both methods provide robust causal evidence for
the third visual pathway. In our study, by using static facial expressions
to study the ventral face processing pathway and dynamic facial
expressions to study the dorsal facial pathway, we demonstrated a
double dissociation that supports the current face processing
model*°. Thus, by showing that the pSTS has inputs independent of
the FFA and OFA, we provide causal evidence for (1) the independent
role of the pSTS in dynamic face processing and (2) the third visual
pathway in humans that bypasses FFA and OFA*>78131419.20,

We also found a double dissociation between motion direction
discrimination and dynamic face recognition, thus demonstrating that
impairment in dynamic emotion recognition is not part of a global
motion perception deficit. Moreover, one patient, with isolated bilat-
eral lesions in the region of hMT+ and sparing of the pSTS, had normal
performance in the dynamic emotion recognition task despite
impairments in motion direction discrimination. This suggests that
there are additional inputs to face selective areas of the pSTS that
bypass the cortical motion selective areas (hMT+)'. From non-human
primate studies, it is known that the pulvinar nucleus has direct pro-
jections to the pSTS that bypass the lateral geniculate to V1
pathway**°. We propose that this may be an alternate short-cut in
humans, for dynamic facial information from pulvinar to pSTS,
bypassing both V1 and hMT+%,

The face perception network has previously been shown to have a
right-hemispheric dominance by multiple methods, including lesion
studies and functional MRI?** (but see recent evidence challenging
this view*’). Consistent with the traditional view, our ROI analysis,
showed that only the right FFA was associated with low scores on the
static emotion recognition task. However, lesions to either right or left
pSTS were associated with low scores on dynamic emotion recogni-
tion. In contrast to this finding, our multivariate SVR-LSM showed a
significant cluster only along the right STS for the dynamic emotion
recognition. For static emotion, on the other hand, we found bilateral
clusters but with right predominance. This finding could probably be
explained by the fact that some of the FFA lesions were bilateral due to
posterior cerebral artery territory strokes. This co-occurrence of the
lesions may have contributed to bilateral clusters in SVR-LSM for static
emotion recognition. Our use of SVR-LSM enhances the evidence for
the third visual pathway by providing a data-driven, apriori analysis
that complements traditional ROI-based methods reliant on pre-
defined regions. The identification of non-overlapping clusters for
lesions and white matter disconnection in SVR-LSM reinforces the
evidence for a double dissociation between dynamic and static

emotion recognition, thus providing convergent evidence for the third
visual pathway.

On studying the white matter tracts associated with the ventral
visual pathway, consistent with previous studies, we found that the
inferior longitudinal fasciculus (ILF) and the inferior fronto-occipital
fasciculus (IFOF) were associated with static emotion recognition®.
However, the white matter connections in the putative third pathway
for face processing along the superior temporal sulcus continues to be
debated'®. Probabilistic tractography indicates that 70-85% of voxels
in this pathway are unclassified, dominated by short association fibers
rather than long-range tracts'®***°. Unlisted tracts, including extreme/
external capsule and the middle longitudinal fasciculus (MdLF) and the
arcuate fasciculus, have been implicated™**'**", Our findings show the
involvement of the MdLF and arcuate fasciculus in dynamic emotion
recognition, with connections extending to the frontal lobe but not to
the FFA or OFA support their role in the third visual pathway.

Handedness and sex has been shown to affect lateralization in the
face perception network®. However, we did not find any association
between behavioural scores and sex. Since all our patients were right-
handed, we could not study the effect of handedness. As face pro-
cessing in real life is a complex, yet unified process, the neural path-
ways that independently contribute to both dynamic and static
emotion recognition are likely to contribute the larger face processing
network. This overlap in function may be the reason we were not able
to predict behavioral performance from functional networks and white
matter disconnections beyond the effect of the lesions themselves.

Our study is not without limitations. As behavioural testing was
done in hospitalized patients with significant disabilities and often
other comorbidities, we limited the overall time of behavioural testing
by reducing the number trials per task to a minimum. Moreover, the
ROIs used in our study were extracted from the literature, rather than
based on individual functional activation. Since these are functionally
defined areas, they are likely to vary in anatomical location for each
patient. However, considering the large size of the lesions compared to
the typical variability in the ROI locations, this limitation is likely to be
minimal. The static emotion recognition task using 2D photos is easier
than the dynamic task with 3D avatar videos, a difference that could be
a limitation. However, the poor performance of FFA lesion patients on
the easier static task but normal performance on the dynamic task
strengthens the evidence for a double dissociation. The methods of
lesion symptom mapping, lesion network mapping, and dis-
connectome mapping each present specific limitations that affect the
interpretation of results. These include challenges related to image
resolution variability, the accuracy of lesion segmentation from heal-
thy tissue, the potential distortions introduced by normalization
techniques aligning brain images to a standard template, and the
complexities of applying statistical corrections for multiple
comparisons**¥>%,

In conclusion, we demonstrate a double dissociation between the
perception of dynamic and static facial emotional expressions in a
large lesion-symptom mapping study. We provide direct evidence for
the third pathway of visual processing, showing that the pSTS has
inputs that bypass both the FFA and OFA, playing an important role in
the recognition of dynamic facial expressions.

Methods

Subjects

Patients were recruited from the neurological sciences department of
the Christian Medical College (CMC) and hospital, Vellore, which is a
2500 bedded quaternary care hospital in south India. Patients with the
following diagnoses were initially screened during the study period
from January 2022 to January 2023: (1) Acute ischemic strokes within
14 days from the time of onset. (2) Ischemic stroke at least six months
from symptom onset with focal gliotic lesion on neuroimaging. (3)
Cerebral venous thrombosis with a focal haemorrhage or venous
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infarct involving the cerebral cortex. (4) Solitary neurocysticercal
lesion involving the cerebral cortex. (5) Benign brain tumour, post
excision with focal brain lesion. All patients screened underwent a
detailed neurological examination, which included the state of con-
sciousness, screening for ocular cause of visual loss, bed side assess-
ment for visual field defects, hearing loss, aphasia, and focal sensory or
motor deficits. Patients were then selected for the study based on the
following inclusion criteria: (1) Focal cortical lesions involving the
temporal, parietal or occipital lobes, (2) availability of multiplanar MRI
brain images showing a clearly identifiable cortical lesion with diffu-
sion weighted imaging (DWI) and/or fluid-attenuated inversion
recovery (FLAIR), (3) sufficiently clinically stable to perform beha-
vioural tasks when sitting upright. The exclusion criteria included, (1)
impaired or fluctuating level of consciousness, (2) impaired attention,
(3) visual impairment due to ocular pathology, (4) hearing loss, (5)
impairment in communication/aphasia, (6) patients who are unable to
perform psychophysical tasks, (7) diffuse lesions on the MRI, (8)
lesions without cortical lesions, and (9) brain lesions where lesion
segmentation was not possible. Selected patients who met these cri-
teria and provided informed consent were recruited for the study. A
total of 108 participants were included, with a mean age of 45.3 years
(SD =15.3), and 33 (30.6%) were female. For patients who were illiterate
or had visual impairments following their stroke, the study details were
explained in their native language prior to obtaining informed con-
sent. The study was approved by the Institutional Review Boards of
CMC Vellore (IRB min no 2409143) and is in accordance with the
Declaration of Helsinki.

Behavioural Tasks

All experiments were coded in PsychoPy version 3.0 and were pre-
sented on 1920 x 1080 monitor with 60 Hz refresh rate. The partici-
pants were seated at 70 cm from the monitor. The test procedure was
first explained to the participant. Testing was binocular and the
experimenter watched the patient for saccadic eye movements and
lapses of attention. Individual trials with lapses of attention or eye
movements were identified and marked by the experimenter and
excluded from analysis. Blocks with more than 3 trials with lapses of
attention were repeated. The stimuli were displayed until the patient
responded verbally, and the experimenter entered the response on the
computer keyboard. The patient underwent a battery of tests that
assess higher order vision (Table S1). The experimenter was blinded to
each patient’s lesion location and imaging data while each participant
performed the task.

Static facial expressions

To test the ventral pathway of face perception, we selected static
emotion recognition over facial identity recognition to isolate face
perception from memory influences. Many of our patients had pos-
terior cerebral artery strokes with hippocampal involvement, which
could confound identity tasks. This approach enabled a direct com-
parison with dynamic emotion recognition, differing only by the
absence of motion. For the static emotion recognition task, the face
images were taken from the Penn Emotion Recognition Task (ER-40)**.
This contains forty color photographs of faces of different ethnicity,
expressing the four basic feelings happy, sad, angry, and fearful, as well
as a “no emotion” expression. The stimuli were displayed in the center
of the screen such that the size of the image was 10 x 12°. The parti-
cipants had to choose from the displayed options (SAFC: happy, sad,
fearful, angry, or neutral) with a verbal response. For participants who
were illiterate, the options were read out in sequence until they chose a
response. If no response was made, despite paying attention to the
stimuli after 10 s, the trial was terminated by examiner and the next
trial was initiated after an interstimulus interval of 500 milliseconds.
Normative data from a neurotypical population (N=68) showed a
mean score of 85% and a standard deviation of 7% (Table S3). Based on

this distribution, we chose the cutoff threshold of 71% as a perfor-
mance benchmark, capturing significant deviations from typical per-
formance levels.

Dynamic facial expressions

The face stimuli for the dynamic emotion recognition were created
using the FACSHuman plugin for the MakeHuman software*. FAC-
SHuman software program, is a tool for creating facial expressions
on avatars, based on the Facial Action Coding System (FACS) devel-
oped by ref. 56. FACSHuman allows almost all the Action Units (AUs)
described in the FACS Manual to be manipulated through a three-
dimensional modelling software interface®. Using the MakeHuman
software, 3 different avatars were built (1 male, 1 female, and 1 gender
neutral) and six videos of emotional expressions for happy, sad,
anger, surprise, disgust, and fear were created. The videos started
with a neutral expression and the defined emotional expression was
sequentially ramped up to a maximum of 80% over 1.5s. The video
was generated from 75 individual images that were played at 25
frames per second. The video was played in a loop in the center of the
screen such that the size of the image was 10 x 12°. The participants
had to choose from the displayed options (6AFC: happy, sad, fearful,
angry, surprised, or disgust) with a verbal response. For participants
who were illiterate, the options were read out in sequence until they
chose a response. If no response was made, despite paying attention
to the stimuli after 10 s, the trial was terminated by examiner and the
next trial was initiated after an interstimulus interval of 500 milli-
seconds. Each participant completed one block of 18 trials. Norma-
tive data from a neurotypical population (N =73) showed a mean of
66% and a standard deviation of 11% (Table S3). A cutoff of 44% was
set to capture significant deviations from typical performance.
Dynamic emotion recognition, especially from facial expressions
alone, is a challenging task. Krumbherger et al.’s review of 14 dynamic
emotion databases found human performance accuracy at 65.11%
(SD=26.18%) in dynamic emotion recognition, indicating lower
performance and cutoff thresholds for dynamic emotions compared
to static ones”.

Motion direction discrimination task

The task involved identifying the global motion direction of a random
dot kinematogram (RDK). The stimuli consisted of dynamic random
dot displays of 158 white dots (79.2 cd/m?, subtending 4 arcmin), on a
grey background, uniformly distributed within a circular 10° aperture
displayed at the centre of the display. The stimuli were generated using
the Dots component in PsychoPy and the tests were designed based on
a direction discrimination task performed on patients with stroke by
ref. 58. Each dot motion sequence lasted 22 frames, after which it was
replaced by a new one at a random location. Dot speed was 3°/s and
dot density was 2 dots/deg? The dot direction was limited to 90, 180,
270, and 360° with 100% coherence and direction of the dots was
varied randomly across each trial. The RDK were displayed until key
press. The response had to be chosen from the fixed choice of 4
directions (4AFC- Up, down, left, and right). A total of 24 trials were
performed by each participant.

Biological motion task

This task involved identification of the actions performed by human
participants displayed as point-light displays (PLDs). The stimuli con-
sists of 20 videos of human point-light walkers with single or dyads,
performing some activity (e.g., Walking, running, waving goodbye, and
two people hugging)®. The videos were 3's long and were played in
loop for a maximum of 30 s. The stimuli were displayed to subtend 10°
of visual angle. The participants were asked to recognize the activity
and give a free verbal response. The response was judged as correct or
incorrect by the examiner. Each participant completed one block of 20
trials.
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Social perception task

Social perception was assessed using the Yoni task®®. The Yoni task
involves the ability to judge mental states based on verbal and eye gaze
cues. The task stimuli consist of a cartoon outline of a face (named
“Yoni”) and four pictures of objects belonging to a single category
(e.g., fruits, chairs) or faces, one in each corner of the computer screen.
The stimuli were presented with in 30° of visual angle from the center
of the screen. The participants’ task is to point to the correct answer
(the image to which Yoni is referring), based on a sentence that
appears at the top of the screen and available cues®. This task assesses
cognitive and affective mentalizing ability®. For the participants who
were unable to read the sentence presented on the screen, the
examiner read out the sentence in the appropriate language and
confirmed that the patient comprehended the sentence, by asking
them to repeat sentence and state its meaning. Once the patient gave a
verbal response, the examiner used the mouse click to record the
response. Each participant completed one block of 24 trials.

Color naming task

This task involved identifying and naming the color of a circular disc
displayed on the center of the screen. The stimuli consisted of 9
common colors identified and named universally across all cultures in
the Indian subcontinent. The colors used were black, blue, brown,
green, pink, purple, red, yellow, and white. The colored discs were
generated using Psychopy and were displayed to subtend 10° of visual
angle. A total of 36 trials were performed by each participant. The
participant had to choose from the 9 options with a verbal response®.

Object naming task

This task involved identifying and naming 50 simple outline drawings
of objects. The stimuli were drawn with black outline on a white
background and displayed in the centre of the screen to a size of
10°x12 visual angle. This study was designed based on a task by
Newcombe et al., who had worked on brain lesion patients®’. The
response was judged as correct or incorrect by the examiner. If no
response was made, despite paying attention to the stimuli after 10's,
the trial was terminated by the examiner and the next trial was initiated
after an interstimulus interval of 500 milliseconds. If errors were noted
on the object naming task, the participant was asked to perform the
object matching and shape matching task to evaluate for visual
agnosia.

Behavioural data analysis

We calculated accuracy (percentage of correct responses) and
response times for each of the experimental conditions separately. The
variables were z-transformed, based on the normative values of the
respective healthy control groups (Table S3) and D’prime and A’prime
were estimated using the R package “psycho”®.

Neuroanatomical data and analysis

Lesion Mapping. Clinical MRI data was reviewed and T2w, T2FLAIR,
Tlw, and DWI sequences were used to map the lesions. For acute
ischemic stroke DWI sequences were primarily used, while for chronic
lesions, T2 FLAIR was used. The lesion was mapped directly onto the
Montreal Neurological Institute (MNI) space manually using MRIcro-
GL (https://www.nitrc.org/projects/mricrogl)®*. The lesion was map-
ped in 3D using simultaneous axial, coronal, and sagittal views by the
neurologist ATP, who is experienced in lesion mapping and cross
verified by an independent neurologist. Edits in the lesion margins
were made by consensus®.

Region of interests (ROI) analysis

The OFA, FFA, and the pSTS were the ROIs included from the face
processing network™. MNI coordinates of the peak activations to face
stimuli, identified on task-based f-MRI from literature were used, and a

6 mm spherical (ROI) was created using the MarsBaR toolbox for
SPM>%¢, The coordinates of the ROIs of the face processing network
and the other ROIs of the higher order visual pathway are summarized
in Table S2. Each patient’s lesion map in MNI space was overlapped
with the selected ROIs to study the extent of the lesion to the func-
tionally defined regions. Patients were then categorized into 4 groups
as follows: (1) Isolated lesions to the right pSTS. (2) Isolated lesions to
right OFA/FFA. (3) Lesions involving both right pSTS and OFA/FFA. (4)
Lesions involving neither the right pSTS or right OFA/FFA. A General
Linear Model (GLM) was constructed to assess the main effects and
interactions. Performance Accuracy on the static and dynamic emo-
tion recognition tasks were included as dependent variables alter-
nately, with each serving as a covariate in turn. The lesion groups were
entered as the independent factor. Similar analysis was performed for
the face processing regions of the left side and for the ROIs involved in
global notion perception, such as hMT +.

Lesion network mapping

Lesion network mapping is a validated technique that identifies
regions functionally connected to a lesion location, allowing one to
localize symptoms even when lesions occur in different brain locations
using the normative connectome data*’. An open source normative
resting state—fMRI dataset assembled from the 1000 healthy Brain
Genomics Superstruct Project (https://dataverse.harvard.edu/
dataverse/GSP) was used for lesion network mapping®. Processing
of the resting state fMRI data was performed with SPM-12 (Wellcome
Department of Imaging Neuroscience, London, UK) and the CONN
functional connectivity toolbox®® both implemented in Matlab R2022a
(The Math Works, Natick, MA, USA). The manually drawn lesion map
was used as a seed in a resting state functional connectivity MRI ana-
lysis using the CONN toolbox. A connectivity r-map thus obtained for
the lesion was converted to t-maps and thresholded at 7> + 5 to create
a map of significantly functionally connected regions to the patient’s
lesion site (whole-brain voxel-wise FWE-corrected p<0.05)>. The
thresholded but non-binarized lesion maps were used in a multivariate
lesion network symptom mapping method using SVR LSM to identify
the networks that were associated with the behavioural score of
interest.

Lesion disconnectome mapping

For each patient’s lesion map, the disconnected white matter tracts
were estimated as disconnectome maps using the BCBtoolkit™. The
lesion maps in MNI space was used as a seed region for tractography to
identify the white matter fibers that are anatomically connected to the
lesion®. The resulting disconnectome map, which denotes the prob-
ability of disconnection from 0 to 100% for each voxel in the brain was
used in a multivariate lesion network symptom mapping method using
SVR LSM to identify the damaged white matter pathways that were
associated with the behavioural score of interest.

Multivariate lesion-symptom mapping using support vector
regression

For each behavioural measure of interest, support vector regression-
based multivariate lesion-symptom mapping analysis (SVR-LSM) was
performed on the lesion maps, lesion networks, and disconnectomes
separately. The advantage of using this method in comparison to the
traditional univariate voxel-based lesion-symptom mapping analysis
was that, it can adjust for intervoxel correlations, lesion volume, and
identify multivariate interactions between lesion location and studied
symptoms®. Lesions in stroke and tumors can often be treated as
binary variables, where tissue is either completely damaged or intact.
However, functional and structural connectivity measures, such as
brain network connectivity or white matter integrity, typically repre-
sent continuous variables, reflecting a range of values rather than just
two categories. Binarizing these continuous measures can lead to the
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loss of valuable information about the varying degrees of connectivity
across different regions of the brain. To preserve this information, we
used non-binarized maps for lesion network mapping and dis-
connectome mapping. This approach allows for the retention of the
full spectrum of structural and functional connectivity values across
the brain. By maintaining continuous data, we avoid oversimplifying
the complexity of brain connectivity. Initial SVR-LSM was conducted
using the SVR lesion symptom mapping toolbox (https://github.com/
atdemarco/svrlsmgui) with functionalities of the Statistics and
Machine Learning Toolbox within MATLAB (MATLAB 2022a, The
MathWorks, Inc., Natick, Massachusetts, United States)***’. The SVR
analysis was restricted to voxels with at least ten overlapping lesions
using a radial basis function kernel with default hyperparameters of
gamma =5 and cost=30°"°. To validate the approach, we repeated
the SVR-LSM method using an in-house Python pipeline with grid
search and K-fold cross-validation to optimize hyperparameters. This
implementation identified Epsilon=0.1, Cost =10, gamma=2, at K=5
as optimal values. (The code used for this analysis is available at https://
doi.org/10.5281/zenod0.15280654)". Lesion volume was regressed out
of both, behavioural data and lesion maps. The type of lesion (acute/
chronic) and other behavioural scores showing significant correlation
with the behavioural score of interest were added as covariates. The
resultant raw regression S values were thresholded at p < 0.005 and
corrected for cluster size at p < 0.05, both based on 10,000 permu-
tations. Anatomical location of all clusters was determined according
to the Harvard-Oxford Cortical, Automated Anatomical Labelling atlas
3 (AAL3) and the Juelich Atlas’>”. The IIT atlas was used to identify the
possible white matter tracts damaged by the lesion™.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Anonymized behavioral data is available on OSF at https://osf.io/t6e%h,
and lesion files will be provided on request, adhering to patient privacy
guidelines.

Code availability
The code used in this analysis is available on OSF at https://osf.io/
ez9dp/.
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