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ARTICLE INFO ABSTRACT

Keywords: The human brain can process facial expressions of emotions rapidly and without awareness. Several studies in
Affective blindsight patients with damage to their primary visual cortices have shown that they may be able to guess the emotional
Amygdala expression on a face despite their cortical blindness. This non-conscious processing, called affective blindsight,

Facial expressions
Fear emotion
Spatial frequency
Hemianopia

may arise through an intact subcortical visual route that leads from the superior colliculus to the pulvinar, and
thence to the amygdala. This pathway is thought to process the crude visual information conveyed by the low
spatial frequencies of the stimuli.

In order to investigate whether this is the case, we studied a patient (TN) with bilateral cortical blindness and
affective blindsight. An fMRI paradigm was performed in which fearful and neutral expressions were presented
using faces that were either unfiltered, or filtered to remove high or low spatial frequencies. Unfiltered fearful
faces produced right amygdala activation although the patient was unaware of the presence of the stimuli. More
importantly, the low spatial frequency components of fearful faces continued to produce right amygdala activity
while the high spatial frequency components did not. Our findings thus confirm that the visual information
present in the low spatial frequencies is sufficient to produce affective blindsight, further suggesting that its
existence could rely on the subcortical colliculo-pulvino-amygdalar pathway.

1. Introduction

In 1973, Larry Weiskrantz coined the term “blindsight” to designate
the astonishing ability that is sometimes observed in cortical blindness,
whereby patients might detect the spatial location, or correctly guess
certain basic characteristics of visual stimuli, such as shape, motion, or
wavelength (Weiskrantz, 1986, 2010; Weiskrantz et al., 1974). Sur-
prisingly, the study of one such blindsight patient (GY) revealed that
blindsight could also occur for apparently more complex visual features
including emotional facial expressions, pointing to the existence of an
affective form of blindsight (de Gelder et al., 1999). The reliability of
affective blindsight was further corroborated in a subsequent patient
(TN) who had lost both visual hemifields following two consecutive
bilateral strokes that rendered him cortically blind, and who also re-
vealed an above-chance performance when guessing facial expressions,
and who further showed right amygdala activation in response to these
stimuli (Pegna et al., 2005).
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One of the key questions arising from these observations is by what
pathway the amygdala receives its visual information, particularly in
cases such as TN, who showed a complete destruction of his primary
visual cortices (i.e., a loss of both left and right V1). Several explana-
tions have been put forward to account for these findings (reviewed in
Celeghin et al. (2015)). One influential hypothesis (LeDoux, 1996,
2012) suggests that the amygdala is activated through a subcortical
projection that bypasses cortical regions, and allows rapid, coarse
processing of threatening stimuli (LeDoux, 1996), and possibly more
generally, of stimuli that are essential for survival (LeDoux, 2012). A
growing body of evidence points to the existence of such a subcortical
pathway, which is thought to project from the retina to the superior
colliculus and pulvinar, and thence to the amygdala (see discussions by
Tamietto and de Gelder (2010), Diano et al. (2017), Tamietto and
Morrone (2016)). Moreover, evidence of activation of this pathway for
facial expressions has been obtained in healthy participants and in
patients with cortical blindness (Morris et al., 1999). However, this
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Neuropsychologia xxx (XxxX) XXX—XXX

Summary of contrast peaks significant at a whole-brain threshold of p < .001 uncorrected (cluster-extent threshold 20 voxels). MNI coordinates (in mm) of maxima in the contrasts

involving fearful and neutral faces in BSF + HSF + LSF conditions together (upper box), broadband stimuli alone (middle box) and in the interactions (two lower box). The Pgwg.cor cOlumn
indicates familywise-error corrected probability values for contrasts reaching criteria for significance within the right amygdala ROI (ns: non-significant).

Table 1: Effect of Fearful Faces

Side Area x y Z t Pewe-cor
Fearful > Neutral (collapsed across all spatial frequencies)

R Anterior Cingulate Cortex 6 46 10 4.30

R Posterior Cingulate Cortex 12 —48 24 3.92

R Middle Temporal Gyrus 44 —62 22 3.53

L Superior Medial Gyrus -12 50 12 3.67

R Superior Frontal Gyrus 22 34 32 3.69

R Thalamus 6 -4 2 3.75

Fearful > Neutral (Broadband)

R Posterior Cingulate Cortex 12 —46 26 3.87

R Angular Gyrus 42 —60 24 4.07

R Precuneus 2 —48 54 3.64

R Superior Temporal Gyrus 66 -10 6 4.25

R Thalamus 6 -2 2 3.69

L Middle Temporal Gyrus —48 -36 -14 4.06

L Precentral Gyrus -36 -12 44 4.26

R Middle Temporal Gyrus 58 -32 -12 3.41

L Insula Lobe -28 32 8 3.66

R Amygdala 22 -2 -14 3.40 .011
Spatial Frequencies X Facial expression Interaction (Fearful LSF > HSF)

L Precentral Gyrus -30 -14 58 4.48

R Mid Orbital Gyrus 10 38 -8 4.75

R Middle Temporal Gyrus 62 -34 0 4.27

L Inferior Frontal Gyrus —28 32 -8 4.94

R Middle Cingulate Cortex 16 —44 36 4.33

R Superior Orbital Gyrus 20 54 -8 3.97

L Putamen -20 16 -8 4.13

R Amygdala 20 -6 -6 2.59 ns
Spatial Frequencies X Facial expression Interaction (Fearful LSF > Neutral LSF)

R Inferior Parietal Lobule 50 -72 30 4.90

L Superior Orbital Gyrus -16 30 -12 3.38

R Superior Orbital Gyrus 22 36 -10 3.75

R Middle Occipital Gyrus 38 -88 18 4.48

R Inferior Temporal Gyrus 50 —66 0 3.36

R Amygdala 20 -6 -6 4.07 .021

All Peaks P < .001 uncorrected (cluster-extent threshold = 20 voxels).
* P <.005.
@ Corrected for multiple comparisons within the right amygdala ROI.

hypothesis has been disputed by others who argue that the evidence for
this retino-tectal pathway is insufficient, and that some forms of non-
conscious processing in healthy as well as blindsight subjects would
best be explained by geniculo-extrastriate projections (for reviews, see
e.g., Pessoa and Adolphs, 2010; Leopold, 2012). This has led to a strong
debate around the validity of the role of the subcortical pathway in
emotional face processing and in affective blindsight.

One line of research exploring the subcortical pathway in emotion
processing, hinges on the idea that it processes coarse visual informa-
tion. The reasoning here is that if the colliculo-pulvinar route rapidly
conveys crude information regarding the stimuli, then the low spatial
frequency components of the emotional face should suffice to activate
the amygdala (De Cesarei and Codispoti, 2013). In line with this sug-
gestion, a number of studies have presented emotional faces filtered of
their high or low spatial frequency spectrum and have looked into
amygdala activity. Most notably, in one fMRI investigation of healthy
participants, fearful and neutral faces were presented visually and the
BOLD response was measured in order to explore activation differences
in the amygdala and fusiform face area (Vuilleumier et al., 2003).
Fearful and neutral faces were presented either unfiltered (broad spatial
frequency —-BSF-), or filtered to reveal only the Low Spatial Frequency
(LSF), or the High Spatial Frequency (HSF). Convincingly, the results
showed that amygdala activity arose for BSF and LSF faces, but not for
HSF stimuli, arguing in favour of a subcortical pathway biased towards
low spatial frequencies (Vuilleumier et al., 2003). Since this report, a
number of other studies have highlighted the importance of LSF in

emotional face processing (e.g., Bocanegra and Zeelenberg, 2009;
Mermillod et al., 2009), yet the reliance of the subcortical pathway on
LSF remains disputed (e.g., De Cesarei and Codispoti, 2013; Garrido,
2012; Garvert et al., 2014; McFadyen et al., 2017).

Until now, these reports have all studied healthy control partici-
pants in whom both subcortical and geniculo-striate pathways are in-
tact and who therefore have both pathways available for use under the
different viewing conditions. One approach that could shed more light
on this question would be therefore to examine brain responses to LSF
and HSF faces in brain-damaged individuals, whose geniculo-striate
routes are injured, i.e., who suffer from cortical blindness. If amygdala
activation can be produced with LSF rather than HSF in this situation,
this would suggest that affective blindsight relies mainly on magno-
cellular input and would further strengthen the idea of a subcortical
route conveying crude visual information.

To investigate this, we tested a well-known patient suffering from
cortical blindness (TN), who is known to present affective blindsight,
and in whom right amygdala activation was previously found in re-
sponse to facial expressions (Pegna et al., 2005). The current paradigm
addressed the issue of spatial frequency by measuring the BOLD re-
sponse during the presentation of fearful and neutral faces that were
spatially filtered to remove the high or low spatial frequency compo-
nents.

We hypothesized that if the retino-tectal pathway processes pri-
marily LSF, faces removed of their HSF components should continue to
produce amygdala activation, while this would not be the case for faces
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Fig. 1. Stimuli we composed of unfiltered (broadband) images of neutral and fearful faces
(top row), as well as versions of the same photographs filtered to reveal only their high
spatial frequencies (HSF; 2nd row) or low spatial frequencies (LSF; bottom row).

filtered for their low spatial frequencies.

2. Methods and material
2.1. Case report

Patient TN is a male physician who was 60 years of age at the time
of testing. He suffered two consecutive strokes at the age of 52, the first
in the left parieto-temporo-occipital cerebral area, causing right hemi-
anopia, hemiplegia and transcortical sensory aphasia (the latter two
symptoms receded rapidly). A second hemorrhage then occurred in the
right occipital lobe producing a loss of the remaining (left) visual field,
giving rise to complete cortical blindness.

Structural MRI shows that the lesion in the left hemisphere includes
most of the occipital lobe, with minimal sparing of the medial ventral
part of the inferior occipital gyrus and anterior part of the lingual gyrus.
The lesion extends anteriorly to the middle part of the fusiform gyrus
leaving the parahippocampal gyrus grossly intact. Laterally, the lesion
extends to the medial inferior temporal gyrus. Dorsally, it reaches the
superior parietal lobule and spares the ventral part of the precuneus.
The right hemisphere lesion is smaller and includes most of the occi-
pital lobe, with limited sparing of the medial part of the posterior lin-
gual gyrus and medial part of precuneus. The anterior border stretches
to the middle part of the fusiform gyrus and includes the posterior in-
ferior temporal gyrus, but spares the parahippocampal gyrus (see Van
den Stock et al. (2014), for a 3D reconstruction of the lesions). No
anatomic input to striate areas could be detected in either left or right
hemisphere using DTI (de Gelder et al., 2008).
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2.2. Stimuli

Six different identities (3 male, 3 female) were used, similar to our
first study of this patient (Pegna et al., 2005). This material consisted of
fearful and neutral faces, obtained from the Ekman database. Presented
on a black background, each picture, 512 * 512 pixels, was then filtered
using the parameters employed in previous paradigms (Burra et al.,
2013; Vuilleumier et al., 2003). Using Image-J and a procedure sug-
gested by other authors (Delplanque et al., 2007), these pictures were
de-saturated and equalized for their facial luminance between condi-
tions. This yielded three filtering conditions: normal (unfiltered) pic-
tures, HSF pictures (filtered using a high-pass cut-off of > 32 cycles/
image) and LSF pictures (filtered using a low-pass cut-off of < 6 cycles/
image).

2.3. fMRI procedure

TN, lying in the MRI scanner, was simply requested to keep his eyes
open during the experimental presentation. Stimuli were projected onto
a screen situated at the end of the bore closest to the patient's head. A
mirror placed on the head coil reflected projected images directly to-
wards the centre of the patient's line of gaze when he looked straight
ahead. After verifying the position of the display mirror (prior to in-
serting TN into the bore of the scanner), we monitored TN's gaze di-
rection scrupulously during the recording session with an eye tracker
camera, although we were unable to calibrate the eye tracker due to the
impossibility of having him fixate.

We presented a total of 24 blocks of stimuli, each lasting 24 s. Every
block contained 6 items of the same condition presented for 2 s each
(Neutral (N), Fearful (F), Neutral low frequencies (Neutral-LSF), Fearful
low frequencies (Fearful-LSF), Neutral high frequencies (Neutral-HSF),
Fearful high frequencies (Fearful-HSF)). These conditions were pre-
sented in a pseudo-random order. Every block was succeeded by a 24 s
period of no stimulation. As a result, 4 blocks of each of the 6 conditions
(2 emotions: F, N; 3 spatial filterings: BSF, LSF, HSF) were delivered,
with each single picture presented once per block.

2.4. MRI data acquisition

Scanning took place in a 3T Siemens Trio MRI scanner, using a 12-
channel head-coil. 340 functional volumes were acquired in one single
session, lasting approximately 7 min (T2*-weighted EPI, 32 sequential
3 mm slices, 15% interslice gap, 2.56*2.56 mm in-plane resolution,
angled away from the eyes to prevent ghost-artefacts from aliasing of
eye-movements, TA: 2s, TR: 2s, TE: 30ms). A high-resolution
(.43 mm*.43 mm*1 mm voxels) Tl-weighted anatomical image was
also acquired.

2.5. fMRI preprocessing and analysis

Analysis was carried out using the SPM 8 software package (http://
www.fil.ion.ucl.ac.uk/spm/), with the following steps (1) realignment:
EPI volumes were realigned using a two-pass procedure. Images were
initially realigned to the first volume, and a mean image was generated,
to which the EPI volumes were then realigned; (2) coregistration of the
structural volume to the mean EPI image and then (3) spatial smoothing
using a Gaussian kernel of 8 mm at full-width half-maximum height.

In order to compare the patient's neuroanatomy with that of existing
atlases, we normalized the T1 anatomical image to the standard MNI
template included in SPM8, using a dedicated toolbox, i.e. the “clinical
toolbox”, which is robust in the face of lesions. The normalization
parameters generated by this process were subsequently applied to the
contrast images produced by the functional analysis. Activation co-
ordinates are reported in MNI space and region identification was de-
termined using the SPM Anatomy Toolbox (Eickhoff et al., 2005).

Nonetheless, it is important to note that all figures, beta values and
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Fig. 2. BOLD response obtained during the experi-
mental procedure with patient TN (superimposed on
his anatomical scan). Amygdala activity (arrow) was
observed in response to fearful faces, compared to
neutral faces, both in the broadband (A) and the low
spatial frequency conditions (D). The amygdala also
emerged in the facial expression X spatial frequency
interaction (B). In C, the average beta estimate in the
right amygdala ( + S.E.M.) is illustrated across con-
ditions (mean x, y, z = 20, —6, —6; cluster extent
threshold 20 voxels at P < .001); from left to right,
bars show responses for unfiltered stimuli
(Broadband), then high spatial frequency faces (HSF)
and finally low spatial frequency faces (LSF). Light
grey bars indicate responses for neutral faces and
dark grey bars for fearful faces.
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functional connectivity analyses that we report were performed on the
data in TN's native space.

We used a general linear model (GLM) in which every scan was
coded for condition. The BOLD response to each stimulus was modelled
using the canonical hemodynamic response function (HRF). Six move-
ment parameters (x, y and z translations and x, y and z rotations) de-
rived from the realignment step described above were included in the
model. A high-pass filter (cutoff 128 s) and AR1 correction for serial
autocorrelation were applied.

All results reported in this paper reach a significance level of
P < .001 uncorrected, unless otherwise stated, with a minimal extent of
20 voxels. It should be noted, however, that no contrasts yielded sig-
nificant results at the P < .05 threshold (corrected for multiple com-
parison across the whole brain).

Due to our specific focus on the right amygdala we carried out a
region of interest (ROI) analysis restricted to this structure. The right
amygdala ROI was generated anatomically using the PickAtlas tool
(Maldjian et al., 2003) in SPM8. We used the same parameters as in the
whole brain analysis, but report only the corresponding corrected P-
values on cluster levels if the family-wise error (FWE) probability
was < .05 (see Table 1).

3. Results
3.1. Fearful > neutral faces (BSF, HSF and LSF together)

When contrasting fearful and neutral faces across all filtering con-
ditions, we did not find a significant difference in amygdala activity,
but a large network, which included the cingulate cortices, the frontal
lobe and the right thalamus.

3.2. Fearful BSF > neutral BSF

Using the same contrast as that performed in Pegna et al. (2005), we
observed a greater activation of the right amygdala [MNI: 22, —2,
—14] for fearful faces compared to neutral faces, as illustrated in
Fig. 1A. A volume correction was applied to this contrast which re-
vealed that the right amygdala ROI still reached the level of sig-
nificance, Ppwg.cor = -011. Interestingly, the most substantial region of
differential activation is found in the right thalamus, in a portion with
known connectivity to prefrontal and temporal areas [MNI: 6, —2, 2]
(GUY M MCKHANN, 2014). Additional regions showed significant ac-
tivations, as reported in Table 1.



N. Burra et al.

3.2.1. Interaction [Fearful HSF < Neutral HSF] — [Fearful LSF > Neutral
LSF]

Using a contrast similar to that in Vuilleumier et al. (2003), we
explored the impact of the interaction effect in filtered pictures. As il-
lustrated in Fig. 2, we found a significant effect in the amygdala
(Fig. 2B) [MNI: 20, —6, —6] for this interaction contrast (Fig. 2C) in
the amygdala ROI (Prwg.cor = -022).

3.2.2. Fearful LSF > neutral LSF

A post-hoc analysis revealed that the interaction was explained
mainly by a larger activation for fearful faces compared to neutral ones
in LSF conditions. This contrast was significant in the amygdala ROI
(PrwE-cor = -021).

3.2.3. Fearful LSF > fearful HSF

When directly comparing fearful expressions in the LSF and HSF
conditions, we found a stronger activation for fearful LSF than fearful
HSF expressions in the same amygdala region, highlighted by the pre-
vious contrast [MNI: 20, —6, —6] at P < .005. However, this effect did
not meet the criterion for significance when correcting for multiple
comparisons in the amygdala ROI (Prwg.cor = -404).

4. Discussion

The current fMRI investigation of patient TN, who suffered bilateral
destruction of his primary visual cortices, revealed the presence of
significantly elevated right amygdala activation in response to emo-
tional faces, as compared to neutral faces. Most noteworthy, our study
revealed for the first time in a patient with blindsight and complete
cortical blindness that the low spatial frequency (< 6 Hz) information
contained in the fearful faces was sufficient to elicit the amygdala re-
sponse. This suggests the functional relevance of an alternative, extra-
geniculo-striate pathway, conveying coarse visual information without
implicating V1. As noted above, one of the likely routes for this may be
a subcortical, predominantly magnocellular, pathway conveying in-
formation to the superior colliculus and pulvinar, then projecting to the
amygdala, which would allow the occurrence of nonconscious proces-
sing and affective blindsight.

Evidence consistent with the role of this subcortical pathway in non-
conscious emotion processing emerges from a number of different ob-
servations (see Diano et al. (2017) for a review). Brain imaging studies
of healthy human participants, revealed amygdala responses to fearful
faces over two decades ago (Morris et al., 1996), while this activation
was later found to co-vary with that in the superior colliculus and the
pulvinar (Calder et al., 1996; Morris et al., 1999). On the other hand,
lesion studies in humans have shown that damage to the amygdala
(Adolphs et al., 1994; Calder et al., 1996) or the pulvinar (Ward et al.,
2007) impair the recognition of facial expressions, in particular fear,
thus supporting their role in emotional face processing. More recent
anatomical findings have added evidence for the existence of this cir-
cuit by showing connections between these structures in humans. In-
deed, using tractography, Tamietto et al. (2012) and Rafal et al. (2015)
demonstrated the presence of fibres connecting the superior colliculus
with the amygdala via the pulvinar, in a group of healthy controls (as
well as in monkeys, in the latter study). Additionally, Tamietto et al.
(2012) included a patient with unilateral V1 damage (GY) and blind-
sight and found an increase in the density of connections of the sub-
cortical pathway, compared with the intact hemisphere suggesting that
the subcortical pathway may develop after brain damage and could
well contribute to blindsight. A future tractographic exploration of this
anatomical pathway in TN would therefore appear a necessary con-
tribution to confirm this point.

Electrophysiological data from monkeys have provided further
support for the implication of the superior colliculus and pulvinar in
this putative subcortical pathway. Indeed, electrophysiological record-
ings in the macaque have revealed the existence of neurones sensitive to
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faces in both structures. Nguyen et al. (2013) recorded single unit ac-
tivity in the macaque pulvinar and found that the activity in the initial
50 ms period differentiated face-like stimuli from other categories. Even
more compellingly, Maior et al. (2010) obtained measures from 184
pulvinar neurons in 2 macaques while they viewed human faces ex-
hibiting sad, angry, happy, surprised and neutral expressions. Of the
cells found to be visually responsive, almost half were sensitive to
human facial expressions, confirming that facial expressions are re-
presented in these structures. Likewise, single unit measures in the
monkey superior colliculus have also identified neurones that respond
to face, or face-like stimuli (Nguyen et al., 2014). Of particularly re-
levance, this response was not altered when higher spatial frequencies
were filtered out (unfortunately, here the effects of low frequency re-
moval were not examined). Thus, each relay of the retino-tectal route to
the amygdala appears to possess the ability to process faces, confirming
that complex stimuli can be processed along this path.

As mentioned above, this subcortical route is thought to rely on the
low spatial frequencies of the emotional stimuli, for which evidence
was initially provided in a study by Vuilleumier et al. (2003). These
investigators carried out an fMRI study while healthy participants
viewed spatially-filtered fearful and neutral faces, removed of their
high or low frequency content. As expected, activity for fearful faces
was observed in the amygdala, in conjunction with the superior colli-
culus and pulvinar. More importantly, this effect was reported for un-
filtered faces and for LSF stimuli, while the HSF stimuli failed to pro-
duce this result (Vuilleumier et al., 2003). Similarly, intracranial
recordings carried out in patients during their work-up for surgical al-
leviation of their epileptic seizures revealed early-latency amygdala
activation for fearful faces that remained present for stimuli when the
high spatial frequencies, but not the low spatial frequencies, were re-
moved (Mendez-Bertolo et al., 2016). Together with our present find-
ings, the facts support the notion of a subcortical pathway processing
low spatial frequencies information regarding emotional faces. The
primacy of LSF information in the subcortical pathway appear to derive
from the predominance of magnocellular projections to the superior
colliculus (e.g., Markus et al., 2009), which favours speed over detail.
Indeed, the low spatial frequency components of fearful faces have been
reported to produce more rapid responses than the high spatial fre-
quency components (Vlamings et al., 2009). However, a series of recent
magneto-encephalography (MEG) investigations have addressed the
question of the different spatial frequencies processed by the colliculo-
pulvinar route for the different emotional faces and have reached dif-
ferent conclusion. Garvert et al. (2014) used MEG and dynamic causal
modelling (DCM) to examine which model of the cortical or dual
(subcortical and cortical) routes best explained the pattern of activa-
tion, in a task in which happy, fearful and neutral faces were presented.
Essentially, two groups of models were tested, one in which the
amygdala would receive information via the geniculo-striate route
alone, and one in which information would also be conveyed to the
amygdala via the pulvinar (with additional variants including different
feedback loops). MEG activation patterns were best explained by the
dual model, particularly during the earlier processing periods. How-
ever, the results did not show any differences across emotions, leading
the author to conclude that the subcortical path is not fear-specific, and
is therefore independent of emotion, echoing other observations, such
as those with our current patient TN (Pegna et al., 2005). Furthermore,
McFadyen et al. (2017) recently replicated this study, this time filtering
out the low and high spatial frequency of the emotional faces. Their
observations again showed a superior fit for the model that included
both a geniculo-striate path to the amygdala and a subcortical path with
pulvino-amygdalar (and pulvino-striate) projections. In addition to the
absence of an emotion-specific effect, the study also failed to find any
effect of spatial frequency. The existence of a subcortical, colliculo-
amygdalar pathway was therefore confirmed in these findings, but the
reliance on LSF was questioned, in contrast to our current observations.
In the midst of the existing controversy regarding the subcortical route
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and its dependence on LSF, our investigation of patient TN is revealing.
TN's primary visual cortices are completely destroyed and previous
investigations showed a lack of any responsive V1 tissue, or of any
observable fibres connecting V1 (de Gelder et al., 2008). Despite his
brain damage, he presents affective blindsight and shows amygdala
activation for unfiltered and high-pass filtered fearful faces, demon-
strating that the coarse visual features of the facial expressions continue
to be processed.

These findings convincingly corroborate the hypothesis of a crude,
subcortical colliculo-pulvinar pathway to the amygdala for emotional
stimuli, additionally illustrating the importance of blindsight in the
understanding of normal and pathological brain functions.
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