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Unconscious vision: new insights into the neuronal
correlate of blindsight using diffusion tractography
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The existence of several types of unconscious vision, or ‘blindsight’, has convincingly been demonstrated in
numerous studies, and their neuronal correlates have been hypothesized according to the nature of the residual
vision observed. We used diffusion tensor imaging (DTI) tractography to demonstrate an association between
the presence of ‘Type I’- blindsight or ‘attention blindsight’ and reconstructed superior colliculi (SC) fibre tracts
in hemispherectomized subjects, in support of the hypothesis that this subcortical structure plays a pivotal role
in this type of blindsight. Before the DTI study, ‘Type I’ blindsight was identified in two of four hemispher-
ectomized subjects by using a spatial summation effect paradigm, an indirect behavioural method, in which
subjects were unaware of a stimulus presented in their blind visual field and were required to respond to an
identical stimulus presented simultaneously in their intact field. SC tracts were then reconstructed in six
control subjects, the two hemispherectomized subjects with blindsight and the two hemispherectomized
subjects without blindsight. Whereas control subjects demonstrated mainly ipsilateral connections to
visual association areas, parietal cortex, prefrontal areas and to an area close to the frontal eye fields, hemi-
spherectomized subjects with blindsight showed ipsi- and contralateral connections from the SC to visual
association areas, primary visual areas, parietal areas, prefrontal areas and to the posterior part of the internal
capsule. In contrast, no projections from the SC on the hemispherectomized side were observed in hemi-
spherectomized subjects without blindsight, in support of a key role of this structure in ‘Type-I’ or ‘attention
blindsight’.
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Introduction

A lateralized cortical lesion of the primary visual area has
traditionally been thought to result in total blindness in the
contralateral visual field. However, evidence has accumulated
that residual visual functions remain after retrogeniculate
lesions of the visual pathways. The ability to respond to visual
stimuli in the blind visual field without acknowledged aware-
ness has been termed ‘blindsight’ (Weiskrantz et al., 1974).
Since the early reports of blindsight, a wide range of
residual functions with and without awareness has
been described. The visual abilities of subjects without

acknowledged awareness have been called ‘Type I’ blindsight
(Weiskrantz, 1989). They are far-ranging and include
target detection and localization by saccadic eye movements
(Poppel et al., 1973) or manual pointing (Weiskrantz et al.,
1974), movement direction detection, relative velocity dis-
crimination (Barbur et al., 1980; Weiskrantz et al., 1995) as
well as stimulus orientation detection (Weiskrantz, 1986).
Some subjects also show “Type II’ blindsight (Weiskrantz,
1989) characterized by residual visual abilities with awareness
such as consciously detecting a fast-moving stimulus and its
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direction (Weiskrantz et al., 1995) or semantic priming from
words presented in the blind field (Marcel, 1998). Because of
the variety of residual behaviours demonstrated by blindsight
patients, Danckert and Rossetti (2005) have recently sug-
gested a new taxonomy: (i) ‘action blindsight’ is observed
when an action is used to guess the localization of a target by
pointing or saccading in the blind field; (ii) ‘attention blind-
sight’ is associated with motion direction detection and
implicit task interference effects of a stimulus presented in
the blind visual field. Here, attentional processes appear to
contribute without necessarily involving a specific action.
Conscious awareness of the stimulus presented in the
blind visual field may or may not accompany this kind of
blindsight phenomenon; (iii) ‘agnosopsia’ (Zeki and Ffytche,
1998) is used to describe the ability of the patient to guess the
correct perceptual characteristic of the target in spite of being
completely unaware of its presence in the blind field. This
would include residual visual abilities that involve form or
wavelength discrimination.

As suggested by us previously (for example, Bittar et al.,
1999), Danckert and Rossetti’s classification system (2005)
assumes that blindsight is mediated by subcortical neural
structures that were not affected by the cortical damage
and the ensuing degeneration (Boire et al, 2001). They
classify perceptual processing such as form and wavelength
discrimination as ‘agnosopsia’ presumably mediated by
interlaminar layers of the dLGN, and ‘action blindsight’
and ‘attention blindsight’ as implicating the retinofugal path-
way from the eye to the superior colliculi (SC) but differing
in the regions of extrastriate cortex involved.

Whereas ipsilesional extrastriate cortices have been pro-
posed as responsible for blindsight in subjects with restricted
posterior lesions, we have suggested subcortical structures
(such as the SC) possibly in conjunction with the remaining
hemisphere, as likely contenders in subjects who have had a
whole cerebral hemisphere removed or disconnected from
the rest of the brain. Although behavioural studies have been
fairly convincing about the existence of blindsight in these
subjects (Ptito et al., 2001), neuroimaging research using
functional MRI (fMRI) has been unable to show a connec-
tion between functional activity in the SC and blindsight
probably owing to the methodological limitations of the
technique (Sahraie et al., 1997; Bittar et al., 1999).

Advances in diffusion tensor imaging (DTI) tractography
have provided new approaches for investigating cerebral
connectivity because this technique enables reconstruction
of white matter tracts in vivo (Jones et al., 1999; Mori et al.,
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1999) and tracing of pathways between grey matter
structures (Behrens et al., 2003a). With the aim of improving
our understanding of the neuronal correlate of blindsight
and brain plasticity and reorganization in hemispherecto-
mized subjects with and without blindsight, we used DTI
tractography to identify SC connections of these subjects.

In DTI, the magnetic resonance signal is sensitized to the
random motion (diffusion) of water molecules, to provide
local measures of the magnitude of water diffusion, which
can be related to fibre structure in the brain (Basser et al.,
1994). Diffusion is anisotropic in white matter (in contrast to
CSF, for example, in which diffusion is isotropic), with the
preferred direction of diffusion parallel to axons. Hence,
fibre tracts consisting of coherently oriented axons can be
visualized using DTI, which provides us with measurements
of the preferred directions of diffusion at each voxel, the
degree of anisotropy of the diffusion displacement distribu-
tion and the average magnitude of diffusion. Further, com-
putational analysis can be used to reconstruct white matter
fibre tracts in 3D, allowing assessment of connectivity
between different regions (Conturo et al, 1999; Jones et
al., 1999; Mori et al, 1999). In the present study, we used
a probabilistic diffusion tractography algorithm (Behrens et
al., 2003a) that is able to trace likely fibre pathways between
grey matter structures (Behrens et al., 2003b).

Methods

Subjects

We recruited six healthy control subjects, who had no history
of neurological or ophthalmological diseases, and four postoperative
hemispherectomy patients (average intelligence) with a well-
documented hemianopia without macular sparing (DR, SE, FD,
JB, see Table 1) who had participated in previous visual research
projects.

Hemispherectomy is a relatively rare surgery usually carried out
for the treatment of intractable epilepsy that involves massive
removal or disconnection of an entire cerebral hemisphere includ-
ing the occipital lobe. These subjects are unique because any
evidence of blindsight cannot be attributed to spared islands of
occipital cortex (Wessinger et al, 1996) and a direct geniculo-
extrastriate-koniocellular projection, which has been previously
suggested as an explanation for blindsight (Sincich et al, 2004),
does not exist.

All participating hemispherectomized subjects were previously
tested for blindsight in a behavioural experiment (S.E. Leh,
K.T. Mullen and A Ptito, in preparation) before this DTI study.
Briefly, human vision involves three post-receptor mechanisms, an

Table I Hemispherectomized subjects participating in this study

Subject Sex Aetiology Surgery type Side Blindsight
SE Male Right porencephalic cyst Partial hemispherectomy R Yes

DR Female Rasmussen’s encephalitis Functional hemispherectomy R Yes

JB Male Left porencephalic cyst Functional hemispherectomy L No

FD Female Meningitis, right middle cerebral artery infarct Functional hemispherectomy R No
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achromatic one consisting of retinal input from the long-wavelength-
sensitive (L-) and medium-wavelength-sensitive (M) cones (L/M
additive luminance system), and two colour mechanisms consisting
of an antagonistic comparison of signals from the three different
retinal cone types (L, M, S cones). The L/M cone opponent colour
system is sensitive to red—green, and the S/(L + M) cone opponent
colour system is sensitive to blue-yellow (Marrocco and Li, 1977;
Schiller and Malpeli, 1977; Sumner et al., 2002; Savazzi and Marzi,
2004). Since the SC is not receiving any retinal S-cone input, it is
presumed that it is colour-blind to isoluminant blue/yellow stimuli
(for review, see, for example, McKeefry et al, 2003; Mullen and
Kingdom, 2002). Such knowledge allowed us to make precise pre-
dictions regarding the residual visual abilities of hemispherectomized
subjects. The test consisted of bilaterally and unilaterally presented
achromatic black/white as well as blue/yellow gabor patches to isolate
either the achromatic or the blue/yellow colour pathway using a
spatial summation effect paradigm. The spatial summation effect
paradigm is well known and represents a form of implicit processing
or ‘attention-blindsight’ in that the mean reaction times to two
bilaterally presented stimuli are significantly faster than to a single
stimulus presented to the intact field. This implies that the simulta-
neous presentation of a second stimulus in the blind field can alter
the mean reaction time to the consciously perceived stimulus in the
intact field. While only a response to the consciously perceived sti-
mulus is required, attention blindsight is demonstrated if the subject
responds more quickly to two stimuli, one of which is in the blind
field, than to a single one in the intact field. In our study, the subjects
were never aware of the stimulus presentations in their blind visual
field and they never responded by a key-press to single stimulus
presentations made in their blind field. Eye movements were con-
trolled by an eye tracking device and stimuli were set on a uniform
background of the same mean luminance and chromaticity to control
for light scatter.

The behavioural results demonstrated faster reaction times to
bilaterally presented achromatic black/white, but not to blue/yellow
stimuli of two of the four hemispherectomized subjects (SE and DR),
indicating that ‘attention blindsight’ in these subjects is unlikely to be
mediated by a direct contralateral retinopulvinar connection that
receives input from colour-opponent ganglion cells (Felsten et al,
1983; Cowey et al, 1994). Rather, we hypothesize that blindsight in
hemispherectomized subjects is mediated via the SC since blue/yellow
stimuli are invisible to collicular cells.

On the basis of these results and those from previous studies (see,
for example, Tomaiuolo et al., 1997; Bittar et al., 1999; Leh et al.
presented at the Annual Meeting of the Cognitive Neuroscience
Society, San Francisco, CA, April 2004), the four hemispherecto-
mized subjects were classified as ‘with attention blindsight’ (SE and
DR) and ‘without attention blindsight’ (JB and FD).

Hemispherectomized subjects with

‘Type I’ or ‘attention blindsight’

DR is a 31-year-old right-handed woman. At age 5, at onset of
epileptic seizures, she was diagnosed with Rasmussen’s chronic
encephalitis and had a contralateral (left) homonymous hemianopia
as well as a progressive left hemiparesis. At age 17, she underwent
a right functional hemispherectomy including the amygdala and the
hippocampus. Her level of intellectual function in 1992 was esti-
mated using the seven-subtest short form of the revised Wechsler
Adult Intelligence Scale (WAIS-R). She earned a full-scale IQ score
(FSIQ) rating in the average range (83), with the performance IQ
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(PIQ) (83) and the verbal IQ (VIQ) (87) in the same range (for
further details, see, for example, Bittar et al., 1999).

SE is a 40-year-old right-handed man. A left hemiparesis was
noted at birth, and seizure onset was at age 7. At age 25, the
hemispherectomy (temporo-parieto-occipital removal) was per-
formed to alleviate intractable seizures due to a congenital poren-
cephalic cyst (for further details, see, for example, Wessinger et al.,
1996). His intellectual level was estimated in 1991 using the seven-
subtest short form of the WAIS-R. He earned a FSIQ rating in the
average range (93), with the PIQ (99) and the VIQ (90) in the same
classification.

Hemispherectomized subjects without
‘Type I’ or ‘attention blindsight’

FD is a 23-year-old right-handed woman. Her seizures started at
age 1. In 2000, at age 18, she underwent a right hemispherectomy
and became seizure-free after surgery. Her intellectual level was
estimated in 2005 using the seven-subtest short form of the
WAIS-R. Although she showed below-average performances in
most domains tested, it was felt that the results obtained under-
estimated her everyday life skills and that her cognitive abilities
would improve steadily as she had become seizure-free and inter-
ference with cerebral function was now minimal.

JB is a 40-year-old left-handed man. He had a congenital right
hemiparesis with seizure onset at age 5. A left functional hemispher-
ectomy was performed in two steps (1983 and 1985), in order to
remove a congenital porencephalic cyst. The frontal and occipital
poles were left in place to prevent superficial haemosiderosis and
reduce hydrocephalus but were disconnected from the rest of the
brain (for further details, see, for example, Wessinger et al. 1996).
JB’s intellectual functions are in the low average range (FSIQ 88),
with the PIQ (88) and the VIQ (90) in the same classification.

Data acquisition

T,-weighted anatomical MRI images and diffusion-weighted images
were obtained at the Brain Imaging Centre of the Montreal
Neurological Institute (MNI) on a 1.5 T Siemens Sonata scanner
using echoplanar imaging (EPI) with a standard head coil. The
following parameters were used for diffusion-weighted data:
repetition time: 9300 ms, echo time: 94 ms, flip angle: 90°, slice
thickness = 2.2 mm, number of slices: 60, in-plane resolution:
2.1875 mm X 2.1875 mm, acquisition time: ~9 min and 30 s.
Diffusion weighting was performed along 60 independent direc-
tions, with a b-value of 1000 s/mm?. A reference image with no
diffusion weighting was also obtained.

Image preprocessing

Diffusion-weighted raw data were processed using the tools of the
FMRIB Software Library [FSL, version 5.0; Oxford Centre for Func-
tional MRI of the Brain (FMRIB), UK; www.fmrib.ox.ac.uk/fsl; for
detailed description of methods, see Behrens et al., 2003a; Smith
et al., 2004]. We first corrected for eddy current distortions and
motion artefacts using the eddy current correction tool within the
FMRIB’s Diffusion Toolbox (FDT, version 1.0). Following eddy
current and motion correction, we extracted the skull from the
T,-images using the Brain Extraction Tool. We then fitted diffusion
tensors at each voxel independently to the data and co-registered
diffusion-weighted images to the anatomical image using a six-
parameter transform of the FMRIB Linear Image Registration
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Tool. Diffusion modelling and probabilistic tractography were car-
ried out using the FDT (version 1.0), which allows for an estimation
of the most probable location of a pathway from a seed point using
Bayesian techniques (Oxford Centre for Functional MRI of the
Brain, FSL, version 5.00, UK; www.fmrib.ox.ac.uk/fsl). Fibre track-
ing was initiated from all voxels within the seed masks to generate
5000 streamline samples, with a step length of 0.5 mm and a
curvature threshold of 0.2. Anatomical images were transformed
to standard space using the MNI coordinates with a 12-point trans-
formation (MNI 152 brain, Evans et al., 2003). Raw tracts of healthy
subjects were thresholded at least at 20 samples (out of the 5000
generated from each seed voxel), binarized and summed across
subject to obtain a population map, which was then thresholded
to display only those voxels that were present in at least 33% of
subjects. The probabilistic tractography approach uses sampling
techniques to draw samples through the probability estimate on
fibre direction at each voxel. We generate 5000 of these samples
from each voxel. In resulting connectivity distributions, voxel values
represent the number of these samples passing through any given
voxel. The lower the number of samples, the lower the probability of
a pathway through the voxel. We chose to use a threshold of
20 samples to remove only those voxels with very low connectivity
probability. Figure 1 and Table 2 show the effect of thresholding
tracts at 2, 20 and 200 samples for a normal subject, a subject
without blindsight and a subject with blindsight. Note that the
results of reconstructed tracts are robust independently of the
threshold being used. We are therefore confident that we were
able to rule out potential threshold effects.

S. E. Leh et al.

Study |

Corticospinal tract seed mask

The hemispherectomized subjects showed contralateral
upper limb paresis but no hemiplegia and normal ipsilateral
motor function. In study 1, we chose the intact corticospinal
tract in hemispherectomy subjects as a control tract to
validate our DTI data quality and analysis methods as we
expected it to be similar to that of normal subjects. To do
this, we defined seed masks on the fractional anisotropy (FA)
maps of each subject within the corticospinal white matter of
the cerebral peduncle. Fibre tracking was initiated from all
voxels within the seed masks. Seed masks were defined on the
FA maps of each subject including 20 voxels within the
corticospinal white matter of the cerebral peduncle.

Results

Corticospinal tracts

Reconstructed right and left corticospinal tracts that were
present in at least 33% of the healthy subjects are presented
in Fig. 2A. Reconstructed tracts of the remaining hemisphere
in hemispherectomized subjects without blindsight are
demonstrated in Fig. 2B and in subjects with blindsight in
Fig. 2C. Note that the intact corticospinal tracts of all hemi-
spherectomized subjects are very similar to the reconstructed

Threshold | A Normal Control | B Without blindsight | C With blindsight

At 2
samples

At 20
samples

At 200
samples

Fig. | Robustness of the effect of threshold on samples passing through a voxel in control and hemispherectomized subjects. The figure
shows the effect of thresholding tracts at 2, 20 and 200 on samples for a normal control subject (A), a subject without blindsight (B) and
a subject with blindsight (C) (slice level at right superior colliculus: x = 8, y = —34, z = 12). In hemispherectomized subjects SC tracts from
the hemispherectomized side to the contralateral remaining hemisphere are shown. Note the robustness of reconstructed tracts

independently of the threshold being used.
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Table 2 Robustness of sample threshold and presence of fibre connections in hemispherectomized subjects

FEF Visual association areas Parietal-occipital areas

Prefrontal areas

Primary visual areas

Internal capsule

(A) Hs with blindsight (SE)
Sample threshold for ipsilateral projections

2 + + +
20 + + +
200 + + +

(B) Hs with blindsight (DR)
Sample threshold for contralateral projections

2 + — -
20 + — —
200 + — —

(C) Hs without blindsight (FD)
Sample threshold for projections from the hemispherectomized side
2 _ _ _
20 — — -
200 - — -
(D) Hs without blindsight (JB)
Sample threshold for projections from the hemispherectomized side
2 _ _ _
20 - — -
200 — - —

+

Table showing the presence of a specific connection and the robustness of these numbers to sample threshold used. Results are shown for
hemispherectomized subjects (Hs) with (A, B) and without blindsight (C, D) for the connections from the superior colliculus of the

hemispherectomized side to the contralateral hemisphere.

A Normal Controls | B Without blindsight] C With blindsight

l5000 5000

20

Reconstructed tracts from
right cerebral peduncle

20

| Reconstructed tracts from
left cerebral peduncle

Fig. 2 lllustration of reconstructed corticospinal tracts. Images are displayed in MNI standard stereotaxic space. (A) Thresholded map of
the right (red hues) and the left (blue hues) reconstructed corticospinal tract present in at least 33% of the healthy subjects.

(B) Reconstructed corticospinal tracts in two hemispherectomized subjects without blindsight (JB, FD). (C) Reconstructed corticospinal
tracts in two hemispherectomized subjects with blindsight (SE, DR). The saturation of the colour (intensity of colour scale) in B and C
indicates the voxel value in the connectivity distribution, which represents the number of samples that passed through that voxel: the
lighter the colour of the tract (yellow or light blue), the higher the probability of a connection passing through this voxel. Note that

reconstructed corticospinal tracts are very similar in healthy and hemispherectomized subjects.
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Fig. 3 Exclusion mask.

corticospinal tracts in healthy subjects, and are in accordance
with the known anatomy of this tract, demonstrating that
accurate fibre tracking is possible in all datasets.

Study 2
Reconstruction of superior colliculi tracts

Superior colliculi seed mask

First, we created seed masks on each subject’s T-weighted
image, including the whole SC. To exclude the possibility
that the absence of contralateral pathways in hemispherec-
tomized subjects without blindsight could be due to the
smaller size of their seed masks due to collicular degenera-
tion, we ran a further analysis in which seed masks of a fixed
size of 24 voxels were placed in the centre of the SC in all
subjects. The results obtained with the fixed size masks were
very similar to those obtained with the original masks—
healthy controls and hemispherectomized subjects with
blindsight showing contralateral paths from SC, in contrast
to the hemispherectomized subjects without blindsight who
did not.

Exclusion mask

We created a single sagittal slice along the midline on the
T,-image of each subject leaving a gap only around the SC
(Fig. 3). This allowed us to restrict analyses only to those
paths that cross at the level of the SC.

Results

Superior colliculi tracts
A seed mask of the right and left SC was created on
each subject’s T;-weighted anatomical image (see Methods).

S. E. Leh et al.

Tracts from all voxels in the SC to the rest of the brain were
then reconstructed in the same fashion as described above
for the corticospinal tracts. For interhemispheric connec-
tions, we restricted our analysis to include only those tracts
that cross the midline at the level of the SC (see Methods).
After reconstructing fibre tracts of the left and right SC in
healthy subjects, we registered the images to MNI standard
stereotaxic space and created a thresholded map across
subjects (Fig. 4). Note the similarity of individual tracts in
healthy subjects in Fig. 5.

Healthy subjects showed ipsilateral connections to visual
association areas (Fig. 4C; x = £28, y = —74, z=20) and to
the parietal-occipital cortex (Fig. 4B; x = =32, y = —50,
z = 50). Additional ipsilateral projections were found close
to an area (right SC: x=18, y = —6, z=50; left SC: x= —20, y
= —6, z = 46) that has previously been described as frontal
eye fields (FEF; Paus, 1996; x = =24 to =40, y = —6 to 1,
z = 44 to 51; Fig. 4A) and to prefrontal areas (Fig. 4D; x =
+20, y = 62, z=2), but not to primary visual areas (Fig. 4E;
x= %2, y=-90, z = 0). These results are consistent with
anatomical studies showing direct retinal input to the SC and
bidirectional connections between the SC and occipital areas
(for example, Rushmore and Payne, 2003), as well as bidir-
ectional connections between the SC and the FEF (for exam-
ple, Stanton et al., 1988; Lynch et al., 1994; Gaymard ef al.,
2003). Ipsi- and contralateral connections in healthy subjects
also projected to the internal capsule posterior to the corti-
cospinal tract. At that level, the limitations of DTI technol-
ogy did not permit differentiation between visual and motor
pathways, although these findings are consistent with the
known projections from the SC to frontal and parietal cor-
tical areas via the posterior part of the internal capsule and
their presumed role in triggering inhibitory saccades (see, for
example, Gaymard et al., 2003; Condy et al., 2004).

Results of the two hemispherectomized subjects without
‘Type I or ‘attention blindsight’ are displayed in Fig. 6 (JB)
and in Fig. 7 (FD). Both subjects showed an absence of
connections to other cortical areas observed in healthy sub-
jects (Figs 6 and 7, from the hemispherectomized side to the
contralateral remaining hemisphere). The ipsilateral projec-
tions that were seen were weaker than those in healthy sub-
jects, and were only observed from the ipsilateral SC to the
cuneus (Figs 6C and 7E, from the healthy side to the
ipsilateral remaining hemisphere). We interpret this lack
of projections as an indication of considerable degeneration
of both SC in the two subjects without “Type I’ or ‘attention
blindsight’.

In contrast, the two hemispherectomized subjects with
‘Type I’ or ‘attention blindsight’ (DR and SE; Figs 8
and 9) showed strong contralateral and ipsilateral projections
from the SC to the remaining hemisphere. Strong ipsilateral
and contralateral projections to an area close to the FEF
(Fig. 8A; x = 18, y = —2, z = 50), to parieto-occipital
areas (Fig. 8B; x= —20, y= —56, z = 48), to visual association
areas (Fig. 8C; x = =28, y = —74, z=20; x = —4, y = —90,
z=—22) and to primary visual areas (Fig. 8E; x=—2, y= —90,



Insights into blindsight using DTI tractography

AFEF B Parietal cortex | C Visual D Prefrontal E Primary
association areas visual areas

100%
}ﬂ Iy, A y=-6 D =2 I Reconstructed

g lt?:&r&\."i”ﬁf B y=-50
E

£ = "a

E z=0

C z= 120
B A

Brain (2006) Page 7 of 11
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Reconstructed

tracts from right SC tracts from left SC

33%

Fig. 4 Population probability maps of reconstructed SC tracts based on tractography in six healthy subjects. Fibre tracking was initiated
from a seed mask in the right superior colliculus demonstrated in red hues and from a seed mask in the left superior colliculus demonstrated
in blue hues. Intensity of the colour scales represents the proportion of the population showing a tract at any given voxel. Tracts were
registered to MNI standard stereotaxic space, thresholded at 20 samples, binarized and summed across subjects. For individual subject
tracts, see Fig. 5. Images demonstrate ipsilateral projections close to an area (right superior colliculus: x = |8, y = —6, z = 50; left superior

colliculus: x =

—20, y = —6, z = 46) that has previously been described as FEF (A; Paus, 1996: x = £24 to =40,y = —6to |,z=44to 51), to

the parietal-occipital cortex (B; x = £32, y = —50, z = 50), visual association areas (C; x = £28, y = —74, z = 20) and the prefrontal areas
(D; x = =20, y = 62, z = 2), but not to primary visual areas (E; x = =2, y = —50, z = 0).

z = 0) were notable in subject SE. SE also showed ipsi- and
contralateral projections to spared prefrontal areas on the
hemispherectomized side (Fig. 8D; x =12, y =64, z=2). In
DR, reconstructed tracts indicate ipsi- and contralateral
projections to the posterior internal capsule (Fig. 9F;
x = =20, y = =20, z = 12) and to areas close to the FEF
(Fig. 9A; x = =20, y = —10, z = 44), an area known to be
involved in visual tasks such as saccade generation and orien-
tation (for example, Stanton et al., 1988; Lynch et al., 1994).

Discussion
Our results indicate the presence of projections from the
contralateral and ipsilateral SC to the remaining hemisphere
in hemispherectomized subjects with “Type I’ or ‘attention
blindsight’ and an absence of those projections in the
subjects without “Type I’ or ‘attention blindsight’, thereby
confirming our assumption (Tomaiuolo et al., 1997; Bittar,
et al, 1999) and that of Danckert and Rossetti (2005) that
blindsight is mediated by a collicular route. Interestingly,
the contralateral connections in subjects with “Type I’ or
‘attention blindsight’, which crossed at the level of the SC,
were more prominent than the crossed projections seen in
healthy controls.

Previous anatomical studies on the connectivity of the
SC have demonstrated an excitatory and an inhibitory

intercollicular circuitry (Olivier et al., 2000; Rushmore et
al., 2003) as well as restoration of visual orientation in hemi-
anopic cats by modulating SC function (for example,
Ciaramitaro et al., 1997; Sherman, 1977). The SC is the
main recipient of retinal projections in lower mammals
with a phylogenetically older and more primitive visual
system than humans. Similar but weaker retinocollicular
projections also exist in humans, however, and were demon-
strated in a recent single case study in which visual orienta-
tion was restored in a left-sided neglect patient after an
additional lesion of the contralateral SC (Weddell, 2004).
Although existing SC connections to the remaining cortical
areas seem to play a pivotal role in unconscious vision,
blindsight subjects remain unaware of the information pro-
cessed in their blind visual field. One possibility for the lack
of awareness may lie in the lack of synchronicity in cerebral
activation. The human visual pathways process information
simultaneously and yet are able to work independently of
each other (as is the case following a circumscribed lesion in
a visual cortical area) (Rees et al., 2002; Naghavi and Nyberg,
2005). For conscious perception, however, a specific syn-
chronized activation pattern of different cortical areas invol-
ving ventral, parietal and frontal visual areas is believed to be
crucial (for further details, see, for example, Beck et al., 2001;
Rees et al., 2002; Naghavi and Nyberg, 2005). Our results
indicate that hemispherectomized subjects with ‘Type I’ or



Page 8 of 11

Brain (2006)

Fig. 5 Examples of individual SC tracts in six control subjects (NC
1-6). Tracts (slice level for right superior colliculus: x = 22, y = —6,
z = 50) have been thresholded at 20 samples, and intensity of
colour scale indicates the number of samples that passed through
that voxel from red (low probability of connection) to yellow
(high probability of connection).

S. E. Leh et al.

‘attention blindsight’ are able to enhance visual performance
in their blind field, but remain unaware of visual processing
presumably because they are unable to access a more com-
plex synchronous cortical activation pattern involving higher
top-down mechanisms necessary for conscious vision.

Limitations of DTI

Diffusion tractography is a relatively new technique and
there are a number of methodological limitations that should
be taken into account in the interpretation of the results.
First, it is not possible to differentiate between anterograde
and retrograde connections using DTI such that we cannot
establish whether estimated pathways are travelling to or
from the SC. Previous tracer studies on non-human pri-
mates, however, suggest that there are bidirectional connec-
tions between the SC and the FEF (see, for example, Stanton
et al., 1988; Lynch et al., 1994; Gaymard et al., 2003), occi-
pital areas (see, for example, Rushmore and Payne, 2003) and
to the posterior part of the internal capsule (see, for example,
Gaymard et al., 2003; Condy et al., 2004). This is likely to be
the case in humans.

A second limitation of our approach concerns the inter-
pretation of the presence or absence of a particular pathway
in the diffusion data. There is good evidence that in coherent
white matter regions the direction of maximum diffusion
corresponds with the principal fibre direction (Lin et al.,
2001), and that tractography in such regions corresponds
well with human post-mortem data (Stieltjes et al, 2001).
In regions of fibre complexity, of crossing, or of degenera-
tion, however, the relationship between the paths that can be
traced through the diffusion data and the underlying fibre
architecture is not as clear and is still not fully understood.

A FEF B Parietal cortex |C Visual D Prefrontal E Primary
association areas visual areas

Healthy

5000

B y=-50 E z=10
cC z=20

il 5000
Reconstructed

Reconstructed

tracts from right SC tracts from left SC

Fig. 6 lllustration of reconstructed right (red hues) and left (blue hues) SC tracts in a hemispherectomized subject without Type | blindsight
(without attention blindsight) (JB). The saturation of the colour (intensity of the colour scale) indicates the voxel value in the connectivity
distribution, which represents the number of samples that passed through the voxel: the lighter the colour of the tract (yellow or light blue),

the higher the number of probable fibres passing through this voxel. Reconstructed SC tracts of |B demonstrate almost no contralateral

connections, and projections between the ipsilateral SC and other cortical areas suggest degeneration of both SC.
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Fig. 7 lllustration of reconstructed right (red hues) and left (blue hues) SC tracts in a hemispherectomized subject without Type | blindsight
(without attention blindsight) (FD). The saturation of the colour (intensity of the colour scale) indicates the voxel value in the connectivity
distribution, which represents the number of samples that passed through the voxel: the lighter the colour of the tract (yellow or light blue),
the higher the number of probable fibres passing through this voxel. Reconstructed SC tracts of FD demonstrate almost no contralateral
connections, and projections between the ipsilateral SC and other cortical areas suggest degeneration of both SC.

A FEF arietal cortex |C Visual D Prefrontal E Primary
association areas visual areas

Healthy

side
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Tracts from right SC tracts from left SC
20 20

Fig. 8 lllustration of reconstructed right (red hues) and left (blue hues) SC tracts in a hemispherectomized subject with Type | blindsight
(attention blindsight) (SE). The saturation of the colour (intensity of the colour scale) indicates the voxel value in the connectivity
distribution, which represents the number of samples that passed through the voxel: the lighter the colour of the tract (yellow or light blue),
the higher the probability of a pathway passing through this voxel. SE showed strong contra- and ipsilateral connections to an area close to
the FEF (A; x = 18, y = —2, z = 50), to parieto-occipital areas (B; x = —20, y = —56, z = 48), to visual association areas (C; x = —4, y = —90,
z = —22) and to primary visual areas (E; x = —2, y = —90, z = 0). SE also showed ipsi- and contralateral projections to spared prefrontal
areas on the hemispherectomized side (D; x = 12, y = 64, z = 2).

The absence of a particular pathway through the diffusion  quality, FA, or path geometry may also influence the ability
data in one group of subjects is consistent with the lack of an  to trace pathways through the diffusion data. By demonstrat-
underlying anatomical route in that group, but cannot prove  ing that all participating subjects in the present study, includ-
that no anatomical route exists. Other factors, such as data  ing the subjects without blindsight, showed similar tracings
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Fig. 9 lllustration of reconstructed right (red hues) and left (blue hues) SC tracts in a hemispherectomized subject with Type | blindsight
(attention blindsight) (DR). Reconstructed tracts of DR indicate ipsi- and contralateral projections to the posterior internal capsule (F; x = 20,
y = —20, z = —16) and to areas close to the FEF (A; x = —20, y = —10, z = 44).

of the corticospinal tracts, we believe we have provided an
argument against a general effect on data quality in our
patients without blindsight. It remains possible, however,
that differences in diffusion tractography performance reflect
localized differences in tract integrity, rather than a complete
absence of a crossed anatomical route from the SC to the
remaining hemisphere in patients without blindsight.

Conclusion

We were able to demonstrate the existence of strong ipsi-
lateral and contralateral projections from the SC to primary
visual areas, visual association areas, precentral areas/FEF
and the internal capsule of the remaining hemisphere only
in those hemispherectomized subjects with ‘Type T’ or
‘attention blindsight’. No such connections could be identi-
fied in those hemispherectomized subjects without “Type I’
or ‘attention blindsight’. These results strongly support an
essential role of the SC in blindsight. This study also demon-
strates the usefulness of DTI tractography in investigating
cerebral plasticity, compensation and reorganization follow-
ing various cerebral lesions.
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