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A B S T R A C T   

Unilateral damage to post-chiasmatic visual pathways or cortical areas results in the loss of vision in the 
contralateral hemifield, known as hemianopia. Some patients, however, may retain the ability to perform an 
above chance unconscious detection or discrimination of visual stimuli presented to the blind hemifield, known 
as “blindsight”. An important finding in blindsight research is that it can often be elicited by moving stimuli. 
Therefore, in the present study, we wanted to test whether moving stimuli might yield blindsight phenomena in 
patients with cortical lesions resulting in hemianopia, in a discrimination task where stimulus movement is 
orthogonal to the feature of interest. This could represent an important strategy for rehabilitation because it 
might improve discrimination ability of stimulus features different but related to movement, e.g. line orientation. 

We tested eight hemianopic patients and eight age-matched healthy controls in an orientation discrimination 
task with moving or static visual stimuli. During performance of the task we carried out fMRI scanning and 
tractography. Behaviourally, we did not find a reliable main effect of motion on orientation discrimination; 
however, an important result was that in different patients blindsight could occur only with moving or stationary 
stimuli or with both. As to brain imaging results, following presentation of moving stimuli to the blind hemifield, 
a widespread fronto-parietal bilateral network was recruited including areas of the dorsal stream and in 
particular bilateral motion area hMT þ whose activation positively correlated with behavioural performance. 
This bilateral network was not activated in controls suggesting that it represents a compensatory functional 
change following brain damage. Moreover, there was a higher activation of ipsilesional area hMTþ in patients 
who performed above chance in the moving condition. By contrast, in patients who performed above chance in 
the static condition, we found a higher activation of contralesional area V1 and extrastriate visual areas. Finally, 
we found a linear relationship between structural integrity of the ipsilesional pathway connecting lateral 
geniculate nucleus (LGN) with motion area hMTþ and both behavioural performance and ipsilesional hMT þ
activation. These results support the role of LGN in modulating performance as well as BOLD amplitude in the 
absence of visual awareness in ipsilesional area hMTþ during an orientation discrimination task with moving 
stimuli.   
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1. Introduction 

In the last fifty years there has been a progressive increase of interest 
of neuroscientists on the neural bases of awareness, a topic that was 
considered a sort of taboo to be left to philosophers. A major contribu
tion to this revolutionary change has been provided by Weiskrantz and 
colleagues who had the great merit of following up the pioneering dis
covery by P€oppel et al. (1973) on four patients with acquired hemi
anopia or quadrantanopia as a consequence of visual cortex lesions. 
Despite not being able to detect brief light stimuli presented in periph
eral vision in the blind hemifield, these patients could correctly saccade 
to them. The following year, Weiskrantz et al. (1974) in a hemianopic 
patient with a visual cortex lesion, not only confirmed the saccadic re
sults of P€oppel et al. (1973) but, importantly, extended them to manual 
pointing which turned out to be reliably accurate despite visual stimuli 
being invisible. Weiskrantz named this puzzling dissociation between 
behaviour and perceptual awareness “blindsight”. Since then the num
ber of studies on this phenomenon has greatly increased becoming one 
of the most interesting approaches to understand the neural bases of 
visual awareness (see a recent discussion by Danckert et al., 2019). 
Numerous behavioural studies showed that, in forced-choice tasks, some 
hemianopic patients could localize, detect or discriminate the orienta
tion of static stimuli (Weiskrantz, 1986; Morland et al., 1996), the di
rection of motion mainly with fast stimuli (>5�/s) (Azzopardi and 
Cowey, 2001; Morland et al., 1999; Barbur et al., 1980) or wavelengths 
(Stoerig and Cowey, 1992) (for a review see Stoerig and Cowey, 1997). 
Weiskrantz proposed a classification of blindsight in two sub-types: Type 
I characterized by above chance performance and a complete lack of 
consciousness and Type II characterized by above chance performance 
and a non-visual (or visual, see Foley and Kentridge, 2015) feeling of 
something occurring in the blind field. In the last few decades, it has 
been shown that blindsight is not merely a subcortical phenomenon as 
was originally hypothesized by P€oppel et al. (1973) and Weiskrantz et al. 
(1974). The importance of extrastriate visual areas had been highlighted 
previously in monkey studies (Pasik et al., 1970; Nakamura and Mis
hkin, 1986) and then in humans with lesion of the primary visual cortex 
(area V1), in terms of activation of extrastriate ipsilesional visual areas 
when presenting visual stimuli to the blind hemifield. In particular, a 
feature that has turned out to be highly relevant for yielding blindsight is 
visual motion, that, in absence of area V1, can activate extrastriate vi
sual areas such as the human motion (hMTþ) complex (see for review 
Ajina and Bridge, 2017). The human motion complex can be considered 
as the homologous of the motion-sensitive visual area in the middle 
temporal (MT) cortex plus other adjacent motion-sensitive areas (MST) 
of macaques (Dukelow et al., 2001). It tends to show increased activity 
for apparent than flicker motion (Muckli et al., 2002) as well as for 
horizontal or vertical component motion (Miguel Castelo-Branco, et al 
2002) and is organized in columnar clusters (Schneider et al., 2019). 
Following visual stimulation of the blind hemifield of hemianopic pa
tients, several studies have found a BOLD signal change of contralateral 
(Baseler et al., 1999; Ajina et al., 2015a; Ajina and Bridge, 2018; 
Papanikolaou et al., 2018) or bilateral (Goebel et al., 2001; Nelles et al., 
2007; Bridge et al., 2010) area hMTþ. Despite being impoverished and 
qualitatively different from the response of the intact contralesional area 
(i.e. different pattern in response to motion coherence, Ajina et al., 
2015a), ipsilesional area hMTþ was clearly activated. Different studies 
tried to go deeper in understanding the link among behavioural per
formance, brain activation and level of awareness. Focusing on the role 
of hMTþ, different authors reported a linear relation between ability to 
discriminate motion direction, level of awareness and activation of 
ipsilesional area hMTþ (Morland et al., 2004; Barbur et al., 1993; Zeki 
and Ffytche, 1998). Beyond hMTþ, a high level of awareness has been 
associated with cortical activation of pre-striate and dorsolateral pre
frontal cortex (Brodmann area 46), while low level of awareness has 
been associated with activation of subcortical structures, such as the 
superior colliculus, (SC) or with medial and orbital prefrontal cortical 

sites (Sahraie et al., 1997). 
Which pathway could lead to the activation of area hMT þ when V1 

is damaged is still controversial. Some studies in animals and humans 
have provided evidence of the role of superior colliculus (SC) and pul
vinar (Rodman et al., 1990; Kato et al., 2011; Kinoshita et al., 2019). 
Berman and Wurtz (2011), demonstrated the existence in monkeys of a 
pathway originating in the visual layers of the SC and projecting through 
the inferior pulvinar to area hMTþ and the parietal-occipital cortex. 
Interestingly, they showed that the directional selectivity of pulvinar 
neurons depended upon feedback input from hMT þ rather than vice 
versa. At any rate, this SC-pulvinar-hMT þ pathway might represent an 
important source of the visual properties of hMTþ in humans. 
Furthermore, Tamietto et al. (2010) in an hemianopic patient and in a 
series of studies in hemispherectomy patients with hemianopia (Leh 
et al., 2006; Leh et al., 2010; Georgy et al., 2016; see for review Ptito and 
Leh, 2007) have confirmed the role of the SC as important for various 
visual abilities in the absence of perceptual awareness. These studies in 
hemispherectomy patients are particularly relevant given that the only 
intact visual pathway in the operated side is represented by the 
retino-tectal pathway and there is no possibility of spared visual cortex. 
Particularly revealing is a DTI tractography study by Leh et al. (2006) in 
which they tested two hemispherectomy patients with blindsight and 
other two without. It was found that only the former showed projections 
from the SC on the operated side to intact contralateral and spared 
ipsilateral cortical areas while no cortical projections from the SC on the 
hemispherectomized side were present in the latter. Recently, Tran et al. 
(2019) have highlighted the role of this pathway in residual vision 
describing sub-thalamic BOLD activations in the SC and in the pulvinar 
in an hemianopic patient who could unconsciously perceive motion in 
the blind hemifield. 

In contrast to the hypothesis stressing the importance of the SC input 
to hMTþ, other studies have shown that it is the activation of the LGN 
(Schmid et al., 2010) as well as the integrity of structural and functional 
connectivity between LGN and area hMT þ that ensures the presence of 
blindsight and represents the main characteristic to distinguish patients 
with and without blindsight (Bridge et al., 2008, 2010; Gaglianese et al., 
2012; Ajina and Bridge, 2018). 

Of course, one should also consider the possibility that both path
ways are important and might provide different functional input to the 
hMT þ complex. For example, in the monkey it has been found that the 
subcortical routes to MT originate in the LGN (Sincich et al., 2004), as 
well as in the SC through the pulvinar (Lyon et al., 2010). 

In the light of this intriguing and important issue, in the present 
study, we used fMRI and Diffusion Tensor Imaging (DTI) techniques to 
shed light on the neural bases of unconscious visual motion processing in 
the blind hemifield of hemianopic patients. fMRI provides information 
on the amplitude of the BOLD signal following specific visual motion 
stimuli, whilst DTI allows to estimate the integrity of large-scale white 
matter fibres in humans by studying their microstructural properties 
(Catani et al., 2012; Jones et al., 2013). To do that, we studied the 
activation of area hMTþ during performance of an orientation 
discrimination task in a group of patients with long standing unilateral 
hemianopia sustained in adulthood and in a group of age-matched 
healthy controls. In this task, patients were asked to discriminate the 
orientation of a moving or static bar in different blocks. This enabled to 
investigate the modulation produced by motion on brain activity and 
behavioural performance during the discrimination of an orthogonal 
feature: orientation. Since motion has been shown to be a very effective 
feature for activating various cortical areas we used this paradigm for 
two reasons: First, to increase the probability of finding brain activation 
for stimulation of the blind hemifield. Second, because associating 
motion might be useful for possible visual rehabilitation of orientation 
discrimination which is a crucial feature for form perception. In addi
tion, we investigated the integrity of white matter fibres by means of 
probabilistic tractography (PT) focusing on ipsilesional optic radiations 
(OR), LGN-hMTþ and SC-hMT þ tracts. Moreover, we performed a 
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correlation analyses including structural measures, functional activation 
of hMTþ, and behavioural performance. Finally, we compared differ
ences in brain activation with behavioural performance. 

2. Method 

2.1. Participants 

Eight hemianopic patients (3 females; mean age ¼ 58.62 years, SD ¼
9.88, see Table 1), right-handed, with long-standing post-chiasmatic 
lesions causing visual field loss as assessed with Humphrey perimetry 
(see Table 1) and eight age-matched healthy participants (6 females; 
mean age ¼ 60.62 years, SD ¼ 6.69) with no history of neurological 
disorders were recruited. There was no significant difference between 
the mean age of the two groups (Wilcoxon Rank Sum Test, U¼29.5 p ¼
0.83). Exclusion criteria included past or present neurologic disorders 
other than those related to hemianopia, psychiatric disorders, drugs or 
alcohol addiction, general cognitive impairment as revealed by a score 
equal or lower than 24 at the Mini Mental State Examination (Folstein 
et al., 1975), hemianopia diagnosed less than three months before the 
first testing session and presence of impairment of spatial attention (i.e. 
hemineglect) as tested with a neuropsychological battery including Line 
Bisection (Schenkenberg et al., 1980), Diller letter H cancellation (Diller 
et al., 1974) and Bells cancellation (Gauthier, 1989). Patients were 
evaluated with the Visual Function Questionnaire (VFQ25) in order to 
assess their subjective impressions on their visual abilities in everyday 
life (Mangione et al., 2001). All participants had normal or 
corrected-to-normal visual acuity. Informed consent was obtained after 
they had been fully informed about the experimental procedures and 
their right of quitting at any time. The study was approved by the Ethics 
Committee of the European Research Council and of the Azienda 
Ospedaliera Universitaria Integrata Verona. 

2.2. Lesion details 

Lesion volumes were estimated by creating lesion masks on the bias- 
field corrected T1-weighted image of each patient using the software 
ITK-SNAP (Yushkevich et al., 2006). Once created, the lesion mask was 
registered from the native to the standard MNI space with a spatial 
resolution of 1 mm, using linear transformations (FLIRT). The visuali
zation in fsleyes (part of the FMRIB Software Library v.6.0) of each 
lesion mask on the T1-weighted image normalized to the standard space 
made it possible to localize the damaged areas. The distribution and 
extent of the lesion was estimated by quantifying the percentage of 
overlap between each lesion mask and visual areas (V1, V2, V3v, V4 and 
V5) extracted from the probabilistic Juelich Atlas (Eickhoff et al., 2005), 
after applying different thresholds to minimize overlap. No lesion 
affected more than 20% of the occipital lobe and there were some spared 
islands of primary visual cortex (V1) in all patients. In patients SL, BC 
and RF, the lesion affected a large portion of the ipsilesional primary 
visual cortex in addition to other extrastriate visual areas. In all other 
patients except FB, the lesion mainly involved ipsilesional extrastriate 
visual areas V2, V3v and V4. Area hMTþwas largely damaged in patient 
FB, while in patients AP and DD a smaller portion of the ipsilesional area 
hMTþwas affected by the lesion (see Fig. 1). Moreover, in patient FB the 
lesion affected the right parietal, temporal and frontal lobes (see 
Fig. 1S). Area hMTþ was not lesioned in any other patient. 

According to the lesion site and size as well as to the type of brain 
damage (traumatic brain injury), we decided to exclude patient FB from 
the group analysis. Unlike the others, she suffered a traumatic brain 
injury (TBI) caused by a fall during an epileptic seizure, causing a diffuse 
head lesion affecting a huge portion of the right hemisphere (see 
Figure S1) and accompanied by behavioural symptoms going from vi
sual to motor impairment. TBI usually causes numerous brain abnor
malities such as focal shear injury, contusion, cerebral edema, vascular 
compromise and ventricular dilatation that can significantly affect fluid 

homeostasis and lead to shift, distortion and herniation of the brain 
(Bigler, 2001). In patient FB it was particularly difficult to differentiate 
between intact and damaged brain tissue as the borders of the lesion 
were jagged and not easily distinguishable. Moreover, right area hMTþ
was functionally located within the area of encephalomacia caused by 
the post-traumatic haemorrhagic event, making it difficult to identify 
whether the BOLD signal was related to noise or to actual activation. For 
these reasons, we decided not to include patient FB in our analysis and to 
work with a more homogeneous group of 7 patients. 

2.3. Experimental procedure 

The experimental procedure consisted of several steps. First, patients 
were tested on a visual mapping paradigm outside the scanner (for 
further details see Sanchez-Lopez et al., 2017). This mapping, together 
with clinical perimetry provided by patients (see Table 1), were used to 
present the stimulus just in the blind area. 

Next, participants were trained on the orientation discrimination 
task outside the scanner by using the same stimulus position as previ
ously located with the visual mapping procedure. Controls performed 
the same kind of training with the stimulus in the same position of 
matched single patients. Finally, all participants were tested inside the 
fMRI scanner with the hMT þ Localizer followed by the orientation 
discrimination task (see below). The visual stimulus was presented on a 
1920 � 1080 resolution monitor with a refresh rate of 60 Hz, positioned 
at the back of the MRI scanner bore. Participants viewed the monitor via 
a double mirror mounted on the head coil. The screen subtended a visual 
angle of 20 � 11�. During the whole session, an MRI compatible camera 
was used to check for the occurrence of ocular movements. Feedback 
was given to patients concerning their ability to maintain fixation. 

2.3.1. Human motion complex localizer 
Motion-selective areas were identified by comparing the BOLD 

response with moving and static stimuli. The paradigm consisted of a 
block design with 2 runs, each lasting 350 s, one with stimuli presented 
in the blind and the other in the sighted hemifield. Each run was 
composed by 12 stimulus presentation blocks and 13 rest blocks, each 
lasting 14 s and started with a rest block alternated with moving and 
static blocks presented in a fixed order. With healthy participants, we 
followed the same order by presenting the stimuli in the hemifield 
corresponding to the blind or sighted hemifield of the matched patient in 
different runs. The sequence of runs was counterbalanced across par
ticipants. The stimuli were generated using Matlab 2013b (version 
8.2.0.701 The MathWorks, Inc., Natick, MA, 2010) and consisted of 300 
black randomly moving or static dots appearing within a circular 
aperture of 4� of visual angle. The background luminance was the same 
for all participants (17.72 cd/m2). During the entire scanning session 
participants were instructed to fixate the central fixation point without 
giving any response. 

2.3.2. Orientation discrimination task 
The stimulus for the orientation discrimination task was generated 

using E-Prime 2.0 (Psychology Software Tools, Pittsburgh, PA) and 
consisted of a single black 4� � 0.5� bar horizontally (0�) or vertically 
(90�) oriented on a grey background of 17.72 cd/m2. The stimulus could 
be static or moving. In the latter case, the bar moved left-/right-ward 
(vertical bar) or up-/down-ward (horizontal bar) with a temporal fre
quency of 15�/sec, drifting 0.25� every refresh rate (16.667 ms), for 2 s, 
remaining within an aperture of 4� visual angle for a duration of 2 s in 
each trial. This kind of motion generates similar patterns of selectivity in 
V1 and hMTþ/V5 (Hubel and Wiesel, 1968; Newsome and Par�e, 1988). 
Moreover, different studies have demonstrated that fast visual stimuli 
moving at approximately 20–30�/s elicit stronger responses in hMT þ
than slow stimuli moving at < 6�/s (Ffytche et al., 1995; Kawakami 
et al., 2002; Wang et al., 2003). Those data are in keeping with either the 
linear relationship between amplitude of neural response in hMTþ and 
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Table 1 
Patient’s clinical description.  

Patient (age/ 
gender) 

Lesion/Visual Deficit Perimetry (left eye/right eye) 

SL (52/F) Lesion involves the median para-sagittal portion of the left occipital lobe. Including the lingual gyrus,  
with peri-calcarine fissure distribution. 
Visual Defect: Right lateral homonymous hemianopia. 
Time elapsed between the Ischemic Stroke and the fMRI session: 92 months.   

FB (53/F) Lesion involving the right temporal, parietal and occipital lobe. In the occipital lobe, the lesion involves  
the superior and a portion of the middle occipital gyri with interruption of the right optic radiation. 

Visual Defect: Left lateral homonymous hemianopia. 
Time elapsed between the Hemorrhagic head injury and the fMRI session: 33 months.   

AP (50/M) Lesion involving the inferior anterolateral portion of right occipital lobe with extension to the posterior  
part of temporal lobe and the upper part of right cerebellar hemisphere. 

Partial sparing of the Calcarine fissure. 
Visual Defect: Upper left homonymous quadrantanopia. 
Time elapsed between the Meningioma removal and the fMRI session: 14 months.   

LF (54/F) Ischemic lesion that involves the cortex of the anterior half of calcarine fissure to the origin  
of parieto-occipital fissure. 
Visual Defect: Upper left homonymous quadrantanopia. 
Time elapsed between the Ischemic Stroke and the fMRI session: 57 months.   

BC (71/M) Lesion involving the medial portion of right occipital lobe, with an extension over the parieto-occipital  
fissure. There is an important involvement of the lingual and fusiform gyri till the occipital pole, with  
alterations of the Calcarine fissure. 

Visual Defect: Left lateral homonymous hemianopia. 
Time elapsed between the Ischemic Stroke and the fMRI session: 9 months.   

GS (77/M) Lesion involving the antero-superior part of the right Calcarine fissure with relative sparing of the  
posterior part. Partial involvement of the cuneus. 
Visual Defect: Left lateral homonymous hemianopia 
Time elapsed between the Ischemic stroke and the fMRI session 9 months.   

RF (54/M) Lesion of part of the vascular territory of the left posterior cerebral artery. The alteration involves  
the anterior and middle portion of calcarine fissure, the lingual gyrus and the posterior part of fusiform gyrus. 
Visual Defect: Right lateral homonymous hemianopia. 
Time elapsed between the Ischemic Stroke and the fMRI session: 5 months.   

(continued on next page) 
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motion speed, and the non-linear’‘U00 shape dependency of hMT þ
activation on speed (Chawla et al., 1999). Notably, contrast modulation 
between stimulus and background, position of the fixation point, as well 
as retinal eccentricity of the visual stimulus were adjusted for each pa
tient at the beginning of the training to ensure that the stimulus was 
presented into the blind area and could not be consciously perceived. 
During the preliminary test for the best stimulus position two static bars 
were shown on the screen, spanning the area to be covered during the 
subsequent experiment by the moving or static bar. They were moved 
toward different directions on the screen until the blind area was found, 
where the patient could not see any of them. During the test for contrast, 

we showed a bar asking patients to respond whether they could see the 
stimulus or not. Every 4 trials with at least one positive response the 
contrast was reduced and checked until patients gave at least 4 
consecutive negative responses. The resulting contrast and position were 
used during the training and the fMRI experiment. The same measures 
were used for the corresponding normally-sighted participant (see 
Table 2 for details). 

The paradigm consisted of a block-design forced-choice orientation 
discrimination task in which the motion condition (moving, static) was 
blocked while the task-relevant orientation condition changed in each 
block in a pseudo-random order. The session consisted of 4 runs, each 
lasting 330 s. Each run consisted of 8 experimental blocks and 9 rest 
blocks. Within the same run the stimulus was presented in the blind or 
sighted quadrant in different blocks and at the beginning of each block 
participants were informed about the hemifield of stimulus presenta
tion. The order of both the motion and the hemifield condition was 
counterbalanced across participants. Each experimental block consisted 
of 8 trials for a total of 64 trials presented in each hemifield for each 
condition. At the beginning of each trial, a black fixation point was 
shown and 1 s after stimulus appearance it turned red to indicate that 
participants should respond as fast as possible by pressing one of two 
MRI compatible buttons to discriminate stimulus orientation. The as
sociation between stimulus and response button was counterbalanced 
across participants. At the end of each block of moving or static stimuli 
presented in the blind hemifield patients were asked to report the 
average subjective level of awareness across trials by moving a line 
along a scale. This was to obtain information about the presence of 
awareness during the presentation of static or moving stimuli. 

3. MRI acquisition and pre-processing 

3.1. Functional data 

Scanning took place in a 1.5 T Philips scanner at the Borgo Roma 
Hospital in Verona using a 15-channels head coil. At the beginning of the 
session a whole brain high-resolution (1 � 1x1 mm voxel) Ultrafast 
Gradient Echo 3D T1-weighted image was acquired for all patients to 
precisely locate the lesion and to enable co-registration of functional 
data with the anatomical image of each patient. Functional images were 
acquired covering almost the whole brain by recording from slices 
parallel to the bi-commissural line in the perception task and to the 
calcarine scissure in the hMT þ localizer. 165 vol in the perception task 
and 190 vol in the hMT þ localizer were acquired (T2*-weighted echo- 
planar imaging, voxel size 2 � 2x4 mm, 32 slices acquired in an 
ascending order, repetition time ¼ 2000 ms, echo time ¼ 35 ms, field of 
view ¼ 230 � 230, FA ¼ 30�) in each run and 4 dummy scans were 
added at the beginning of each run in order to avoid T1 saturation. Pre- 

Table 1 (continued ) 

Patient (age/ 
gender) 

Lesion/Visual Deficit Perimetry (left eye/right eye) 

DD (58/M) Lesion involving the inferior-lateral part of the occipital lobe with extension to the lingual and  
fusiformgyri. Laterally, the lesion is below the lateral occipital sulcus. 
Visual Defect: Right lateral homonymous hemianopia. 
Time elapsed between the cerebral thrombosis with cortical and cerebellar occipital stroke and  
the fMRI session: 16 months.   

Neuroradiological description of the lesion, type of the injury, time elapsed between the lesion and the acquisition of the T1-weighted image and multi-slice repre
sentation of the T1-weighted images with the overlapped mask of the lesion. Left column: Patient’s names, age and gender. Middle column: Neuroradiological 
description of the lesion. Right column: Humphrey monocular perimetry. Perimetries of patients SL, FB, AP, LF, BC and GS are adapted from Sanchez-Lopez et al. 
(2019; 2017). 

Fig. 1. Percentage of visual areas affected by the lesion in the two hemispheres 
(L ¼ left; R ¼ right). 
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processing and statistical analyses were performed using tools from FSL 
of FMRIB Software Library v6.0 (https://fsl.fmrib.ox.ac.uk/fsl/fs 
lwiki/FSL) (Smith et al., 2004; Woolrich et al., 2009; Jenkinson et al., 
2012). During pre-processing, non-brain tissue was extracted using BET 
(Brain Extraction Tool). Motion correction was performed using 
MCFLIRT (FMRIB Linear Image Restoration Tool with Motion Correc
tion). Functional data were spatially smoothed using a Gaussian kernel 

of FWHM of 5 mm and a high-pass temporal filtering. Before performing 
the analysis, functional images were registered to both high-resolution 
structural images using FLIRT after applying BET and to a standard 
MNI brain template using both FLIRT and FNIRT (FMRIB Nonlinear 
Image Registration Tool). The same pre-processing procedure was used 
for both the hMT þ localizer and the perception task. 

3.2. DTI data pre-processing and bundles extractions 

DTI analysis was conducted by means of PT with FMRIB’s Diffusion 
Toolbox (FDT; Behrens et al., 2003, 2007). Diffusion data were 
pre-processed by running eddy current and motion correction (Ander
sson and Sotiropoulos, 2016). Bayesian Estimation of Diffusion Param
eters (BEDPOSTX) was carried out on each dataset (parameters: fibres ¼
2, Weight ¼ 1, Burn In ¼ 1000). This process led to build up distributions 
on diffusion parameters at each voxel used to run probabilistic trac
tography by means of Probabilistic Tracking (PROBTRACKX) module of 
FDT diffusion, using a seed - target approach (parameters: number of 
samples ¼ 5000, Curvature threshold ¼ 0.2, use modified Euler 
streamline ¼ on, maximum number of steps ¼ 2000, step length ¼ 0.5). 
This approach requires to define a region of interest as a seed and as a 
target by computing a streamline through these local samples to 
generate a probabilistic streamline that goes from seed to target. The 
regions of interest (ROIs) used as a seed were left and right LGN, left and 
right SC. The ROIs used as a target were left and right primary visual 
cortex (V1), left and right hMTþ. Both LGN and V1 were extracted from 
the probabilistic Juelich Atlas whereas areas hMTþ were identified 
individually for each participant using the functional motion localizer. A 
mean hMT þ ROI was calculated and used in probtrackx separately for 
each hemisphere. For the SC, binary masks were manually drawn and 
positioned on the anatomical 3D T1 of each patient, already registered in 
MNI 1 mm space. The average LGN volume was 325 mm3, and the 
average SC volume was 264 mm3. Those volumes are similar to previous 
reports using T1 anatomical and functional MRI scans (Kastner et al., 
2004; Anderson and Rees, 2011). To automatize the process a custom 
modified AutoPtx script (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/AutoPtx) 
was applied (de Groot et al., 2013). This script allows to calculate and 
extract the Fractional anisotropy (FA) and Mean Diffusivity (MD) values 
of each bundle that are commonly used diffusion MRI indices of tissue 
microsctructure in presence of neuronal damage (Werring et al., 2000; 
Jones et al., 2013). The fibre bundles extracted were left and right 
LGN-V1, left and right LGN-hMTþ and left and right SC-hMTþ. 

4. Data analysis 

4.1. Behavioural data 

Reaction times (RT) faster than 150 ms from stimulus onset were 
considered as anticipations and not included in the statistical analyses. 
To assess whether performance in the blind hemifield of patients was 
significantly different from chance level (50%), we carried out a two- 
tailed binomial test on correct responses and errors for each condition 
and patient. 

The Chi-Square Test was performed to test whether the frequency of 
correct/incorrect responses significantly differs from the expected fre
quencies by chance of the two conditions (moving/static). A contingent 
table was created with condition and accuracy as factors. When we 
extracted significant p-values, we calculated the Adjusted Residuals 
across rows to determine whether the frequency significantly differed 
from the expected count (>1.96). At group level we performed a one- 
sample T-test to evaluate the difference between mean accuracy and 
chance level separately for each condition. We performed a 2-way 
repeated-measure ANOVA with visual hemifield and condition as 
within-subject factors. Finally, we performed a correlation analysis be
tween the behavioural performance and the level of awareness reported 
at the end of each block in the blind hemifield, for each condition 

Table 2 
Stimulus position and contrast for each patient.  

Patient (age/ 
gender) 

Binocular Visual Mapping and stimulus 
position 

Visual Stimulus 
Position and Contrast 

SL (52/F) Stimulus Position: x ¼
5�; y ¼ 1�

Contrast: 0.5 

AP (50/M) Stimulus Position: x ¼
5.5�; y ¼ 5�

Contrast: 0.63 

LF (54/F) Stimulus Position: x ¼
12�; y ¼ 0.5�

Contrast: 0.7 

BC (71/M) Stimulus Position: x ¼
6�; y ¼ 1�

Contrast: 0.7 

GS (77/M) Stimulus Position: x ¼
9�; y ¼ 1�

Contrast: 1 

RF (54/M) Stimulus Position: x ¼
4�; y ¼ 1�

Contrast: 0.77 

DD (58/M) Stimulus Position: x ¼
5.5�; y ¼ 9�

Contrast: 0.7 

Visual representation of stimulus position in the binocular visual mapping where 
the black area indicates the blind hemifield/quadrant, the white area indicates 
the residual sighted region within the blind hemifield and the grey area repre
sents the sighted hemifield/quadrants. The stimulus is represented by two bars 
(one vertical and one horizontal) indicating the closest position to the fixation 
point. The square represents the area of visual stimulation. Left column: Pa
tient’s initials, age and gender. Middle column: representation of stimulus po
sition in the binocular visual mapping. Right column: information on stimulus 
position and contrast for each patient. 
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separately. These statistical analyses were implemented in SPSS (IBM 
Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. 
Armonk, NY: IBM Corp) and R version 3.6.1 (R Core Team, 2014). 

4.2. Functional data 

4.2.1. Regions of interest: human motion complex localizer 
To localize bilateral functional areas hMT þ individually in each 

participant, BOLD time course data were analysed by using a General 
Linear Model (GLM) approach with motion and static conditions as re
gressors. The six motion parameters of the (rigid body) realignment as 
well as the confound matrix of time points corrupted by large motion 
extracted by applying the fsl_motion_outliers tool, were included in the 
design matrix as additional nuisance regressors. We computed the GLM 
contrast moving > static dots and we masked the untresholded statistical 
map of each participant with the hMT þ region of interest extracted 
from the anatomically-defined probabilistic atlas (area V5 in the Juelich 
Atlas) after applying a threshold of 20% to avoid visual areas over
lapping. This analysis allowed to delimit borders of area hMTþ within a 
widespread motion-selective network extracted from the contrast of 
interest. The regions of interest obtained with this procedure were used 
in the following analyses to extract the mean activation of functional 
areas hMTþ in each participant during the orientation discrimination 
task. 

4.2.2. Orientation discrimination task 
For group analysis we aligned the patients’ brains to a uniform 

pathological template following the procedure of Ajina et al., 2015a. 
Therefore, for patients with lesion in the left occipital lobe (n ¼ 3) we 
flipped structural and functional data on the horizontal plane to make 
patients comparable by locating all lesions in the right hemisphere. 
BOLD time course data were analysed using a univariate GLM approach. 

A whole brain GLM analysis was performed separately for each group 
with visual hemifield stimulation (blind/sighted) and motion condition 
(moving/static) as explanatory variables whilst age and sex were 
entered as nuisance regressors. Moreover, the six motion parameters of 
the (rigid body) realignment as well as the confound matrix of time 
points corrupted by large motion extracted by applying the fsl_motio
n_outliers tool were included in the design matrix as additional nuisance 
regressors. Z statistic images were created for each contrast of interest by 
carrying out fixed effects analyses with a cluster defining threshold (z ¼
3.1, p < 0.001) and the corresponding cluster probability threshold (p ¼
0.05) using Gaussian Random Field correction (Worsley et al., 1996). 
With a fixed-effect analysis our results reflect the data of our specific 
population and do not allow to make claims regarding the wider pop
ulation of hemianopic patients. 

The first aim of this study was the evaluation of the neural basis of 
visual motion perception in the sighted as well as in the blind hemifield 
of hemianopic patients. For this reason, we computed the whole brain 
fixed-effects GLM contrasts motion > baseline and motion > static, 
separately for each group. Next, we extracted the resulting mean 
parameter estimates from functionally identified areas hMTþ, sepa
rately for each participant (ROI analysis). To evaluate significant dif
ferences between conditions, we computed a Wilcoxon Signed Rank Test 
for dependent variables on the individual parameter estimates, sepa
rately for the two groups. 

Moreover, to determine whether changes in the amplitude of the 
BOLD signal in bilateral areas hMT þ positively correlated with the 
behavioural performance of the group of patients, we carried out a 
correlation analysis (Spearman coefficient). The second aim of the study 
was the evaluation of the neural basis of visual processing of static 
stimuli in the sighted as well as in the blind hemifield. For doing that, we 
computed the whole brain fixed-effects contrast static > baseline, 
separately for each group. Then we extracted the mean parameter esti
mates from the ipsilesional cluster of activation within the occipital 
lobe, to assess the correlation between the BOLD signal change extracted 

and the behavioural performance in the static condition (Spearman 
coefficient). FDR (Benjamini and Hochberg, 1995) was applied to cor
rect for multiple comparisons. 

To test for group differences, we performed a whole brain mixed 
effects GLM analysis with a cluster defining threshold (z ¼ 2.3, p < 0.01) 
and the corresponding probability threshold (p ¼ 0.05), to create Z- 
statistic maps for the main contrasts of interest, entering age and gender 
as nuisance regressors. 

Finally, we visualized levels of hMT þ activation for each patient and 
we divided them in two subgroups based on the above-chance behav
ioural performance either in the moving or the static condition, to 
evaluate between-patients and between-subgroup differences that could 
reflect the modulation of behavioural performance. 

All statistical maps were superimposed on a 3D volume MNI tem
plate in fsleyes to locate the brain activation obtained using the proba
bilistic Juelich Atlas. To visualize the statistical maps on the cortical 
surface, we used BrainNet Viewer (Xia et al., 2013). Statistical tests were 
implemented in Matlab. 

4.2.3. DTI data statistical analysis 
In order to assess the integrity of white matter fibres belonging to the 

visual system, FA and MD values were extracted from white matter 
tracts connecting cortex and subcortical structures of each patient and 
control. A comparison between values obtained from the corresponding 
tract in the ipsilesional and contralesional hemisphere of patients was 
performed by means of non-parametric Wilcoxon Test for dependent 
samples with each row corresponding to FA or MD values from damaged 
or intact hemisphere of each patient. The difference between FA and MD 
values obtained from corresponding tracts in patients and controls was 
performed by means of non-parametric Mann-Whitney test for inde
pendent samples. FDR (Benjamini and Hochberg, 1995) was applied to 
correct for multiple comparisons according to the number of tracts and 
structural measures extracted. 

A measure of laterality, representing the difference in diffusivity (FA 
or MD) for corresponding tracts in opposite hemispheres was extracted 
using the formula described by Ajina et al., 2015b. 

Laterality in patients ð%Þ ¼
jFA=MDðintactÞ � FA=MDðipsilesionalÞj

FA=MDðipsilesionalÞ

In addition, we performed a correlation analysis to assess the non- 
parametric Spearman correlation coefficient between structural values 
extracted from ipsilesional tracts and the mean activation of ipsilesional 
area hMT þ as well as behavioural performance, with the aim of 
assessing the existence of a relationship between structural values, mean 
activation and behavioural performance. 

5. Results 

5.1. Behavioural performance 

In the blind hemifield of hemianopic patients, mean accuracy was 
above 60% in either condition but above chance only in the discrimi
nation of static stimuli, as shown by one sample t-test (t ¼ 5.05, p ¼
0.002). Mean accuracy was analysed by using a 2 � 2 repeated-measures 
ANOVA with visual field (blind/sighted) and condition (motion/static) 
as within-subject factors. There was a significant main effect of visual 
field [F (1,6) ¼ 27.627, p < 0.002], with higher performance in the 
sighted (mean ¼ 95.08%, SD ¼ 4.93) than the blind (mean ¼ 63.76%, 
SD ¼ 15.63) hemifield. Neither condition [F < 1] nor the interaction 
field x condition was significant [F ¼ 1.72, p > 0.238] (see Fig. 2, left). 
At the end of each block with stimulus presentation to the blind hemi
field, patients were asked to provide information on their average level 
of awareness of stimulus onset and not of stimulus orientation, On the 
basis of these data we calculated the awareness index, by dividing the 
difference by the sum of the levels of awareness reported for moving and 
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static stimuli: 

Awareness Index¼
ðAwarenessDynamic � AwarenessStaticÞ
ðAwarenessDynamicþ AwarenessStaticÞ

with this method, a positive difference would indicate a level of 
awareness higher for moving compared to static stimuli and vice versa 
(see Table 3). 

Single-subject analysis showed that 3/8 patients performed above 
chance in the moving condition and 4/8 in the static condition (see 
Table 2). According to the awareness scale, no patient was aware of the 
stimulus orientation, even if some patients reported to be aware of the 
presentation of the stimulus, mainly when it was moving (see Fig. 2, 
right). The two-way chi-square test showed significant results (χ2 (1) ¼
11.9; p ¼ 0.0005) only for patient LF who showed a higher number of 
correct responses than expected (Adjusted Residuals ¼ 3.68). This per
formance was associated with visual awareness for stimulus presenta
tion specific for the moving condition. On the contrary, patients GS and 
RF reported a lack of awareness for both stimulus presentation and 
orientation in moving and static condition with behavioural perfor
mance being significantly higher than chance only in the static condi
tion. Finally, in patients BC and DD behavioural performance was 
significantly above chance in both conditions. Interestingly, they both 

reported to be aware of stimulus presentation with moving stimuli, 
whilst they reported a different level of awareness associated with the 
static condition: BC was aware of the stimulus presentation (this ex
plains why the awareness index is negative) while DD reported lack of 
awareness. 

5.2. Functional imaging data 

5.2.1. Regions of interest: human motion complex localizer 
Using the mask created from the probabilistic atlas we functionally 

located area hMT þ individually in the two groups. The median volume 
of area hMTþ in the damaged hemisphere was 225 � 49 voxels (centre 
MNI coordinates 49.7, � 66.4, 3.6), whereas was 229 � 57 voxels (centre 
MNI coordinates � 42, � 73.6, 5.6) in the intact hemisphere. In healthy 
participants, the median volume of left hMTþ was 201 � 56 voxels 
(centre MNI coordinates � 42.3, � 73.7, 5.5) and that of the right hMTþ
was 214 � 48 voxels (centre MNI coordinates 49.4, � 66.7, 3.97). The 
size of area hMT þ tended to be smaller in controls, but the distribution 
in the two groups did not differ significantly either when considering the 
ipsilesional/left hemisphere (U¼38, p¼0.2712, r¼0.25 two-tailed) or 
the contralesional/right hemisphere (U¼33, p¼0.5979, r¼0.12 two- 
tailed). In the following ROI analysis, we accounted for the inter- 
subject variability in the ROI size by bounding the hMT þ to a fixed 
number of voxels with the highest t-values in the hMT þ Localizer, 
corresponding to the smallest region extracted in patients (80 voxels) 
and controls (85 voxels). In this way, we could exclude that the results of 
the ROI analysis are biased by differences in ROI size. 

5.2.2. Orientation discrimination task 

5.2.2.1. Visual processing of moving stimuli: one-sample whole brain T- 
Test. To quantify the BOLD signal change in response to visual motion, 
the activation relative to baseline was extracted separately for patients 
and controls. Moreover, we measured the contrast of interest moving >
static (not shown) to evaluate the activation directly related to the 
motion condition, removing all the confounding variables. 

In hemianopic patients (see Fig. 3, upper left) the stimulation of the 
blind hemifield when compared to baseline elicited a widespread 
bilateral activation of visual areas V3, V4, hMTþ (main peak in ipsile
sional hMTþ, MNI coordinates 52, -64, 2; z ¼ 12.4), parieto-frontal 
regions, as well as of the insular and premotor cortex. When consid
ering the sighted hemifield, we observed a significant activation of 

Fig. 2. Left: Boxplot showing the percentage of accuracy in discriminating the orientation of moving (orange) and stationary (yellow) stimuli following presentation 
to the blind and sighted hemifield of hemianopic patients. The boxplot spans the interquartile range (IQR) between the first and the third quartile; the Horizontal Line 
shows the median of the data; the whiskers are the two lines outside the box that extend to the highest and lowest observations [the “minimum” (Q1-1.5*IQR) and the 
“maximum” (Q3þ1.5*IQR)]. Right: Awareness Index calculated for each patient. 

Table 3 
Behavioural performance of single patients in the blind hemifield.  

PATIENT MOVING BLIND STATIC BLIND AWARENESS INDEX 

SL 46.03% 
(p ¼ 0.615) 

58.33% 
(p ¼ 0.245) 

0.04 

AP 40.74% 
(p ¼ 0.220) 

60% 
(p ¼ 0.203) 

0.25 

LF 91.2% 
(p < 0.001) 

61.5% 
(p ¼ 0.126) 

0.23 

BC 91.7% 
(p < 0.001) 

77.42% 
(p ¼ 0.003) 

� 0.04 

GS 54.29% 
(p ¼ 0.736) 

70.73% 
(p ¼ 0.012) 

� 0.05 

RF 46.77% 
(p ¼ 0.7) 

63.9% 
(p ¼ 0.04) 

0.01 

DD 66.67% 
(p ¼ 0.024) 

82.35% 
(p < 0.001) 

0.12 

Single patients’ percentage of correct responses in the blind hemifield and cor
responding results from the binomial test (only for the blind hemifield). In the 
last column we showed the awareness index extracted from each patient. 
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contralesional lateral occipital cortex (LOC), IPL, temporal pole and 
bilateral hMTþ, premotor cortex, supramarginal gyrus (SMG) and pa
rietal operculum. Moreover, the activation directly related to the motion 
condition (motion > static) in the blind hemifield included an extensive 
bilateral network composed by occipito-parieto-frontal regions, such as 
bilateral visual areas (V2, V3), hMTþ, superior and inferior parietal 
lobule (SPL/IPL), ipsilesional frontal pole, contralesional motor cortex 
and postcentral gyrus. Instead, in the sighted hemifield, it involved a less 
extensive network including bilateral areas hMTþ and a small portion of 
left LOC and premotor cortex. These results highlight an important inter- 
field difference in hemianopic patients: in contrast to visual stimulation 
of the sighted hemifield, in the blind hemifield we found a higher acti
vation in the moving than static condition in a widespread network 
involving bilateral occipital as well as ipsilesional fronto-parietal 
regions. 

In healthy participants (see Fig. 3, upper right), the contrast 
moving > baseline in the left hemifield yielded significant activation of 
bilateral areas hMTþ, parieto-frontal regions, as well as the right visual 
area V2 and LOC. The highest peak of activation (z ¼ 11.9) was in 
contralateral area hMTþ (MNI coordinates: 52–76 4; no-zero voxels 

227; z ¼ 6.45). When considering the right hemifield, we observed the 
activation mainly of the contralateral hemisphere involving area hMTþ
(MNI coordinates � 52, � 78, 0, z ¼ 15.8), precentral gyrus, IPL, SMG 
and the premotor cortex in addition to a small activation of ipsilateral 
area V4 and IPL. The contrast moving > static in either left and right 
hemifields revealed a significant activation mainly of the occipital lobe 
and bilateral areas hMTþ, with the main peak of activation in contra
lateral hMTþ. 

Taken together, these results confirm that the presentation of moving 
compared to static stimuli in the blind hemifield could elicit a much 
more widespread activation, involving areas beyond occipital regions. 
Moreover, they highlight the stronger involvement of the right premotor 
cortex during the discrimination of moving stimuli in both hemifields of 
patients in addition to the common activation of the left premotor cor
tex, likely due to the motor response (right hand) given at the end of 
each trial. 

5.2.2.2. Visual processing of static stimuli: one-sample whole brain T-Test. 
We assessed whole brain activation following presentation of static 
stimuli relative to baseline separately for patients and controls. 

Fig. 3. Whole brain activation in patients (A) and controls (B), for the contrast of interest moving > baseline for stimulation of the blind/left hemifield. The damaged 
hemisphere is the right (see Methods flipping procedure). Whole brain statistical maps resulting from the GLM contrasts (fixed-effect analysis) are shown on the 
cortical surface and have been thresholded using Gaussian Random Field Cluster-based correction (z ¼ 3.1, cluster probability threshold p ¼ 0.05). 

Fig. 4. Whole brain activation in patients (A) and controls (B), for the contrast of interest static > baseline for stimulation of the blind/left hemifield. The damaged 
hemisphere is the right (see Methods flipping procedure). Whole brain statistical maps resulting from the GLM contrasts (fixed-effect analysis) are shown on the 
cortical surface and have been thresholded using Gaussian Random Field Cluster-based correction (z ¼ 3.1, cluster probability threshold p ¼ 0.05). 
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In hemianopic patients (see Fig. 4, upper left), the contrast static >
baseline when stimulating the blind hemifield yielded a significant 
activation of ipsilesional area hMTþ (MNI coordinates 50, -64, 0; z ¼ 7) 
and bilateral premotor cortex, frontal pole and insular cortex. When 
considering the sighted hemifield it recruited bilateral areas hMTþ
(higher involvement of the contralateral hMTþ, MNI coordinates � 44, 
� 72, 2; z ¼ 7.7), SMG and premotor cortex, contralesional LOC, V4, 
thalamus and ipsilesional frontal pole. 

In healthy participants, the presentation of static stimuli in either 
left (see Fig. 4, upper right) and right hemifields yielded a significant 
activation of contralateral visual areas, hMTþ, SMG, IPL and MFG as 
well as ipsilateral parietal regions. 

The highest peak of activation was located in the left premotor cor
tex, likely due to the motor response that was performed with the right 
hand. 

5.2.2.3. Two-sample unpaired T-test: patients vs controls. As to the whole 
brain activation following presentation of moving stimuli (Fig. 3), where 
we found a more widespread activation in patients than in controls, we 
performed a two-sample unpaired T-test to investigate whether and 
where brain activation significantly differed between groups. In the 
contrast moving > baseline, we found a larger widespread activation in 
patients than controls mainly involving the contralesional hemisphere 
and, more specifically, the left frontal pole, parietal regions and bilateral 
frontal orbital cortex (see Figures S2, left). In addition, when contrasting 
moving > static we observed a stronger recruitment of a widespread 
network in patients compared to controls involving the ipsilesional 
frontal pole, superior, middle and inferior frontal gyrus, postcentral 
gyrus, as well as contralesional angular and supramarginal gyrus and 
bilateral precentral gyrus (see Figures S2, right and S3). By contrast, no 
significant higher activation was found in controls compared to patients. 
The observed wider recruitment in patients when stimulating the blind 
hemifield confirms the involvement of a widespread network including 
other areas beyond hMTþ, i.e. extrastriate visual areas, mainly in the 
ipsilesional hemisphere and areas belonging to the parietal and frontal 
lobes. By contrast, no significant difference was found in the between- 
group comparison when considering the sighted/right hemifield, 
except for a small activation of the right MTG, higher in controls than 
patients when contrasting moving vs baseline. Finally, we observed a 
stronger activation in patients for the contrast static vs baseline, 
involving the left frontal pole (pars triangularis); we obtained no other 
significant difference for the presentation of static stimuli in either the 
right or the left hemifield. Surprisingly, we observed a stronger activa
tion for patients than controls when stimulating the blind hemifield with 
either moving or static stimuli. These results might be due to the higher 
cognitive effort necessary for patients to discriminate stimuli that they 
could not perceive. 

5.2.2.4. Two-sample unpaired T-test: subgroups of patients. According to 
the behavioural performance (see Table 3), we divided our sample of 
patients in two subgroups to assess the neural bases of the difference in 
behavioural performance. The first subgroup was composed by those 
patients that showed a performance significantly higher than chance in 
the moving condition (LF, BC, DD); the second subgroup was composed 
by those with performance significantly higher than chance in the static 
condition (GS, RF, BC, DD). Interestingly, two of these patients (BC and 
DD) with higher than chance performance in both conditions reported a 
visual feeling of something occurring in the blind hemifield. 

The contrast between the first subgroup of patients and the 
remaining patients (patients with performance at chance level ¼ PT 
Chance Level in Figure S4) revealed a higher activation in the moving 
condition compared to baseline in bilateral SPL and LOC (superior di
vision) as well as in ipsilesional fronto-parietal regions and hMTþ. 
Looking at the whole brain activation extracted from the two subgroups 
separately (see Figure S4, bottom), we found that the ipsilesional area 

hMTþ was activated in both groups following the presentation of 
moving stimuli in the blind hemifield, but this activation was higher in 
the subgroup of patients who performed above chance in the same 
condition. 

The mean ROI activation extracted from each patient in the moving 
and static condition (Fig. 5, upper left) confirmed this result, high
lighting a difference going in the same direction: in the ipsilesional hMT 
þ for stimulation of the blind hemifield, we found the highest activation 
in the moving condition and the biggest difference between conditions 
in patients LF and BC i.e. those who performed above chance in the 
moving condition. 

Conversely, in the static > baseline contrast we observed a higher 
activation mainly of ipsilesional postcentral gyrus and parietal regions 
in the subgroup that performed above chance in the same condition. 
When looking at the whole brain activation extracted from the two 
subgroups separately, we found activation of bilateral occipital regions, 
mainly in contralesional visual areas V1, V2, V4, bilateral hMTþ and 
LOC in the subgroup that performed above chance in the static condition 
compared to a main bilateral fronto-parietal activation in the group of 
patients who performed at chance in the same condition. 

The activation observed in contralesional area V1 could represent 
the main factor that determines the higher performance in discrimi
nating the orientation of static stimuli. Instead, the small activation of 
ipsilesional area hMT þmight be related to the two patients that showed 
a behavioural performance higher than chance in both conditions (BC 
and DD) (see Figure S4). 

5.2.3. Orientation discrimination task: ROI analysis 
To evaluate significant differences between conditions in bilateral 

areas hMT þ functionally located for each participant, first, we extracted 
the mean signal amplitude per condition in each participant and then we 
performed a ROI analysis by comparing mean parameter estimates for 
moving and static condition, starting from the hypothesis of finding 
higher activation in the moving condition. These results provide addi
tional information on the specificity and selectivity of hMT þ activation 
in ipsilesional and contralesional hemispheres, despite lack of visual 
awareness, see Fig. 6. 

In patients, we extracted higher values for moving than static stimuli 
from contralateral hMTþ, except for patient SL (blind hemifield stimu
lation: Fig. 5, upper left) and patients AP and DD (sighted hemifield 
stimulation: Fig. 5, upper right). This result confirms the selectivity of 
area hMT þ for moving stimuli, even in the damaged hemisphere. 

The Wilcoxon-Test confirmed these results, showing a significant 
difference between conditions in bilateral areas hMTþ (ipsilesional 
z¼2.41, p¼0.01563, r¼0.54, median moving¼31.18, median stat
ic¼10.55; contralesional z¼2.27, p¼0.02344, r¼0.51, median 
moving¼15.75, median static¼9.072), when stimulating the blind 
hemifield, and in the contralateral hMTþ (z¼2.06, p¼0.03906, r¼0.46, 
median moving¼18.59, median static¼10.95), when stimulating the 
sighted hemifield. After correcting for multiple comparisons, only the 
difference in bilateral areas hMT þ following presentation of moving 
stimuli in the blind hemifield survived (FDR p¼0.04688). This result 
highlights the great impact produced by the presentation of a moving 
stimulus in the blind hemifield, on the activation of bilateral areas 
hMTþ, despite the lack of awareness (see Fig. 6, upper). 

In controls, we extracted higher values for moving than static 
stimuli from contralateral hMT þ when presenting stimuli in either the 
left or the right hemifield (see Fig. 5, lower), despite the high inter- 
subject variability. In this group, the Wilcoxon-Test indicates a signifi
cant difference between conditions in bilateral areas hMTþ (contralat
eral hMT þ z¼2.66, p¼0.007813, r¼0.59, median moving¼43.95, 
median static¼19.44; ipsilateral hMTþ z¼2.42, p¼0.01563, r¼0.54, 
median moving¼13.55, median static¼4.288), when stimulating the left 
hemifield. In contrast, the presentation of moving stimuli in the right 
hemifield elicited higher parameter estimates in contralateral but not in 
ipsilateral area hMTþ (z¼2.66, p¼0.007813, r¼0.59) with median 
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values of 48.84 for the moving and 17.24 for the static condition. All the 
significant results survived the correction for multiple comparison (see 
Fig. 6, lower). 

Moreover, we found that in controls as well as for the sighted 
hemifield of patients, the median activation of ipsilateral area hMT þ
following presentation of moving stimuli was smaller than that of 
contralateral area hMT þ for static stimuli, indicating that the contra
lateral activation was always slightly higher that the ipsilateral activa
tion, regardless of the nature of visual stimulation. However, a different 
trend was observed in patients when stimulating the blind hemifield 
where we found a higher activation in bilateral areas hMTþ for moving 
than static condition. These results suggest a selective hyper-activation 
for moving stimuli of the contralesional area hMTþ, ipsilateral to the 
visual stimulation. 

We carried out a correlation analysis between ROIs parameter esti
mates and behavioural performance. After applying a correction for 
multiple comparison (FDR), we found a significant positive correlation 
between parameter estimates extracted from contralateral area hMTþ
(moving > static) and behavioural performance in the same condition 
(ipsilesional hMT þ rho¼0.86, p¼0.048). In contrast, no significant 
correlation was observed between parameter estimates and behavioural 
performance in the static condition. These results confirm the positive 
linear relationship between hMTþ BOLD signal change and behavioural 
performance for moving stimuli, even though patients were not asked to 
discriminate motion direction. 

In order to test whether activation of spared areas in V1 could be 
linked with the behavioural performance, we performed a correlation 

analysis between the activation extracted from V1 (Juelich Probabilistic 
Atlas with a threshold of 70%) and the behavioural performance in both 
conditions. We did not observe any significant correlation. 

5.3. DTI results 

Fig. 7 shows maximum intensity projections of white matter tracts 
extracted from patient AP (right lesion) and DD (left lesion), visualized 
on their DWI image. 

Table 4 shows mean and standard deviation (sd) of FA and MD values 
for the three main white matter tracts. The comparison between values 
of FA for corresponding white matter tracts in the damaged vs. intact 
hemisphere showed significantly lower FA values (OR z¼2.28, 
p¼0.02249, r¼0.51; LGN-hMTþz¼2.29, p¼0.02154, r¼0.51) in the 
damaged compared to the intact hemisphere. A similar trend was 
observed for the SC-hMTþ tract but the difference was not significant 
(z¼1.77, p¼0.07593, r¼0.39). No significant difference was found when 
comparing MD between hemispheres. 

As expected, the comparison between values of FA for corresponding 
white matter tracts in patients and controls highlighted a significant 
difference between damaged hemisphere of patients and both hemi
spheres of controls (OR U¼19, p¼0.01474, r¼0.54; LGN-hMTþ U¼16, 
p¼0.00823, r¼0.59; SC-hMTþ U¼12.5, p¼0.00405, r¼0.64) with lower 
values in the damaged hemisphere. Surprisingly, we observed a signif
icant difference also between FA values for the contralesional LGN- 
hMTþ tract and either hemisphere of controls, indicating a possible 
structural impairment of white matter tracts in the intact hemisphere. 

Fig. 5. Mean activation extracted from contralateral area hMT þ for the contrasts of interest moving > baseline (red asterisks) and static > baseline (green dots) 
stimulating the blind/left and the sighted/right hemifield in patients (upper) and controls (lower). On the x-axes we show patients and controls; on the y-axes we 
showed mean parameter estimates extracted from hMT þ for the specific contrast of interest. 
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All these results survived correction for multiple comparisons (FDR). By 
contrast, no differences in MD survived correction for multiple com
parisons. Concerning laterality, we observed a similar trend for FA and 
MD values. In both cases, we extracted the highest values of laterality in 
the OR and the lowest values in the SC-hMTþ tract. Comparing these 
values with those of Ajina et al., 2015b for the LGN-hMTþ tract we 
found that our values of FA and MD laterality are close to values they 
found in blindsight positive patients (FA ¼ 13.7%, MD ¼ 9.6%). By 
contrast, as expected, we observed low values of left-right laterality in 
controls. 

5.3.1. Correlation hMT þ activation-DTI measures 
We obtained a significant positive correlation between the activation 

of ipsilesional area hMTþ in the contrast of interest moving > static and 
the values of FA for the ipsilesional LGN-hMTþ tract (rho¼0.95, 
p¼0.00084, FDR p¼0.0025). As shown in Fig. 8 (upper panel), patient 
BC represents an outlier, showing the highest values of both activations 
in area hMTþ and FA. Importantly, results do not change when data 
from this patient are removed (see Fig. 8, lower left). We found a general 
trend of negative correlation between hMTþ activation and MD values 
for the same tract (rho¼� 0.72, p¼0.068) and for the OR (rho¼� 0.75, 
p¼0.066). These results indicate a positive relationship between acti
vation of ipsilesional area hMTþ and the integrity of ipsilesional LGN- 
hMTþ tract, supporting the hypothesis of LGN as the main source of 
activation of area hMTþ in the damaged hemisphere. 

We observed no significant correlation between activation of area V1 
and DTI measures from all white matter tracts. 

5.3.2. Correlation performance-structural measures 
Importantly, we found a significant correlation between behavioural 

performance in the moving condition and FA (rho¼0.95, p¼0.00084; 
see Fig. 8, right) and MD (rho¼� 0.79, p¼0.033) values for ipsilesional 
LGN-hMT þ tract, indicating a linear relationship between the integrity 
of this pathway and behavioural performance (see Fig. 8, right panel). 
After applying correction for multiple comparison only the correlation 
between behavioural performance and FA values survived (FDR 
p¼0.0025). Also in this case, BC represents an outlier with the highest 
values of FA and behavioural performance. Importantly, results do not 
change when data from this patient are removed (see Fig. 8, lower right). 

The observed linear relationship between the integrity of ipsilesional 
LGN-hMTþ pathway, the activation of the ipsilateral area hMTþ and the 
behavioural performance strongly suggest this as the main source of 
activation of ipsilateral area hMTþ. Moreover, the activation of this area 
positively correlates with performance confirming the functional role 
played in discriminative behaviour. 

6. Discussion 

In this study, we tested behavioural performance and brain activa
tion during a forced-choice orientation discrimination task with moving 

Fig. 6. Boxplot representing the within-group mean signal amplitude extracted from contralateral and ipsilateral area hMT þ for the specific contrast of interest, 
during the stimulation of the left/blind or right/sighted visual hemifield in hemianopic patients (A) and healthy controls (B). In each panel, the x-axis shows the 
condition (moving or static) for the contralateral (C) or ipsilateral (I) hemisphere, and the y-axis shows the parameter estimates extracted from area hMTþ. Each 
boxplot spans the interquartile range (IQR) between the first and the third quartile; the Horizontal Line shows the median of the data; the whiskers are the two lines 
outside the box that extend to the highest and lowest observations. One asterisk indicates a significant difference that does not survive FDR correction; two asterisks 
indicate a significant difference between conditions after applying FDR correction for multiple comparisons. 
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or static visual stimuli presented to the blind or sighted hemifield of 
hemianopic patients (and healthy controls). Our study differs from 
previous studies in which moving dots were passively shown (Ajina 
et al., 2015a), or where patients were to perform a 2-AFC temporal 
detection task with drifting Gabor patches (Ajina et al., 2015b) or to 
discriminate stimulus motion direction (Benson et al., 1998; Azzopardi 
and Hock, 2010; Chabanat et al., 2019). Our aim was to find out whether 

motion could affect orientation discrimination and thus be adopted in 
future rehabilitation program for hemianopic patients. Various behav
ioural studies have demonstrated that perceptual relearning is possible 
following visual impairment and that can be transferred to different 
stimuli when performed with either moving (Huxlin, 2008), static bars 
(Chokron et al., 2008) or gabors (Das et al., 2014). This improvement 
has been associated with an increase in the activation of area hMTþ and 
in the kinetic occipital region (Van Oostende et al., 1997) in one hem
ianopic patient tested in a motion discontinuity task after training at 8 
and 11 months after the occipital infarct (Vaina et al., 2014). 

As mentioned in the results, at group level orientation discrimination 
performance did not significantly differ when presenting moving or 
static stimuli. Nonetheless, it is worth underlining that orientation 
discrimination in the blind field was significantly above chance in three 
out of eight patients in the moving condition and in four out of eight 
patients in the static condition. According to the level of awareness re
ported by the patients we can conclude that none of them could 
consciously report the stimulus feature despite some of them could 
report the presence of something occurring in their blind visual field. 
More specifically, our patients included: one with blindsight for motion 
(LF) associated with a feeling of something occurring in the blind 
hemifield, two with blindsight for static stimuli (GS, RF) with a complete 
lack of consciousness, two with blindsight for both stimulus conditions 
(BC, DD) with a weak feeling following the presentation of either static 
or moving stimuli (BC) or of moving stimuli (DD) and, finally, two pa
tients with performance at chance (SL, AP). Thus, it is worth stressing 
the fact that blindsight can be quite variable among hemianopic patients 
who might show this phenomenon for one and not another stimulus 
feature and with or without hints of perceptual awareness. This is 
important both from a general and applied viewpoint. The former for 
relating neural mechanisms to various forms of blindsight, the latter for 
an experimentally based rehabilitation strategy. 

The main objective of the study was to relate behavioural perfor
mance with both cortical BOLD signals assessed during the execution of 
the task and structural measures extracted from subcortical and cortical 
visual pathways. To quantify the fMRI activation of hMTþ we assessed 
the activation related to the moving condition following visual 

Fig. 7. Maximum intensity projections of white matter tracts extracted from patient DD (left lesion) and AP (right lesion). Green nodes indicate the seed of PT; yellow 
ROIs indicate the target of the probabilistic tractography. Red and blue tracts indicate right and left white matter tracts, respectively. Images are oriented according 
with the radiological convention (L¼left hemisphere; R¼right hemisphere.). 

Table 4 
FA and MD values extracted from white matter fibres.  

FA LGN-V1 LGN – hMTþ SC – hMTþ

IPSILESIONAL Median ¼ 0.33 
Sd ¼ 0.12 

Median ¼ 0.3 
Sd ¼ 0.088 

Median ¼ 0.3275 
Sd ¼ 0.018 

CONTRALESIONAL Median ¼ 0.41 
Sd ¼ 0.095 

Median ¼
0.34 
Sd ¼ 0.10 

Median ¼ 0.35 
Sd ¼ 0.018 

LATERALITY PATIENTS 17.08% 12.55% 8.39% 
LEFT Median ¼

0.4033 
Sd ¼ 0.034 

Median ¼
0.39 
Sd ¼ 0.035 

Median ¼ 0.364 
Sd ¼ 0.03 

RIGHT Median ¼ 0.42 
Sd ¼ 0.031 

Median ¼
0.38 
Sd ¼ 0.04 

Meadian ¼
0.3612 
Sd ¼ 0.019 

LATERALITY 
CONTROLS 

2.5% 0.5% 5% 

MD LGN-V1 LGN – hMTþ SC – hMTþ
IPSILESIONAL Median ¼ 1.06 

Sd ¼ 0.328 
Median ¼
0.96 
Sd ¼ 0.21 

Median ¼ 0.916 
Sd ¼ 0.06 

CONTRALESIONAL Median ¼ 0.91 
Sd ¼ 0.19 

Median ¼
0.87 
Sd ¼ 0.17 

Median ¼ 0.8857 
Sd ¼ 0.07 

LATERALITY 15% 7% 2% 
LEFT Median ¼ 0.91 

Sd ¼ 0.05 
Median ¼
0.85 
Sd ¼ 0.06 

Median ¼ 0.912 
Sd ¼ 0.05 

RIGHT Median ¼ 0.87 
Sd ¼ 0.06 

Median ¼
0.83 
Sd ¼ 0.06 

Median ¼ 0.92 
Sd ¼ 0.06 

LATERALITY 
CONTROLS 

3.4% 3% 0.8%  
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presentation to the blind as well the sighted hemifield of hemianopic 
patients and controls. In the latter, and in the sighted hemifield of pa
tients, we found an activation of bilateral area hMTþ with a contralat
eral main peak, thus confirming the results of Ajina et al., 2015a. When 
stimulating the blind hemifield we found a similar bilateral activation of 
area hMTþ with an ipsilesional main peak. The bilateral activation of 
area hMTþ was not unexpected considering that it is composed by 
different motion sensitive areas including MST and FST (Tanaka et al., 
2017). Moreover, it has been shown in the monkey that area MST ex
hibits a coarse retinotopic organization with large receptive fields 
extending 10� into the ipsilateral visual field (Desimone and Unger
leider, 1986; Duffy and Wurtz, 1991). A similar area which activates 
following stimulation of either hemifields has been described in humans 
(Dukelow et al., 2001; Huk et al., 2002). It is important to note that in 
our experiment visual stimulation was within the portion of the visual 
field bilaterally represented in MST. As to static stimuli, we found 
activation of extrastriate visual areas, more bilaterally distributed when 
stimulating the blind hemifield. Despite that, no significant correlation 
was observed between behavioural performance in the static condition 
and the BOLD signal change in the ipsilesional occipital cluster. 

In patients, for moving stimuli presented to the blind hemifield, we 
found the activation of a more widespread bilateral network in com
parison to controls. This network includes areas belonging to the dorsal 

stream, and mainly involves ipsilesional extrastriate visual areas, PPC, 
ventrolateral and orbital prefrontal cortex (Brodmann areas 11, 47) and 
a small portion of the dorsolateral prefrontal cortex (DLPFC; Brodmann 
area 46), i.e. a system involved in visually guided behaviour, in local
izing objects in space and in motion perception (high temporal fre
quencies; Zavitz et al., 2017) and characterized by fast response 
(Norman, 2002; Tamietto and Morrone, 2016) as well as contralesional 
IPL, SMG and SPL. Additionally, the stronger activation of the right 
ventrolateral prefrontal cortex (VLPFC) belonging to the ventral atten
tional network could be related to the reflexive reorienting of 
visuo-spatial attention (Corbetta and Shulman, 2002) toward the stim
ulus in the blind hemifield. Finally, we observed a similar increase of 
functional connectivity in ipsilateral occipito-frontal connections that 
was stronger in patients than controls (Pedersini et al., 2020), probably 
related to the superior longitudinal fasciculus connecting occipital and 
the frontal regions and passing through the parietal lobe. The higher 
activation of this fronto-parietal network in patients than controls can be 
interpreted in the light of neural plasticity mechanisms. It has been 
widely demonstrated that an early V1 lesion can strengthen the path
ways bypassing V1 as a consequence of neuroplastic changes (Guzzetta 
et al., 2010; Warner et al., 2015; Bridge et al., 2016). Our results can be 
interpreted as the outcome of a compensatory mechanism strengthening 
connections among brain regions involved in the processing of motion 

Fig. 8. Correlation between DTI measures, hMT þ activation and behavioural performance. Left panel: correlation between values of FA extracted from the ipsi
lesional LGN-hMTþ tract and parameter estimates extracted from the ipsilesional area hMTþ in the contrast moving > static, when considering the entire group of 
patients (upper) and after excluding patient BC (lower). Right panel: correlation between values of FA values for the ipsilesional LGN-hMTþ tract and behavioural 
performance in the moving condition. Each point represents values extracted from each patient. These correlations were significant after applying FDR correction for 
multiple comparisons. 
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(dorsal system). Besides, the importance of interhemispheric connec
tions and the contribution of homologous regions in the intact hemi
sphere in hemianopic patients has been clearly demonstrated by the 
bilateral activation of hMTþ following blind field stimulus presentation. 
A bilateral activation of areas belonging to the dorsal stream has been 
also described by Celeghin et al. (2017) contrasting blind vs sighted field 
visual stimulation during testing with the Poffenberger paradigm (Pof
fenberger, 1912), i.e. a test of interhemispheric visuomotor transmission 
(for review see Marzi, 1999). Moreover, fMRI and electrophysiological 
studies have reported the activation of visual areas in the intact hemi
sphere following presentation of visual stimuli in the blind hemifield 
(Bittar et al., 1999; Goebel et al., 2001; Kavcic et al., 2015; Sanche
z-Lopez et al., 2017). Likewise, structural studies have shown the exis
tence in blindsight patients of crossed fibres connecting the ipsilesional 
with the intact hemisphere (Leh et al., 2006; Bridge et al., 2008). Finally, 
it has been found that following rehabilitation the intact hemisphere 
becomes involved in the recovery of visually evoked response from the 
blind field (Nelles et al., 2009). 

An important result of the present study is that patients who per
formed above chance in the moving condition showed a higher activa
tion of ipsilesional hMTþwith moving stimuli with respect to those who 
performed at chance, indicating that this specific activation can actually 
be related to the higher performance in the orientation discrimination of 
moving stimuli. Moreover, the above activation positively correlated 
with behavioural performance in the same condition. In parallel, we 
found a stronger activation of contralesional primary and extrastriate 
visual areas as well as ipsilesional area hMTþ in patients who performed 
above chance in the static condition while no occipital activation was 
found in those who performed at chance. These results confirm the role 
of ipsilesional area hMTþ in discriminating moving stimuli and high
light the importance of contralesional and ipsilesional visual areas in 
discriminating static stimuli presented to the blind field. 

A further objective of the present study was the assessment of the 
integrity of fibres of three visual pathways, namely OR, LGN-hMTþ and 
SC-hMTþ. We analysed these fibres in all patients and controls in both 
hemispheres and found a significant impairment of FA in all ipsilesional 
tracts while MD was less affected by the lesion. The LGN-hMTþ pathway 
was the only one that showed a significant correlation of FA with acti
vation of ipsilesional area hMTþ and orientation discrimination in the 
blind hemifield. Thus, these results confirm the role of the LGN-hMTþ in 
both behavioural performance and activation of area hMTþ in an 
orientation discrimination task despite impairment of visual awareness. 
This is in keeping with Ajina et al., 2018 results of a retained structural 
and functional connectivity between ipsilesional LGN and area hMT þ
only in patients with blindsight. 

The important role of the LGN as a source of input for visual motion 
processing in the blind hemifield is not necessarily in contrast with that 
of the SC. It is likely that both structures are important but play a 
different role in unconscious vision with LGN relying input related to 
visual feature discrimination, like the bar orientation used in the present 
study, while the SC might be more strictly related to stimulus detection 
and visuomotor tasks, see Tamietto et al. (2010). 

Limitations of this study are represented first of all by the hetero
geneity of our group of patients. Admittedly, the patients have some
what different kinds of lesions affecting partly different portions of the 
visual pathway. Moreover, the time elapsed between the event and the 
fMRI scanning session was different, although always at the chronic 
stage. 

Moreover, during the fMRI session, since we did not have access to an 
MR-compatible eye tracker, we could only perform visual inspection of 
eye movements by using an MRI compatible camera. Thus, in principle 
some of our data could be contaminated by spurious small saccades 
undetectable by visual inspection that, however, are unlikely to move 
the gaze to the sighted field. 

Finally, due to the small sample size, when calculating the within- 
group mean activation, we had to perform a fixed-effect analysis. 

Therefore, our results reflect the data of our specific population, and 
therefore we cannot make claims regarding the wider population of 
hemianopic patients. 

7. Conclusions 

Following presentation of moving stimuli to the blind hemifield, 
despite absence of perceptual awareness, we found a significant acti
vation of bilateral areas hMT þ that positively correlated with behav
ioural performance in an orientation discrimination task. Unlike in 
controls, we found an activation of a bilateral widespread dorsal stream 
fronto-parietal network that presumably represents a compensatory 
system enabling an above chance response to unperceived moving 
stimuli. Furthermore, we found that the neural structures involved in 
above chance discrimination of static stimuli were different from those 
for motion stimuli and were mainly represented by contralesional striate 
and extrastriate visual areas and ipsilesional hMTþ. This is important for 
rehabilitation in showing that blindsight for different stimulus features 
is subserved by different areas. Finally, we found that the structural 
measure of ipsilesional LGN-hMTþ pathway correlated with the overall 
ipsilesional hMTþ signal change as well as with behavioural perfor
mance. Therefore, we can conclude that in our group of hemianopic 
patients, this pathway is a major candidate for playing an important role 
for ipsilesional hMTþ activation and behavioural performance in pres
ence of a lesion affecting the cortical visual centres and therefore the 
integrity of the visual field. 
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