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Abstract

Partial cortical blindness is a visual deficit caused by unilateral damage to the primary visual
cortex, a condition previously considered beyond hopes of rehabilitation. However, recent data
demonstrate that patients may recover both simple and global motion discrimination following
intensive training in their blind field. The present experiments characterized motion-induced
neural activity of cortically blind (CB) subjects prior to the onset of visual rehabilitation. This was
done to provide information about visual processing capabilities available to mediate training-
induced visual improvements. Visual Evoked Potentials (VEPS) were recorded from two
experimental groups consisting of 9 CB subjects and 9 age-matched, visually-intact controls.
VEPs were collected following lateralized stimulus presentation to each of the 4 visual field
quadrants. VEP waveforms were examined for both stimulus-onset (SO) and motion-onset (MO)
related components in postero-lateral electrodes. While stimulus presentation to intact regions of
the visual field elicited normal SO-P1, SO-N1, SO-P2 and MO-N2 amplitudes and latencies in
contralateral brain regions of CB subjects, these components were not observed contralateral to
stimulus presentation in blind quadrants of the visual field. In damaged brain hemispheres, SO-
VEPs were only recorded following stimulus presentation to intact visual field quadrants, via
inter-hemispheric transfer. MO-VEPs were only recorded from damaged left brain hemispheres,
possibly reflecting a native left/right asymmetry in inter-hemispheric connections. The present
findings suggest that damaged brain hemispheres contain areas capable of responding to visual
stimulation. However, in the absence of training or rehabilitation, these areas only generate
detectable VEPs in response to stimulation of the intact hemifield of vision.
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1. Introduction

Cortical blindness (CB) is a chronic loss of conscious vision usually caused by stroke
damaging primary visual cortex (V1) and/or the optic radiations (Cowey & Stoerig, 1991,
1995; Fujino, Kigizawa, & Yamada, 1986; Holmes, 1918, 1919; Lawton Smith, 1962;
Teuber, Battersby, & Bender, 1960; Trobe, Lorber, & Schlezinger, 1973; Weiskrantz,
Warrington, Sanders, & Marshall, 1974; Zhang, Kedar, Lynn, Newman, & Biousse, 20063,
2006b). CB is a severe impairment because V1 normally acts as a gateway of visual
information transfer between sub-cortical centers (primarily the dorsal lateral geniculate
nucleus, or dLGN) and multiple, extra-striate, visual cortical areas (Felleman & Van Essen,
1991; D C Van Essen, Anderson, & Felleman, 1992; D.C. Van Essen & Maunsell, 1983).
Thus, V1 damage markedly reduces feed-forward visual input to extra-striate visual areas,
affecting all visual perceptual modalities (perception of color, shape, mation, etc.).
Moreover, because ischemic or hemorrhagic insults affecting V1 tend to have low mortality
rates, patients are left with significant difficulties performing visually-guided activities of
daily living, including reading, visual search, locomotion, navigation and driving (e.g.
Bowers, Mandel, Goldstein, & Peli, 2009; Cole, 1999; Gutteridge & McDonald, 2004;
Kerkhoff, 2000; McDonald, Spitsyna, Shillcock, Wise, & Leff, 2006; Pambakian &
Kennard, 1997; Spitzyna et al., 2007; Vargas-Martin & Peli, 2002; Warren, 2009). Thus,
developing strategies to mitigate visual deficits in CB is vital, though controversial
(Bouwmeester, Heutink, & Lucas, 2007; Das & Huxlin, 2010; Horton, 2005; Kerkhoff,
2000; Pambakian & Kennard, 1997; Reinhard et al., 2005; Stoerig, 2008).

Building on our understanding of blindsight - the paradoxical ability of many CB subjects to
unconsciously process visual stimuli in their blind fields (e.g. P. Azzopardi & Cowey, 1998;
P. Azzopardi & Cowey, 2001; Holmes, 1918; Perenin & Jeannerod, 1975; Péppel, Held, &
Frost, 1973; Riddoch, 1917; Weiskrantz, 1996; Weiskrantz, Barbur, & Sahraie, 1995;
Weiskrantz, et al., 1974; Zeki & ffytche, 1998) - we and others have shown that it is possible
to re-train both simple and complex visual discriminations in portions of the blind field
using moving or flickering stimuli (Huxlin et al., 2009; Raninen, Vanni, Hyvérinen, &
Nasanen, 2006; Sahraie et al., 2010; Sahraie et al., 2006). However, these findings raise
many questions. Chief among them is: what mediates recovery - spared visual areas in the
damaged brain hemisphere, visual areas in the contralateral hemisphere, or a combination of
both?

To answer this question, we must first understand the functional consequences of V1
damage for the remaining circuitry — in essence, establishing what neural substrates are
available to be recruited by visual rehabilitation strategies. In the present study, we assessed
visually-evoked potentials (VEPS) in naive CB subjects (and age-matched controls) while
they performed a global direction discrimination task in the visual periphery of their blind
and intact visual fields (similar to that used by Huxlin and colleagues - Huxlin, et al., 2009).
We analyzed two principal VEPs — those generated by stimulus onset (SO-VEPSs) and by
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motion onset (MO-VEPs) — at lateral, posterior, electrode sites. In addition to measuring
basic parameters (amplitudes, latencies, etc.), we also asked whether when VEPs are elicited
in VV1-damaged brain hemispheres, they arise through the canonical, retino-geniculo-cortical
route, or only through an indirect (callosal) projection from visual areas of the intact brain
hemisphere.

The use of VEPs in CB has a long history, starting with Bergman (Bergman, 1957), and
followed by consistent reports until the 1990s (see Aldrich, Alessi, Beck, & Gilman, 1987
for review of earlier publications). In contrast with the present study, the majority of prior
work used flash and checkerboard pattern reversals presented either to the full visual field
(Brigell, Celesia, Salvi, & Clark-Bash, 1990; Celesia, Meredith, & Pluff, 1983; Onoffj,
Bodis-Wollner, & Mylin, 1982) or separately to blind and intact hemi-fields (Biersdorf,
Bell, & Beck, 1992; Brigell, et al., 1990; Celesia, et al., 1983; ffytche, Guy, & Zeki, 1996;
Kuroiwa & Celesia, 1981; Onofrj, et al., 1982). All prior studies reported normal VEP
responses from the intact brain hemisphere of CB subjects. Some also found reliable, though
not always normal, VEPs over damaged brain hemispheres upon blind field stimulation
(Anderson, Holliday, Singh, & Harding, 1996; Bodis-Wollner, Atkin, Raab, & Wolkstein,
1977; Celesia, Archer, Kuroiwa, & Goldfader, 1980; Celesia & Brigell, 1999; Ffytche, Guy,
& Zeki, 1995; Holliday, Anderson, & Harding, 1997; Rossion, de Gelder, Pourtois, Guerit,
& Weiskrantz, 2000), but most claimed an absence of VEPs under such conditions (Aldrich,
et al., 1987; Biersdorf, et al., 1992; Blumhardt, Barrett, & Halliday, 1977; Blumhardt,
Barrett, Kriss, & Halliday, 1982; Brigell, et al., 1990; Celesia & Brigell, 1999; Celesia, et
al., 1983; Kuroiwa & Celesia, 1981; Onoftj, et al., 1982; Watanabe et al., 2007). This
discrepancy is perplexing and could have arisen from a multiplicity of inter-study
differences: stimulus and task conditions, fixation control, whether patients passively
viewed stimuli or were engaged in a demanding task, variability in the age, shape, size and
severity of the cortical damage and field defect, as well as in brain anatomy and connectivity
between subjects. Furthermore, none of the prior studies investigated inter-hemispheric
transfer (IHT) or its most common metric: inter-hemispheric transfer time (IHTT). IHTT is
computed as the difference in latency of VEP components recorded from the brain
hemisphere contralateral to the visual stimulus, from those recorded in the ipsilateral brain
hemisphere, which obtains most of its visual input indirectly from the first brain hemisphere,
via the corpus callosum (Brown, Larson, & Jeeves, 1994; Saron & Davidson, 1989). V1 and
V2 of the two brain hemispheres are only callosally interconnected across their
representation of the vertical meridian (Hof et al., 1997; Hubel & Wiesel, 1967; Kennedy,
Dehay, & Bullier, 1986). In contrast, extra-striate visual areas are more extensively
interconnected, over a larger proportion of the visual field, with corresponding areas in the
contralateral brain hemisphere (Maunsell & Van Essen, 1987).

The degree to which visual areas in a V1-damaged brain hemisphere can generate VEPs
either from canonical, dLGN-to-cortex feed-forward input, or via callosal input from the
intact brain hemisphere has important implications for understanding visual processing
abilities preserved in cortically-blind fields. It may also allow us to predict the extent of
recovery that may occur following rehabilitation, and provide guidance as to the type of
training that would most efficiently induce that recovery.
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2. Materials and Methods

2.1. Subjects

Nine subjects with unilateral [partial] CB were recruited at least 6 months post-stroke (see
Table 1 for subject demographics). They ranged in age from 34 to 75 years, with a mean +
SD of 57.1 + 16.7 years and a median of 59 yrs. All CB subjects sustained unilateral damage
to the occipital lobe, including primary visual cortex (V1) and/or optic radiations, as verified
by examination of structural MRI scans obtained from their neurologist.

In addition, nine age-matched individuals (2 females and 7 males) were recruited to serve as
visually intact controls, including two of the authors (TM and VK). Control subjects had no
history of neurological disorders (including visual defects) or cognitive problems. They
ranged in age from 30 to 73 years, with a mean + SD of 58.6 + 14.9 years and a median of
66 yrs.

All subjects possessed normal or corrected-to-normal visual acuity. All experimental
procedures were approved by the Institutional Review Board of the University of Rochester
Medical Center and were carried out in accordance with the Declaration of Helsinki. These
procedures were explained to subjects, and written, informed consent was obtained prior to
participation.

2.2. Perimetric visual field testing

Before electroencephalographic (EEG) recording, Humphrey visual field tests (24-2 and
10-2) were performed monocularly, using a Humphrey Perimeter (HFA 11 750), by the same
ophthalmic technicians. This mapped the spatial extent of each subject's reported visual
deficit and allowed us to obtain a rough measure of the patient's fixation accuracy before
EEG recording. The Humphrey eye tracker was turned on for all visual field tests and
adequate tracking was obtained for all subjects in all Humphrey fields. The percentage of
fixation losses, false positives and false negative responses were computed for each visual
field test and only patients with acceptable fixation control (fewer than 20% fixation losses)
and fewer than 10% false positive and negative responses were accepted for the present
study. The 24-2 Humphrey results were then averaged across the two eyes and presented as
iso-sensitivity maps of visual detection performance (Figure 1). This gave us a better
estimate of baseline visual performance for EEG testing, which was carried out binocularly,
with stimuli presented at four locations, indicated by colored circles in Figure 1.

2.3. Psychophysical procedure during EEG recordings

Subjects were seated 57 cm (distance maintained using a chin-rest and a forehead bar) from
a 21-inch CRT monitor in a darkened room. Participants were asked to indicate left or right
direction of motion of white, random dot stimuli on a uniform black background. Trials
started when a fixation cross (0.5° of visual angle in length/width) appeared in the center of
the computer screen, lasting 1000 ms, followed by static, random dots (Figure 2). Random
dots were presented in a circular space 5 degrees in diameter, at a density of 2.6 dots/
degree?. When they first appeared, the dots were stationary for a uniformly-distributed,
randomly-chosen interval of between 1 and 2 s, after which they began moving at 10°/s
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(Figure 2). Motion was either “coherent” (all dots moving to the right or left) or “noisy”
(320° range of dot directions, sampled from a uniform distribution centered around the right-
or leftward vectors). Dot motion lasted for 500 ms or until subjects responded. Stimuli were
presented in one of 4 visual field quadrants - Upper Left (UL), Upper Right (UR), Lower
Left (LL), or Lower Right (LR) - so that the (x,y) coordinates in degrees of visual angle for
the center of each stimulus were (5,5), (-5,5), (5, -5) and (-5,-5) — see colored circles in
Figure 1. Subjects were instructed to press the left and right computer mouse buttons when
they perceived left and right global directions of motion, respectively, for each stimulus
presentation using their right hand. They were asked to answer as quickly as possible and to
guess if they were uncertain or unable to perceive the stimulus direction. The dots
disappeared after a response was made or after the 500 ms presentation. Each subject
completed 10 practice trials before EEG recording began and then performed a total of 70
trials in each of the four visual quadrants for each of the two conditions (DR0 and DR320),
with trial order randomized with respect to motion direction and quadrant. Thus, a total of
140 trials were collected per visual field quadrant. Experimental stimuli were controlled by
custom software on a Windows XP computer and interfaced with a second PC, which
recorded and analyzed the EEG activity. At the end of each EEG recording session, average
reaction times (RT) and accuracy measures (% correct performance) were extracted at each
of the four visual field locations where stimuli were presented. Performance was further
separated according to whether the stimulus had been placed completely in the cortically
blind field (blue circles in Figure 1), or whether it was fully or partially within intact or
spared regions of the visual field (red circles in Figure 1).

2.4. EEG Recording and Analysis

A 64-electrode Acti Cap scalp electroencephalogram was used to record EEG with the
BrainVision Recorder (BrainVision, Inc., Durham, NC) while subjects performed the left-
right, global direction discrimination task detailed above. Data were collected in a single
experimental session for each control and CB subject. The EEG recording locations included
an on-line and a ground at AFz midline electrodes (Figure 3A). Low and high pass filter
settings were 70 Hz and 0.1 Hz, respectively. The cutoff frequencies for these filters were
set at 3dB down; the roll off was 12dB per octave at both sides. Impedances were
maintained below 10 kS for each channel and balanced across all channels within a 5 kQ
range. EEG sampling was set at 500 Hz with 32 bit resolution.

ERP data were analyzed and VEP waveforms were generated using BrainVision Analyzer
(BrainVision, Inc.). Eye-blink artifacts were identified, and the EEG was reconstructed
without the blink using Independent Component Analysis. Further artifacts were rejected
semi-automatically. Then, through DC Detrend and Baseline correction, the average
amplitude of a 100 ms pre-stimulus interval was corrected to 0 V. Averages for each
electrode on each participant for each of the four stimulus conditions (four quadrants
collapsed across motion direction) were calculated. These averages were then filtered using
a Butterworth Zero Phase Filter with a low cutoff of 0.3305 Hz and a high cutoff of 20 Hz, a
time constant of 0.4815s, and a roll off of 12 dB per octave. Activity was finally pooled
across four posterior parietal-occipital electrodes in each brain hemisphere: for left
hemispheres, we pooled across electrodes P7, P5, PO7 and PO9, whereas for right
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hemispheres, we pooled across electrodes P8, P6, PO8, and PO10 (bolded in Figure 3A).
After pooling, we used a peak detection algorithm to determine SO and MO-VEPs
components. Components were considered present if their peak was >0.5 pV in amplitude in
the majority of subjects and located at approximately the correct latency. From the SO-
VEPs, we reliably identified the P1 component (a positive peak amplitude between 80 and
150 ms following static stimulus onset — Figure 3B), the N1 component (a negative peak
amplitude between 130 and 180 ms following static stimulus onset — Figure 3B), and the P2
component (a positive peak amplitude between 210 and 300 ms following static stimulus
onset — Figure 3B). From MO-VEPs, we identified the N2 component (a negative peak
amplitude between 100 and 250 ms following motion onset — Figure 3C). We also tried to
identify the MO-P1 component (a positive peak amplitude between 80 and 150 ms following
motion onset) as in our previous work (Kavcic, Martin, & Zalar, 2013; Martin, Huxlin, &
Kavcic, 2010). However, the MO-P1 component was not sufficiently well-defined and did
not reach 0.5uV in amplitude in the majority of our participants during lateralized stimulus
presentation. As such, it was not included in the present analyses.

Grand averages were calculated across quadrants of the same hemifield for each control and
CB participant, though in CB participants, we separated activity for stimulus placement in
intact or blind quadrants of the visual field. We then computed the amplitude and latency of
each peak of interest. Within the CB group, we analyzed VEPSs across 22 intact visual
quadrants (14 in the left visual hemifield, and 8 in the right visual hemifield — red circles in
Figure 1), and across 14 impaired visual quadrants (4 in the left visual hemifield and 10 in
the right visual hemifield — blue circles in Figure 1).

3.1. Global direction discrimination performance is impaired in cortically blind fields

Performance in the intact visual field quadrants of CB participants was similar in terms of
both accuracy (Figures 4C, E) and reaction time (RT - Figure 4D, F), to performance seen in
visually-intact controls (Figures 4A, B). Since there was no significant difference in
performance between intact visual field quadrants in either CB participants or controls, we
used t-tests to evaluate differences between the DRO and DR320 stimuli within and between
the two participant groups.

Accuracy—Control participants performed the global direction discrimination task in all
four visual field quadrants at nearly 99% correct accuracy when stimuli consisted of
coherently-moving random dots (DRO — white bars in Figure 4A). Similarly, CB participants
performed at 97 % correct in their intact visual field quadrants (white bars in Figure 4C).
Student's t-tests comparing performance between all quadrants of controls and the intact
quadrants of CB participants showed that controls had a slight but significantly higher
accuracy for discriminating DRO stimuli [t(16)=2.301, p=0.035]. When discriminating
DR320 random dot stimuli, performance fell to ~64% correct in control participants and
61% correct in intact quadrants of CB participants (grey bars in Figure 4A and E). Student's
t-tests comparing performance between all quadrants of controls and the intact quadrants of
CB participants showed that there were no significant difference between the two groups of
participants [t(16)=0.673, p=0.51]. When testing the differences between the two task a 2X4
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repeated measures ANOVA with stimulus type (DR0, DR320) and visual field quadrant
(UL, LL, UR, LR) as within-participant variables showed only a statistically significant
main effect of stimulus type [F(1,8)=120.40, p<0.0005], with greater accuracy with DRO
than with DR320 stimuli (mean £ SEM =99.2 + 0.1% correct for DRO; 63.6 + 1.1% correct
for DR320). For CB participants, paired-sample t-tests confirmed that in intact visual
quadrants, accuracy was significantly higher for DRO than DR320 stimuli [t(8)=14.439,
p=0.002].

For CB participants, we also tested differences in performance between intact and blind
quadrants of the visual field. As expected, there was significantly higher accuracy for
motion discrimination of DRO stimuli in intact quadrants relative to blind quadrants
[t(7)=6.36; p<0.0005] (Figure 4C). For DR320 stimuli, accuracy for stimulus motion
direction discrimination in intact versus blind quadrants was not significantly different,
[t(7)=1.256, p=0.249] (Figure 4E).

Reaction times—As expected, control participants discriminated the global direction of
motion of DRO faster than the motion of DR320 random dot stimuli (Figure 4B). A 2X4
repeated measures ANOVA with stimulus (DR0O, DR320) and visual field quadrant (UL, LL,
UR, LR) as within-participant variables showed only a main effect of stimulus type
[F(1,8)=32.00, p<0.0005]. As in controls, when pooling across quadrants, paired-sample t-
tests showed that on average, RTs were significantly faster for DRO stimuli (mean = SEM =
754 + 36ms, white bars in Figure 4D) than DR320 stimuli (957 + 47ms, plain grey bars in
Figure 4F; t(20)=6.65, p<0.0005). When comparing control and CB participants,
independent-sample t-tests showed no significant differences between the intact quadrants of
CB participants and controls [DRO: t(16)=0.644, p=0.528; DR320: t(16)=-0.095, p=0.926].

Within CB participants, paired samples t-tests indicated significant differences in RTs
between intact and blind quadrants for DRO stimuli [t(7)=6.36, p<0.0005, Figure 4D] but not
for DR320 stimuli [t(7)=1.256, p=0.25, Figure 4F]. Paired sample t-test showed no
significant differences in RTs in blind quadrants between DRO and DR320 stimuli
[t(7)=-1.128, p=0.296].

3.2. VEPs are significantly altered in CB participants

SO-P1, N1, and P2 and MO-N2 components were reliably obtained from pooled left and
right posterior electrodes in both control (Figure 5) and CB participants (Figures 6, 7). Our
most remarkable finding, however, was that in CB participants, VEP components were only
identifiable upon stimulation of the intact visual hemifield (Figure 6). When visual stimuli
were presented to blind visual field quadrants (i.e. contralateral to the damaged V1), CB
participants did not exhibit recognizable SO- and MO-VEPs in either damaged or intact
brain hemispheres (grey traces in Figure 7). Inter-hemispheric transfer results are
summarized schematically in Figure 8E.

In control participants, since there were no significant differences in amplitudes and
latencies for the VEP components of interest when stimuli were presented to different visual
field quadrants, responses were averaged across all 4 quadrants in each participant, then
averaged across control participants. Components were then analyzed with a 2 (group) X 2
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(brain hemisphere, contralateral vs. ipsilateral to stimulation) mixed factorial ANOVA,
except for the MO-N2, in which dot direction range (DR0 and DR320) was added as a
repeated measure.

3.2.1. SO-VEPs

SO-P1: P1 responses were clearly discernible in all control participants, and in the brain
hemisphere contralateral to stimulation in all CB participants. Ipsilateral to the visual
stimulus, the SO-P1 was identifiable in only 8/9 CB participants. SO-P1 amplitudes (Table
2) showed no significant effects of brain hemisphere [F(1,12)=1.218, p=0.291], group
[F(1,12)=0.02, p=0.889], nor interaction [F(1,12)=0.186, p=0.674]. For P1 latency (Figures
8A, C, E), there was no significant main effect of group [F(1,12)=0.13, p=0.725] but, there
was a significant main effect of brain hemisphere [F(1,12)=108.11, p<0.0005], and an
interaction between group and brain hemisphere [F(1,12)=9.171, p=0.01]. Evoked response
latency was indeed shorter on the contralateral side for both groups, but more so for CB than
control participants (P1 IHTTs in controls were 20£3ms, versus 43£7ms in CB participants;
two-tailed, independent t-test, t15=3.25, p=0.0054).

SO-N1: As with P1, a reliable N1 > -1uV in peak amplitude was identifiable in all controls,
in all CB participants' contralateral brain hemispheres, and in 8/9 CB participants over the
ipsilateral brain hemisphere. N1 amplitudes were significantly greater over contralateral than
ipsilateral brain hemispheres (Table 2) - the main effect of brain hemisphere was significant
[F(1,12)=30.699, p<0.0005], as was the interaction between brain hemisphere and group
[F(1,12)=18.59, p=0.001]. However, the effect of group was only marginal [F(1,12)=4.507,
p=0.055]. The SO-N1 latencies (Figures 8A, C, E) showed a significant main effect of brain
hemisphere [F(1,12)=65.296, p<0.0005], with earlier peaks over contralateral than ipsilateral
sides. Since average IHTTs were similar in CB and control participants (IHTTcg=28+8ms;
IHT Tgontrols=33+4ms), there was no main effect of group [F(1,12)=1.22, p= 0.291], and no
interaction between brain hemisphere and group on latency [F(1,12)=0.075, p=0.788].

SO-P2: The P2 component was clearly identifiable in all control participants, in all CB
participants' contralateral brain hemispheres, and in 8/9 CB participants' ipsilateral brain
hemispheres. P2 amplitudes were significantly greater over contralateral than ipsilateral
brain hemispheres (Table 2; F(1,13)=9.461, p=0.009). However, there was no main effect of
group [F(1,13)=0.001, p=0.982], and brain hemisphere did not interact with group
[F(1,13)=0.141, p=0.713]. P2 latencies (Figures 8A, C, E) were not significantly different
between brain hemispheres [F(1,15)=3.469, p=0.082] or groups [F(1,15)=1.03, p=0.326],
and there was no significant interaction between brain hemisphere and group
[F(1,13)=0.289, p=0.6].

3.2.2. MO-VEPs—The MO-P1 component did not reach 0.5V in amplitude in a sufficient
proportion of participants (whether controls or CB) to warrant inclusion in subsequent
analyses. In contrast, when motion stimuli were presented to controls or the intact visual
field quadrants of CB participants, reliable MO-N2 components were obtained in at least
one brain hemisphere. In participants with left brain hemisphere damage (N=6), MO-VEPs
could be recorded in both brain hemispheres — i.e. in the one contralateral to the stimulus
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(intact right hemisphere — see black traces in Figure 7B), as well as in the brain hemisphere
ipsilateral to the stimulus (left hemisphere containing the V1 damage — red traces in Figure
7B). Given the anatomical organization of the early visual system, the visually-evoked
activity in the brain hemisphere ipsilateral to the stimulus presentation likely arose via
callosal input from the intact, right brain hemisphere. In contrast, participants with right
brain hemisphere damage (N=3) showed no measurable, indirect [callosal] information
transfer to the damaged brain hemisphere following motion onset in their intact hemifield of
vision (red trace in Figure 7C). This occured in spite of a strongly elicited MO-N2 in the
intact brain hemisphere contralateral to stimulus presentation (black trace in Figure 7C).

For MO-N2 amplitudes (Table 3), there was a main effect of direction range
[F(1,12)=27.232, p<0.0005], with greater amplitude following lateralized presentation of
coherently-moving dot stimuli. However, there were no significant effects of brain
hemisphere [F(1,12)=0.001, p=0.97] or group [F(1,12)=0.526, p=0.482]. Nor were the
interactions between brain hemisphere and group [F(1,12)=0.231, p=0.64], direction range
and brain hemisphere [F(1,12)=0.114, p=0.742], or the three-way interaction
[F(1,12)=0.084, p=0.777] significant. However, the interaction between group and direction
range was significant [F(1,12)=16.575, p=0.002]. Coherent motion (DRO stimuli) generated
larger VEP amplitudes than DR320 stimuli, and this effect was much larger for CB than
control participants (Table 3).

For N2 latency (Figures 8B, D, E), there was a main effect of brain hemisphere
[F(1,13)=29.031, p<0.0005], with earlier peaks over contralateral than ipsilateral brain
hemispheres. The main effect of direction range was not significant [F(1,13)=1.71,
p=0.214], but the main effect of group was significant [F(1,13)=7.718, p=0.016], with
longer latencies for CB than control participants. The interaction between group and
direction range was also significant [F(1,13)=4.991, p=0.044]. No other interactions were
significant - whether between brain hemisphere and group [F(1,13)=0.377, p=0.55], brain
hemisphere and direction range [F(1,13)=0.002, p=0.968], or the 3-way interaction
[F(1,13)=0.763, p=0.398]. IHTTs for presentation to intact regions of the visual field of CB
participants were similar for DRO and DR320 (37+12ms and 32+8ms, respectively), and
neither mean was significantly different from that obtained in visually-intact controls [t(16)
= 0.445, p = 0.663].

4. Discussion

The present study allowed us to make two important determinations: first, there was a close
correlation between visual perception and motion onset VEPs obtained from contralateral,
occipito-temporal electrodes in all participants tested. Second, lateralized stimulus
presentations inside CB fields elicited no measurable VEPs in contralateral [damaged] brain
hemispheres. However, the same, damaged brain hemispheres exhibited reliable, albeit
delayed SO-VEPs [though not MO-VEPs] following intact hemifield stimulation, suggesting
that they could be activated via callosal input from the intact brain hemisphere.
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4.1. VEPs from lateralized stimulus presentation reflect visual discrimination performance

Consistent with prior reports of poor direction discrimination of complex motion stimuli in
cortically blind fields (P. Azzopardi & Cowey, 2001; Huxlin, et al., 2009), the nine CB
participants in the present study were unable to discriminate the global direction of motion
of coherently-moving or noisy, random dot stimuli in their blind visual quadrants. This was
not due to misunderstanding of the task demands, since participants exhibited completely
normal performance - both in terms of accuracy and RTs - in intact regions of their visual
field.

As predicted from the existing literature (Ceponiene, et al., 2008; Di Russo, et al., 2002;
Muller & Knight, 2002; Schendan & Kutas, 2007; Talsma & Kok, 2002), appearance of
stimuli in intact visual field quadrants generated well defined SO-P1, SO-N1, and SO-P2
components in all participants. While the cerebral origins of SO-VEP components are still
debated, the general consensus is that SO-P1 and N1 components are likely mediated by
extra-striate visual cortex and that they represent initial sensory-perceptual encoding (Di
Russo, Martinez, Sereno, Pitzalis, & Hillyard, 2002; Hillyard, Vogel, & Luck, 1998;
Mangun, Hillyard, & Luck, 1990; Natale, Marzi, Girelli, Pavone, & Pollmann, 2006;
Schechter et al., 2005; Woldorff et al., 1997). In contrast, the later P2 component has been
proposed to index some aspect of visual working memory (Ceponiene, Westerfield, Torki, &
Townsend, 2008; Lefebvre, Marchand, Eskes, & Connolly, 2005; Wolach & Pratt, 2001).
MO-VEPs from occipito-parietal electrodes include P1 and N2 components, which are
thought to originate in the human MT complex (hMT+) (Huk, Dougherty, & Heeger, 2002;
Kau et al., 2013; Tootell et al., 1995), with the MO-P1 component reflecting local pattern
processing, and the MO-N2 reflecting processing of visual motion (Bach & Ullrich, 1997;
Kuba, Kremlacek, & Kubova, 1998).

In contrast to stimulation of intact quadrants of the visual field, stimulus presentation to
blind quadrants in our CB participants elicited no detectable SO-P1, SO-N1, SO-P2 or MO-
N2. This is generally consistent with prior EEG observations in this population (Aldrich, et
al., 1987; Biersdorf, et al., 1992; Blumhardt, et al., 1977; Blumhardt, et al., 1982; Brigell, et
al., 1990; Celesia & Brigell, 1999; Celesia, et al., 1983; Kuroiwa & Celesia, 1981; Onoftj, et
al., 1982; Watanabe, et al., 2007). Previous studies that reported partial VEPs in CB patients
used different tasks and electrode selections than the present experiments, and importantly,
they did not examine responses to lateralized stimuli (Anderson, et al., 1996; Bodis-Wollner,
etal., 1977; Celesia, et al., 1980; Celesia & Brigell, 1999; Ffytche, et al., 1995; Holliday, et
al., 1997). Two prior reports, which used lateralized presentations in CB fields (Benson,
Guo, & Hardiman, 1999; Rossion, et al., 2000) were both done in the famous patient GY.
One of them (Benson, et al., 1999) contrasted VEPs in the intact and blind visual hemifields,
and found decreased amplitudes and increased latencies for the SO-C1 and MO-N2
components in the blind hemifield compared to those elicited by stimulus presentation to the
patient's intact visual hemifield. However, GY suffered his occipital damage at a relatively
early age (8 years old) and he possesses abnormal (enhanced) inter-hemispheric connectivity
as early in his visual system as the dLGN (Bridge, Thomas, Jbabdi, & Cowey, 2008; Ptito,
Johannsen, Faubert, & Gjedde, 1999; Silvanto, Walsh, & Cowey, 2009). This abnormal
connectivity may explain the presence of VEPs in his damaged brain hemisphere upon blind
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field stimulation and suggests that GY does not represent a valid comparison for the adult-
onset, V1-damaged participants who form the majority of the cortically blind patient
population, and were examined in the present study.

The lack of SO- and MO-VEPs from stimuli presented to cortically blind fields, while
consistent with the patients' lack of global discrimination abilities and much of the prior
literature, is nevertheless puzzling. Indeed, area MT, which is critical for complex motion
discrimination in primates (Lu, Qian, & Liu, 2004; Newsome & Paré, 1988; Pasternak &
Merigan, 1994; Thompson & Liu, 2006), is usually intact and responsive in many CB
participants (Barbur, Watson, Frackowiak, & Zeki, 1993; Bridge et al., 2010; Goebel,
Muckli, Zanella, Singer, & Stoerig, 2001; Martin, Das, & Huxlin, 2012; Ptito, et al., 1999),
and is suggested to play an important role in mediating blindsight (Alexander & Cowey,
2009). Thus, it was surprising to see no discernable waveforms elicited by a complex motion
task that should have elicited responses from hMT+. In fact, we know that two of the present
CB participants (CB1 and 9, who were used in a prior fMRI study (Martin, et al., 2012)),
exhibited significant BOLD responses in hMT+ and extra-striate cortex in their damaged
brain hemispheres upon presentation of global motion stimuli in their blind field (Martin, et
al., 2012). There are several reasons why VEPs may fail to reflect activity in hMT+ of CB
participants, even if such activity is present during fMRI. First, the direct projection from
dLGN to hMT+ is primarily koniocellular (Sincich, Park, Wohlgemuth, & Horton, 2004)
and consists of far fewer fibers than the projection from V1 or V2 to MT. As such, it may
not be sufficient to adequately synchronize dendritic currents in MT even if it changes firing
rates in many neurons. A change in firing rates may be sufficient to alter BOLD signal, but
not to be observable at scalp electrodes. Another possibility is that without a feedback loop
between MT and V1, there is insufficient, sustained activity in MT to generate a detectable
VEP signal with the small, random dot stimuli used here.

4.2. Inter-hemispheric transfer generates VEPs in V1-damaged brain hemispheres

Overall, our results showed two unexpected finding: 1) a significant difference between left
and right CB participants in terms of neuro-electric transfer of MO-VEPs, with left blind
participants showing an apparent failure of IHT; and 2) greater IHTTs in blind participants
compared to controls for SO-P1. Thus, while both brain hemispheres can transfer SO-related
activity to each other, it appears that only intact right brain hemispheres can transfer motion-
related activity to damaged, left brain hemispheres - not the other way around - and that for
SO-P1, transfer is slower when it does happen (summarized in Figure 8E).

Is there something special about right brain hemispheres in terms of their ability to transfer
visual mation information to left brain hemispheres? Marzi and colleagues (Marzi,
Bisiacchi, & Nicoletti, 1991) argued that in normal participants, there may be an asymmetry
in callosal connections, with more neurons projecting from right to left brain hemispheres
than vice versa. Alternatively, there may be a relative abundance of fast-conducting,
myelinated axons originating in the right brain hemisphere, relative to the left. This would
result in both increased activation and faster transfer of information from right-to-left brain
hemispheres (Barnett & Corballis, 2005). Partial support for this model was provided by
Miller (Miller, 1996), who reviewed 15 studies and found that 14 showed the right brain

Neuropsychologia. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kavcic et al.

Page 12

hemisphere to be larger than the left, likely due to a larger number of neurons and
myelinated axons. This is consistent with experimental observations of faster transfer of
visual information from right to left brain hemisphere than vice-versa, based on behavioral
studies (Brown, et al., 1994; Larson & Brown, 1997), as well as electrophysiological ones
(Barnett & Corballis, 2005; Patston, Kirk, Rolfe, Corballis, & Tippett, 2007). However,
none of these models predict our observed absence of IHT from intact left occipital cortex to
damaged right brain hemispheres. Possible explanations for this may include different brain
lesions in our cohort of left- and right-hemisphere-damaged participants, or that damage in
the corona radiata and striate cortex affected hemispheric interactions differentially in the
left versus right brain hemispheres. As for why SO-P1 IHTTs were longer in blind
participants compared to controls, this also remains a matter of speculation. Our controls
exhibited IHTTs within the normal range of values previously reported (Barnett & Corballis,
2005; Brown, et al., 1994; Saron & Davidson, 1989). The most likely hypothesis for greater
IHTTs in patients with V1 damage is that such lesions could desynchronize the hemispheric
interplay, thus slowing component latencies with respect to stimulus onset.

5. Conclusions

VEPs could be reliably elicited from both intact and damaged brain hemispheres in stroke
patients with cortical blindness. However, in damaged brain hemispheres, SO-VEPs could
only be recorded following stimulus presentation to intact visual field quadrants, via inter-
hemispheric transfer. MO-VEPs were even more limited, and could only be recorded from
damaged left brain hemispheres (i.e. when the right brain hemispheres were intact and able
to transmit the information), possibly reflecting a native asymmetry in inter-hemispheric
connections. Finally, the generation of VEPs by canonical, contralateral visual processing
appeared to most closely reflect the presence of normal global motion perception. When
such VEPs were absent, so was global motion perception. As such, MO-VEPS may serve as
a useful diagnostic tool for evaluating visual capacities in CB participants, especially if
conscious vision returns in parts of the blind field following visual rehabilitation.
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Humphrey visual field perimetry (24-2 test) assessed monocularly and averaged across the
two eyes. The grey scale indicates average luminance detection sensitivity in dB. Circles
represent the visual field locations and sizes of random dot stimuli the subjects were asked
to discriminate: red circles indicate stimuli that were presented in quadrants of intact vision,
while blue circles represent stimuli that were not discriminable because they were presented
inside blind regions of the visual field.
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1000 ms

Static dots
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Motion onset
(500 ms)

Motion to the right Motion to the left

Respond ASAP

Figure 2.
Schematic illustration of the global direction discrimination task performed during

acquisition of Visual Evoked Potentials (VEPSs). On each trial, after a random inter-trial
interval of 1-2 s, a fixation cross appeared in the center of the computer screen for 1 s,
followed by a cloud of stationary random dots presented inside a 5 deg diameter window in
one of the 4 visual field quadrants. After an interval that varied randomly between 1-2 s, the
dots began to move either to the right or the left for 500 ms. Subjects were asked to indicate
direction of motion of the stimulus as soon as possible (Respond ASAP).
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Figure 3.

Recording of Visual Evoked Potentials (VEPS) during lateralized stimulus presentation. A:
Schematic representation of 64 electrode locations used, with analyzed electrodes
highlighted in black (contralateral to stimulus presentation, indicated in the cartoon on top)
and red (ipsilateral to stimulus presentation). Ipsilateral responses are thought to arise
because of inter-hemispheric transfer from the brain hemisphere contralateral to the
presented stimulus. B: Grand average waveforms obtained from the contralateral and
ipsilateral brain hemispheres in visually-intact control subjects for stimulus onset VEPs (SO-
VEPs) during stimulus presentation in the lower left visual field quadrant (shown in A).
Vertical line at time 0 ms indicates random dots onset. P1, N1, and P2 desighate SO-VEP
components analyzed. The black line shows SO-VEP responses from the brain hemisphere
contralateral to the presented stimulus - i.e. from pooled P6, P8, PO8, and PO10 electrodes
(outlined in black in A). Red line shows SO-VEP responses from the brain hemisphere
ipsilateral to the presented stimulus - i.e., from pooled P5, P7, PO7, and PO9 electrodes
(outlined in red in A). C: Grand average waveforms of control subjects for motion onset
VEPs (MO-VEPs) illustrating the clear N2 component obtained for stimulus presentation in
the lower left quadrant. Vertical line at time O indicates the onset of dot motion. As in B, the
black waveform represents contralateral MO-VEP response, while the red waveform
represents the ipsilateral MO-VEP response. In both B and C, the difference in latency
between the red and back peaks/troughs denotes the inter-hemispheric transfer time.
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Figure 4.

Global direction discrimination performance in each quadrant of the visual field. A: Mean
accuracies of control subjects for motion direction discrimination in the DRO (open bars)
and DR320 (grey shaded bars) conditions for all 4 visual field quadrants. B: Average
response times of control subjects for motion direction discrimination with respect to DRO
(open bars) and DR320 (grey shaded bars) stimuli presented to each visual field quadrant. C:
Plot of average accuracy exhibited by CB subjects when discriminating direction of motion
of DRO motion stimuli, indicated separately for stimulus presentation to intact (open bars)
and blind (shaded bars) visual field quadrants. D: Average response times for CB subjects
performing the global direction discrimination task using DRO stimuli, plotted separately for
stimulus presentation to intact (open bars) and blind (striped bars) visual field quadrants. E:
Average accuracy of CB subjects while performing the direction discrimination task using
DR320 stimuli, plotted separately for intact (solid grey bars) and blind (striped grey bars)
visual field quadrants. F: Average response times of CB subjects performing the global
direction discrimination task using DR320 motion stimuli, plotted separately for intact (solid
grey bars) and blind (striped grey bars) visual field quadrants. See text for statistical results.
UL = upper left quadrant, LL = lower left quadrant, UR = upper right quadrant, LR = lower
right quadrant. Values plotted are means £ SEM. Numbers above bars in lower panels
represent the number of participants in the mean for each particular quadrant.
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Grand average waveforms in control subjects. A: Mean grand average SO-VEPs averaged
across all 4 visual field quadrants. B: Mean grand average MO-VEPs for DRO motion
stimuli. C: Mean grand average MO-VEPs for DR320 motion stimuli. Black traces represent
MO-VEP responses from the brain hemisphere contralateral to stimulus presentation. Red
traces represent MO-VEP responses from the brain hemisphere ipsilateral to stimulus

presentation.
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Figure 6.
Comparison of grand average waveforms following stimulus presentation to intact visual

guadrants of CB subjects (black traces) and corresponding locations in visually-intact
controls (grey traces). A: Grand average waveforms for SO-VEPs. B: Grand average
waveforms for MO-VEPs.
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Figure 7.
Grand average waveforms obtained in response to stimulus onset (SO-VEPS) and motion

onset (MO-VEPs) in CB subjects. A: Grand average SO-VEPs obtained contralateral (black
trace) or ipsilateral (red trace) to intact visual field quadrants, and contralateral (gray trace)
or ipsilateral (orange trace) to blind field quadrants. B: Grand average MO-VEP waveforms
for DRO motion stimuli obtained in CB subjects with left brain hemisphere damage only.
Color conventions as in A. C: Grand average MO-VEP waveforms for DRO motion stimuli
for CB subjects with right brain hemisphere damage only. Color conventions as in A.
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Figure 8.
Latencies of visually-evoked components and inter-hemispheric transfer patterns in controls

and CB subjects. A. Mean latencies for SO-P1, N1 and P2 components obtained from brain
hemispheres contralateral (black bars) and ipsilateral (red bars) to visual stimuli presented to
control subjects. A significant delay is observed between contra- versus ipsilaterally evoked
responses for all components except for P2. B. Mean latencies for the MO-N2 component
elicited from brain hemispheres contralateral and ipsilateral to visual stimuli (either DRO —
left bars, or DR320 - right bars) presented to control subjects. Note the significant delay for
information reaching the ipsilateral brain hemisphere. C. Mean latencies for SO-P1, N1 and
P2 components obtained from brain hemispheres contralateral and ipsilateral to visual
stimuli presented to CB subjects. Data were averaged across all subjects. D. Mean latencies
for the MO-N2 component elicited from brain hemispheres contralateral and ipsilateral to
visual stimuli (either DRO or DR320) presented to CB subjects with left brain hemisphere
damage. Right-damaged subjects did not exhibit interhemispheric transfer for motion-
evoked responses. Error bars = SEM. * = significant differences (see text for statistics). E.
Schematic representation of interhemispheric transfer in visually intact controls (top
diagram), as well as CB subjects with either left or right brain hemisphere V damage
(bottom two diagrams). Mean + SEM interhemispheric transfer times (IHTT) are provided
for SO and MO-VEPs which exhibited them. LGN: lateral geniculate nucleus, SC: superior
colliculus.
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Individuals with cortical blindness are denoted CB1-9. M: male, F: female

CB Subject Demographics

Table 1

Subject Gender Age (yrs) Time since stroke (mths)  Affected Hemifield
CB1 F 34 24 Right
CB2 F 34 8 Left
CB3 M 42 252 Right
CB4 M 54 11 Right
CB5 F 59 29 Left
CB6 F 69 11 Right
CB7 M 72 6 Right
CB8 M 74 7 Right
CB9 F 75 36 Left
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Table 2
Amplitude of stimulus onset (SO-) components following stimulus presentation to intact

visual field quadrants in control and CB subjects

Values are mean £ SEM for SO-P1, SO-N1, and SO-P2, computed separately for electrodes contralateral and
ipsilateral to stimuli presentation. Data were averaged across quadrants in each subject group. Shaded pairs of
values denote significant differences between contralateral and ipsilateral stimulus presentations.

SO-P1(uV) SO-NL(uV) SO-P2(uV)

Controls
Contra. 1.2+0.3 -1.1+£0.3 15+04
Ipsi. 1.0+0.2 -0.8+0.3 0.8+0.2
CB subjects Contra. 09+0.3 -28+04 14+04
Ipsi. 1.3+03 -14+£04 09+0.3
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Table 3
Motion-onset N2 component amplitudes following stimulus presentation to intact visual

field quadrants in control and CB subjects (left hemisphere damage only)

Values are means + SEM, averaged across visual field quadrants for contralateral and ipsilateral global motion
onsets in random dot stimuli. See text for statistical comparisons.

MO-N2 (V)

Controls DRO
Contralateral -20+0.4
Ipsilateral -20+£0.3
DR320
Contralateral -16+0.4
Ipsilateral -1.4+0.2

CB subjects DRO
Contralateral -22+03
Ipsilateral -20+£0.3

DR320
Contralateral -15+0.2
Ipsilateral -1.4+0.2
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