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Abnormal Contrast Responses in the Extrastriate Cortex of
Blindsight Patients
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When the human primary visual cortex (V1) is damaged, the dominant geniculo-striate pathway can no longer convey visual information
to the occipital cortex. However, many patients with such damage retain some residual visual function that must rely on an alternative
pathway directly to extrastriate occipital regions. This residual vision is most robust for moving stimuli, suggesting a role for motion area
hMT+. However, residual vision also requires high-contrast stimuli, which is inconsistent with hMT+ sensitivity to contrast in which
even low-contrast levels elicit near-maximal neural activation. We sought to investigate this discrepancy by measuring behavioral and
neural responses to increasing contrast in patients with V1 damage. Eight patients underwent behavioral testing and functional magnetic
resonance imaging to record contrast sensitivity in h(MT+ of their damaged hemisphere, using Gabor stimuli with a spatial frequency of
1 cycle/°. The responses from hMT + of the blind hemisphere were compared with hMT + and V1 responses in the sighted hemisphere of
patients and a group of age-matched controls. Unlike hMT+, neural responses in V1 tend to increase linearly with increasing contrast,
likely reflecting a dominant parvocellular channel input. Across all patients, the responses in hMT + of the blind hemisphere no longer
showed early saturation but increased linearly with contrast. Given the spatiotemporal parameters used in this study and the known
direct subcortical projections from the koniocellular layers of the lateral geniculate nucleus to hMT+, we propose that this altered

contrast sensitivity in hMT + could be consistent with input from the koniocellular pathway.
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Introduction

It is well established that residual vision, or blindsight, after dam-
age to primary visual cortex (V1) is most consistent for moving
and high luminance contrast stimuli (Riddoch, 1917; Weiskrantz
etal., 1974; Zihl and von Cramon, 1980), with the human motion
area hMT+ implicated frequently in functional imaging studies
of cortical blindness (Zeki and Ffytche, 1998; Goebel et al., 2001;
Nelles et al., 2002; Schoenfeld et al., 2002; Bridge et al., 2010).
Such observations are somewhat incongruous with our under-
standing of normal hMT+ sensitivity to luminance contrast, in
which a dominant magnocellular input leads to early saturation
such that even very low levels of contrast elicit significant activa-
tion above baseline (Tootell et al., 1995). Although receptive field
summation is likely to contribute to this effect, high-contrast
sensitivity is a feature of all stages of the magnocellular channel
(M channel), including magnocellular neurons in the lateral
geniculate nucleus (LGN; Derrington and Lennie, 1984). Thus,
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by investigating the contrast response properties of hMT + in the
absence of V1, it may be possible to understand the pathways by
which this residual activity arises in h(MT+.

An important approach to understanding neural pathways is
the use of diffusion-weighted tractography imaging (DTI), which
hasbeen used to investigate a number of visual pathways involved
in blindsight (Leh et al., 2006; Bridge et al., 2008). However, the
ability to use DTI to track between two brain regions does not
provide information about their function. Furthermore, it is not
yet possible to perform human DTI at sufficient resolution to
distinguish divisions of pathways into subtypes, such as the M,
parvocellular (P), or koniocellular (K) channels. In contrast,
functional magnetic resonance imaging (fMRI) can be used to
measure hMT+ responses when V1 is damaged, allowing a com-
parison with the known properties of the different subcortical
pathways. By comparing these responses with normal hMT+ and
V1 activity, we can consider whether contrast sensitivity in
hMT+ of patients is likely to be consistent with M- or P-driven
responses (Tootell et al., 1995; Boynton et al., 1996).

It is also possible to measure behavioral performance for stimuli
presented to the blind hemifield to determine how neural activity
relates to blindsight experience, a relatively neglected issue (Sahraie
etal., 1997; Zeki and Ffytche, 1998). Furthermore, it may be possible
to evaluate whether hMT + activity correlates more strongly with the
basic image properties of a stimulus or with the perceptual experi-
ence associated with its detection (Panagiotaropoulos et al., 2012)
and to consider how these two components are reflected in blood
oxygenation level-dependent (BOLD) signal changes.
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Visual field deficits and structural MRI scans for all patients. Perimetry reports are depicted schematically for each patient, with the location of the target Gabor stimulus superimposed.

Dense visual field loss is shown in black (<<0.5%) and partial loss in gray (<<2%). Stimuli were always restricted to a region of dense visual field loss, a minimum of 3° from fixation. Concentric rings
represent increments in retinal position of 10°, spanning the central 30°. Representative MPRAGE T1 structural axial slices demonstrating lesion location are also provided, with radiological
convention. Humphrey perimetry maps (Goldmann for P7) are included on the right side. Note that, on the Goldmann map, the red line represents the area in which the patient could detect stimulus
of parameters “i2e,” i.e., size i (0.1°), intensity 2e. For P5, this is a screenshot of the raw Humphrey thresholds at each retinal location.

Table 1. Clinical details and stimulus parameters for eight patients with unilateral striate cortex damage and homonymous visual field deficits (HVFD) who participated in

this study

Patient Sex Age (years) Pathology Time since pathology (months) HVFD Stimulus diameter Stimulus coordinates (x, y)
P1 F 67 Right occipito/temporal hemorrhage 6 LuQ 5 (—6.5,1)

P2 F 38 Right occipital tumor resection 36 LHH 8 (7,0

P3 M 69 Right occipital infarct 16 LuQ 5 (—=7.7,3.75)

P4 M 55 Left occipital and cerebellar infarct 18 RHH 8 (8.3, —2.55)

P5 F 42 Left occipital infarct 6 RHH 5 (5.5,3.5)

P6 M 36 Left occipital infarct 6 RHH 5 (7.7,0)

pP7 M 60 Left occipital infarct 96 RLQ 5 (6.5, —3.5)

P8 M 30 Left occipital infarct 156 RHH 8 (7,0)

The precise stimulus size and location varied slightly according to each patient’s pattern of field loss, with the (, y) coordinates corresponding to the stimulus center (degrees), mapped from the central fixation cross. For a schematic
representation, see Figure 1. LUQ, Left upper quadrant; RLQ, right lower quadrant; RHH, right homonymous hemianopia; LHH, left homonymous hemianopia; F, female; M, male.

Here, we used fMRI in eight patients with unilateral V1 dam-
age to measure visual responses in hMT+ and intact V1 to stim-
uli of varying contrast. To anticipate our findings, we found that
the pattern of BOLD signal changes evoked by different levels of
contrast in ipsilesional hMT+ did not show saturation at low
contrast. Rather, there was a linear response that persisted across
the entire range of contrasts tested.

Materials and Methods

Participants

Eight patients (three females) were recruited from ophthalmological or
stroke services in three United Kingdom National Health Service centers.
Testing was performed at the John Radcliffe Hospital (Oxford, UK). All
patients had sustained unilateral damage to V1, causing homonymous
visual field loss recorded by Humphrey perimetry or, in one case, Goldmann
perimetry [patient 7 (P7)]. Cases with additional visual impairment or ad-

ditional neurological disease were excluded from participation. Patholog-
ical changes had been caused by posterior circulation stroke in seven
patients and by benign tumor resection in one patient at least 6 months
previously (for axial T1-weighted structural images, see Fig. 1; for details,
see Table 1). Average * SD age at the time of participation was 49.6 =
15.0 years, and the average time after pathology onset was 42.5 months
(range, 6-156 months). Eight age-matched, healthy participants
(mean * SD, aged 53.6 = 12.2 years, three females) with normal or
corrected-to-normal visual acuity and no history of neurological disease
served as controls. Written consent was obtained from all participants.
Ethical approval was provided by the Oxfordshire Research Ethics Com-
mittee (Reference B 08/H0605/156).

Stimuli

Stimuli were generated using MATLAB (MathWorks) and the Psychophys-
ics Toolbox (Brainard, 1997; Kleiner et al., 2007). Visual stimuli consisted of
a drifting achromatic Gabor patch of 5° or 8° diameter displayed on a uni-
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Figure 2.
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Behavioral protocol and results for all patients. a, Schematic of the 2AFC detection procedure. Participants fixate on a central cross, with the onset of each 1500 ms interval alerted by

alow (interval 1) or high (interval 2) pitch tone. The stimulus can appearin either interval, for a period of 500 ms. At the end of the trial, participants are instructed to decide which interval the stimulus
appeared, with a subset of patients also asked to rate the confidence of this response. b, Throughout the experiment, fixation was recorded with eye tracking. Example data over three trials are
displayed here, with the y-axis representing horizontal gaze position on the screen (amplitude bar for scale). Any trials containing eye movements >1° toward the stimulus were excluded from
analysis (red top plot); blue plots (bottom) represent adequate fixation. ¢, Individual 2AFC detection performance for all individuals. The individual at chance (P3, dotted line) is clearly distinct from
other patients. When patients demonstrate identical scores for the same contrast levels, overlapping data points are plotted immediately above and/or below for visualization purposes. d, Average
group performance; error bars represent SEM. Detection exhibits a logarithmic relationship with contrast (R? = 0.98). e, Individual confidence ratings were collected in four patients, plotted here
aqainst detection performance. The relationship is described by a nonlinear curve, with confidence increasing the most for higher performance scores (R* = 0.89; MSE, 1.3).

form gray background of luminance 50 cd/m ~2, which was equal to the

mean luminance of all Gabor patches; temporal frequency was 10 Hz, and
spatial frequency was 1.3 cycles/. Five contrast levels were used (1%, 5%,
10%, 50%, and 100%), with stimulus location restricted to the specific loca-
tion of the scotoma and its corresponding location in the sighted hemifield in
each individual patient, a minimum of 3° from fixation (for a schematic
representation of the stimulus size and location in all patients and their
corresponding visual field deficit, see Fig. 1; for the stimulus coordinates for
each patient, see Table 1). For the behavioral experiment, two pure auditory
tones of 300 and 1200 Hz were generated using the same software tools. For
fMRI testing in the control group, stimulus size and position were matched
to the patient group. Individual cases were paired with controls, with stim-
ulus size and position replicated between each matched pair.

Behavioral procedure

Psychophysical testing was conducted outside the MRI scanner using a
60 Hz cathode ray tube monitor at a distance of 68 cm. Participants were
asked to indicate whether a stimulus appeared in the first or second time
interval (Fig. 2a) using a two-alternate forced-choice (2AFC) paradigm.
If they saw nothing, they were instructed to guess. In a subgroup of four
patients, we also collected confidence ratings for their choice with a scale
of 1-10. It was explained that a rating of 10 was to be used if they were
absolutely certain, whereas 1 was for a complete guess. Onset of each

interval was indicated by a 500 ms auditory tone, with 300 Hz marking
onset of the first interval and 1200 Hz for the second. Visual stimuli
appeared for 500 ms with jittered onset while the participant fixated on a
central black cross. Stimulus contrast was altered parametrically between
the five levels at random, with 20 trials per condition. The allocated
interval (first or second) was also generated at random. Participants
additionally performed a run of control testing, with stimuli presented to
the equivalent location in their sighted visual field. Fixation was recorded
throughout the experiment with an Eyelink 1000 eye tracker (SR Re-
search), and any trials with eye position >1° from fixation were excluded
from analysis (for examples, see Fig. 2b). Participants were reminded to
maintain fixation, with the investigator observing this in real time. Any-
one making even a small eye movement into their damaged hemifield
was given specific instruction not to do so, and it was explained that these
data would have to be discarded.

During the experiment, patients were also asked to describe the stim-
ulus presented to their blind field to the experimenter. This was per-
formed after completing three blocks of testing, i.e., after all five contrast
levels had been tested three times in the blind field, but before the sighted
hemifield had been tested. Patients were encouraged to be as detailed as
possible with their description, which was noted by the experimenter. No
feedback was given on the accuracy of their description.
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fMRI procedure a
Stimuli during scanning were presented on a
1280 X 1040 resolution monitor at the back of
the MRI scanner bore. Participants viewed
stimuli via a double mirror mounted on the
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screen position to that used in behavioral test- c Patients d Controls
ing (for illustration, see Fig. 3a). For each
block, a Gabor of the same luminance contrast Blind HF Sighted HF RHF

appeared eight times with 2 s duration and in-
terstimulus interval of 500 ms. Angle of drift
was allocated randomly in one of two orthog-
onal directions for each stimulus. A 10 s rest
period followed each 20 s block. There were 5 ¢
three runs in total, each lasting 300 s. Through-
out the experiment (during the condition and
rest blocks), participants performed a task to
maintain fixation by pressing a button every
time a central fixation cross changed color
from black to red (Fig. 3a). Color changes oc-
curred at random and lasted 300 ms, and par-
ticipants were instructed at the start to try not
to miss any red crosses. It was emphasized that
they must try to maintain fixation throughout
and avoid moving their eyes around the screen.
All participants scored >90% on the fixation
task averaged across all blocks (mean * SE,
96.8 * 1.7% in patients and 94.7 = 2.3% in
controls). Run 3 in P1 and P2 was excluded
because block performance fell =75% (i.e., at
least one red cross was missed) during blind
hemifield conditions, and this dip in perfor-
mance was isolated to this one run. This en-
sured that there was no bias from an
unbalanced number of repeats for each condi-
tion. Only one other patient (P8) showed any
dips in performance, which were in odd blocks
across all runs (affecting four blocks in total).
Because of the difficulty in removing individ-
ual blocks, these data remained within the
analysis. An EyeLink 1000 eye tracker (SR Re-
search) was used to confirm central fixation by recording eye position.

Figure 3.

left hemifield.

fMRI acquisition and preprocessing

Scanning took place in a 3T Siemens Verio MRI scanner at the Functional
MRI of the Brain (FMRIB) Centre (University of Oxford), using a 32
channel head coil. Four hundred fifty-six functional volumes were ac-
quired in a single session, duration 15 min [T2*-weighted EPL; 34 se-
quential 3 mm slices; repetition time (TR), 2000 ms; echo time (TE), 30
ms; field of view, 192 mm]. Magnetization was allowed to reach a steady
state by discarding the first five volumes, an automated feature of the
scanner. A high-resolution (1 X 1 X 1 mm voxels) whole-head T1-
weighted MPRAGE anatomical image (TE, 4.68 ms; TR, 2040 ms; field of
view, 200 mmy; flip angle, 8°) and a field map with dual TE images (TE1,
5.19 ms; TE2, 7.65 ms; whole-brain coverage; voxel size, 2 X 2 X 2 mm)
were also acquired for each participant.

Preprocessing and statistical analyses were performed using tools from
FSL (FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl). Non-
brain tissue was excluded from analysis using the BET (Brain Extraction
Tool; Smith, 2002), motion correction was performed using MCFLIRT
(FMRIB Linear Image Restoration Tool with Motion Correction; Jenkin-
son et al., 2002), images were corrected for distortion using field maps,
spatial smoothing used a Gaussian kernel of FWHM of 5 mm, and high-
pass temporal filtering (Gaussian-weighted least-squares straight-line
fitting, with o = 13.0 s) was used. Functional images were registered to

zstat zstat

H4
26

zstat

LHF

fMRI procedure and activation results for high-contrast motion. a, Simple block design consists of a drifting Gabor
presented to the “blind” portion of visual field or its equivalent location in the sighted hemifield during 20 s blocks. Stimulus
contrast is altered at random for each block across five contrast levels, representing 10 conditions. A concurrent fixation task
requires participants to press a button every time the fixation cross changes color to red. All participants scored >>90%. b, V1
activation during 100% contrast motion in the right hemifield of controls and the blind right hemifield of patients. No V1 activity
is seen in the patient group, whereas controls show a small cluster of activity corresponding to the stimulus. The small volume
reflects the small stimulus size and variation in location between participants, which had been matched to patients (Fig. 1). ¢,
Thresholded activation maps for 100% contrast stimulation comparing the blind (left column) and sighted (right column) hemi-
fields of patients show significant hMT + activity. d, Equivalent results in control participants. Mixed-effects analysis, p << 0.001
uncorrected for a priori ROIs; elsewhere, cluster corrected, p << 0.05; results are displayed in MNI space. RHF, Right hemifield; LHF,

high-resolution structural scans using FLIRT (FMRIB Linear Image Res-
toration Tool; Jenkinson and Smith, 2001) and to a standard MNI brain
template using FLIRT and FNIRT (FMRIB Nonlinear Image Registration
Tool; Andersson et al., 2007).

fMRI analyses

Region of interest analysis. Each of the 10 fMRI conditions (e.g., left hemi-
field, 1% contrast) were entered into the general linear model (GLM) as
separate explanatory variables and were contrasted against the baseline
fixation task to generate contrast of parameter estimates for each condition
in every voxel. Parameter estimates modeling signal change were then ex-
tracted from regions of interest (ROIs) within functional space for each
individual. The percentage signal change was calculated by scaling each con-
trast by the peak—peak height of the regressor and dividing by the mean over
time. These measures were averaged across participants to generate group
plots for signal change as a function of stimulus contrast (Fig. 4) and were
used in all correlation and regression analyses.

Whole-brain GLM group analysis. Group analyses were also performed
to look for brain regions showing significant activation during blind
hemifield stimulation. For this purpose, it was necessary to align patient
brains to a uniform pathological template, with lesions located in the
same “left” hemisphere, corresponding to a “right-sided” visual deficit.
This required that the structural and functional images of three patients
(P1, P2, and P3) were flipped in the horizontal plane. All activation
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Figure 4.

to the regression line for h\MT+ during blind field stimulation in patients (green diamond).

coordinates are reported in MNI space, and Z statistic images are dis-
played on mean structural images for the group, which have been trans-
formed to standard space. Mixed-effects analyses were performed for
each hemifield separately in the control and patient groups. A statistical
threshold of p < 0.001 uncorrected was used to test for significance
within V1 and extrastriate cortex, for which we had a priori hypotheses.
Elsewhere, correction for multiple comparisons was made using a cluster
threshold of p < 0.05 unless stated otherwise.

Whole-brain parametric group analysis. A parametric group analysis
was also performed to assess the specificity of different relationships

Control V1

Stimulus contrast (%)

~Patient V1, sighted field

Fitted regression slopes

Group plots of signal change versus stimulus contrast within V1 or h(MT+ ROIs. a, Control group hMT -+ shows an
early saturation at low levels of contrast, described by a logarithmic response. b, Control V1 shows a much stronger linear
component, with signal change continuing to increase with each rise in stimulus contrast. ¢, Sighted hMT + response in patients
shows high signal change at 5 and 100% contrast. d, Sighted V1 in the undamaged hemisphere of patients, similar to controls,
shows a predominantly linear relationship with increasing contrast. e, Ipsilesional hMT+ in patients is best described by a linear
relationship with contrast (MSE, 0.002). f, Normalized linear regression lines between 5 and 100% contrast capture the early
plateau of activity in normal hMT+ responses. hMT+ in controls (red triangle) and the sighted hemifield of patients (dotted red,
triangle) both show shallow increases in signal change representative of this early saturation in activity. Conversely, V1 of controls
(blue circle) and the intact hemisphere of patients (dotted blue, circle) show a comparable, steeper gradient that is notably similar
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between fMRI signal change and stimulus con-
trast throughout the whole brain. The same
technique and statistical analyses were used as
for the whole-brain GLM analysis, except that
normalized integers representing linear and
logarithmic models were entered as weights
into a group GLM, along with contrast images
for all participants.

Whole-brain behavioral group analysis. A
similar technique was also used to look for
brain regions demonstrating a direct relation-
ship between fMRI signal change and behav-
ioral 2AFC performance. Only patients
showing significant detection above chance
were included in this analysis. This was defined
as achieving an average score above chance, us-
ing a statistical threshold of p < 0.01 and a
cumulative binomial distribution. This crite-
rion led to the exclusion of one participant
from analysis (P3). Individual detection scores
for each contrast level in the seven remaining
patients were normalized and entered as
weights into a higher-level GLM, along with
the corresponding contrast of parameter esti-
mate for the blind hemifield condition. Fixed-
effects analyses were performed for the blind
hemifield only.

R?2=0.97

50 75 100

50 75 100

Stimulus contrast (%)

Regions of interest

hMT+ masks were derived from anatomically
defined probabilistic maps (Juelich atlas im-
plemented in FSL; Malikovic et al., 2007), non-
linearly transformed into functional space for
both patients and controls to ensure consis-
tency between participant groups. In native
space, average hMT + ROI volume was 87.3 *
30.8 voxels in patients and 99.6 £ 14.3 voxels
in controls, with no significant difference be-
tween the two groups (f = 1.4, p = 0.16). V1
masks in controls and in the intact hemisphere
of patients were defined functionally for each
participant so that they corresponded to stim-
ulated regions of calcarine cortex. Average V1
ROI volume was 38.5 £ 37.9 voxels in patients
(undamaged hemisphere) and 23.7 = 20.1
voxels in controls (averaged across hemi-
spheres); the small volume reflective of the
small 5° or 8° diameter stimulus used. There
was again no significant difference in ROI vol-
ume when comparing patients and controls
(t=13,p = 0.22).

50 75 100
Stimulus contrast (%)

Results

Of the eight participants with V1 damage,
seven performed significantly above chance
at detecting a drifting achromatic Gabor
within their blind visual field scotoma (Fig.
2¢). Such blindsight performance showed a
clear positive relationship with stimulus
contrast, described by a logarithmic relationship [R* = 0.98, F =
9.7 log vs linear regression, p = 0.05; Fig. 2d; mean square resid-
ual error (MSE), 3.6 vs 34.7]. Throughout all experiments, trials
with eye movements were discarded from analysis [for eye-
tracker data over three trials, see Fig. 2b; the red (topmost) plot
corresponds to a deviation in fixation toward the stimulus and
was therefore excluded]. Overall, significant deviation from fix-
ation constituted 1.88% of all trials, which were discarded. Par-
ticipants performed an identical task for stimuli presented to
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stimuli at 100% contrast (mean confi-
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ratings, with the relationship described by
anonlinear curve (Fig. 2e; MSE, 1.3 vs 1.7
linear), such that confidence increased the

- Figure 5.
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Individual hMT+ and V1 signal change at 5 and 100% contrast. Representative data are shown here for four patients
(P4, P5, P7, and P8) and one control (C2). Mean signal change is shown for h(MT+ during blind hemifield (left column, green

diamonds) or sighted hemifield (middle column, red triangles) stimulation. The right column (blue circles) depicts signal change in

hMT+ responds to high-contrast
motion in the blind hemifield

A group-level analysis was performed to
measure the effect on BOLD signal change elicited by a high-
contrast drifting Gabor (100% contrast) presented within the
blind visual field of patients. This was compared with stimulation
of the opposite, sighted hemifield (Fig. 3¢), as well as a group of
age-matched controls (Fig. 3d). As expected, controls showed
significant activation throughout the contralateral visual cortex,
including V1, with peak activation in hMT+ on the right [Z =
4.0, MNI coordinates (46, —60, 8)] and areas V4 and hMT+ on
the left [Z = 4.6, MNI coordinates (—30, —70, —14); Z = 4.3,
MNI coordinates (—40, —78, 8)]. Patients showed a similar pat-
tern for their sighted hemifield, although they demonstrated a
slightly greater degree of ipsilateral A(MT+ activation (i.e., in the
ipsilesional hemisphere) compared with controls (Fig. 3¢, right
column). For stimulation of the blind hemifield (Fig. 3¢, left col-
umn), a small region in contralateral A(MT+ (ipsilesional) dem-

V1 of the intact hemisphere during sighted field stimulation. Error bars represent the voxelwise variance estimate across the ROI.
Signal change axes are matched for peak and minimum values and always go through zero (dotted gray line).

onstrated significant activation above baseline [peak Z = 3.6,
MNI coordinates (—40, —62, 6), p < 0.001]. No significant ac-
tivity was seen in the early visual cortex in which lesions were
located, unlike in controls (for a direct comparison, see Fig. 3b),
or in the intact ipsilateral hemisphere. The group activity in V1 is
weakened in control participants because the stimulus size was
small and location varied to match each patient’s visual field
damage (Table 1); individual activation is considerably greater as
can be seen in Figure 8.

Blind hMT+ contrast response resembles healthy V1

Responses in control participants are shown in Figure 4, a and b.
As expected, contralateral h(MT+ (Fig. 4a) showed a large initial
increase in signal change for low levels of contrast, with activity
remaining fairly constant despite subsequent increases in con-
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off in response, which is captured slightly
better with a Naka—Rushton model (MSE,
0.002). Individual data in Figure 5 show
the response to 5 and 100% contrast in
four patients and one control participant.
The middle column shows the percentage
signal change in sighted hMT+ of pa-
tients (triangles), whereas the right col-
umn shows the same data for V1 in the
sighted hemisphere (circles). The individ-
ual responses are likely to be noisy because
each condition was only presented for 60 s
per participant, but the increase in signal
change between 5 and 100% contrast was
generally more marked and consistent in
V1, with smaller error bars.

For stimulation of the blind hemifield
(Figs. 4e, 5, green diamonds), BOLD sig-
nals in hMT+ increased with stimulus

0.4 0.8

s 20 o g 2.0 1A contrast, and this relationship was also
. O 2031 o a0 19A well described by a linear regression (R* =
2 10 £ 10 - SR e 0.97; MSE, 0.002). In this case, neither a
2 © o G A logarithmic nor Naka—Rushton model fit
3 o= S the data as well (MSE, 0.02 for both). A
g 00 %O o = 0.0 7 shallow gradient of the regression lines fit
E & across 5-100% contrast should reflect the
> -1.0 s -10 early plateau of activity seen in normal
B o = A hMT+. In contrast, in V1, in which signal
S 20 £ 5o change continues to increase with stimu-
n 15 -05 05 15 25 UQ)’ 45 05 05 15 25 lus contrast, the gradient will be steeper.

Blind hMT+ signal change (%)

Contrast Levels in (a) and (b): 1% 5% 10%

Figure 6.

trast. This is better described by a logarithmic rather than a linear
relationship (MSE, 0.003 vs 0.006); however, this does not fully
reflect the steep initial rise in signal change between stimuli of 1
and 5% contrast. The quality of fit is similar but slightly improved
with the Naka—Rushton model (MSE, 0.002; Naka and Rushton,
1966). A similar response function is seen in contralateral hA(MT +
for the sighted hemifield of patients (Fig. 4c). Individual BOLD
percentage signal change is shown for 5 and 100% contrast com-
pared with fixation for four patients in Figure 5 (middle column,
red triangles), illustrating the similarity in signal at these two
contrast levels. In contralateral V1 of controls (Fig. 4b), there is a
much more pronounced linear component in the relationship
between signal change and stimulus contrast, with a very similar
pattern for the sighted hemifield of patients (Fig. 4d). This is also
well described by a linear function (MSE, 0.003 vs 0.01 for loga-
rithmic). However, when this linear model is overlaid with the
data in Figure 4, b and d, it is possible to appreciate a small slope

Blind hMT+ signal change (%)

50% 100%

O O © @ V1,controls
A A 4 A hMT+ controls

Correlations between hMT+ activity in patients during blind field stimulation versus sighted responses in V1 and
hMT -+ of patients and controls. Average hMT+ signal change during blind hemifield stimulation in patients correlates well with
contrast-related activity in V1 of control participants () but not with control hMT + responses (b). Individual data points represent
single contrast levels, depicted using a shaded gradient from 1% (pale) to 100% (dark). ¢, Blind hMT+ activity also correlates with
V1 responses to the sighted hemifield in patients’ intact hemisphere. This remains significant when the three most distant outliers
are excluded from analysis (r = 0.35, p = 0.03). d, There is no significant correlation with contrast-related hMT+ responses to
patients’ sighted hemifield, which remains unchanged when the three most prominent outliers are excluded (r = 0.19,p = 0.26).

Indeed in controls and the sighted hemi-
field of patients, there is a shallow increase
in signal change in hM T+, representative
of early saturation in activity (Fig. 4f).
Conversely, V1 of controls and the intact
hemisphere of patients show a steeper gra-
dient, notably similar to the regression
line for hMT + during blind field stimula-
tion in patients (Fig. 4f). The individual
data are consistent with this (Fig. 5, left
column, green diamonds) and show a dif-
ference in signal change between 5 and
100% contrast, which is much more sim-
ilar to the sighted fMRI response in V1
(blue circles) than hMT+ (red triangles).

Additionally, we evaluated how well
signals in hMT+ during blind hemifield stimulation correlated
with either sighted hMT+ activity (Fig. 6d) or intact V1 in pa-
tients (Fig. 6¢) or the equivalent regions in controls (Fig. 6a,b).
Paired within-participant analyses showed a significant correla-
tion between blind field-stimulated hMT + activity and intact V1
responses to the sighted field, (r = 0.31, p = 0.05) but not with
sighted hMT+ response in the undamaged hemisphere (r =
0.19, p = 0.24). Similarly, blind hMT+ activity showed a sig-
nificant correlation with V1 activity in controls (r = 0.94, p =
0.01; Fig. 6a) but not with control hMT + responses (r = 0.68,
p = 0.2; Fig. 6b).

Blind hMT+ shows activity according to a linear, not
logarithmic, model

To determine brain regions in which BOLD signals followed ei-
ther a logarithmic or linear relationship with increasing stimulus
contrast, a higher-level group analysis was performed. These two
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models were selected because there is no
uncertainty regarding unknown and dis-
tinct parameters that would arise from us-
ing the Naka—Rushton model (Naka and a

LINEAR Parametric Model
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Patients b Controls

Rushton, 1966; Sclar et al., 1990). Also, the
logarithmic model showed a very similar
fit for control hMT+ responses (MSE,
0.002 vs 0.003). Using a whole-brain
parametric approach does not require
predetermined ROIs and thus can iden-
tify brain areas in which activation patterns
relate significantly to the hypothesized
relationships.

In control participants, the linear
model showed a significant fit with re-
sponses in a specific region of contralat-
eral V1, V4, and, to a lesser extent,
contralateral hMT+ (Fig. 7b, Table 2;
Amunts et al., 2000; Malikovic et al., 2007;
Rottschy et al., 2007). A similar pattern
was seen for the sighted “left” hemifield of
patients (Fig. 7a, right column). For the
blind hemifield, the only brain region
showing a significant fit to the linear
model was in left A(MT+ in the damaged
hemisphere, with a similar Z statistic to
intact V1 during sighted hemifield stimu-
lation (Fig. 7a, left column; Table 2). Example individual data for
5 and 100% contrast are depicted in Figures 8 (control) and 9
(patients), as well as regions with a significant linear fit (right
column). During sighted field stimulation, activity in the striate
cortex is particularly strong at 100% contrast, whereas hMT+
activity is already demonstrable at 5% (Figs. 8, 9). For the blind
hemifield, activity is much weaker overall with no activation in
the contralateral striate cortex at either contrast, despite extrastri-
ate responses exhibiting linear signal change (Fig. 9).

For the sighted hemifield in patients, there was a significant fit
with the logarithmic model in regions corresponding to hMT+
bilaterally, as well as the right paracingulate gyrus (for represen-
tative brain slices, see Fig. 10a; for full details, see Table 2). In
controls, contralateral h(MT+ also showed activity according to
this model (Fig. 10b), as well as left V4 (during right hemifield
stimulation) and an area at the border between right V1 and V2
(left hemifield stimulation; Table 2). For blind hemifield stimu-
lation, no brain regions showed activity with a logarithmic rela-
tionship to stimulus contrast.

Figure7.

Is stimulus contrast or blindsight performance a better
predictor of h(MT + activity?

It is clear that blindsight performance and fMRI activity in con-
tralateral h(MT+ both relate in some way to the strength of stim-
ulus contrast in the blind hemifield. What is not clear is how
hMT+ activity specifically relates to 2AFC performance and,
indeed, whether it is the low-level features of stimulation in-
side the blind hemifield (i.e., stimulus contrast) or the ability
for patients to detect a stimulus that is the stronger indicator
of hAMT+ activity.

Across all participants, hMT+ activity showed a weak yet sig-
nificant logarithmic relationship with blindsight performance
(r = 0.35, p = 0.03; Fig. 11a). The contribution of stimulus
contrast can be appreciated using color scaling and distinct sym-
bols, with an anticipated clustering of higher-contrast stimuli
toward the upper end of the performance axis. A comparable

Blind HF

RHF

Sighted HF

Cortical regions demonstrating a significant linear relationship with stimulus contrast. , In patients, only contralat-
eral AMT+ shows significant activity according to this model during blind hemifield stimulation. For the sighted hemifield (right
column) and control participants (b), there is a significant linear relationship with contrast in contralateral /1, V4, and, to a lesser
extent, hMT+. Mixed-effects analysis, p << 0.001 uncorrected for a priori ROIs; elsewhere, cluster corrected, p << 0.05. Results
displayed on average high-resolution structural scans in MNI space. RHF, Right hemifield; LHF, left hemifield.

Table 2. Cortical regions demonstrating a significant linear or logarithmic
relationship with stimulus contrast

X y z Lstat
Controls
Right hemifield
Linear model
Left V4 —24 —78 -8 45
Left V1 =10 —88 2 37
Left hMT+ —44 —78 8 34
Logarithmic model
Left V4 —24 —68 —16 4.1
Left hMT+ —36 -72 8 3.6
Left hemifield
Linear model
Right V1 12 —82 -2 3.8
Right hMT+ 46 —66 8 3.5
Logarithmic model
Right hMT+ 46 —66 6 3.6
Right V1/V2 border 12 —80 0 33
Patients
Blind right hemifield
Linear model
Left hMT+ —40 —62 6 3.2
Logarithmic model
No significant activity
Sighted left hemifield
Linear model
Right V1 22 —84 -2 33
Right optic radiation/V1 border 30 —62 0 34
Right V4 28 —66 -8 3.2
LefthMT+ —46 =72 4 3.1
Logarithmic model
Right paracingulate gyrus 2 32 40 4.1
LefthMT+ —40 -70 14 3.9
Right h(MT+ 43 —64 16 3.6

Only the most significant peak within each region of activation is reported, with its corresponding MNI coordinates
and Z statistic. A statistical threshold of p << 0.001 uncorrected was used for a priori ROIs; elsewhere, correction for
multiple comparisons was made with a cluster threshold of p << 0.05, mixed-effects analysis. Values for hMT+ are
shown in bold.
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Figure 8. Individual fMRI responses during 5 and 100% contrast in a control participant (C1). Representative coronal slices
demonstrating the striate (left column) and extrastriate (middle column) cortices during stimulation of the left (top row) or right
(bottom row) hemifield. The far right column depicts activity corresponding significantly to a linear relationship with increasing
contrast. Activation is superimposed on representative axial slices, centered on the peak voxel. Mixed-effects analyses, p < 0.001
uncorrected for a priori ROIs; elsewhere, cluster corrected, p << 0.05. Results displayed on T1-weighted structural images.
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of blindsight. However, significant noise
in his fMRI responses make this difficult
to assess in the absence of additional
blindsight-negative patients.

Neural correlates of blindsight
performance

Although hMT+ clearly has an important
role in the perception of visual motion, it
is also worth considering that blindsight
performance may reflect activity in dis-
tinct brain regions that had not been de-
tected from analyses so far. Group analysis
revealed only small regions in the ventral
portion of the anterior cingulate cortex
and right amygdala that showed a signifi-
cant linear relationship with behavioral
2AFC performance using an uncorrected
analysis, but this was not significant when
corrected for multiple voxel analyses [p <
0.001 uncorrected, peak Z = 3.3, MNI co-

Figure 9.

Individual fMRI responses during 5 and 100% contrast in patients P4 and P5. Representative coronal slices demon-

Linear signal

) ordinates (—6, 32, —12); Z = 3.3, MNI
coordinates (28, —4, —16)]. Thus, there
were no reliable linear correlates of blind-
sight performance, including the visual
cortex.

Discussion

This study provides new quantitative data
on contrast sensitivity and functional
neuroimaging in a group of patients with
blindsight after cortical damage. The re-
sults show that, after V1 is damaged,
hMT+ responses to stimulus contrast are
changed, with responses now increasing
linearly with contrast in a pattern more
comparable with that seen in the healthy
V1 of controls. Therefore, V1 is essential
for the marked contrast sensitivity and
early saturation that is typical of normal
hMT+ responses. Because the domi-
nant input to hMT+ is likely to involve
the M pathway, which passes through

strating the striate (left column) and extrastriate cortex (middle column) in two patients (P4 and P5). Both patients have sustained
V1 damage to the left hemisphere. The top row in each case demonstrates stimulation of the sighted field, and blind field responses
are shown below. The far right column depicts activity corresponding significantly to a linear relationship with increasing contrast.
Activation is superimposed on representative axial slices, centered on the peak voxel. Mixed-effects analyses, p << 0.001 uncor-
rected for a priori ROIs; elsewhere, cluster corrected, p << 0.05. Results displayed on T1-weighted structural images.

V1, visual signals must reach hMT+ via
alternative channels in patients with V1
damage.

The relationship between fMRI and

analysis (Fig. 11b) reiterates that h(MT+ activity related linearly
to contrast, exhibiting a stronger correlation coefficient (r = 0.44,
p = 0.004).

It is possible to completely remove stimulus contrast as a con-
found by examining how performance relates to hMT+ activity
within identical contrast conditions (Fig. 11¢). No contrast levels
showed a significant linear relationship between hMT+ activity
and performance, with coefficients ranging from —0.74 to 0.56,
and the strongest positive correlation for stimuli of 1% contrast
(p = 0.2; Fig. 11¢, crosses). Interestingly, the patient without
blindsight (P3) showed relatively high signal change at 100%
contrast despite poor behavioral performance (Fig. 11¢, dotted
red circle). From this, it may be tempting to infer that fMRI
activity can be driven by stimulus attributes, even in the absence

neurophysiology in contrast responses

The vast majority of neuronal responses
in MT are from the M channel, whereas a greater proportion of
V1 neurons show responses of the parvocellular (P) variety
(Maunsell et al., 1990; Movshon and Newsome, 1996). Typical
neuronal responses reach half their maximum (Cs,) around lev-
els of 30% contrast in the P channel compared with < = 10% for
the M channel in V1 (Hawken and Parker, 1984; Tootell et al.,
1988; Sclar et al., 1990). Human imaging studies produce similar
results but with a slightly greater contrast sensitivity, with Cs,
close to 1% in hMT+ and 15% in V1 (Tootell et al., 1995; Boyn-
ton et al., 1996). Both measures are consistent with the control
data presented here in which Cs, is ~2% in hMT+ and 35% in
V1 when a logarithmic contrast scale is used. Small discrepancies
may arise because Cs,, is influenced by stimulus size and eccen-
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tricity, because increased size results in
greater spatial summation (Sclar et al.,
1990). Similarly, sensitivity throughout
the visual hierarchy declines with increas-
ing eccentricity (Kaplan and Shapley, a
1986; Livingstone and Hubel, 1988;

LOGARITHMIC Parametric Model

Patients b
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Pointer and Hess, 1989). Therefore, the full-
field stimuli used by Boynton et al., (1996)
and implied by Tootell et al. (1995) would
result in greater summation.

In the current study, specific stimulus
parameters were chosen for two main rea-
sons. (1) To allow comparison of the blind
and sighted hemifields, stimuli had to be
isolated to either hemifield rather than be-
ing presented at fixation. (2) The specific
combination of size and eccentricity of
visual stimuli was dictated by the pat-
tern of field loss in patients, which was
matched in controls (Fig. 1). fMRI pro-
vides an indirect measure of multiple
neuronal responses, and this averaging
of highly variable contrast-response
functions may alter the overall response
slope, accounting for a relatively low V1
Cs, in neuroimaging studies compared
with neurophysiology recordings (Boy-

nton et al., 1996). Figure 10.

R

Cortical regions demonstrating a significant logarithmic relationship with stimulus contrast. a, In patients, no

regions respond logarithmically to contrast in the blind hemifield. In the sighted hemifield and in controls (b), there s a significant

Blindsight performance and hMT+
activity in patients demonstrate a
characteristic pattern of contrast
sensitivity

fMRI responses in healthy control participants are very different
from those when the stimulus is located in the blind hemifield of
patients. Equivalent Cs, in hMT+ of patients is ~55%, with
average contrast detection threshold (Cp) of 26%.

Even if one were to account for a loss of receptive field sum-
mation attributable to V1 damage and compare results with the
LGN or normal V1, there are still clear differences because M cells
in the LGN have a Cs, of 11% contrast (Sclar et al., 1990). There-
fore, we would expect any M-driven responses to be considerably
more sensitive to contrast.

P-cells have a Cs, more comparable with the current results,
but even normal V1 and P channel contrast responses differ from
the hMT+ results in patients for the following reasons. (1) Cs,
was higher in patients, i.e., slightly greater than 50%, as opposed
to ~30%. (2) There was no plateau of the h(M T+ signal change in
patients; rather, the response was linear up to maximum contrast
levels. V1 neurons, although predominantly linear in their con-
trast response, exhibit a degree of response saturation (Albrecht
and Hamilton, 1982; Ohzawa et al., 1982; Sclar et al., 1990). Fur-
thermore, the low spatial and higher temporal frequencies of
stimuli used here, which are suggested to be “optimal” for blind-
sight (Barbur et al., 1980; Sahraie et al., 2003, 2008), are some-
what different from typical P channel preferences (Derrington
and Lennie, 1984; Foster et al., 1985; Sclar et al., 1990).

Discrepancies in the contrast sensitivity and spatiotempo-
ral properties of hMT+ in the blind hemisphere compared
with M and P channels are not surprising if one considers the
anatomy of these pathways and the likelihood that both pass
through V1 before reaching hMT + (Hubel and Wiesel, 1972).
Even any P channel-derived inputs to hMT+ are likely to be

logarithmic relationship with contrastin hMT+ and V4 (for details, see Table 2). Mixed-effects analysis, p << 0.001 uncorrected for
a priori ROIs; elsewhere, cluster corrected, p << 0.05. Results displayed on average high-resolution structural scans in MNI space.
RHF, Right hemifield; LHF, left hemifield.

subject to summation and hence will likely saturate at a lower
contrast than in V1. The fibers of the P pathway in particular
undergo retrograde degeneration after damage to V1 (Dineen
et al., 1982; Cowey et al., 1989). Surviving geniculate neurons
are sparse and interspersed throughout the LGN with a mean
diameter between M and P cell averages (Yukie and Iwai,
1981).

Koniocellular (K) LGN neurons are equivalent in number to
M neurons and are located primarily in the interlaminar portions
of the LGN (Hendry and Reid, 2000). Dominant input to some K
LGN cells is from the S cones via blue ON retinal ganglion cells,
and they project to cytochrome oxidase-rich blobs in V1 (Living-
stone and Hubel, 1982; Fitzpatrick et al., 1983). However, multi-
ple lines of evidence, including the presence of K cells in
nocturnal species lacking S cones (Norton and Casagrande, 1982;
Shostak et al., 2002), suggest that the K neurons represent a het-
erogeneous population that serves distinct roles (Rodman et al.,
2001).

The K channel has been implicated in direct geniculate—ex-
trastriate connections, with 70% of MT-projecting neurons in
the macaque LGN originating in the interlaminar layers. Further-
more, 63% are defined as koniocellular by their neurochemical
profile (Fries 1981; Rodman et al., 2001; Sincich et al., 2004). This
anatomical evidence makes it interesting to consider the contrast
sensitivity of these neurons. K cells show a range of contrast sen-
sitivities more comparable with the P channel (Cs, of 10-60%),
whereas spatial frequency preferences are similar to M cells
(White et al., 2001; Xu et al., 2001), particularly in K populations
that are not driven by blue ON signals. The temporal resolution
falls somewhere in between, with a cutoff that is slightly closer to
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Figure 11.

patient (P3).

M than P neurons (Xu et al., 2001). Therefore, K neurons repre-
sent a highly heterogeneous population, with distinct responses,
functions, and innervations (Hendry and Reid, 2000; Szmajda et
al., 2008; Warner et al., 2010). Nevertheless, such a pathway could
also be consistent with the residual h(MT+ activity and behav-
ioral responses presented here.

Intact hemisphere responses for the sighted field are

mostly normal

The similarity between blind hMT+ and normal V1 responses
(but not normal hMT+) remained consistent regardless of
whether comparing with controls or with the intact hemisphere
and visual field of patients. Nevertheless, using patients as their
own controls can be problematic, because a number of studies
have identified impairments in the intact visual field of patients
with hemianopia (Rizzo and Robin, 1996). These include impair-
ments in contrast sensitivity (Hess and Pointer, 1989) and more
complex procedures, such as perceptual grouping (Schadow et
al., 2009). One explanation offered for these findings is an im-
pairment of interhemispheric transfer, which may play a part in
normal visual function (Rizzo and Robin, 1996; Perez et al.,
2013). Although our patients all performed at ceiling for detec-
tion of 1% contrast in their intact visual field, slight differences in

o =044

Stimulus contrast (%)

The relative influence of contrast and detection performance on hMT+ activity in patients. a, hMT+ shows a
significant logarithmic relationship with blindsight performance across all patients, with the contribution of stimulus contrast
appreciated using a color scale and distinct symbols. b, As shown previously, hMT+ shows a linear relationship with stimulus
contrast. ¢, Results for only 1and 100% contrast from a are replotted here. The overall trend line is shown (black line, r = 0.4), as
well asindividual trend lines for both contrast levels (dotted colored lines). Similar analyses were also performed for 5, 10, and 50%
contrast (data not shown). There is clear clustering according to contrast in both the x (performance) and y (signal change) planes,
illustrated by colored ellipses representing the mean and SD at each contrast level. The data point highlighted inside the dotted red
circle indicates a different contrast—fMRI-performance relationship, which corresponds to results for the blindsight-negative
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fMRI responses compared with controls
([ could reflect impairments in this mecha-
nism. However, the importance of sco-
toma size (and thus probably lesion size)
on the degree of impairment and the lack
® of any difference when comparing retino-
topically equivalent responses with non-
equivalent regions in a large group of
quadrantanopes (Bola etal., 2013) suggest
a more global effect that may reflect addi-
A tional regions of cortical damage.

LI

hMT+ activity may reflect retinal and
perceptual experience
When evaluating whether blindsight per-
formance or stimulus contrast were stron-
o ger predictors of IMRIhMT+ activity, the
evidence that we found weighed in favor
of the low-level features. This may be sur-
prising because hMT+ activity is often
closely linked to perception rather than
physical attributes (Zeki et al., 1993;
Heeger et al., 1999). Indeed, a potential
” criticism could be that we did not measure
behavior during fMRI acquisition, which
X would have dramatically increased scan
time. Instead, stimuli were matched as
closely as possible for size, position, and
luminance between the two paradigms.

Normal contrast detection is likely to
reflect a change in hMT+ signal that is at,
or very close to, baseline. A similar mech-
anism may occur in blindsight patients, in
which the 95% confidence interval for
Cpr corresponds to a range that spans the
zero baseline for h(MT+ signal change. At
a cellular level, MT neurons continue, or
even increase, spiking in the presence of
non-conscious motion during binocular
suppression (Panagiotaropoulos et al.,
2012). Indeed, responses of some cells appear to reflect percep-
tual experience, whereas those of others are dictated by retinal
input (Logothetis and Schall, 1989), and this appears to be some-
what dynamic (Maier et al., 2007). Neural responses measured
with fMRI reflect a heterogeneous neuronal population that may
incorporate both retinal and perceptually driven responses. It is
possible that activation above baseline in hMT + reflects a signif-
icant component of perceptually driven neurons, which is suffi-
cient to generate some sort of perceptual experience facilitating
detection. This could account for the steep increase and then plateau
in 2AFC performance with increasing contrast. However, it is fur-
ther complicated by the fact that these patients do not experience
true conscious vision but show variability in awareness that merits
additional investigation.

In conclusion, patients with V1 damage showed a linearly
increasing response in hMT+ to increasing contrast. This pattern
was very different from the typical early saturating response of
hMT+ and showed reduced sensitivity compared with normal
V1 and P-driven responses. The residual h(MT+ activity could
arise from known K projections, although confirmation would
benefit from additional investigation into the contrast responses
of this neuronal population.

10 100

60 80 100
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