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At suprathreshold levels, detection and awareness of visual stimuli
are typically synonymous in nonclinical populations. But following
postgeniculate lesions, some patients may perform above chance
in forced-choice detection paradigms, while reporting not to see
the visual events presented within their blind field. This phenom-
enon, termed “blindsight,” is intriguing because it demonstrates
a dissociation between detection and perception. It is possible,
however, for a blindsight patient to have some “feeling” of the
occurrence of an event without seeing per se. This is termed blind-
sight type II to distinguish it from the type I, defined as discrimi-
nation capability in the total absence of any acknowledged
awareness. Here we report on a well-studied patient, D.B., whose
blindsight capabilities have been previously documented. We have
found that D.B. is capable of detecting visual patterns defined by
changes in luminance (first-order gratings) and those defined
by contrast modulation of textured patterns (textured gratings;
second-order stimuli) while being aware of the former but report-
ing no awareness of the latter. We have systematically investi-
gated the parameters that could lead to visual awareness of the
patterns and show that mechanisms underlying the subjective re-
ports of visual awareness rely primarily on low spatial frequency,
first-order spatial components of the image.

Since the early reports in the 1970s of brain-damaged human
subjects who are able to discriminate visual events in the ab-

sence of self-reported conscious awareness (1, 2), an obvious but
difficult question has arisen as to what stimulus properties would
drive visual awareness. In nonclinical populations, a number of
paradigms have been developed to examine the prerequisites. For
example, in attentional-blink paradigms (3), rapid serial visual
presentation demonstrates that letters or words presented within
a short temporal window following a task-relevant target may be
degraded. As is well known, manipulating the functional signifi-
cance of targets by using the participant’s name (4) or emotional
stimuli (5) modulates reported perception and discrimination of
stimuli. More recently, the flash suppression technique in binoc-
ular rivalry, where one eye is presented with a rapid random se-
quence of abstract shapes while a specific stimulus is presented to
the other eye (6), has been used to demonstrate that some classes
of stimuli can break through and elicit awareness (7, 8). Common
among tasks presented to nonclinical subjects is the assumption
that awareness of the stimuli and their discrimination, if not
identical, cannot be dissociated from each other.
The blindsight phenomenon in human subjects is unique: fol-

lowing visual cortical lesions, the detection and discrimination of
stimulus features can occur in the absence of subjective aware-
ness. For this reason, the research relies on “heroic” approaches
such as forced-choice guessing (9). The reported awareness is
then recorded using a commentary key paradigm on either a bi-
nary (10) or a multipoint scale (11), yielding comparable results.
When there is awareness of certain types of visual events pre-
sented to the blind field, such awareness is reported to be dif-
ferent from that of the sighted field, because it lacks form and
content, and is more akin to a feeling that something occurred.
This has been designated as blindsight type 2 or aware mode to
distinguish it both from normal vision and type 1 blindsight or
unaware mode, defined as above-chance discrimination in the
absence of any conscious awareness (12).

We have previously reported that a well-studied blindsight
subject, G.Y., was able to perform equally well both with and
without conscious experience of a moving dot target, depending
on the stimulus parameters (13). A functional brain imaging
study showed contrasting patterns of brain activity under the two
modes of processing (14), with a shift in the unaware mode to-
ward subcortical activations with a more cortical and especially
frontal network being activated in the aware mode.
D.B. was the first blindsight subject studied extensively by

Weiskrantz and colleagues (2, 10), and more recently has been
shown to have more sensitive detection of first-order gratings in
his blind field than in his sighted field or that of aged-matched
healthy subjects (15). (By first order we mean gratings formed by
a sine-wave profile of luminous changes of specified cycles per
degree in which the luminance of the bright and dark bars is
matched in overall flux of the background.) He also reports
awareness of high-contrast first-order gratings. Therefore it was
very surprising to discover that he remained unaware of the
presentation of high-contrast texture modulated gratings—i.e.,
second-order gratings—while nevertheless being able to perform
at well above-chance levels in detecting their presence and ori-
entation. (By second order we mean gratings formed by the
imposition of a sine-wave envelope of contrast changes on a field
of randomly arranged granules or spots.) This pattern of findings
has remained stable in several multiple-testing sessions over a 5-y
period. This provides a unique opportunity to chart the pre-
requisites of D.B.’s visual awareness systematically. The result is
a series of experiments in which first- and second-order gratings
were studied with systematic manipulation of spatial frequency
and other stimulus properties to determine their effects on de-
tection and reported awareness. These findings suggest that,
though D.B. is able to detect first- and second-order stimuli
across a range of spatial frequencies, his awareness of them is
critically dependent on the presence of low-frequency sine-wave
luminance information, i.e., on first-order information.

Results
The early observations were made in August 2004. Using a tem-
poral two-alternative forced-choice paradigm, where one interval
contained a first-order Gabor patch at 27.5% contrast and the
remaining interval a blank (a Gabor is a sine-wave grating,
contrast modulated by a Gaussian envelope to smooth and blend
the stimulus edges to the background, avoiding sharp spatial
transients at the boundaries), D.B. performed well above chance
at detection of a range of spatial frequencies (Fig. 1; 30 pre-
sentations per frequency), confirming the previous findings (15).
His reported awareness was frequent at low spatial frequencies
and decreased monotonically with increasing spatial frequency.
For fine-textured second-order stimuli at 50% contrast, although
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equally good detection was found, he did not report any aware-
ness throughout the session.
One likely explanation of differing reported awareness for first-

order and textured patterns is that the awareness response may be
based on the relative saliency of a target. For equal contrasts,
a first-order grating appears to be more salient, i.e., more striking
or noticeable, than a textured grating within the sighted field. It is
not possible to conduct the perceived salience match in the blind
field. However, a similar investigation in the sighted field was
conducted. Comparison of a reference textured grating (50%
contrast) vs. a range of first-order Gabor patches showed that in
the sighted field, the textured grating was more salient (in 9 of 10
presentations) than a 27.5% contrast first-order Gabor (Fig. 2).
In a further two-alternative forced-choice (2AFC) experiment,

we randomly interleaved (30 trials each) the presentation of
a first-order (27.5% contrast) and a textured grating (50% con-
trast) that was reported to be more salient in the sighted field vs.
a blank. The same pattern of results was observed. Even though
in the normal field the textured stimulus at 50% contrast
appeared more salient than a 27.5% contrast first-order grating,
there were no reports of awareness (but excellent detection) for
the textured stimulus in D.B.’s blind field (Fig. 3A).

March 2005. On a separate visit with D.B. in March of 2005, we
increased the salience of the textured grating by increasing the
contrast to 80%. The findings replicated the earlier observation of
matched discrimination to that of the first-order target, with no
awareness of textured gratings (Fig. 3B). We subsequently in-
vestigated whether D.B. could perform orientation discrimination
(vertical vs. oblique) for both stimulus types. Previously, D.B. was
reported to be able to discriminate a 10° orientation difference of
bars and gratings (9). Therefore, we instructed D.B. to report (by
guessing) vertical or oblique after each single-stimulus pre-
sentation in a forced-response paradigm. In separate blocks of the
first-order or textured gratings, randomly interleaved vertical and
oblique targetswere presented (2-s duration).D.B. could detect an
orientation difference of 10° forfirst-order stimuli [d′=2.4 (±0.5)]
and was aware of all stimulus presentations. Similarly, significant
correct discrimination was found for the textured gratings with an
orientation difference of 10° [d′ = 1.7 (±0.4)], again with no
reported awareness on any of the trials. Therefore, not only could
the textured gratings be detected, but the orientation of the con-
trast modulation was also processed in the absence of awareness.

October 2008. After an interval of more than 3.5 y, we revisited
with D.B. the same issues of detection and awareness. In a tem-
poral 2AFC paradigm, where one interval contained a blank and
another either a 20% contrast first-order or an 80% contrast
texture-defined grating (30 trials each), we found results similar to
previous visits (Fig. 3C). The findings again confirmed high de-
tection ability in forced-choice guessing with a high level of aware-

ness (26/30) for the first-order stimuli, and very little awareness
for the textured defined pattern (2/30).
To investigate the effect of spatial edges, we changed the

waveform for contrast modulation from sine wave to square wave
and removed the spatial Gaussian envelope of the Gabor for both
stimulus types. Results, shown in Fig. 3D, show that the pattern of
findings again remained unchanged, with high detection scores for
both stimuli and a differential level of awareness for the two
stimulus types. To probe what determines whether a textured
pattern leads to awareness, we increased the cell size of the tex-
tured pattern from 2.1 (fine) to 10.5 arc min (coarse).

Effect of Textured Coarseness. Fig. 3E shows the detection and
awareness for presentation of either a first-order or a textured
grating with coarse cell size (10.5 arc min, 20 trials each). This

Fig. 1. Probability of detection and awareness for first- and second-order
stimuli as a function of spatial frequency.

Fig. 2. Probability of reporting a 50% contrast-modulated textured grating
as more salient than a first-order grating as a function of the Michelson
contrast of the latter.

Fig. 3. Probability of detection (dark bars) and awareness (gray bars) of
first- and second-order stimuli under a variety of conditions. (A) 2004 results
for Gabor stimuli at 27.5% (first order) and 50% (second order). (B) 2005
results for stimuli with contrast increased to 80%. (C) 2008 results for 20%
contrast first-order stimuli and 80% contrast second-order stimuli. (D)
Square-wave stimuli (40% contrast first order; 80% contrast second order).
(E) Coarse-textured patterns. (F) 80% contrast second-order stimuli of
varying texture cell sizes.
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time D.B. reported a high level of awareness for presentation
of coarse-textured gratings. Subsequently, we systematically in-
vestigated the effect of cell size by randomly interleaving first-
order stimuli and textured gratings with fine, medium, and coarse
(2.1, 6.3, and 10.5 arc min) cell sizes. All stimuli were spatially
contrast modulated by a square waveform (40 trials of each).
Results plotted in Fig. 3F shows that awareness increases mono-
tonically with cell size, and detection remains high across all
stimulus conditions.
The question arises of what changes are introduced with in-

creasing texture cell size, that in turn give rise to awareness of
textured gratings. There are two changes to the stimuli that may
be important: their Fourier amplitude spectra (i.e., the mathe-
matical analysis of the stimuli into its sine-wave luminance
components) and the presence of extended contours formed by
the edges of the larger cells.
The effects of changes in cell size of the Fourier amplitude

spectrum are presented in Fig. 4, which shows the average Fourier
amplitude spectrum (for horizontal and vertical orientations) for
10,000 sample images. As cell size increases, amplitude is pro-
gressively concentrated at low spatial frequencies. The fact that
awareness increases with increasing cell size is consistent with the
association of awareness, with information carried by low spatial
frequency first-order components in the stimuli.
Another possible explanation is that it is the lengths of con-

tours in the images, rather than their spatial frequency content,
that is responsible for the increased awareness. This will increase
with increasing cell size, and will be lower for horizontal than for
vertical contours. This is simply because the maximum length of
a horizontal edge is determined by the width of the bars. Fig. 4 C
and D show the variations in both the mean and maximum length
of horizontal and vertical contours as a function of cell size
(calculated from 10,000 samples). Both parameters increase with
increasing cell size. One interpretation of these results is that
awareness is associated with the presence of extended contours
in the images. However, this would not account for the effects of

spatial frequency on awareness for first-order stimuli. The length
of contours in these stimuli is not affected by spatial frequency,
and the density of contours increases with spatial frequency. The
presence and length of extended contours cannot therefore ac-
count for the fact that awareness decreases with increasing
spatial frequency of first-order stimuli. It is also important to
note that D.B. was consistently unaware of second-order stimuli
with a fine texture, even when the spatial frequency of contrast
modulation was low.
If we systematically increase the contrast of a course-textured

pattern, the amplitude of all components, including low spatial
frequency components, will increase, whereas contour lengths will
remain unchanged. This means that if contour length is the sig-
nificant factor, then D.B.’s awareness of coarse-textured patterns
should remain high, irrespective of large variations in pattern
contrast. Fig. 5 shows the result of the exact experiment. Similar to
previous methods, detection and awareness were measured using
a temporal 2AFC task for the first-order (20 trials per data point)
and contrast-modulated coarse-textured pattern (40 trials per
point). Despite identical detection performance, the awareness
curves are not identical, indicating that contour information is not
sufficient to signal awareness. Therefore, it is likely that the in-
creased local contrast signal at low spatial frequencies is triggering
the increased reported awareness.

Discussion
In summary, we have shown that both luminance-defined gratings
(first-order stimuli) and textured-defined contrast-modulated
gratings (second-order stimuli) presented within the blind field
can be detected well above chance by D.B. This conclusion holds
across a wide range of variations in contrast, spatial frequency,
and alterations in the texture of second-order stimuli. In contra-
distinction, awareness of first-order stimuli decreased as their
spatial frequency increased or their contrast decreased. D.B. re-
ported no awareness of second-order stimuli with a fine texture,
regardless of their spatial frequency or contrast modulation.

Fig. 4. Fourier amplitude spectra for (A) horizontal and
(B) vertical components for the texture-grating stimuli
with the three cell sizes used in the experiment. (C) Mean
and (D) maximum length of horizontal and vertical con-
tours, as a function of cell size. All results are based on
10,000-example stimuli.
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Awareness did, however, increase with an increase in the texture
cell size. For these latter stimuli, awareness dropped with de-
creasing contrast, despite the fact that good detection perfor-
mancewasmaintained across the range of contrasts presented.We
propose that reported awareness is primarily driven by mecha-
nisms responsive to low spatial frequency first-order components
of the image. Increasing these components in either first-order
patterns by varying the spatial frequency, or in second-order pat-
terns by varying the cell size, augments reported awareness.
Neuropsychological studies have established a double dissoci-

ation between impaired first- and second-order processing as
a result of brain damage. Patient F.D., who has damage to
extrastriate tissue just dorsal to V5, performed normally on first-
order motion tests, but was impaired in tests of second-order
motion (16); whereas patient R.A., who has damage toV2 andV3,
showed normal second-order but impaired first-order processing
on a range of motion tasks. Despite these dissociations, the de-
tection of second-order patterns appears to depend on input from
mechanisms that process first-order information (17, 18).
The thrust of earlier work has been on establishing the limits

for detection of first- and second-order stimuli, and determining
the similarities and differences between mechanisms involved in
extracting such information. The findings we have reported here
relating to luminance-defined and textured-defined stimuli are
importantly different because they do not relate to detection, but
focus on the differences in the reported awareness of the stimuli.
Therefore, some further discussion of what is meant by aware-
ness, its relationship with detection, and possible neural mech-
anisms is pertinent.
It is important to emphasize, however, that we do not advocate

a dichotomous division of conscious awareness of events. It is
more likely that awareness would fall on a continuum rather than
a discrete scale. Also, the situation is not static. Previous re-
search on a number of cases with blindness after brain injury
shows that repeated exposure to first-order stimuli over a period,
using an experimental paradigm similar to those reported here,
can lift performance from chance to well-above-chance levels,
but without awareness (type I blindsight). Further systematic
exposure to first-order stimuli over extended periods of time can
result in type II performance (19, 20). It would be of interest to
investigate whether transition from type I to type II would be less
likely with repeated stimulation with second-order stimuli. The
findings reported here would stipulate such an outcome.
For our experimental purposes, it was beneficial to instruct

a patient to report “aware” if he had any awareness whatsoever,
and “unaware” otherwise. Using suchmethodology, we found that
the awareness can be dissociated but detection can be the same for
the two stimulus types. Though the detection of first and second
order could be maintained over a range of variations in contrast
and spatial frequency content, the presence of low-frequency first-
order information was critical to support awareness. Awareness of
textured stimuli thus depends critically on the presence of ap-

propriate first-order information. These conclusions only apply to
the presentation of static visual stimuli. Acknowledged awareness
of visual events in the blind field can also be triggered by temporal
oscillation and movement, especially if these are abrupt and rapid
(e.g., see refs. 13 and 21). These characteristics will tend to pro-
duce strong responses in the magnocellular layers of the lateral
geniculate nucleus (22). Suchmagnocellular responses might then
support awareness through projections to extrastriate visual areas
via the superior colliculus (23).
The question of the possible neural circuitry, correlates, and

bases of awareness in blindsight has been considered in somedetail
elsewhere (12). It is clear, for example, that non-V1 cortical areas
play an essential role because removal of all cortex except V1 in
primates renders themvisually unresponsive (24). It is also the case
that lesions of the frontal eye field (FEF; the anatomical limits of
which remain unsharp) in the monkey in some ways simulate that
of visual cortex damage itself because the animal appears to be
unresponsive to visual events, and the effects of different subtotal
lesions can bemapped specifically in a “monkey perimeter” (25). It
is striking that the foci active in awareness in a blindsight subject
led to the identification of frontal area 46 (14) with reported
awareness, which itself has strong connections with FEF. There is
also striking concordance with results from normal subjects par-
ticipating in a metacontrast masking paradigm, which allows for
the comparison between one temporal interval associated with
awareness and another temporal interval associated with un-
awareness, again with discrimination performance of the two
intervals matched. Here, too, it was area 46 that was associated
with the awareness reports (26). The convergence of findings with
normal subjects and a blindsight subject increases the confidence
in the importance of that particular location.
It is important to stress a precondition for a valid comparison

of performance with and without accompanying awareness must
be that the two performance levels are matched, and these are
the only two studies (14, 24) in which this condition is met, so far
as we are aware. The importance of frontal areas may lie in the
routes over which signals can reach them in the lesioned or
masked inactivation of V1, and awareness may also depend on
their feedback into posterior visual areas. It is of interest to note
that in the monkey, the dorsal and ventral streams leaving the
visual cortex eventually converge onto frontal areas 46, as well as
frontal area 7 and the frontal eye field, and these areas also
connect back to posterior visual areas (27). Whether a region
such as area 46 and its immediate interconnections are involved
in production of the “commentary,” and whether the commen-
tary itself plays any causal role in the generation of awareness,
must be left open for future research and theoretical analyses. A
strong position is that the commentary actually endows one with
the experience of awareness, rather than awareness simply en-
abling a commentary to be made (10). Such a position also maps
onto a philosophical theoretical view of higher-order thoughts
and awareness, e.g., by Rosenthal (28).
The question naturally arises whether frontal lesions of area

46 and allied frontal foci would reduce conscious awareness of
visual signals—i.e., that such areas are necessary if not sufficient.
But it cannot be assumed that area 46 and allied frontal foci will
play a general critical role for all forms of conscious awareness,
and that therefore we should seek in cases of bilateral frontal
cortical damage the loss of all forms of conscious awareness. The
evidence we have cited was found only when the visual input is
impeded at an early stage of input to visual cortical regions, ei-
ther because of lesions of V1, as in the patient D.B., or impeded
because of metacontrast backward visual masking, also assumed
to degrade masked input signals in V1. If a patient were un-
fortunate enough to suffer loss of V1 and also of the frontal foci,
it might be found that type II blindsight would disappear; we
know of no such patient. However, a prediction can be ventured
that subjects with lesions restricted to frontal damage would

Fig. 5. Probability of detection and awareness of first- and second-order
stimuli as a function of contrast.
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show an altered metacontrast function for visual awareness. In-
deed, a temporary simulation of this condition by transcranial
magnetic stimulation recently yielded just this result (29). It
could be that other foci, perhaps also elsewhere in frontal cortex,
would play a comparable role for each of the impairments of
other sensory systems, as in “numbsight” and “deaf hearing.”
Given the good detection performance for second-order

stimuli in blindsight, it remains to be determined by functional
imaging and other anatomical methods, such as diffusion tensor
imaging (DTI), whether such processing can be carried without
any cortical contribution. Evidence of blindsight exists even when
all cortex is removed unilaterally in cases of hemispherectomy
(as assessed by the redundant target effect) (30, 31). There is
DTI evidence of projections from the superior colliculus, the
presumed major initial visual target in cases of blindsight, to
contralateral cortical regions, as well as evidence that there is
increased visually evoked electrical activity in the cortex con-
tralateral to that of a visual cortex lesion, without reported
awareness of the stimuli (32). It seems likely, therefore, that
second-order grating detection also requires further cortical
processing beyond the initial collicular input. However, it
remains a possibility that type 1 second-order processing, lacking
an adequate low spatial frequency component, could be carried
out entirely subcortically. This, like a myriad of other questions,
remains a target for further research.

Materials and Methods
Participant. D.B. was born in 1940 and developed a benign tumor in his right
occipital cortex that was surgically removed in 1970. As a result, he developed
a left homonymous hemianopia that has persisted. Surgical notes state that
the right striate cortex had been removed (see ref. 9 for history and details).

D.B. gave informed consent before testing. The experiments were approved
by the University of Aberdeen Ethics Committee and performed in accor-
dance with the ethical standards laid down in the 1964 Declaration
of Helsinki.

Apparatus and Setup. All stimuli were generated using a specialized graphics
card (VSG2/5; Cambridge Research Systems) and were presented on a 21-inch
CRT monitor (Sony). Subject viewed the monitor through a viewing tunnel,
covered in black felt to avoid light scatter, at a viewing distance of 760 mm. A
chin/headrestwas used tofix and stabilize the head position. Themonitorwas
gamma corrected using a Lumcal device (Cambridge Research Systems) at 256
linear steps, and the screen output was cross-checked using a separate lu-
minance meter (Minolta LS100). A modified pupillometer (ASL5000; Applied
Science Laboratories) was used to monitor the fixation throughout the
experiments. The apparatus was not able to give absolute eye position, but
because the magnified image of the pupil, illuminated by infrared, was
presented on a separate 9-inch monitor, a fixation change of 1° could be
identified. In practice, because D.B. is an experienced observer, none of the
trials reported here had to be discarded due to unwanted eye movements.

First-Order Stimuli. All Gabor patches were limited to ±2σs (where the spatial
SD σs = 2.5, i.e., 10° in diameter) (Fig. 6A). The stimulus onset and offset were
also smoothed by a temporal Gaussian envelope, with presentation time
being limited to ±2σt (where the temporal SD σt = 500 ms, i.e., 2 s
in duration).

Textured Gratings. The carrier for the textured patch was binary noise, and
the contrast was spatially modulated by a sine-wave function (Fig. 6B). In
addition, the edges were smoothed using a Gaussian spatial envelope.
Therefore, the luminance of the contrast-modulated textured patch in space
and time can be formally expressed as

Lðx; y; tÞ ¼ Lο

�
1þ c

2
Nðx; yÞexp

�
−
�
x2 þ y2

�
2σ2s

−
ðt− 2σtÞ2

2σ2t

�
sinð2πFsxÞcosð2πFttÞ

�
;

where L0 is the background luminance, N(x,y) is the binary noise with mean
0 and amplitude 1; c is the stimulus modulation contrast; Fs is the grating
spatial frequency; Ft is the grating temporal frequency; and σs and σt are the
SDs of the spatial and temporal Gaussian envelopes, respectively. Ft was set
to 0.5 Hz and Fs to 1 c/°. As before, σs was set to 2.5° and σt to 500 ms. Apart
from the orientation experiments reported below, in all conditions, we kept
the orientation of gratings vertical. The noise pattern consisted of dark and
light cells. The cell size for fine-, medium-, or coarse-textured patterns had
dimensions of 2.1, 6.3, or 10.5 arc min, respectively. In the later experiments,
the Gaussian spatial envelope was removed, and the spatial waveform for
contrast modulation was changed from a sine wave to a square wave, as
detailed in Results.
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