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12.1. Single neuron recordings in the

human brain to expl ore consci ous vision

Patterns of visual information imged on the
two retinae are transformed into perceptua
experiences through nultiple hierarchica
stages of neuronal processing. A |large body
of el ectrophysi ol ogi cal recordings has been
concerned with correlating the neuronal
responses with the visual input. However,
psychophysi cal investigations have shown
that our percepts can be di ssociated from
the incom ng visual signal. The nechani sns
of neuronal coding for conscious perception,
as well as the whereabouts of the
representation of percepts along the visual
pat hway, remain unclear. Assum ng a

hi erarchical structure for the visual system
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(Fell eman and Van Essen, 1991), the neuronal
responses in early visual areas may refl ect
the incom ng visual input, while the
activity in at |east sone higher parts of
cortex should strongly correlate with the
subj ective, perceptual experience.

We have taken a uni que opportunity to
record the firing responses of neurons in
the human brain and the relation of those
responses to perception. Subjects were
patients with pharmacol ogically intractable
epi |l epsy inplanted with depth el ectrodes to
| ocalize the seizure onset focus (Fried et
al ., 1999; Kreiman et al., 2000). The
| ocation as well as the nunber of recording
el ectrodes is based exclusively on clinical
criteria. The el ectrodes are inplanted
during surgery and cannot be noved by the

investigator until they are renoved.
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Patients stay in the hospital ward,
typically for a period of approximately one

week?.

A schematic representation of the
el ectrodes we use is shown in Figure 12-1A
Through the lunen of the el ectrodes, eight
Pt/Ir mcrowres were inserted (Fried et
al ., 1999; Kreiman, 2002). The | ocation of
the el ectrodes was verified by structura
magneti c resonance inmages obtai ned before
removi ng the el ectrodes and post -operatively
(Figure 12-1B and (Fried et al., 1997;

Krei man et al., 2000)). A sanple of the data

LA the experiments descri bed here were conducted in

the ward. The studies conformed to the guidelines of
the Medical Institutional Review Board at UCLA and
were performed with the witten consent of the

subj ect s.
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t hus obtained is shown in Figure 12-1C.

El ectrophysi ol ogi cal data were anplified,

hi gh-pass filtered (wwth a corner frequency
of 300 Hz and digitally stored for off-Iline
processi ng (Dat awave, Denver, Col orado).

| ndi vi dual neurons were discrimnated from
the extracel lul ar recordi ngs based on the
hei ght, width and principal conmponents of

t he wavef orns (Datawave, Denver, Col orado)
as shown in Figure 12-1D E?. In those
mcrowres with neuronal recordings (a snal
fraction of the total as described in

(Krei man, 2002)) we observed an average of
1.72 units per mcrowire. The infornmation
recorded during seizures fromthe depth

el ectrodes was used to |localize the seizure

2Simlar results were obtained with a custom semi-
automatic spi ke sorting algorithm based on a Bayesi an
approach (Krei man, 2002).
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focus (G emann, 1997). While we should note
that all the data conmes fromepileptic
patients, nore than 80% of the recorded
neurons were outside the areas of seizure
focus. We did not observe any overal

di ff erences when conparing those units

wi thin and outside the seizure onset focus
in ternms of their firing rates, visual
selectivity or waveform shape.

W investigated the extent to
whi ch the spiking activity fromsingle
neurons in the amygdal a, hi ppocanpus,
entor hi nal cortex and parahi ppocanpal gyrus
of untrained subjects reflects retinal input
versus perceptual experience. W observed
that the activity of two-thirds of al
visually sel ective neurons was tightly
correlated with the perceptual alternations

rather than the retinal input.
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12. 2. Fl ash suppressi on phenonmenon

Fl ash suppression constitutes a
conpel I'i ng phenonenon in which the sane
retinal inputs can give rise to distinct
perceptual experiences (Sheinberg and
Logot hetis, 1997; Wl fe, 1984). It was
originally described by Wlfe (Wlfe, 1984)
and was inspired by binocular rivalry. Flash
suppression entails the perceptual
suppressi on of a nonocul ar inmage foll ow ng
t he sudden onset of a different stimulus to
t he opposite eye (Figure 12-2). Although two
di stinct imges are presented to the left
and right eyes during the ‘flash’, subjects
only see the flashed, novel stinmulus. Such a
di ssoci ati on provides an entry-point for

studyi ng the neuronal correlates of visua
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consci ousness (Bl ake and Logot hetis, 2002;
Crick and Koch, 1998; Logothetis, 1998;
Myerson et al., 1981). The new stimulus is
clearly and consistently observed,
suppressi ng the stinmulus previously shown
nmonocul arly (Figure 12-2). It is inportant
to enphasi ze that the sane visual input can
give rise to very different percepts as can
be seen by conparing Figures 12-2A and 12-
2B. In this exanple, during the flash period
a phot ograph of Paul MCartney is shown to
the left eye while a grating is presented to
the right eye. Yet, depending on which inage
was al ready present nonocul arly, the subject
reports seeing only Paul MCartney or only
the grating during the flash.

Fl ash suppression is quite
robust to several changes in the stinulation

paraneters. The nonocul ar presentation tine,
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t mnoc, Can vary widely and the effect is very
strong for durations above 200 ns. A
possi bl e nmechani sm of suppressi on woul d be
that the sudden change in stinulation to one
eye could bias the conpetition between the
two percepts due to a shift in attentiona
focus or to a notion/change signal. However,
the effect can be observed after introducing
a blank interstimulus interval (ISlI) between
t he nonocul ar and flash presentations. The
suppression effect remains equally strong
for 1SIs |l ess than 200 ns. A strong

di sruption (where subjects typically report
observing a m xture of the two stimuli) is
evident for 1SIs |onger than 500 ns. The
flash duration, tfash, can be as short as 10
nms. A long flash duration produces binocul ar
rivalry (the contralateral stimulus is

observed first and then alternati on between
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the two stinuli takes place). It seens
unlikely that the phenonenon can be

expl ained as a formof forward nasking or

i ght adaptation since the |um nance
properties of the nonocul ar stinulus do not
af fect the suppression and given the

i nvari ance of the effect to paraneter
changes (Krei man and Koch, 1999; Wlfe,
1984). A recent version of flash suppression
shows that the phenomenon can be generalized
to elicit suppression in the absence of
interocular conflict (WIlke et al., 2002).

Si nce the onset of perceptual
transition is externally controlled, flash
suppression allows finer tenporal control
and coll ection of nore transitions than
bi nocular rivalry, in which fluctuations in
perception are spontaneous and, therefore,

unpredi ctable. Gven the tine constraints of

10
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the clinical environment, we focused on
flash suppression. It seens legitimate to
question whether the nechani sns of flash
suppressi on coincide with those of binocul ar
rivalry. At a global |evel, both binocul ar
rivalry and flash suppression involve a
conpetition between two alternative inmages.
In both cases, the sane visual input can
give rise to tw different percepts. One key
difference is that the transitions are
externally triggered in flash suppression,
rather than internally induced as in
rivalry. However, it is interesting to note
that the m ni mum duration of t e COI NCi des
with the amount of tinme required to elicit

bi nocul ar rivalry upon flashing different
stinmuli to the two eyes (Wl fe, 1984).
Furthernore, the neuronal responses in the

i nferotenporal cortex visual area of the

11
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macaque brai n during both phenonena are very

simlar (Sheinberg and Logothetis, 1997).

12. 3. Neur onal activity in the human

brain during flash suppression

Neurons that foll owed the percept

We recorded the activity of 428 single
units in the human nedi al tenporal |obe
whi l e subjects reported their percept during
fl ash suppression. The nedial tenporal |obe
(MTL) typically constitutes one of the
potential areas suspected to be part of the
sei zure onset focus. The MIL receives direct
input fromthe inferior tenporal cortex, the
hi ghest purely visual area (Felleman and Van
Essen, 1991; Suzuki, 1996) (Cheng et al.
1997; Sal eem and Tanaka, 1996), as well as

fromolfactory and auditory portions of the

12
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nervous system (Kandel et al., 2000). The
MIL plays a prominent role in severa
explicit menory processes including the
storage and retrieval of information
(Ei chenbaum 1997; Squire and Zol a- Mor gan,
1991; Zol a-Morgan and Squire, 1993).

O the 428 MIL neurons, 172 units were
in the anygdala, 98 in the hippocanpus, 130
in the entorhinal cortex and 28 in the
par ahi ppocanpal gyrus. The data reported
here cone from 14 patients (10 right handed,
9 male, 24 to 48 years old).

| mges were chosen from natura
categories of stinmuli and included faces of
unknown actors denoting enotional
expressi ons (Ekman, 1976), spatial |ayouts,
famous people, aninmals and abstract patterns
(Kreiman et al., 2000). The two pictures in

each flash—suppression trial were

13
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constrained to belong to different
categories. Stinuli subtended a visual angle
of approximately 3 degrees and were
presented separately to the right and |eft
eyes by neans of a pair of liquid crystal

gl asses that transmt light to one or the
other eye in interlaced fashion (Crystal
Eyes, Stereographics, San Rafael, CA).

Subj ects were instructed to report their
percept by pressing a button to indicate
that the original imge changed into a
different picture or another button if it
did not (and by verbal debriefing in 10% of
trials). In approximately 10% of the trials,
we presented only the nonocul arly shown

i mmge and a blank screen to the other eye
during the flash as a control. The nonocul ar
stinmulus was randonly delivered to either

the left or right eye. The suppression

14
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phenonenon is very strong as illustrated by
t he behavioral results in Figure 12-2C.

The responses of a neuron |ocated in
the right anygdal a showed a striking pattern
of selectivity (Figure 12-3A). This unit
showed increased firing rate upon
presentation of a black and white draw ng of
Curly, one of the characters of a well-known
American TV conedy. On average, the unit
changed its spiking activity froma rate of
1.7 spikes/s during the baseline period to
7.9 spikes/s (two-tailed t test, p < 10%).
The neuron did not change its firing rate in
response to other faces, or to other black
and white drawi ngs (we are not claimng that
this is the only possible stinulus to which
t he neuron would respond -- it sinply was
the only stimulus in our set of 47 pictures

that enhanced its activity.) O her neurons

15
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changed their firing rates in response to
nore than one stinulus; still other neurons
were broadly tuned, enhancing their activity
upon presentation of several different

pi ctures fromone of the presented
categories of stimuli (Kreimn, 2002,
Kreiman et al., 2000)

Upon dichoptically presenting the
drawi ng of “Curly” the neuronal response
showed a strong dependence on perceptua
state. Wien the picture of Curly was
presented nonocul arly and an ineffective
stimul us® perceptual |y suppressed the image
of Curly during the flash, the neuron did
not enhance its firing above background
(Figure 12-3B, left). However, when a
di fferent inmage was presented nonocul arly

and the subject was presented with Curly as

16
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the flashed stinmulus, the neuron showed a
strong and transi ent response (Figure 12-3B,
right). The response during the flash, in

ot her words, was simlar to the response
during the nonocul ar presentation only when
t he subject reported seeing the preferred
stimul us.

Figure 12-4 shows a summary of the
responses of 12 neurons that responded
selectively to one or a few individual
i mages fromour stinulus set®. These units
showed a marked enhancenent in firing rate
in response to the nonocul ar presentation of
the stimulus (Figure 12-4A); they did not
respond beyond baseline during the binocul ar

period when the effective stinmulus was

3 A stimulus that did not cause a change in firing rate in this amygdalacell.

17
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perceptual |y suppressed (Figure 12-4A) and,
finally, they showed a strong enhancenent in
their firing rate during the dichoptic
period when the effective stinmulus was
consciously perceived (Figure 12-4B).
Approximately 12% (a total of 51 units)
of the recorded neurons showed vi sual
selectivity with enough stinulus repetitions
during both the nonocul ar presentation and
the flash period for analysis®. The mpjority

(69% of these neurons followed the

4 The same concl usions apply to 23 other neurons with
broad sel ective responses (see Kreinman et al., 2002
and Figure 12-6A).

°As we have reported previously, the majority of
recorded neurons did not show visual selectivity. A
possi bl e reason for this observation is that many of
these units may be non-visual neurons. However, given
that we only present a small nunber of stimuli in a
relatively short period of time, it is possible that
in many cases we sinply fail to find a visua
stimulus that drives the cell

18
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perceptual report of the subjects. In other
wor ds, these neurons showed enhanced firing
upon presentation of the preferred stimnulus
during the flash if and only if the inmage
was consciously perceived. W observed
neurons that followed the percept in al
four areas of the MIL. G ven the | ow nunber
of neurons, it is difficult to draw any
concl usi on about possible distinctions
across regions (the nunber of neurons that
foll owed the percept ranged from2 to 18).
The renmining one third of the
sel ective units did not show a statistically
significant response during the flash period
regardl ess of the subject’s percept (that
is, in the presence of the two, conflicting,
stimuli). It is unlikely that the | ack of
response of these neurons is due to the

shorter presentation during the flash given

19
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that the latencies of neurons in the MIL
seemto be much shorter than t¢ash= 500 ns
(Kreiman et al., 2000). These neurons that
did not respond during the flash showed only
a weak response during the nonocul ar
presentation. It is possible that this weak
response was not strong enough to be
detected during the flash peri od.
Alternatively, the conflicting presentation
of two stinmuli perhaps inhibited the
response.

| nportantly, we did not observe any
neuron that responded when the preferred
stimulus was not consciously perceived. Even
t hough the preferred stinulus was physically
present during the flash period, the neurons
in the human nedi al tenporal |obe were
oblivious to it unless the subject actually

percei ved the stimulus.

20
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Conmpari son of neuronal responses between
perception and suppressi on phases

We directly conpared the responses for
t hose neurons that followed the percept
during the two states in which the effective
stimuli were subjectively perceived (i.e.
when presented nonocul arly wi thout
contral ateral stinulation and when presented
and seen together with a contral ateral
stinmulus). There was no significant
difference in the distribution of the
response |l atencies (Figure 12-4C, two-tailed
t test, p>0.15), durations (Figure 12-4D,
p>0.3) or magni tudes eval uated by the total

number of spikes (Figure 12-4E, p>0.1)°.

®I'n contrast, the response to the effective stinulus
when it was suppressed and when it was dom nant were

21
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Therefore, in spite of the fact that there
is a conpletely different stinmulus present
on one retina during the dichoptic period,
t he neuronal responses of these cells are
very simlar to those when the effective
stimulus is presented nonocularly. This
supports the view that the neurons in the
MIL primarily represent the percept rather
than the visual input per se.

G ven that the dichoptic period followed a
nonocul ar presentation, it is reasonable to
ask whet her the absence of response to the
suppressed stinulus is a consequence of
adapt ati on of the neuronal response or a
| ack of response to consecutive
presentations of the same preferred

stinmulus. To address this question we pool ed

virtually independent, with a correlation coefficient

22
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t he neuronal responses fromall our data set
(i ncludi ng previous experinents reported by
Kreiman et al., (2000a,b) and re-anal yzed
all the trials in which the preferred
stinmulus was presented in two consecutive
trials. W did not observe any overall trend
i ndicative of a reduction (nor enhancenent)

in the neuronal response (Figure 12-5)".

Correl ati on between neuronal response and
per cept
How strong is the correl ati on between the

si ngl e-neuron response and the percept? W

of just 0.08.

"I't should be noted that in all these cases, the
second presentation occurred at |east 1000 ns after
the first presentation and there was a behaviora
response (button press) in between. In the present
experinment, the flash period inmediately foll owed the
nonocul ar presentation and there was no response in

bet ween these two peri ods.

23
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anal yzed whether it was possible to predict
the subject’s percept based on the neuronal
response. W perfornmed a RCC, signal
detection analysis (G een and Swets, 1966)
based on the spi ke counts at the single-
trial level. This anal ysis yields a
probability of m sclassification of the
neuron’s preferred stinulus, pe, ranging from
O for perfect prediction to 0.5 for chance

| evel s (since there are two possible
choices). Figure 12-6A-B shows how pe
decreases with increasing time w ndows used
to compute the spike counts. The probability
of m sclassification during the nonocul ar
presentation was very simlar to that during
the flash period when the preferred stinul us
was perceived. In contrast, when the

preferred stinmulus was perceptually

24
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suppressed, the performance of this

classifier was basically at chance |evels.

S

The nunmber of errors of the classifier was

quite high for integration w ndows of |ess
than 200 ns at the |evel of single neurons.
In order to attenpt to extrapol ate these
results to how well small ensenbl es of
neurons could reflect the subject’s percept,
we trained a Support Vector Machi ne (Vapnik,
1995) to classify the data into * perceived
and ‘not perceived categories based on

i ncreasingly larger nunbers of independent

neurons®. Figure 12-6C shows how the error

8For this purpose, we estinmated the spi ke density

function for each neuron and nornmalised it to the
neuron’s peak response (Figure 12-4). The input to
the SYWMclassifier with a Iinear kernel were the
normal i zed neuronal response integrated over
different time wi ndows (Figure 12-6C). The class for
each entry was based on the subject’s perceptua

report. This analysis was restricted to the 23

25
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rate decreased with increasing tine w ndows
and nunber of units. The gain in performance
after offset of the flash (500 to 1000 ns
after flash onset) is due to the continued
response of sonme neurons beyond the

di sappearance of the stinmuli. It is
interesting to observe a slight saturation
ef fect, whereby the increase in perfornmance
of the classifier decreases with tine,

i ndicating that quite accurate
characterization of the percept can be
obt ai ned by anal yzi ng 500 ns after flash
onset. It should be noted that there are
several assunptions here including the

i ndependence of neuronal responses. It is

concei vabl e that interactions such as

broadly tuned neurons due to the very small nunber of
repetitions available for training fromthe neurons

sel ective to individual stinmuli.

26
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synchronous firing could enhance even
further the correlation with the percept for

smal | ensenbl es of neurons.

12. 4. In search of the neurona

representation of the percept

Model s descri bing the perception of

bi stabl e i nages often propose a conpetition
bet ween neuronal popul ations tuned to one or
the other alternative representations of the
external world (see chapters 3, 17, 18, this
vol une). Subjectively, one perceives the end
result of this conpetition with one stimulus
predom nating over the other except during

transition states or pieceneal states. Flash

suppression constitutes a particularly

27
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strong variant where the transition duration
is mnimal (in nost cases too brief to be
noticed).

Qur results suggest that the spiking
activity of nost of the visually selective
neurons that we recorded fromin the nedial
tenporal | obe correlates well, at the
single-trial level, with the visual
consci ous experience of the subject. These
results parallel the observations nade in
t he hi gher stages of the macaque visual
syst em ( Shei nberg and Logothetis, 1997)
Simlar to the data in the nonkey inferior
tenporal cortex, we do not find any evidence
for neurons that represent the perceptually
suppressed image, that is, the unconscious
i mge, in the MIL.

Whil e our data reflect the end result of

the conflict between alternative percepts,

28
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it does not address the issue of where and
how the conpetition is resolved. There is a
strong projection fromthe nonkey inferior
tenporal cortex to the MIL structures in
monkeys (Cheng et al., 1997; Logothetis and
Shei nberg, 1996; Sal eem and Tanaka, 1996;
Suzuki, 1996; Tanaka, 1996), however, the
detail ed neuroanatony is largely unknown in
humans. Functional inmaging as well as
neur ol ogi cal data suggests a possible

i nvol vement of frontal areas during
internally driven perceptual transitions
(Lumer et al., 1998; Ricci and Bl undo,
1990). Single neuron studies in earlier

vi sual areas of the macaque nonkey revea
that a progressively higher proportion of
neurons correlate with the subjective
percept as one ascends the visual hierarchy

fromthe LGN to V1 to V4/MI (Lehky and

29
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Maunsel |, 1996; Leopold and Logot heti s,

1996; Logothetis and Schall, 1989). For a

review see Leopold and Logothetis, 1999). In

hi gher areas, functional inmaging also shows
a correlation between BOLD neasures of
activation and perception (Tong et al,
1998).

Interestingly, in earlier visual areas,
sone neurons showed a response that was
anti-correlated with the percept. This type
of responses was absent in nonkey IT cortex
as well as in our MIL recordings. Functional
i magi ng shows that activity in V1 may
correlate with the percept in binocular
rivalry (Pol onsky et al., 2000; Tong and
Engel, 2001; Tononi et al., 1998). However,
as the biophysical basis of the BOLD signal

is not yet understood, great care should be

exercised in identifying an increase in BOLD

30
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with an increase in firing frequency of
neurons (Logothetis et al., 2001).

It has been suggested that overtraining in
nonkeys may i nfluence the neuronal responses
studi ed during binocular rivalry (Tononi et
al., 1998). Wile it is known that training
can nodify the pattern of dom nance duri ng
bi nocular rivalry (Leopold and Logot heti s,
1999), our data show that strong neurona
nodul ati on based on the percept can be found
in naive observers. It is plausible that the
neuronal correlate of the percept is
transferred fromIT to MIL where it m ght be
i nvolved in declarative nenory storage
processes (Ei chenbaum 1997; Kreinman et al.
2000; Rolls, 2000; Zol a-Mrgan and Squire,
1993). The proportion of human MIL neurons
following the percept is smaller than the

val ues reported for nonkey IT cells

31
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(Shei nberg and Logothetis, 1997). These

di fferences could sinply be due to the
different criteria used to determ ne
neuronal selectivity. They could al so be due
to differences between species. On the other
hand, it is possible that the nunber of
neurons that underlie and generate consci ous
vi sual perception peaks in internedi ate
areas of the brain, such as inferior

tenporal cortex, and is lower in nedial
tenporal or prefrontal |obe structures

(Crick and Koch, 2000; Jackendoff, 1987).
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Fi gure | egends

Figure 12-1: Schematic of el ectrodes, sanple
of signals and wavef orns

A. Schematic of the type of el ectrodes that
were used (Fried et al., 1999; Kreinan,
2002). Wdeband activity was nonitored 24
hours per day fromthe Pt-Ir contacts al ong
the electrode for clinical purposes. Single-
unit data were acquired through the eight

M Crow res.

B. Magnetic resonance imge (1.5 Tesla)
showi ng the position of one electrode in the
hi ppocanpus.

C. Sanple extracellul ar data obtained from
one of the mcrowires after filtering and
anplification. The activity of multiple
units can be discrimnated fromthe noise in

extracel | ul ar recordings.
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D. Spike sorting to isolated individual
neurons was perforned by separating the
clusters in two-di nensional plots of severa
features of the waveforns. Here we
illustrate only a subset of these features
that include the first three principal
conponents of the data. Distinct gray tones
correspond to different clusters.

E. Sanple of the waveforns after spike
sorting. Each cluster is shown as a separate

gray tone.

Figure 12-2: Flash suppressi on phenonmenon

A. Fl ash suppression consists of the

per ceptual suppression of an inmage that was
previ ously shown nonocul arly upon flashing a
new stinmulus to the contral ateral eye. The

| eft panel shows the stinmulus presentation

while the right panel depicts the subjective
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perceptual report. In this exanple, a

phot ograph of Paul MCartney is shown
monocul arly for 1000 ns after which a

hori zontal grating is flashed onto the
opposite eye for 500 ns, while, the sane
picture is shown to the original eye.

Subj ects were instructed to report their
percept in a two-alternative forced-choice
manner after the di sappearance of the flash.
B. Flash suppression test depicting the
conpl enmentary condition to that in A During
the flash period, the stimuli presented to
the two eyes are the sane as in A However,
t he subjective percept is exactly the

opposi te.

C. Percentage of suppression based on the
2AFC report (black bars) or upon debriefing
(gray bars) for the flash suppression trials

(FS) and the control trials (CO).
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Figure 12-3: Sanple of neuronal response

A. Visual selectivity of a neuron in the

ri ght anygdal a. Raster plots and post -
stinmulus tinme histograns (aligned to
stinmulus onset) of the neuronal responses to
a subsanple of 12 pictures (out of 47
presented pictures; (Kreinman, 2002)). The
neuron enhanced its firing rate only upon
presentation of the face of the conedian
Curly, shown within a gray-shaded box. The
hori zontal dashed |Iine shows the overal

mean firing rate of this unit (1.7 Hz). Sone
of the stinmuli were in color but are shown
here in black and white. The nunber of
presentations is indicated in the upper |eft
corner of the histograns. Bin size = 200 ns.
B. Responses of the neuron during the fl ash

-suppression test to the image of Curly. The
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format is the sane as in panel A. On the

| eft, the neuronal responses were aligned to
the onset of the nonocul ar presentation of
Curly (indicated by the first vertica
dashed line). An ineffective stinulus was
flashed (at the time indicated by the second
vertical dashed |ine) and perceptually
suppressed the image of Curly. On the right,
an ineffective stinmulus was shown

nmonocul arly. The image of Curly was fl ashed
and perceptual ly suppressed the ineffective

sti mul us.

Figure 12-4 Summary of neuronal responses
A-B. Average nornmalized spi ke-density
function obtained by convol ving the spike
train with a fixed gaussian of 200 nms and

di viding by the peak activity (n = 12

neurons selective to individual stinuli). A
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The dark gray trace corresponds to the
responses aligned to the tinme of
presentation of the nonocul ar preferred
stinmulus; the light gray corresponds to the
responses to all other stimuli. B. The dark
gray traces correspond to the responses
aligned to the onset of the flash of the
preferred stinmulus after a different
stimul us had been presented nonocul arly; the
light gray trace identifies all other
presentations. The shaded regi ons correspond
to 95% confidence intervals. The vertica
dashed |ines denote the nonocul ar and fl ash
onset respectively.

C. Distribution of response | atencies during
t he nonocul ar (top) and flash (bottom
presentations (n=35 neurons). Bin size = 50
ns. D. Distribution of response durations

during the nonocul ar and fl ash
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presentations. Bin size = 50 ms. E
Di stribution of the magni tude of the
response during the nonocul ar and flash

presentations. Bin size = 2 spikes/s.

Figure 12-5. Lack of change in response to
consecutive presentation of the preferred
stinmuli.

Distribution of the change in firing rate
for consecutive presentations of preferred
stimuli. For this figure, we pool ed data
fromseveral different experinments (Kreinman
et al., 2002; Kreiman et al., 2000a,b) (n =
104 neurons). The nmain plot shows the ratio
of firing rate in one presentation to that

in the previous presentation (mean ratio =

1.234£1.55, nedian ratio = 0.94). Bin size =

0.1 (only points with non-null firing rates
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were included here). The inset shows the
difference in firing rates (all points
i ncl uded here, nean difference = -0.07+4. 84

spi kes/s). Bin size = 1 spike/s.

Figure 12-6 Estimati ng the percept from
t he neuronal response

RCC anal ysis showi ng the probability of

m scl assi fying the subject’s perceptual
report (pe, Of pe £0.5) based on the spike
counts in different tinme windows. (A 23

neurons broadly tuned to categories of

natural stimuli. (B) 12 neurons selective to

i ndi vi dual imges. The tinme w ndow starts
100 nms after stinmulus or flash onset
(circles: monocul ar stimul us;
squares/triangl es: perceived/ suppressed

flash period respectively). (C
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Classification of the subject’s perceptual
report using a |linear SVM (Vapnik, 1995)
after pooling different nunbers of broadly
tuned, independently firing neurons. W used
the inplenentation of SVYMclassifiers by
Rifkin (Rifkin, 2000) with the follow ng
paranmeters: |inear cost per unit violation
of the margin = 2, tolerance for the Karush-
Kuhn- Tucker conditions = 10°* (see Vapnik,
1995), equal weights for false alarns and
mss errors, linear kernel wth normalizer =
1. The x-axis denotes the tine fromonset of
the flash. In all cases, the data were split
evenly and randomy between training and
test sets (we tested | eave-one-out cross-

val idation in a random subset of 20% of the
cases and this yielded simlar results). The
normal i zed spi ke density function of each

neuron was conputed by convol ving the spi ke
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train with a fixed wi dth gaussian of 100 ns
and dividing by the peak response. The
normal i zed neuronal responses during the
flash period of 1, 2, 5 or 10 neurons

i ntegrated over the indicated tine w ndows
were used as input to a SYMclassifier with
a linear kernel to discrimnate between
those trials in which subjects reported
perceiving the preferred stinulus or the
non- preferred stinmulus. The size of the

mar ker indi cates the nunber of neurons. For
n =1, we averaged over 20 possible

sel ections of neurons. For n = 2, 5 and 10,
we averaged over 50 random conbi nati ons of n
neurons. As discussed in the text, it should
be noted that there are nmany strong
assunptions underlying this computation,
including that the firing rates of these

neurons are independent.
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Kraiman af &
MNauronal responses during flash suppression in the human brain
Figure 12-1
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Kreiman ef al.
MNeuronal responses during flash suppression in the human brain
Figure 12-2
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Kreiman et al,

Meuronal responses during flash suppression in the human brain
Figure 12-3

1000 me

B T H' Wriie o
1 ; | |§III||III|I"I:| I'IJ | . l‘ II | ,‘ ||"|II
: iy I|I po : I .y

s N8 | imﬂam t=5 . . fiashed
E - 1 = |
" ! i

" dme (ms) ! I

time {ms)

55



Krei man et al
Neuronal activity during flash suppression in humans

Kraiman ef al.
Meuronal responses during flash suppression in the human brain

Figura 12-4
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Kraiman &f al.

Meuranal responses during flash suppression in the human brain
Figure 12-5
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activity during flash suppression in humans
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