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Summary

Orientation selectivity is a fundamental, emergent property
of neurons in early visual cortex, and the discovery of that
property has dramatically shaped how we conceptualize
visual processing [1-6]. However, much remains unknown
about the neural substrates of this basic building block of
perception, and what is known primarily stems from animal
physiology studies. To probe the neural concomitants of
orientation processing in humans, we employed repetitive
transcranial magnetic stimulation (rTMS), which can signifi-
cantly attenuate neuronal spiking activity, hemodynamic
responses, and local field potentials within a focused
cortical region [7, 8]. Using rTMS to suppress neural
responses evoked by stimuli falling within a local region of
the visual field, we were able to dissociate two distinct
components of the neural circuitry underlying orientation
processing: selectivity and contextual effects. Orientation
selectivity gauged by masking was unchanged by rTMS,
whereas an otherwise robust orientation repulsion illusion
was weakened after rTMS. This dissociation implies that
orientation processing in humans relies on distinct mecha-
nisms, only one of which was impacted by rTMS. These
results are consistent with models positing that orientation
selectivity is governed by patterns of convergence of
thalamic afferents onto cortical neurons, with intracortical
activity then shaping population responses amongst those
cortical neurons.

Results

Experiment 1: Effect of rTMS on Orientation Selectivity

Our first experiment psychophysically measured orientation-
tuning curves for stimuli that fell inside and outside the region
of the visual field associated with the retinotopically targeted
repetitive transcranial magnetic stimulation (rTMS). We
reasoned that if the neural activity temporarily depressed by
rTMS is prominently involved in defining the sharpness of
orientation tuning, then we should observe broader tuning at
the retinotopic site where rTMS was applied; otherwise, the
bandwidth of orientation tuning should be immune to rTMS.
To obtain psychophysical orientation-tuning functions, we
used a noise-masking procedure (Figure 1B)—a well-estab-
lished, behavioral technique for measuring orientation-tuning
curves. With noise masking, the more similar the orientation
content of the noise mask is to an embedded test stimulus,
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the greater the loss in sensitivity for detecting that embedded
test [9-13]. This change in sensitivity as a function of noise
content yields a psychophysical tuning curve, which allows
us to infer the shape and sensitivity of the visual neurons
used to detect the test stimulus: the broader the neuronal
orientation tuning, the wider the range of noise mask orienta-
tions that impede visual sensitivity. This psychophysical tech-
nique has consistently yielded orientation-tuning curves that
closely mirror orientation-tuning curves obtained through
physiological recordings in visual cortex [9-13].

Before each block of experimental trials, single-pulse TMS
was used to identify for each observer the precise region
over the occipital pole where the TMS coil evoked a punctate,
single phosphene at the designated site where visual stimuli
were to be presented in the psychophysical experiment.
Then, rTMS pulses were administered at that location at 1 Hz
for 2.5 min, thereby depressing neural activity at a focal, retino-
topically defined site, most certainly including V1 and, in all
likelihood, other visual structures innervated by V1 neurons.
Immediately after each rTMS episode, a series of test trials
was administered. On each trial, a filtered noise patch
appeared either at or remote from the retinotopic region corre-
sponding to the rTMS site (Figure 1A). A grating stimulus was
embedded within the upper or lower portion of this noise
patch, and the observer reported the location of the grating
(two-alternative, forced-choice task). Two interleaved stair-
cases adaptively varied the contrast of the grating presented
at the two test sites to estimate observers’ contrast thresholds
for the stimulus embedded within varying orientation band-
pass noise. After each test period, rTMS was readministered
in exactly the same way as before, followed by another pair
of staircase test sequences. This rTMS/test procedure yielded
tuning curves for conditions when the stimulus was presented
either at the visual field location associated with rTMS or at the
equivalent location in the opposite visual field.

For the test stimulus presented at the rTMS site, we found
a reliable, ~0.14 log-unit increase in contrast threshold—this
confirms rTMS’s effectiveness at depressing neural activity
at that location (p < 0.01; see Figure S1, available online). Did
this impairment of neural activity broaden orientation tuning?
To quantify the effects of rTMS on the bandwidth of the tuning
curves, we fit Gaussian functions to the data for each observer
(Figure 1C, single observer). Parameter estimates of the fitted
Gaussian bandwidth revealed that although thresholds were
elevated, rTMS had no impact on the width of the tuning
profile. A z-test on the bootstrapped bandwidth estimates
(1000 repetitions; Figure S2) disclosed no significant differ-
ences in tuning bandwidths between the rTMS and no-rTMS
locations (Figure 2; p > 0.05). Moreover, post hoc analyses of
the staircase data (Figure S3) revealed no evidence that the
effect of rTMS dissipated significantly during a test sequence,
thereby diluting a possible effect on tuning estimates. Nor can
the invariant tuning estimates be attributed to a weakening of
the effective noise mask contrast by rTMS, because tuning has
been shown to be invariant with noise contrast [14].

Neurophysiological work has shown that orientation tuning
is contrast invariant [15], so it is not surprising that tuning
could remain invariant under conditions where contrast
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Figure 1. The Stimulus Display and a Psycho-
physically Measured Orientation Tuning Function

(A) Example of display used to measure orienta-
tion tuning, within and outside of a TMS site
(dotted circle; not in the actual display). In each
trial, a grating was embedded within one of the
two noise patches. Observers reported whether
the grating was in the upper or lower region of
the noise, and we obtained contrast thresholds
based on their performance in this task. The
pointer at fixation indicated which side the stim-
ulus would appear.

(B) Demonstration of stimuli used to measure
orientation tuning psychophysically. The only
change in the three stimuli shown is the orienta-
tion content of the noise; the closer the orienta-

tion difference between the grating and the noise,
the harder it is to see the embedded grating. This
function yields a measure of the orientation
tuning underlying the test grating detection.

(C) Representative orientation tuning curve from one observer. After rTMS, contrast thresholds were elevated, indicating the effectiveness of rTMS at
depressing cortical activity. However, the width of the tuning curves remained unchanged (dropdown dotted lines; bandwidth estimates: rTMS = 18.98°,

No TMS = 19.17°). Error bars represent +1 standard error (SE).

sensitivity was depressed. The failure of rTMS to broaden
human orientation tuning is reminiscent of results from animal
physiology studies showing that depression of neural activity
in cat V1 leaves the breadth of orientation selectivity unaltered
[16, 17]. The present finding is also consistent with a recently
proposed, modified-feedforward model that accounts for the
characteristics of orientation selectivity by incorporating
nonlinearities inherent in cortical neurons [18].

Experiment 2: Effect of rTMS on Orientation-Based
Contextual Effects

What role, then, might neural mechanisms impacted by rTMS
play in orientation processing? Although results from experi-
ment 1 indicate that mechanisms affected by rTMS are not
importantly involved in shaping orientation tuning, early
cortical processes are believed crucial in modulating the over-
all population responses among multiple orientation signals
through processes such as gain control and lateral inhibition
[3, 5, 19, 20]. To explore the influence of cortical activity on
contextual interactions between orientations, we tested the
effects of rTMS on a visual illusion caused by interactions
between oriented contours. When a grating is embedded in
a tilted inducer stimulus, the grating appears to be tilted
away from the inducer orientation—a phenomenon known as
the tilt repulsion illusion [21-23] (Figure 3A). Some have
proposed that the neural underpinnings of this robust percep-
tual effect involve the interplay between orientation-selective
responses within visual cortex [21-23]. In particular, this class
of illusions has been attributed to competitive interactions
through local lateral connections in early visual cortex [24].
Does rTMS impact those mechanisms involved in contextual
interactions?

To learn the answer to this question, we measured the extent
to which observers perceived the tilt repulsion illusion both
inside and outside of the rTMS-administered site, reasoning
that if neural activity impacted by rTMS is responsible for
this orientation-dependent interaction, the illusion should
diminish when presented at the rTMS site. We followed exactly
the same rTMS/test protocol as that used in the previous
experiment, only now having observers judge the perceived
orientation of a suprathreshold grating embedded in bandpass
noise angled approximately 36° one way or the other, relative

to the test grating. Two randomly interleaved staircases varied
the grating’s orientation to find the orientation perceived to be
vertical.

rTMS aside, all observers experienced the tilt repulsion illu-
sion, as expected; the presence of an inducer stimulus caused
an embedded grating to appear tilted away from the inducer
orientation. Under the influence of rTMS, however, the magni-
tude of the illusion was significantly weakened (p < 0.05;
Figure 3B). Knowing that neural responsiveness is reduced
after rTMS, could the weakened tilt repulsion illusion be attrib-
utable to a reduction in effective contrast of the inducer and
test? We conducted a control experiment to test this possi-
bility, where we simulated the drop in signal strength of the
stimuli under TMS by halving the contrast of both the test
and inducer stimuli. If the effect of rTMS on illusion strength
is due simply to decreased neural responsiveness after
rTMS, a reduction in contrast should yield a smaller tilt repul-
sion illusion. However, reducing the contrast of the inducer
and test by the same proportion led to no significant change
in the magnitude of illusion (Figure 4; p > 0.05), ruling out
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Figure 2. Orientation Tuning Bandwidth Estimates Measured Inside and
Outside of the rTMS Site

Although intracortical activity was depressed by TMS, there was no
significant change in the bandwidth of orientation selectivity. Error bars
correspond to the bootstrapped 95% confidence intervals.
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Figure 3. TMS Diminishes the Tilt Repulsion lllusion

(A) A demonstration of the tilt repulsion illusion. Although the physical orien-
tation of the grating is vertical, when embedded within oriented noise, the
grating appears to be tilted away from the noise orientation. This illusion
is commonly attributed to lateral interactions in early visual cortex.

(B) When the stimulus was presented outside the TMS site (dark bars),
observers perceived the grating to be tilted away from vertical. However,
under TMS, the magnitude of this illusion weakened. Error bars represent
+ 1 SE.

reductions in input signal strength as the cause of the weak-
ened tilt repulsion illusion caused by rTMS. Nor was the tilt
repulsion weaker simply because, after rTMS, observers failed
to see the stimulus on a fraction of trials. The contrast of the
test stimulus was fixed at a relatively high contrast (25%)
where observers should have no difficulty seeing it even after
rTMS (looking at Figure 1C, notice that under conditions where
the noise is oriented 36° away from vertical, a 25% contrast
stimulus would be visible after rTMS). To verify the visibility
of the test stimulus under rTMS, we conducted a control
experiment (Supplemental Data), the results of which
confirmed that observers had no difficulty detecting the stim-
ulus. Thus, the weakened tilt repulsion effect suggests that
rTMS temporarily depressed activity within neural circuitry
involved in shaping the response profile across a population
of orientation-selective neurons. This dynamic sculpting of
the population response probably arises from several sources,
including gain control [3, 5, 19] and the suppression of
responses to stimulation falling outside the receptive fields
of neurons responsive to our test stimulus [25]. How rTMS
specifically might impact these processes remains unknown,
although single-cell recording studies using TMS provide
tantalizing hints [7, 26].

Discussion

Based on their findings, Hubel and Wiesel proposed an
elegantly simple model in which orientation tuning arises in
V1 by virtue of the arrangement of thalamic afferents onto
those V1 neurons, from non-orientation selective cells in the
lateral geniculate nucleus (LGN) [27]. Although there has since
been empirical evidence in agreement with certain elements
of this feedforward model [28, 29], their model appears insuf-
ficient to account for all the characteristics of orientation
selectivity [15, 30]. For instance, a simple feedforward model
fails to predict the contrast-invariant quality of orientation
tuning [31]; if orientation selectivity is constructed solely
from the physical arrangement of corticothalamic inputs,
then one should observe what has been coined an “iceberg
effect,” where orientation tuning broadens as a function of
stimulus contrast. However, that is not the case; the band-
width of orientation tuning remains fixed regardless of the
intensity of the stimulus [32].
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Figure 4. Halving the Contrast of the Inducer and Test Stimuli Did Not Signif-
icantly Affect the Magnitude of the Tilt Repulsion lllusion

Error bars represent +1 SE.

Because the feedforward model and empirical findings were
at odds, an additional component to orientation tuning was
proposed, involving balanced inhibition of the input [15, 18,
30, 31]. Where is the locus of this process? Although some
maintain that orientation tuning can still be explained via a
modified feedforward model [15, 18], others believe that intra-
cortical activity is responsible for further shaping orientation
selectivity, whether through lateral connections in cortical
visual areas such as V1, or through feedback processes [6,
30, 33, 34]. Given that the depression of cortical activity with
rTMS yielded no broadening in orientation selectivity, our
results for orientation selectivity are consistent with a thalamo-
cortical source for orientation tuning. At the same time, the
results of our tilt illusion experiment suggest that intracortical
activity plays an important role in shaping the larger-scale
population response to orientation information. One proposed
source for the tilt repulsion effect is in the cortical lateral
connections among orientation-selective detectors. rTMS
probably weakened the strength of these inhibitory interac-
tions, thus rendering a weaker tilt illusion. Our results from
experiment 1, however, suggest that these lateral connections
in cortex are not responsible for the bandwidth of orientation
tuning.

Our conclusions do not rely on the assumption that rTMS
impacts only one, isolated cortical site. Indeed, the effects of
our rTMS regimen probably propagate, among other places,
from visual cortex back to the retinotopically corresponding
area of the LGN [35]. This propagation, in turn, means that stim-
ulus evoked activity within the LGN, like activity in early visual
cortex, might be temporarily depressed after rTMS. Still, the
results of experiment 1 revealed no broadening whatsoever
in orientation tuning assessed with a noise-masking proce-
dure. So whatever neural mechanisms govern orientation
tuning, those mechanisms are not influenced by reductions in
neural activity within early visual cortex, or by reductions in
activity within the thalamic inputs to visual cortex. Our results
are consistent with Hubel and Wiesel’s original idea that orien-
tation tuning is governed by the spatial organization of thalamic
inputs onto cortical neurons; because this structurally defined
organization is independent of the strength of neural responses
(at least within the timescale employed in our experiments), the
effects of rTMS on LGN should not impact orientation selec-
tivity. At the same time, we know that the rTMS protocol used
in these experiments did impact aspects of orientation pro-
cessing, based on two other results. First, contrast thresholds
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for detection of the Gabor probe were temporarily elevated
after rTMS, by approximately 0.14 log-units, in all likelihood
from the reduction in neural responsiveness produced by
rTMS in V1, and perhaps in LGN as well. Even more revealing,
the same rTMS protocol in experiment 2 produced a significant
reduction in the magnitude of an orientation illusion generally
attributed to intracortical interactions among orientation-
selective neurons. That reduction in illusion strength after
rTMS cannot be attributed to a reduction in effective contrast,
for we obtained a full-strength illusion when the contrast of the
test stimulus and the masking noise were halved, simulating
the effect of rTMS. Thus, experiment 2, besides confirming
the efficacy of rTMS, discloses that the neural circuitry under-
lying this illusion is different from that responsible for sculpting
the orientation bandwidth of cortical mechanisms.

The fidelity with which sensory signals are encoded is
partially determined by the bandwidth of neural selectivity,
with some models predicting that the broader the tuning, the
less precise the perceptual representation [36, 37]. Some
have proposed that perceptual performance can be affected
by top-down feedback signals that dynamically alter sensory
tuning. A quintessential example of such an operation is
provided by selective attention, which some have proposed
improves discriminability by sharpening the tuning of indi-
vidual detectors [37]. However, our findings suggesting that
orientation tuning is governed by the architecture of thalamo-
cortical afferents, which are probably relatively fixed, cast
doubt on the possibility that tuning changes associated with
attention occur at the level of individual detectors in primary
visual cortex. Rather, it seems more likely that attention influ-
ences selectivity at the population level, differentially weight-
ing the amplitude of responses of individual detectors to
sharpen the overall population response profile [36]. In this
respect, our results are consistent with the hypothesis that in-
tracortical computations do indeed possess the dynamically
malleable qualities necessary to carry out such processes.

Experimental Procedures

Six observers, all with normal or corrected-to-normal vision, participated in
the study. Observers’ heads were stabilized with a chin and forehead rest,
52 cm from a gamma-corrected display. TMS was administered with a Mag-
stim 2T Rapid stimulator (peak discharge = 1.8 kV; 70 mm figure-eight air-
cooled caoil). To determine the scalp site at which rTMS would be adminis-
tered, we first used single-pulse TMS to position the coil carefully for each
observer such that at high intensity (85% max stimulation), a single visual
phosphene was evoked over the target stimulus site, but not over the
no-rTMS site [38]. Because the distance between the two stimuli was large
(16° center-to-center), there never were instances where the boundaries of
a phosphene spread to the other stimulus location, nor did observers ever
see paired phosphenes. The coil positioning varied among observers,
with the placement ranging from 1 to 3 cm above the inion and 1 to 3 cm
laterally into the left hemisphere. During the TMS administration periods,
the stimulation intensity was reduced below phosphene threshold (60%
max stimulation). To depress cortical activity, we repeatedly applied brief
TMS pulses (1 Hz) for 2.5 min. Previous physiological studies have shown
that these parameters are quite effective in reducing spike rate, hemody-
namic response, and local field potentials [7].

After each session of TMS administration, a block of staircase-controlled
trials ensued, lasting 173 s during which observers maintained fixation on
a dot in the center of the display. On each trial, a noise patch (5° x 5°
10% RMS contrast) appeared for 500 ms to the left and right of fixation
(8° eccentricity). A test Gabor (4° x 2.5°; 6 cpd) was embedded within the
upper or lower portion of one of the noise patches, for which observers per-
formed a 2AFC location discrimination task (upper or lower portion of noise
patch). The visual field location of the test Gabor (but not it’s location within
the noise patch) alternated predictably between the left and right side of
fixation; this procedure allowed us to measure sensitivity at the TMS

location and the no-TMS location in one block of trials. In control measure-
ments without TMS, we also confirmed that thresholds and tuning estimates
were equivalent at these two visual locations.

To measure psychophysical orientation-tuning curves, we used the
noise-masking technique, in which the noise and probe ranged from being
identical in orientation, to the noise orientations being nearly orthogonal to
the test Gabor [9-13]. The noise was Gaussian white noise that was band-
pass filtered in the orientation domain, and the center frequency of this
noise band could be 0°-72° from the Gabor orientation. For the prevention
of off-channel looking [10], the noise bandpass orientations were symmet-
rically angled clockwise and counterclockwise relative to the Gabor orienta-
tion. The spatial frequency content of the noise was low-pass filtered as
well, with a cutoff frequency of 10 cpd.

Randomly interleaved adaptive staircases (QUEST) produced estimates
of contrast thresholds at 75% performance for the stimulus embedded
within varying orientation bandpass noise, yielding tuning curves for condi-
tions when the stimulus was presented at the TMS-administered site or at an
equivalent site in the contralateral visual field. Each 173 s block of trials was
followed by a 30 s rest period and, then, another rTMS/test sequence (see
Supplement Data). The timing parameters of these sequences were
selected to promote a sustained effect of rTMS during a single test period
while, at the same time, minimizing the possibility that the effect of FrTMS
would be amplified over successive test periods. Four thresholds were
collected per condition.

In the tilt repulsion experiment, the same rTMS protocol was used.
Throughout the experiment, observers fixated on a dot in the center of the
display. In each trial, noise-inducer stimuli (5° x 5°; 10% RMS contrast;
low-pass spatial frequency cutoff of 10 cpd) appeared for 500 ms to the
left and right of fixation (8° eccentricity). A test Gabor visible on all trails
(5° x 5° 2 cpd; 25% Michelson contrast) was embedded within one of the
noise patches, for which observers performed a 2AFC orientation discrimi-
nation task. To induce the tilt repulsion illusion, we bandpass filtered the
inducer noise, with the center frequency of the noise band +36° or —36°
from vertical. From trial-to-trial, the test Gabor location alternated predict-
ably between the left and right side of fixation, allowing us to simultaneously
measure the tilt illusion at the TMS location and the no-TMS location in one
block. An adaptive staircase procedure produced estimates of subjective
vertical for the grating embedded within the inducer noise; this gave us an
estimate of the magnitude of the repulsion illusion. Each block of trials
was followed by a 30 s rest period.

Supplemental Data

Supplemental Data include three figures and Supplemental Experimental
Procedures and can be found with this article online at http://www.cell.
com/current-biology/supplemental/S0969-9822(09)01456-0.
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