


a o S N e S N
e 28 5’2&:\\ e$ DN
\ ¥ \ Y
i % @ % @
direction
plaids

b o o o o
i B EN €9 9
\/ \ ¥ \/
e % % % %
direction
plaids

pattern-motion adaptation index, dividing the response ampli-
tudes (see Methods) from the pattern-motion adaptation exper-
iment by the response amplitudes measured in a separate
baseline experiment (in which the stimulus alternated between
moving dots and a blank display). This calculation was per-
formed separately for each subject and each visual area, and
then averaged across subjects. The index confirms that pattern-
motion adaptation was strongest in MT+ and weakest in V1
(Fig. 2B. Other extrastriate visual areas showed intermediate
levels of pattern-motion adaptation.

To test for a relationship between these pattern-motion
responses and the percept of coherent pattern motion, we adjust-
ed the spatial frequencies of the component gratings so that they
differed by three octaves within each plaid. Consistent with pre-
vious psychophysical findings, subjects now reported that the
two superimposed gratings typically appeared to slide, transpar-
ently and independently, across one another. We reasoned that
if the activity of pattern-motion cells is tightly linked to the per-
cept of coherent plaid motion, then pattern-motion cells should
show a weaker response and a correspondingly weaker adapta-
tion effect during perceptual transparency.

Transparent component motion yielded a substantial reduc-
tion of adaptation (Fig. 2a, dashed trace). This reduction was sta-
tistically significant in all extrastriate visual areas (MT+,
Fy 67 = 18.52, p<0.0001; V3A, Fy ¢, = 16.99, p < 0.0001; V4,
F167—609 p < 0.05; V3, F167—1308 p < 0.0005; V2,
Fy 67 = 16.21, p < 0.0005; repeated-measures ANOVA on the fMRI
response amplitudes from the pattern-motion and transparent
component-motion experiments, calculated separately for each
visual area). The motion adaptation index confirms that adap-
tation in MT+ was much smaller for transparent component
motion than for coherent pattern motion (Fig. 2b, compare white
and gray bars), demonstrating that the pattern-motion selective
activity in MT+ is indeed linked to the percept of coherent plaid
motion. This was not the case for V1, where responses were small
and approximately equal in the pattern- and component-motion
experiments (Fy g7 = 0.75, p = 0.39).

A control experiment confirmed that the large reduction in
MT+ adaptation did not result simply from a weak response to
the higher and lower spatial frequencies used in the transpar-
ent, component-motion experiment. \We repeated the measure-
ments with high and low spatial frequency gratings, but instead
of mixing the spatial frequencies of the two gratings on each trial
(which produced the transparent component stimuli), we
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Fig. 1. Stimuli and protocol for coherent-plaid adaptation experi-
ment. (a) Adapted-direction block. Component gratings (top)
were paired to produce a series of plaid stimuli that all appeared
to move in the same direction (bottom). Yellow arrows, compo-
nent grating motions. Red arrows, perceived direction of plaid
pattern motions (as computed by the intersection of constraints).
Length of each arrow is approximately proportional to speed.
(b) Mixed-direction block. The same component gratings were
recombined in different pairings (top) to produce a series of plaids
with directions that varied from trial to trial (bottom).

matched the spatial frequencies (to produce coherent plaid
stimuli). Using these high-frequency plaids and low-fre-
quency plaids yielded adaptation effects in MT+ very sim-
ilar to those in the original pattern-motion adaptation
experiment (F; 55 = 0.07, p=0.93).

The small response observed in all visual areas in the
transparent component-motion experiment (Fig. 2b, all
white bars are roughly the same height) may reflect a non-

specific effect of presenting repeated stimuli compared to varied
ones. Regardless, the critical factor is that area M T+ showed much
stronger adaptation to coherent pattern motion than to trans-
parent component motion, demonstrating that changes in its
responses reflect changes in the perception of pattern motion.
Although we also observed a small effect in V1 when viewing
either coherent pattern motion or transparent component
motion, the lack of a difference between these two conditions
suggests that V1 neurons are not critically linked to the perception
of coherent pattern motion.

We also performed a control experiment to rule out the pos-
sibility that our results might be explained by motion-opponent
mechanisms, mutually suppressive populations of neurons sen-
sitive to motions in opposite directions!2. In our main experi-
ment, the adapted-direction block consisted of plaids with
separations of 144° and 90°; the mixed-direction block consist-
ed of plaids with separations of 27° and 117°. If the plaid of 144°
engaged opponent mechanisms, responses to the adapted-direc-
tion block would be smaller, independent of any direction-selec-
tive pattern-motion adaptation. We therefore performed a series
of measurements in which we alternated between blocks of wide-
angle plaids (the widest, 144° plaid from the original experi-
ment) and narrow-angle plaids (the narrowest, 27° plaid from
the original experiment). (Note that the remaining plaids had
components that were approximately perpendicular and were
wider in the mixed-direction blocks.) On each trial, the plaid
direction was rotated by multiples of 90°, to minimize adapta-
tion, yielding only a comparison between the stimulus most
expected to engage opponency (widest plaid) and the stimulus
least expected to engage opponency (narrowest plaid). We found
that MT+ response modulations were not statistically different
from zero (subject A.C.H., p=0.28; AR.W,, p=0.19, trend in
direction opposite that predicted by motion opponency; D.J.H.,
p = 0.75; two-tailed t-test), demonstrating that opponency is not
a confound for the interpretation of our main experiment. We
note that a similar number of repetitions produced highly sig-
nificant modulations of MT+ activity in the main pattern-
motion adaptation experiment.

We performed a further control experiment to rule out any
other possible confounds related to non-directional differences
between the plaids in the two blocks of the main experiment.
(For example, the plaid patterns in one block moved faster on
average than those in the other block.) We presented all the plaids
from the original experiment, but rotated their directions by mul-

73



articles

Fig. 2. Pattern-motion adaptation in human visual cortex. (a) Average
time series in MT+. Pattern-motion adaptation produced strong modu-
lations in MT+ activity. Transparent component motion evoked much
less adaptation. Each trace represents the average MT+ response, aver-
aged across subjects and scanning sessions. (b) Adaptation index across
all visual areas. Pattern-motion adaptation was largest in MT+, but also
evident in other extrastriate visual areas. Adaptation was weak and
roughly equal across visual areas in the transparent component-motion
experiment. Height of bars, geometric mean across subjects (arithmetic
mean yielded similar results). Error bars, bootstrap estimates of the 68%
confidence intervals.

tiples of 90° from trial to trial to minimize adaptation. The
response modulations in MT+ were not significantly different
from zero (A.C.H., p=0.35; D.J.H., p=0.74, two-tailed t-test),
demonstrating that the two blocks of plaids elicited similar
response levels when the effects of both component- and pat-
tern-motion adaptation were absent. This result provides further
evidence that adaptation, due to the repetition of pattern direc-
tion, was the key factor in the original experiment.

Discussion

Our findings demonstrate that human MT+ contains a popula-
tion of pattern-motion cells and that the activity of those neu-
rons is linked to the perception of coherent pattern motion. The
pattern-motion responsivity of human MT+ adds to the case for
a homology to macaque MT, which includes a relatively large
proportion of pattern-motion cellsl. We also observed lesser
degrees of pattern-motion adaptation in V2, V3, V3A and V4v.
Macaque V3 is known to have a minority of pattern-motion
cells3, but there are no published investigations of pattern-
motion cells in macaque V2, V3A or V4. Although our data
demonstrate pattern-motion responses in each of these visual
areas, we cannot determine if pattern motion is computed sepa-
rately in each visual area or if the responses in V2-V4 are affect-
ed by the adaptation that is taking place in MT+. We emphasize
that fMRI adaptation studies’*-17 can reveal the selectivities of
subpopulations of neurons in the human brain, even when those
neurons are intermingled at a spatial scale that is finer than the
spatial sampling resolution (voxel size) of the fMRI measure-
ments.

METHODS

We collected fMRI data in 3 subjects, males, 25-39 years old, all with
normal or corrected-to-normal vision. Experiments were undertaken
with the written consent of each subject, and in compliance with the safe-
ty guidelines for MR research. Each subject participated in several scan-
ning sessions: one to obtain a high-resolution anatomical volume, one
to identify MT+, one to identify the retinotopically organized cortical
visual areas, 2—-3 to measure motion adaptation, one to measure base-
line responses and 1-3 to perform control measurements. In each subject,
we collected 8-20 repeats of the pattern-motion adaptation experiment
and 8-16 repeats of the various control experiments.

Stimulus and protocol. Stimuli were presented on a flat-panel display (NEC,
multisynch LCD 2000, Itasca, lllinois) placed within a Faraday box with a
conducting glass front, positioned near the subjects’ feet. Subjects lay on
their backs in the MR scanner and viewed the display through binoculars.

Subjects viewed a pair of circular patches 12° in diameter centered 7.5°
to the left and right of a central fixation point. Patches were filled with
a plaid stimulus comprised of two superimposed sinusoidal gratings.
Individual component gratings had 20% contrast, and spatial and tem-
poral frequencies were selected to yield a variety of pattern directions
when superimposed in various combinations (Fig. 1).
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Each scan consisted of 6 (32-s) cycles; each cycle consisted of alter-
nating adapted-direction and mixed-direction blocks. Adapted-direc-
tion blocks consisted of 8 consecutive trials in which the plaid stimulus
always appeared to move in the same direction (horizontally, at 12.9 or
1.9%/s; Fig. 1a); mixed-direction blocks consisted of 8 trials in which the
direction of the plaids varied from trial-to-trial (possible plaid direc-
tions, computed from the intersection-of-constraints of the component
gratings, were 31°, 123° from horizontal at 5.3°/s and 6.3°/s; Fig. 1b).
The component gratings with orientations of 72° had spatial frequen-
cies of 0.5 cycles/degree and temporal frequencies of 2 cycles/second
(Fig. 1a, components above first plaid); the component gratings with
orientations 45° had spatial frequencies of 0.5 cycles/degree and tem-
poral frequencies of 0.67 cycles/second (Fig. 1a, components above sec-
ond plaid). In the component-motion experiment, perceptual
transparency was achieved by scaling one component’s spatial frequency
up to 1 cycle/degree and the other down to 0.125 cycle/degree, producing
a 3-octave separation. (Temporal frequencies were also scaled accord-
ingly to leave component velocities unchanged.)

To control attention, subjects performed a speed discrimination judg-
ment on each stimulus presentation6. Each 2-s trial consisted of
1300 ms of plaid motion followed by a 700-ms luminance-matched blank
period during which subjects pressed a button to indicate which plaid
(left or right of fixation) moved faster. The speed differences were deter-
mined by an adaptive staircase procedure, adjusting the speeds from trial
to trial so that subjects would be approximately 80% correct.

Across different blocks and experiments, we chose to equate percent-
correct performance, instead of the exact stimulus speed (although speeds
did remain within a few percent), because in previous work, we and oth-
ers have noted large attentional effects on MT+ responses, but no effects
of slight differences in speed!8-20, Although the speed discrimination
thresholds were larger for non-coherent (transparent gratings) than for
coherent plaids (but not for mixed- versus adapted-direction blocks),
the differences were not very large (percent speed-increment thresholds
were 15% versus 10% for non-coherent versus coherent, respective-
ly). These small speed differences might affect the responses of some
individual neurons (although speed tuning curves of all direction-selec-
tive cells are rather broad), but these speed differences would not be
expected to evoke measurable changes in the pooled activity (as mea-
sured with fMRI) of large populations of neurons.

In the adaptation experiments, equal numbers of scans were collected
with the plaids moving in opposite directions (for example, inward
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toward fixation and outward away from fixation). Averaging across scans,
and hence across adapting direction, ensured that our measurements of
adaptation-related responses were not confounded with an inherently
stronger response to any particular direction of motion.

fMRI data acquisition. MR imaging was performed using a 3T GE scan-
ner with a custom-designed dual surface coil. A bite bar stabilized the
subjects’ heads. Subjects viewed the stimuli while a time series of fMRI
volumes were acquired (every 1.5 s) using a T2*-sensitive, spiral-trajec-
tory, gradient-echo pulse sequence?! (TE, 30 ms; TR, 750 ms (2 inter-
leaves); FA, 55°; FOV, 220 mm; effective inplane pixel size, 3.2 3.2 mm;
4-mm slice thickness, 12 slices). Slice orientation was either pseudo-axial
(adaptation and control experiments) or coronal (baseline measure-
ments). The 12 pseudo-axial or coronal slices covered the retinotopic
visual areas and extended rostrally to include MT+.

Each MR scanning session began by acquiring a set of anatomical
images using a T1-weighted SPGR pulse sequence in the same slices as
the functional images (FOV, 220 mm; TR, 68 ms; TE, 15 ms; echo-train
length, 2). The inplane anatomical images were aligned to a high-reso-
lution anatomical volume of each subject’s brain so that all MR images
(across multiple scanning sessions) from a given subject were coregis-
tered with an accuracy of approximately 1 mm (ref. 22).

Defining the visual areas. The fMRI data were analyzed in each of several
visual cortical areas, defined separately in each subject. MT+ was iden-
tified as a contiguous region of gray matter in the occipital extension of
the inferior temporal sulcus that responded more strongly to full-field
moving dots than to a stationary dot pattern3-25, Retinotopically orga-
nized visual areas (V1, V2, V3, V3A, V4v) were defined by measuring
the polar angle component of the cortical retinotopic map6-29,

The gray matter regions corresponding to MT+ and the retinotopic
areas were further delimited based on the responses to a reference scan.
The reference scan responses were used to exclude unresponsive voxels
such as gray matter regions that would have responded to visual field
locations outside the stimulus apertures, or voxels that had too little over-
lap with gray matter. A reference scan was run during each scanning ses-
sion. During the reference scan, subjects fixated while the display
alternated between 16 s of moving dots and 16 s of stationary dots (pre-
sented in the same patches as the adaptation experiments). Voxels that
were not strongly correlated with the stimulus alternations (r < 0.50,
0-8-s time lag) were discarded from further analysis. Correlation thresh-
olds ranging from 0.20-0.70 yielded similar results.

fMRI data analysis. Data from the first block of each fMRI scan were dis-
carded to allow the adaptation state to stabilize and to allow the hemo-
dynamic response to reach steady state. The fMRI time series were
preprocessed by high-pass filtering the time series at each voxel (which
attenuated frequencies below 0.00714 Hz by greater than 90%, noting
that the block alternation frequency was 1/32 = 0.03125 Hz) to com-
pensate for the slow signal drift typical in fMRI signals®, and by dividing
each voxel’s time series by its mean intensity. The resulting time series
were averaged throughout the gray matter corresponding to each visual
area’s representation of the stimulus.

Response amplitudes were calculated using techniques described in
detail elsewhere!220, Briefly, the mean time series in each visual area
during each scan was fit with a sinusoid with the same period as the
block-alternation period (32 s), and we extracted the amplitude com-
ponent of this best-fitting sinusoid while compensating for the hemo-
dynamic delay. The resulting response amplitudes were positive when
the responses to mixed-direction blocks were larger than the respons-
es to adapted-direction blocks. Statistics on the response amplitudes
were computed for each subject, for each visual area, across repeated
scans and scanning sessions.
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