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Fang, Fang, Scott O. Murray, Daniel Kersten, and Sheng He.
Orientation-tuned fMRI adaptation in human visual cortex. J Neuro-
physiol 94: 4188 4195, 2005. First published August 24, 2005;
doi:10.1152/jn.00378.2005. Adaptation is a general prope;g of al-
most all neural § stems and has been a longstanding tool o P§ cho-
ph sics because” of its power to isolate and temporari] reduce the
contribution of spech ¢ neural populations. Recent] , adaptation de-
signs have been extensiveg applied in functional MRI (fMRI) studies
to infer neural selectivi{ in spech c cortical areas. However, there has
been considerable variabilit in the duration of adaptation used in
these experiments. In particular, although long-term adaptation has
been solid{ established in p§ chop}g sical and neurophA siological
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shown that orientation adaptation is large] independent of
attention and awareness of the stimulus (He and MacLeod
2001; He et al. 1996; Moradi et al. 2005).

Even with such an attention control task, it could still be
argued that the observed monotonic increase of BOLD signals
in the long-term adaptation experiment is not caused { adap-
tation but to transient attention shifts to the test stimuli and/or
apparent motion between the adapting and test stimuli. How-
ever, there are a number of reasons that argue against these
potential explanations. First, in our stud , both the adapting
and test stimuli comprised multiple Gabor patches with ran-
domized orientations as opposed to a large, single grating
(Bq nton and Finng 2003; Tootell et al. 1998b). Having
localized, distribute§ peripheral stimuli with a wide distribu-
tion of orientations helped to avoid sudden attention shifts from
the ¥ xation task during the presentation of the test stimuli. In
fact, most subjects reported that th¢ were unaware when
orientation changes occurred during the experiment. Second, if
the presentation of test stimuli had induced transient attention
shifts, we would have expected to observe poorer behavioral
performance of the xation task during test presentation. How-
ever, subjects performed equallA well at all stages of the trial,

suggesting that subjects’ attention was even] distributed
throughout the adaptation scans. Third, although sustained
attention is veg effective in modulating V1 BOLD signal,
there is little evidence supporting that BOLD signals in V1 can
be effected lg transient attention (Liu et al. 2005) and apparent
motion (Clag s et al. 2003; Liu et al. 2004). Fourth and most
important] , ‘the short- and long-term fMRI adaptation exper-
iments weére identical except for the duration of adaptation. If
transient attention and/or apparent motion were the source of
the effect in the long-term experiment, we should have also
observed a monotonic increase from the 0 to 90° test condi-
tions in the short-term experiment. However, we did not
observe an differences between orientation conditions with
short adal;"‘l%ation durations. Similar evidence against transient
attention and apparent motion explanation can also be found in
the long-term adaptation stud of Engel (2005).

Unlike our % nding of orientation-tuned adaptation in V1
with the long-term adaptation paradigm, BQ nton and Finn
(2003) did not observe orientation-dependent adaptation in V1
despite showing elevated orientation-specly ¢ contrast detec-
tion thresholds. Their stud used short (1 s) adaptation dura-
tions and examined responses to 1-s parallel and orthogonal
test stimuli. Our results with short-term adaptation replicated
BqQ nton and Finng ’s (2003) failure to observe orientation-
dependent adaptation in V1. The critical factor for observing
orientation-tuned adaptation effects in V1 measured with fMRI
seems to be the duration of adaptation. The use of tens of
seconds of preadaptation and "topping-up ., adaptation is prev-
alent in pg chophl sical and neuroph siological adaptation
studies. Thé duration of adaptation i uences near] all depen-
dent measures including the perceptual consequence (Fang and
He 2004; Leopold et al. 2002), the strength of the aftereffect
(Fang and He 2005; Greenlee et al. 1991; Mather et al. 1998),
the length of recovey time (Greenlee et al. 1991), the propor-
tion of adapted neurons in studied neurons (Movshon and
Lennie 1979; Nelson 1991), and the shift magnitude of tuning
curves (Dragoi et al. 2000; Muller et al. 1999). The failure to
detect orientation-speciy ¢ adaptation in V1 in the stud of
Bq nton and Finng (2003) and ours with short-term adapta-
tion mg simp] be attributed to V1 neurons not being sufh -
cien[% adapted to be detected with fMRI. Our ps choph sical
resulfs, which show much larger elevations in contrast ‘detec-
tion threshold after long-term adaptation, also support this
possibilig . In addition, the Validig of long-term fMRI adap-
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Given that fMRI is an indirect measure of neural activit , it
is important to consider the potential source of our signals.
Logothetis et al. (2001) suggested that the BOLD signal
ree ects the input and intracortical processing of a given area
rather than its spiking output. The majorig of input to V1 is
from the lateral geniculate nucleus (LGN) and neurons in LGN
are known to have little or no orientation selectivif (Hubel and
Wiesel 1961). We can therefore speculate that one source of
the orientation-spech ¢ signal we observed is from intracortical
processing in V1, possib] from orientation-spech ¢ § naptic
activi% between simple and complex cells (Alonso and Mar-
tinez 1998). One reason to attribute our results in V1 partial
to simple cell activig is that previous neuroply siological
studies have shown that complex cells exhibit stronger orien-
tation-spech ¢ adaptation to low-contrast than to high-contrast
test stimuli (and we used a high-contrast test stimulus). Simple
cells, on the other hand, are much less affected i test-stimulus
contrast (Movshon and Lennie 1979; Sclar et al. 1989). Other
sources could be horizontal connections linking neurons within
V1 (Callawg 1998) and feedback from high-level cortical
areas (Lammie et al. 1998). Certain] , more studies are needed
to better understand the complex rélationship between BOLD
signals (released from adaptation) and neuronal activities.

Because the effects of long-term adaptation are known to be
relative% long-lasting, it is possible that some of the previous
scans’ adaptation is still present during the successive scan.
That is, the cortical areas responsive to a given oriented patch
might have reduced responses on the following scan to the
orientation that was adapted at that location on the previous
scan. In our stud , subjects had at minimum I-min break
between adaptation scans. Previous studies (e.g., Greenlee et
al. 1991) have shown that adaptation recovey time is approx-
imate] equal to the duration of adaptation (20-s preadaptation
and 5-s topping-up adaptation in our studies), suggesting that
lingering adaptation like] had ver small effects on our
results. However, it could be possible that larger adaptation
effects would have been found if we had not randomized
adapting orientations in each adaptation scan.

We observed orientation-spech ¢ adaptation in other retinotopic
areas including V2, V3/VP, V3A, and V4. One of the perceptual
consequences of orientation adaptation is the tilt aftereffect, which
can be induced not o Jluminance dé¥ ned stimuli, but also
illusor contours (Paradiso et al. 1989), equiluminous and coloréd
stimull;i (Elsner 1978), and random dot stereograms (T ler 1975).
It has been shown that neurons in V2, V4, and V3A are sensitive
to these visual properties (Tsao et al. 2003; von der Hg dt and
Peterhans 1989; Zeki and Marini 1998). Our® nding of orientation
adaptation across multiple levels of the ear] visual hierarc
supports the notion that orientation processing is ubiquitous in
ear] areas of the visual § stem. Future application of our exper-
imental design to other stimulus dimensions and other cortical
areas will help understand neural coding at multiple stages of the
human visual § stem.
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