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neuroimaging results should be used with appropriate
caution. There is, at present, no validated objective
‘consciousness meter’ that can be used as proof or disproof
of awareness in severely brain-damaged patients. As
pointed out by Owen et al. [17], a more powerful approach
to identify ‘volition without action’ in patients who are
unable to communicate their experiences might be to scan
patients while they are asked to perform a mental imagery
task, rather than using the passive external stimulation
paradigms described above. Reproducible and anatomi-
cally specific activation in individual patients during tasks
that unequivocally require ‘willed action’ or intentionality
for their completion could be argued to reflect awareness
unambiguously. Of course, negative findings in the same
circumstances could not (and should not) be used as
evidence for lack of awareness.

At present, much more data and methodological
validation is urgently needed before functional neuroima-
ging studies can be proposed to the medical community as
a tool to disentangle the clinical ‘gray zone’ that separates
vegetative states from states of minimal consciousness.
Acknowledgements
The author is Research Associate supported by the Belgian ‘Fonds
National de la Recherche Scientifique’.
References

1 Baars, B.J. (1988) A Cognitive Theory of Consciousness, Cambridge
University Press

2 Zeman, A. (1997) Persistent vegetative state. Lancet 350, 795–799
3 Alkire, M.T. et al. (1999) Functional brain imaging during anesthesia

in humans: effects of halothane on global and regional cerebral glucose
metabolism. Anesthesiology 90, 701–709

4 Maquet, P. et al. (1997) Functional neuroanatomy of human slow wave
sleep. J. Neurosci. 17, 2807–2812
Corresponding author: Holcombe, A.O. (holcombea@cardiff.ac.uk).
Available online 3 November 2005

www.sciencedirect.com
5 Schiff, N.D. et al. (2002) Residual cerebral activity and behavioural
fragments can remain in the persistently vegetative brain. Brain 125,
1210–1234

6 Laureys, S. et al. (1999) Impaired effective cortical connectivity in
vegetative state: preliminary investigation using PET. Neuroimage 9,
377–382

7 Laureys, S. et al. (1999) Cerebral metabolism during vegetative state
and after recovery to consciousness. J. Neurol. Neurosurg. Psychiatry
67, 121

8 Gusnard, D.A. and Raichle, M.E. (2001) Searching for a baseline:
functional imaging and the resting human brain. Nat. Rev. Neurosci.
2, 685–694

9 Laureys, S. et al. (2000) Restoration of thalamocortical connectivity
after recovery from persistent vegetative state. Lancet 355, 1790–1791

10 Laureys, S. et al. (2002) Cortical processing of noxious somatosensory
stimuli in the persistent vegetative state. Neuroimage 17, 732–741

11 Laureys, S. et al. (2000) Auditory processing in the vegetative state.
Brain 123, 1589–1601

12 Boly, M. et al. (2004) Auditory processing in severely brain injured
patients: differences between the minimally conscious state and the
persistent vegetative state. Arch. Neurol. 61, 233–238

13 Crick, F. and Koch, C. (1995) Are we aware of neural activity in
primary visual cortex? Nature 375, 121–123

14 Schiff, N.D. et al. (2005) fMRI reveals large-scale network activation
in minimally conscious patients. Neurology 64, 514–523

15 Laureys, S. et al. (2004) Cerebral processing in the minimally
conscious state. Neurology 63, 916–918

16 Bekinschtein, T. et al. (2004) Emotion processing in the minimally
conscious state. J. Neurol. Neurosurg. Psychiatry 75, 788

17 Owen, A.M. et al. (2005) Using a hierarchical approach to investigate
residual auditory cognition in persistent vegetative state. In The
Boundaries of Consciousness: Neurobiology and Neuropathology
(Vol. 150) (Laureys, S., ed.), pp. 457–471, Elsevier

18 Salek-Haddadi, A. et al. (2003) Functional magnetic resonance
imaging of human absence seizures. Ann. Neurol. 53, 663–667

19 Blumenfeld, H. et al. (2004) Positive and negative network corre-
lations in temporal lobe epilepsy. Cereb. Cortex 14, 892–902

20 Bassetti, C. et al. (2000) SPECT during sleepwalking. Lancet 356,
484–485

1364-6613/$ - see front matter Q 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.tics.2005.10.010
Letters
Illusory motion reversal in tune with motion detectors

Alex O. Holcombe1, Colin W.G. Clifford2, David M. Eagleman3,4,5 and Pooya Pakarian6

1School of Psychology, Cardiff University, Park Place, Cardiff, CF10 3AT, UK
2School of Psychology, The University of Sydney, Sydney NSW 2006, Australia
3Department of Neurobiology and Anatomy, University of Texas, Houston, Medical School, Houston, Texas, USA
4Department of Psychology, Rice University, Houston, Texas, USA
5Institute for Neuroscience, University of Texas, Austin, Texas, USA
6Division of Neurology, Toronto Western Research Institute, University Health Network, University of Toronto,

13-304 Toronto Western Hospital, 399 Bathurst Street, Toronto, Ontario M5T 2S8, Canada
Occasionally during prolonged viewing, a continuously
illuminated moving pattern seems to reverse direction [1].
Kline et al. suggested that this illusory motion reversal
(IMR) could originate in spurious responses of classical
Reichardt motion detectors[2]; however, others consider
the phenomenon to be an analogue of the wagon wheel
illusion and take it as evidence that the visual system
processes the world using discrete samples [1,3–5]. In
their recent article supporting the discrete sampling
theory, Andrews and Purves [3] highlight a recent finding
that IMR occurs most often for stimuli with a particular
temporal frequency rather than a particular velocity. In
other words, IMR appears to be temporal-frequency
tuned. According to Andrews and Purves, this contradicts
the theory that the illusion results from spurious
responses of Reichardt motion detectors because, they
claim, ‘Reichardt motion detectors are tuned to velocity
rather than temporal frequency’ (p.263).
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This last claim, a crucial one for their argument, is
erroneous. Only the delay-and-correlate subcomponent of
the Reichardt motion unit is velocity-tuned [6]. Full
Reichardt detectors, which compute the difference
between subcomponents preferring opposite directions of
motion, are temporal-frequency tuned [7]. Furthermore,
although the subcomponents are indeed tuned to the
velocity of a pattern moving in the correct direction, they
do not show velocity tuning when responding to a pattern
moving in the wrong direction. To see why, imagine that
the delay-and-correlate subcomponent is presented with a
moving periodic pattern of dots (as in Figure 1A of [2]).
First, a dot stimulates the delayed input line of the
correlator. Next, although the pattern moves in the ‘non-
preferred’ direction, a second, trailing dot stimulates the
undelayed input line at exactly the time necessary to
activate the correlator. If the spatial frequency of this
hypothetical dot pattern were lowered, the stimulus
velocity would have to be increased in order to continue
stimulating the detector. This demonstrates that the
correlator’s activity is not velocity-tuned for motion in
the ‘non-preferred’ direction.

A separate discrete sampling process is therefore not
necessary to explain the IMR. The 10–15 Hz tuning of the
illusion [4] coincides with the overall frequency tuning of
normal human motion sensitivity [8]. This is compatible
with the Kline et al. theory of rivalry between oppositely-
tuned motion detectors [2]. Prolonged stimulation would
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lead to extreme adaptation of motion units, especially
when that stimulation is presented at the temporal
frequency for which the system is most sensitive. In
turn, this could occasionally allow relatively unadapted
detectors selective for the reverse direction to drive
the percept.
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In their original paper, Kline et al. [1] explained the
wagon-wheel illusion in continuous light (WWIc) [2] in
terms of Reichardt motion detectors [3]. We initially
questioned this conclusion because such detectors are
primarily tuned to velocity rather than temporal
frequency [4], whereas the preferred temporal behavior
of the WWIc remains constant over a range of spatial
frequencies [5,6]. The authors now counter that their case
rested on a subcomponent of Reichardt detectors that is
velocity tuned, but only in the forward direction, and that
the full detector is in fact sensitive to temporal frequency
[7]. Thus, they argue, aliasing of such detectors remains a
viable explanation.

It is indeed possible that a subset of detectors with
appropriate spatio-temporal parameters could induce
competition within a population of motion detectors, and
that such rivalry might generate epochs of veridical
motion and reversed motion [1]. There are, however,
important weaknesses in this line of argument. First,
there is no evidence that Reichardt detectors exist in the
mammalian visual system. Second, this sort of mechanism
would have to explain why the illusion occurs at a similar
temporal frequency for both first- and second-order motion
[5], which is difficult to explain given that the optimal
temporal sensitivity to first- and second-order motion is
markedly different [8]. Finally, it is not clear how
Reichardt detectors could account for the dependence of
the WWIc on attention [5]. What is clear from this
exchange is that physiological evidence rather than
further speculation will be needed to establish why a
stimulus moving in one direction is periodically perceived
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