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Phantom contours: A new class of visual
patterns that selectively activates the

magnocellular pathway in man

V. S. RAMACHANDRAN and D. C. ROGERS-RAMACHANDRAN
University of California. San Diego, La Jolla, Californ ia

The visual system of primates has two anatomical pathways: magna (M) and paruo (P). Here we
report a novel technique for selectively stimulating the magnocellular pathway in man. The stimu
lus was a texture border between black spots and white spots displayed on a uniform gray field.
This stimulus (Frame 1) was followed by Frame 2, in which all the black spots were replaced with
white spots and all the white spots with black. The procedure was repeated in a continuous cycle;
that is, spots reversed polarity without changing positions. At high temporal frequencies (20 Hz).
subjects could not see the difference between the flickering spots, but could see a phantom contour
separating the two indiscriminable regions. The difference between the spots themselves could be
discriminated only at about 17 Hz. Since the M pathway can follow high flicker rates but is insensi
tive to the sign of the border, we suggest that the phantom border is seen exclusively by the M sys-

, tem. The P system, on the other hand, can report the sign of the border, but only at low flicker rates.
Phantom contours provide a psychophysical scalpel for producing a temporary "lesion" in the par
vocellular pathway of intact human subjects . One could therefore repeat all ofclassical psychophysics
and physiology using phantom contours to determine whether or not a given visual process receives
an M input. Also, these stimuli might provide a simple diagnostic test for revealing the loss of M
cell function that occurs in early glaucoma.
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The visual system in mammals , including primates, has
two parallel anatomical subdivisions called the rnagnocel
lular and the parvocellular pathways (Figure I). The two
pathways originate in the retina, and their segregation is
preserved all the way up to area 18 and beyond. Physio
logical experiments suggest that they differ in at least three
important respects . First, the magno (M) cells in the LGN
can follow very rapid changes in visual stimuli, whereas
the response of the parvo (P) system is much more slug
gish (Derrington & Lennie , 1984; Wiesel & Hubel, 1966).
Second, M cells respond well to a flashing black-white
edge , but any given cell is completely indifferent to the
sign of the edge. P cells , on the other hand, are sensitive
to edge polarity ; any given cell will respond to either black
on white or white on black, but never to both. I And lastly,
another difference between the two systems involves color
coding . P cells respond well to both equiluminous chro
matic borders (e.g ., a red-green border) and luminance
edges, and they are also sensitive to the sign of the border
(for both types of stimuli) . M cells, on the other hand,
respond poorly to equiluminous chromatic borders , and
even when they do respond they are indifferent to the sign
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of the border. Indeed, they are sometimes described as be
ing color-blind. On the basis of these findings, it is usually
assumed that the M system is concerned mainly with ex
tracting edges , whereas a primary function of the P sys
tem involves assigning surface colors to either side of the
edge (Livingstone & Hubel, 1987; Ramachandran, 1986.)

Since M cells can follow rapid changes, one might ex
pect them to be involved in motion perception, and there
is some evidence that this is the case . The area 18 broad
stripes project to area MT, in which the cells are sensi
tive to direction of motion but relatively insensitive to
color (Zeki, 1978). The blob-thin-stripe cells, on the other
hand, project to V4, in which the cells are sensitive to
color but not to motion (Van Essen, 1979; Zeki , 1978).

Would it be possible to make any counterintuitive pre
dictions about perception on the basis of this anatomical
and physiological organization? An early attempt to di
rectly test the perceptual consequences of this segregation
was made by Ramachandran and Gregory (1978) . On the
basis of the information then available on the responses
ofLGN cells (De Monasterio, Gouras, & Tolhurst, 1976;
Dreher, Fukada, & Rodeick, 1976; Gouras, 1968) and the
work of Zeki (1978) , they conjectured that human mo
tion perception must be color-blind and performed two
experiments. In their first experiment, they simply had
a red line jumping left and right on a green background,
and found that vivid apparent motion could still be seen
even when the red and green were made equiluminous.
The implication of this result, of course, is that color could
indeed provide a cue for motion correspondence, and this
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and white spots on the right displayed on a homogeneous
gray background of intermediate luminance (Rogers
Ramachandran & Ramachandran, 1991a, 1991b). We
then replaced all the black spots with white and all the
white spots with black, and repeated the sequence in a
continuous cycle at about 20 Hz. What you have then is
two sets of spots flickering out of phase. But, surprisingly,
what you see is a sort of paradoxical phantom border
separating the two regions. Ifyou compare any two spots
in the display, they look identical-it is impossible to see
whether they are flickering in phase or out of phase, yet
the border defined by the two sets of spots is clearly visi
ble! The reason for this might be that the border is seen
exclusively by the M system (or by an M-recipient area),
which is insensitive to the sign of the border (whether
white is to the left or the right of the edge) but can follow
rapid rates of flicker . Indeed, since the only difference
between the two sets of spots is temporal phase,and since
the flicker rate (20 Hz) is too high for the P system to
follow, we may conclude that the border ought to be visi
ble only to the M system.

The possibility of using phase-reversing edges to selec
tively stimulate the M system was first suggested by
Livingstone and Hubel (1987). The difference between
their stimulus and the present one is that we have used
a texture border composed of spots instead of a real lu
minance edge, and this has the advantage of getting rid
of potential edge artifacts (e.g ., Mach bands) that could
arise from spatial nonlinearities. Also, since the spots that
define the texture are themselves indiscriminable, our
stimulus may be the only known example of a texture
border defined by elements that look completely identi
cal. And, finally, by studying temporal phase discrimi
nation and examining the effects of contrast, dot density,
blur, and so forth, we were able to establish clearly that

Figure 2. A single frame of a sequence used to generate phantom
contours (Ramachandran, 1991). In tbe second frame, all tbe black
spots are replaced with white spots (without changing their loca
tions) and the black spots are replaced with white ones. If the two
frames are presented in a continuous cycle at about 20 Hz, the spots
on the two sides of the border become indistinguishable but the
border itself remains clearly visible. We have dubbed this border
a phantom contour or magna contour.

Other
Extras tria te
Are as ~ ~

~--'---,l 1 I
~~~ IR ITh ick Slripe S I ITh in Str ipes II PaleS tripe s I

r r~r
~~~ 17 ILayer 4 B I I'Blobs I l inter-Blobs I

r

Figure 1. A simplified diagram of the visual pathways of primates
(Ramachandran, 1991). Notice the three para1Iel "streams" that
preserve their segregation all the way up to MT and V4. The par
voceUular relay through layer 4C hasbeen left out to make the dia
gram more comprehemible to psychologlsts. 1bls composite diagram
is based on information from many sources, including Livingstone
and Hubel (1987), Zeld (1978), and Van Essen (1979).

seemed to contradict the physiology-at least as it was then
known. In their second experiment, they used a random
dot kinematogram composed of red dots moving on a green
background (instead oftwo isolated red lines), and found
that the impression of an oscillating square disappeared
completely, as predicted by the neuroanatomy. They con
cluded that there might be two motion systems, an early
"front-end" system, which is relatively color-blind and
is driven primarily by luminance, and a second, "form"
based system, which is cue-invariant-that is, it can use
many different types of contours, including chromatic bor
ders and texture borders (Ramachandran, Rao, & Vidya
sagar, 1973). The latter system may correspond closely
to what Braddick (1974) calls the "long-range" motion
system, which is remarkably versatile in terms of the kinds
of inputs it can use (e.g., see Ramachandran, 1988).

It has been suggested that visual functions that are
,reduced at equiluminance are also ones that are primar
ily processed by the M pathway, and that equiluminous
contours can therefore be used as a psychophysical "scal
pel" for dissecting and studying different functional sub
systems in the visual pathways (Livingstone & Hubel,
1987; Ramachandran, 1990, 1991; Ramachandran &
Gregory, 1978). It should be emphasized, however, that
the scalpel has proved to be rather blunt, perhaps due to
the fact that although M cells are largely color-blind, a
certain proportion of them do respond, to a limited ex
tent, to equiluminous edges (Schiller & Logothetis, 1990).
This leakage of color borders into the M system may ex
plain why motion deteriorates at equiluminance but does
not completely disappear (Cavanagh, Boeglin, & Favreau,
1985; Ramachandran & Gregory, 1978).

Would it be possible to design a stimulus that would
selectively stimulate the M pathway alone? Our attempt
to create such a stimulus is depicted in Figure 2, in which
a texture border is composed of black spots on the left



these contours do indeed selectively activate the M sys
tem, and this enabled us to determine the magnocellular
contribution to a wide range of visual illusions.

One could repeat all of classical psychophysics using
stimuli composed of phantom contours. Can such con
tours be used to generate a tilt aftereffect? Or how about
the motion aftereffect, the barber-pole illusion, or the
McCollough effect? It could be argued that using phan
tom contours is equivalent to making a reversible P le
sion in the LGN in an intact human subject. Indeed, in
a single (albeit very long) afternoon , one could repeat all
traditional monkey lesion experiments without ever hav 
ing to actually train monkeys or make lesions!

Our next step was to undertake a more formal experi
ment to demonstrate clearly that phantom contours could
be seen even when the elements defining the contours were
indiscriminable . Six naive subjects were run on 20 trials
each . On each trial, 1 of 20 different letters, defined by
phantom contours , was presented for 250 msec (e .g.,
Figure 3) . The entire stimulus subtended 13.4 0 wide x
15.4 0 high and was viewed from a distance of 0 .4 m. The
spots themselves subtended 34' of are , and their lu
minances were 9 cd/rrr' (black spots) and 144 cd/rrr'
(white spots). The luminance of the background gray was
92 cd/rrr' . All stimuli were presented on a CRT using a
Commodore Amiga microcomputer. Subjects correctly
reported the letter on 91 % of trials. But can we be sure
that this discrimination is based on the contour itself and
not on the elements that define it? To explore this, we
used a display of just four spots that occupied the four
comers of an imaginary square. The spots (38' of arc in
diameter) were the same size as those used to construct
the phantom contour stimuli. Each side of the square ar
ray subtended 2.4" . On any given trial, (l) the top two
spots were out of phase with the bottom two spots, or
(2) the left two spots were out of phase with the right two
spots , or (3) two diagonally opposite comer spots were
out of phase with the other two spots. The subject's task
was to report which of these three stimuli he or she was
seeing on any given trial. The stimulus duration was I sec.
Six subjects were run on 20 trials each, and we found that
their performance on this task was at chance level (mean
= 40 .8/120) even though the stimulus duration (l sec)
was actually greater than in the previous experiment.

Next, we repeated the experiments using letters com
posed of red and green spots instead of black and white
ones. The red and green spots were made equiluminous
to each other (but not to the background) , using the
" minimally distinct" borders technique (Boynton, 1979).
Six new subjects were used, and 20 letters defmed by either
black and white spots or red and green spots were presented
in a random sequence (40 trials total) , with each stimulus
lasting 1 sec . Performance was correct for 94% of trials
for the black-white letters but only 9% for the letters de
fined by colors , which supports our contention that the
P system is essentially blind to the phantom borders.i

Using an additional 6 subjects, we measured the speed
of alternation at which they could perform accurately on
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the 4-<iot phase discrimination. The subjects adjusted flicker
rate (five ascending and five descending trials) . We found
that the mean speed was 5.1 Hzfor colored dots and 6.1 Hz
for black white dots . The alphabetical letters, on the other
hand, could be discriminated at arbitrarily high speeds (e.g.,
30 Hz) for the black-white spots but only at 5.6 Hz for
the colored spots. Thus , the two thresholds-phase dis
crimination versus contour perception-are nearly iden
tical for colored stimuli. These findings provide strong
evidence for our view that phantom contours selectively
stimulate the magnocellular pathway."

We found that it was possible to make a " movie" con
sisting exclusively of phantom contours that move across
the CRT even though the elements defining the contours
were uncorrelated in successive frames . The impression
of apparent motion was enhanced considerably if the
whole display was blurred. One wonders whether motion
detecting cells in the middle temporal area (MT) (Allman,
Miezin, & McGuinnes, 1985) would also be capable of
sensing moving phantom contours .

We also tried to determine whether binocular rivalry
could be driven by phantom contours. We presented ver
tical phantom contours to the left eye and horizontal ones
to the right eye, and found, to our surprise, that a plaid
pattern was seen . When we reduced the alternation rate
to about 7 or 8 Hz , binocular rivalry was seen, suggest
ing that rivalry is driven mainly by contours that excite
the P pathway .

Next, we tried to convey the "tilt illusion" by using
phantom contours, and found that the illusion remained
undiminished. We may conclude, therefore , that the in
hibition between orientation-selective cells that is thought
to underlie this effect (Blakemore, Carpenter, & George
son , 1970) must occur either within the magnocellular

Figure 3. An example of an alphabetical letter portrayed by us
ing phantom contours.Thisstimuluscould beregardedas tbeequiva
lent of an Ishihara pseudoisochromatic test, except that It tests the
competence of the magno patbways rather tban the blob-tbin-stripe
system. Blurring the stimulus enhances the phantom contours.
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pathway itself (e.g., in the broad stripes in area 18) or
higher upstream in the form areas of the temporal lobes .

Taken collectively, our findings lend some credibility
to our view that phantom contours can be used as a psycho
physical "scalpel" to isolate and study the functions of
the M system . In fact, they could be regarded as equiva
lent to Ishihara's pseudoisochromatic test plates, except
that they test the integrity of the M pathway rather than
chromatic pathways. There are at least three types of ex
periments in which phantom contours may be particularly
useful. First, as we have seen, they can be used to deter
mine psychophysically whether a given perceptual func
tion (e.g., motion, orientation, etc.) can be mediated by
the M pathway alone . Second, we believe that phantom
contours can be used to probe for a host of physiological
functions to determine whether or not single cells in any
given visual area (e.g ., MT or V4) receive an M contri
bution. And finally, they might provide a simple and non
invasive clinical test for revealing the selective loss of mag
nocellular function that occurs in early glaucoma (Quigley,
Addicks, & Green, 1982). In collaboration with P. Sam
ple and R. Weinreb, we tested 2 patients recently and
found that their ability to detect phantom contours was
reduced considerably even though their acuity and spatial
MTF (modulation transfer function) was normal .
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NOTES

J. Thisstatement is true for manycells in theP stream(e.g., the blobs)
but not for all cells. Cells in thepalestripes are insensitive to sign(Living
stone & Hubel, 1987). Further physiological experiments are needed
to clarify this point.

2. Is the inability to recognize letters conveyed by phase-alternating
colored spots simply due to a reduction in contrast? We tested this
hypothesis by lowering the contrast of our black-white letters. Even
at contrastlevelsthat were"ower than theeffective contrastof thecolored
stimuli, we found that the letters could be clearly discriminated. This
is an importantcontrol, sincethedeterioration of certain visualprocesses
at equiluminance is often cavalierly dismissed as being due to contrast
reduction.

3. One problem with our interpretation is that some P cells can fol
low very high temporal modulation(Merigan & Eskin, 1986). It is con
ceivable, however, that the output of these cells is unavailable for the
phantom-eontourdiscriminationtask. Also, even if the correlation with
p.hysiology is not exact, our results are interesting in their own right,
SInce they demonstrate the existence of two systerns-a " fast" achro
matic system concerned with borders and a slow chromatic system that
deals with surface colors.

(Manuscript received December 22, 1990.)
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