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layers of the lateral geniculate nucleus (LGN; Wiesel & around 3 Hz when driven by S-cone isolating modulation,
Hubel,1966. For the S-opponent chromatic pathway, the but around 7 Hz when driven by achromatic modulation.
S-ON signal has for several years been identiPed with thélThey argue therefore that the poor temporal resolution
small bistratibed ganglion cell, which draws excitatory of the S-cone pathways arises early in the retina. How-
inputs from S-cones and inhibitory inputs from L- and ever, they bPnd no evidence for an accompanyphgse
M-cones (Dacey & Leel994). However, in the retina, delay of the S-cone signal, relative to the L- and M-cone
the S-OFF pathway has been difpcult to identify andsignals provided by parvocellular cells.
remains controversial (Klug, Herr, Ngo, Sterling, & Schein,  So, perhaps the S-cone delay arises only after the LGN.
2003 Lee, Telkes, & Gruert,20095. The recent discovery In support of this, Cottaris and De Valoi 999, record-
of several additional, low-density, LGN-projecting ganglion ing from cortical area V1 in the Macaque, found that
cells has identibped a possible substrate for the S-OFFS-opponent signals were available only after 96135 ms,
signal and has additionally revealed further chromaticallywhereas L/M-opponent signals were available after 68D
opponent S-ON ganglion cells. In brief summary, these95 ms. They additionally found that cells with late S-cone
are the intrinsically photosensitive, melanopsin-containinginputs dynamically change their chromatic tuning over
ganglion cells, which have an S-OFF opponent receptivetime, which they suggest implies that the S-cone signal is
peld (Dacey et al2009), the large sparse monostratibed amplibed and delayed in V1 before being combined with
ganglion cells (S-OFF), and large sparse bistratiPed./M-opponent signals.
ganglion cells (S-ON; Dacey, Peterson, & Robinson, Consistent with the suggestion that S-cone signals
2002. arrive late at a central site, several authors have found
In the LGN, cells with S-OFF responses have beenlonger reaction times to S-cone chromatic signals than to
found reliably for many years. Valberg, Lee, and Tigwell L- and M-cone chromatic signals (McKeefry, Parry, &
(1986 report that the L-cone input to such cells, if pre- Murray, 2003 Smithson & Mollon, 2004). Analysis of
sent, is synergistic with the S-cone input, and opposed tw/isual evoked potentials (VEPS) also suggests a relative
an excitatory M-cone input. In contrast, Tailby, Solomon, delay of the S-cone signal (Rabin, Switkes, Crognale,
and Lennie 2008 report that the S-OFF signal most Schneck, & Adams1994 Robson & Kulikowski,1998.
commonly has the same sign as the M-cone signal and i§hese studies all Pnd a latency difference, but they differ
opposed by L-signals. In other S-OFF cells, the S-signal isn their estimates of the magnitude of that difference.
antagonistic to both L- and M-signals. Thus it appears thatFurthermore the relative delay can be different for manual,
there is some heterogeneity in the chromatic tuning of thesaccadic, or perceptual responses (Bompas & Sumner,
S-OFF population. 2008, indicating that delays are injected after the diver-
The separability of pathways that respond to S-incrementgence of the pathways that support these different tasks.
and S-decrements has also been demonstrated psychophysiPsychophysical measurement of the temporal impulse
cally (Krauskopf & Zaidi, 1986 Shinomori, Spillmann, & response functions (IRFs) reveals a slower time course for
Werner,1999. The inferred S-ON and S-OFF pathways S-cone signals than for luminance signals. Consistent with
additionally show several asymmetries: They differ in the the physiological differences in S-ON and S-OFF path-
ratio of L- to M-inputs (McLellan & Eskew2000 and in  ways, the IRF for S-cone increments and decrements
spatial summation areas (Vassilev, Mihaylova, Rachevadiffers, with faster responses to increments (Shinomori &

Zlatkova, & Anderson2003. Werner,2008.
Delay of the S-cone signal The Peake effect
Schnapf, Nunn, Meister, and Bayldt990 made direct Our experiment exploits a phenomenon brst described

measurements of the temporal response of Macaquéy Miss Olive E. Peake (Hartridgd949, and which we
photoreceptors. Only three S-cones were studied in detailefer to as the Peake effect. A rapidly presented sequence
but their kinetics and sensitivities were roughly comparableof hues appears noticeably different when the sequence is
to those of the L- and M-cones. Using silent substitution, ordered in a clockwise (CW) sense around the hue circle
Yeh, Lee, and Kremers1P95 measured the temporal (decreasing dominantwavelengths), compared tothe reverse
characteristics of signals of the three cone types at thecounterclockwise (CCW) sense. The Rickering sequence
ganglion cell level. They found similar temporal modu- appears to contain different predominant colors depending

lation transfer functions for +li. M, +M j L, and +Sj on the direction of procession. CW stimuli typically appear
(L + M) cells, for both excitatory and inhibitory cone orange and sky blue, while CCW stimuli typically appear
inputs. lime and magenta. The effect was later described by

Tailby et al. 008 measured the temporal frequency Davidoff, Aspinall, and Hill 0978 and Hill, Rodger, and
selectivity of S+ and 5 LGN cells that were driven Smalridge 1980. These authors constructed their stimuli
either by S-cone isolating modulation or by achromatic by CW or CCW rotation of tubes or discs colored with
modulation. The peak sensitivity for both cell types was brightness-matched colored papers.
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The rapid rates of presentation required for the PeakeTemporal modulation around a circular locus in the
effect (approximately seven to twelve cycles around theequiluminant plane of DKL color space (Derrington,
hue circle per second) far exceed the rates at whichKrauskopf, & Lennie, 1984 can be thought of as the
temporal order judgments can be made. So, the Peaksum of two component modulations along two orthog-
effect is counterintuitive in that we might expect stimuli onal directions, temporally offset by a phase difference
that differ only in the order in which the hues are pre- of : /2 radians.
sented, and not in the loci of hues themselves, to be First consider component modulations that are aligned
indistinguishable. During the transmission of the neuralto the cardinal axes. When the tritan modulatieads the
response associated with CW and CCW stimuli to theT[L j M] modulation by: /2 (or lags by 3/2) the sense of
point at which the perceptual comparison can be made, thgrocession is CW; whereas when the tritan modulation
signals must become distorted, such that the locus of hueaigs by : /2 the sense of procession is CC\Kigure 1
visited is different for the two senses of modulation. It is illustrates these relationships. TAEL j M] modulation
possible to imagine several classes of mechanism througis represented by a thin black line. The solid blue line
which such distortions might be introdudédor example,  represents the phase-advanced tritan modulation (and CW
asymmetries in temporal masking between opponent mechprocession around the hue circle) and the solid red line
anisms that are unequally distributed around the hue circleepresents the phase-delayed tritan modulation (and the
(Spillmann,199Q Spillmann & Neumeyer1984, or dif- CCW procession around the hue circle). Inverting one of
ferential latencies between color mechanisms, possibly athe component modulations (by introducing a phase differ-
a stage as early as the cones (Hill et 4880. In support  ence of: or, equivalently, by multiplying the sinusoid by
of the latter suggestion, Stromeyer et al991) found | 1) reverses the direction of procession.
that introducing a phase advance to the modulation of The dashed lines represent additional phase sldjtef(
the S-cones was sufbcient to null this latency, renderinghe S-cone signal, to simulate neural delays in the S-cone
the CW and CCW stimuli indiscriminable. Models of the pathway. When combined with thBL j M] modulation
Peake effect that rely instead on asymmetric tuning ofthe resultant chromatic loci are no longer circular. In the
mechanisms around the hue circle predict that no suctCW case, the phase difference between the component
null is possible. Furthermore, Stromeyer et al.Os result immodulations becomes/2 + 8, and the chromatic locus is
consistent with separate evidence that the signal origi-an ellipse oriented along the positive diagonal in DKL
nating in the S-cones is delayed at some stage duringpace. In the CCW case, the phase difference becomes
transmission to a central site (see above). j 12 + 8, and the elliptical locus is oriented along the

The ability to counteract the Peake effect by adjustingnegative diagonal. (The orientation of the ellipses is
only the phase of an S-cone isolating modulation impliesdetermined by the relative magnitudes of the component
that there is a neural delay, and that it is associated with anodulations; in a space in which the excursions are
mechanism that is aligned with the tritan axis. This result isbalanced, the ellipses are oriented at.}5 he elliptical
particularly interesting in the light of the growing evidence loci in Figure 1 provide a plausible explanation of the
summarized above that suggests that the S-opponerReake effect (Stromeyer et al991). The stimuli appear
mechanism is not characterized by a symmetric bipolarto Ricker between the dominant hues at the extremes of
pathway and that there are post-receptoral channels nahe major axes of the elliptical loci: Between orange and
aligned with the cardinal axes of Krauskopf et d1982). sky blue for CW stimuli, and between lime and magenta

We start by replicating Stromeyer et al.A991) for CCW stimuli. At the rates of presentation required for
experiment, with component modulations that are alignedthe effect, a neural delay of a few tens of milliseconds
to the cardinal axes, and check the null. Secondly weproduces ellipses with the lengths of major and minor axes
extend the experiment to use component modulations thain the ratio 2:1.
are oriented intermediate to the cardinal axes. The lights If the response to tritan modulation is delayed, it should
that comprise a hue-circle locus can be constructed frombe possible to Pnd a physical advance of the tritan mod-
component modulations along any pair of orthogonalulation that nulls the neural delay, causing the resultant
axes. However, when the component modulations arechromatic loci to become circular once mok&gure 2A
intermediate to the cardinal axes, we predict that noshows the combined effects of putative neural delays of
null should be possible, since we now cannot introducethe S-cone respons&)(and physical phase differences
a phase advance that is conbned to the short-waveetween component modulationg).( The blue and red

pathway. lines in each plot represent the chromatic loci generated
by combining chromatic modulations with phase differ-
ences ofEj] 8 andEj 8] :, respectively, which

Predictions correspond to CW and CCW processions. The top row in

Figure 2A represents zero neural delay of the S-cone
To introduce formally the present experiments, and toresponse and is a description of the physical stimuli. Sub-
make specibc predictions, we brst describe the geometrisequent rows represent neural phase del&8ysof 0.1,
properties of the chromatic loci that comprise our stimuli. 0.2 , and 0.3. The successive plots from left to right in
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Equiluminant lights

Component modulations (constant L + M)

I 0 =3xr/2 | ¢ I

Chromatic excursion
o
AS

Time

A[L-M]

AS

Chromatic excursion

T
ime ALL=M]

Figure 1. The sequences of chromaticities produced by sinusoidal A[Lj M] and AS modulations in different phase relationships. The plots
on the left show modulations as a function of time; the plots on the right show the loci of chromaticities that are visited. In the plots on the
left, the A[L ] M] signal is used as a reference (thin black solid line). When this is combined with a AS modulation with a 3: /2 phase shift
(top-left panel, thick blue solid line), the resulting sequence of chromaticities follows a circular clockwise (CW) trajectory in the
equiluminant plane of DKL color space (top-right plot, thick blue solid line). If the AS modulation has a phase of : /2 relative to the A[L] M]
signal (lower left panel, thick red solid line), the sequence of chromaticities plots out a circular counterclockwise (CCW) trajectory (bottom-
right panel, thick red solid line). If the phase of the AS modulation is delayed from 3:/2 (dashed curves in upper panels), then the
chromaticities follow elliptical trajectories in color space. These ellipses are oriented with their major axis along the positive diagonal,
becoming more eccentric with larger phase differences, up to a phase difference of :. For delays from : /2 (dashed curves in lower
panels), the ellipses are oriented with their major axis along the negative diagonal. Importantly, inverting the S-cone modulation by
introducing a phase difference of : reverses the sense of procession and the orientation of the ellipse (and defines the difference between
upper and lower panels).

each row indicate loci that are generated from componento measure the latency of the S-cone response. By

modulations with physical phase differenc&} ¢f 0 to: , measuring discriminability of CW and CCW loci as a
in steps of 0.1. In each row, the plot outlined in orange function of the phase delay between component modu-
corresponds to resultant phase differenced:d® (i.e., lations they were able to Pnd a minimum of discrim-

(Ej 8)=T:/2), where CW and CCW loci overlap. In the inability from which they inferred the neural phase delay.
extreme cases when the resultant signals are perfectly in When component modulations are along axes that are
phase or in counter-phase (i.é€j( 8)=0orE] 8)=:) intermediate to the cardinal axes (our Ointermediate axesO
the loci collapse to straight lines along the positive andcondition), the stimulus loci are effectively rotated in
negative diagonals. In these cases the OCWO and OCCWKL space. These loci are represented in the top row of
loci are maximally discriminable. Figure 2B A phase difference dE=:/2 orE= 3: /2 again

The panels ofFigure 2A provide illustrations of the results in a stimulus that changes chromaticity in time
family of chromatic loci used by Stromeyer et al.99]) around a circular locus, and the corresponding plot is
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Stimulus phase difference / & (6)

Figure 2. Simulated chromatic loci reaching a central site when the stimuli are composed of sinusoidal modulations (upper panel, A) along
the cardinal directions of color space or (bottom panel, B) along our intermediate axes. Each square represents the equiluminant plane of
DKL color space. CW stimulus loci (where the component modulations have a phase difference of E) are shown in blue, and CCW loci
(where the component modulations have a phase difference of Ej :) are shown in red. Each column of plots represents a different value
of E and each row represents a different simulated neural phase shift 8 introduced by the S-cones or the putative T[S j (L + M)]
mechanism. Note how, in the cardinal axes condition, increasing 8 translates the pattern of ellipses to the right but in the intermediate
axes condition, increasing 8 rotates the ellipses and the patterns remain symmetrical around E= 0.5: .

outlined in orange. For phase differences other that2 3 loci are in all cases at phase differencedcf 0 orE=": .

and: /2, the stimulus loci are elliptical, but now the major Here the CW and CCW loci are aligned with the cardinal
axes align with the cardinal axes, and in the extreme caseaxes and stimuli would appear as Rickering exchanges
whenE=0 andE=:, the locus collapses to a straight line between cherry and teal or between violet and chartreuse.
along one or other cardinal axis. The subsequent rows ofAs the phase differences approagh= T: /2, CW and
Figure 2Bindicate the distorted loci that result from phase CCW loci become more similar, with the most similar
shifts of the S-cone responsg)(of 0.1, 0.2, and 0.3. occurring ate = T: /2. The similarity atE = T: /2 depends

In contrast to the cardinal axis plots shownRmure 2A upon the simulated phase shift of the S-cone respdise (
there is now no stimulus phase differen& &t which the  Loci overlap wherB = 0 and are progressively dissimilar
CW and CCW loci overlap. The maximally discriminable as8 increases.
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magnitude in the other channel, there is no acceptednodulations corresponds to one complete procession

method of achieving this scaling. We chose to equate thearound the elliptical locus. Each stimulus lasted 1356 ms

perceived saturation of colors at different angles in color(13.56 cycles), including 339 ms at the beginning and end

space around equal energy white (EEW). We presented during which the modulation depth of the Rickering

1-Hz modulation around the hue circle and allowed the stimulus was ramped on or off with a raised cosinusoidal

observer to adjust the relative amplitudes of the compo-envelope. The temporal phase of the stimulus was

nent modulations such that the number of perceived huesandomized relative to the envelope on every presentation.

was maximized. The procedure was repeated for CW and We use (i) component chromatic modulations that are

CCW processions, and the optimal scaling was taken to baligned with the cardinal axes of the equiluminant plane

the average of four settings for each direction. A scaling(i.e.,A[S]j (L + M)], which simplibes toAS since L + M

factor of L/(L + M): S/(L + M) = 1.14:1 was appropriate is held constant, and\[L j M]), and (ii) component

for both observers. modulations that are oriented intermediate to the cardinal
A mismatch in the scaling of stimuli in the S-opponent axes (i.e.,A[S + L j M] and A[S|j L + M]). The

and L/M-opponent directions in color space is not pre- component modulations had a relative phase difference of

dicted (according to the model outlined below) to changeE (OCWO) oEj : (OCCWO).

the critical phase delay in the cardinal axes condition, nor

the phase delay at which discrimination is easiest in the

intermediate axes condition. Experimental procedure

The observersO task was a 2AFTC in which they had to
Stimulus characteristics select the interval that contained the stimulus wittEa
phase difference, responding by pressing one of two
The nominal luminance of the time-averaged stimulusbuttond/ each button corresponding to one of the inter-
(for both center and surround Pelds) was approximatelyvals. Since the stimuli with & phase difference were not
20 cd m 2, and the time-averaged cone signals wereassociated with a consistent appearance across stimulus
those that would be elicited in the Stockman and Sharpeconditions, it was necessary to give observers the oppor-
observer by an EEW spectrum. In a version of the tunity to learn which of the combinations they should be
MacLeodPBoynton chromaticity diagram that was con-reporting. Feedback was given immediately in the form of
structed from these cone sensitivities, the mean chro-a tone of high or low pitch.
maticity coordinates were [L/(L + M), S/(L + M)] = After two practice trials, a staircase reduced the
[0.6652, 0.0194]. amplitude of one of the component modulations. We
Using the four-primary colorimeter we were able to estimated the 71%-correct point on the psychometric
hold constant the summed L- and M-cone stimulation tofunction using a two-down-one-up staircase procedure,
maintain the modulations in the equiluminant plane, andwhich reduced the amplitude of one component after two
simultaneously to hold rod stimulation constant, while correct responses and increased it after one incorrect
generating chromatic modulations. response, in logarithmic steps. The staircase progressed
The surround Peld was held steady in order to maintainaccording to observersO performance in reliably identify-
uniform adaptation over an extended area of retina so thatng the correct stimulus, and we did not restrict the cues
even small lapses of bxation would not have caused then which the observer was allowed to base his decision,
test stimulus to fall on a nonadapted region. Test stimulialthough in most cases both observers reported that they
comprised temporal modulations of the center beld,were using the difference in predominant hues. Each
generated by combining two sinusoidal temporal modu-staircase terminated after eight reversals, and we geo-
lations along orthogonal directions in the equiluminant metrically averaged the Pnal six of these to estimate the
plane. The extreme points visited had chromaticity coor-threshold amplitude of the adjusted component modula-
dinates L/(L + M)yax= 0.6777; L/(L + M)y,in = 0.6527 and  tion for this value ofE Two independent staircases, with
S/(L + M)max = 0.0304; S/(L + M),i», = 0.0084. identical stimulus starting parameters, were interleaved in
To simplify description, we use the convention intro- each run.
duced by Derrington et al. (DKL1984 in which the
origin of the space corresponds to the white point. Our
space is modibed from that of DKL only in that it is Experimental conditions
constructed from the cone sensitivities of Stockman and
Sharpe. Thus, in this space, sinusoidal modulations in In each run we measured amplitude thresholds at a

AL j M] and AS had amplitudes of 1.14 2a anda, particular value ofE, to obtain threshold as a function of
respectively, where: set the amplitude of the modu- E from 0 to 1.2. Measurements for different values Bf
lations and was 0.0110 in our experiment. were run in a counterbalanced order. For each valueiof

The temporal frequency of the sinusoidal modulationseach condition, we obtained at least two pairs of staircase
was 10 Hz. Note that one cycle of the componentestimates of threshold. In separate conditions we adjusted
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Figure 3. Measured thresholds for discriminating CW and CCW processions, as a function of E, the phase difference between component
modulations. Panels A-D represent results from observer RJL and panels E-H are for observer HES. Panels A, B, E, and F show data
from the experimental conditions when component modulations were along the cardinal axes. Panels C, D, G, and H show data from
conditions in which component modulations were along intermediate axes. The left-hand column of panels represents conditions in which
the AS modulation or the A[S + L j M] modulation was adjusted by the staircase. The right-hand column of panels represents conditions
in which the A[L j M] modulation or the A[Sj L + M] modulation was adjusted by the staircase. Data points are the geometric mean of at
least four staircases. Error bars indicate one geometric standard deviation above and below the geometric mean of several staircase
results. Arrows along the top edges of each panel indicate that we failed to measure thresholds at the corresponding phase difference on
some attempts (small orange arrows) or on all attempts (large red arrows). The green and blue lines represent predictions of the model
described in the text and shown in Figure 4, with parameters adjusted to obtain least-squares best fits to the data. The faint lines in panels
C and D represent the simple version of the intermediate axes model in which the rotation of the axes is fixed, and darker blue lines
represent the model in which the axis rotation can vary. The gray shaded areas represent the range of values of E at which the peaks of
the predicted thresholds may occur, based on a 95% confidence interval on the neural phase delay variable.

shift of the S-cone response and varying this produces the If there were no phase delays, discrimination thresholds
family of templates presented iRigure 4 To bt these would tend to inPnity aE=: /2 and would show the same
templates to our data, we also include vertical offset andpattern for the cardinal axes and intermediate axes
scaling. conditions. If the phase delay8) between mechanisms
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aligned to the cardinal axes were nonzero, thresholds irvould be possible at all values & and thresholds would
the cardinal axis case would tend to inbnity whEf (8) = not tend to inPnity.
. /2. The location of the peak would therefore identify the
phase delay. In the intermediate axes condition the peak
threshold would be aE = : /2, irrespective of the neural Model fits
phase delay. For a nonzero phase delay, discrimination
The smooth curves ifrigure 3show the results of a

least-squares bt to the data obtained in each condition (see
Card. Table Al for best btting values of the three free
parameters: neural phase l|a8) (between the putative
underlying mechanisms; vertical scale factor; and vertical
offset). For both observers, the bt parameters are similar
after adjusting either axis in the staircase. We tested this
statistically using anF test to compare the difference
between the total sum-squared residuals of bts to the data
from each condition and the sum-squared residuals of a bt
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ to the pooled data from both conditions combined, and
0.0 0.2 0.4 0.6 0.8 1.0  found no evidence to suggest a difference.

Stimulus phase difference /rr (6)

—_
o

Int.

0.87
0.6:
0.4:
0.2:

Predicted threshold

1.0- Cardinal axes conditions

B:¢=0.1x Smooth green lines in panels A, B, E, and F show bts
for the cardinal axes conditions. In terms of neural
mechanisms, the phase lag parameter is the most interest-
ing. It is determined by the position on the abscissa at
which thresholds peak. For a neural phase 8ag 0 the
peak occurs aE = 0.5, and in general the peak occurs at
E=0.5 + 8. To obtain 95% conbdence limits on this
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ parameter we stepped through a range8o¥alues and
0.0 0.2 0.4 0.6 0.8 1.0 found the limits within which the other two parameters

. - could be adjusted to obtain bts not statistically different
Stimulus phase difference /rc (6) from the original, optimal one.

10 Importantly, the conbdence limits on the neural phase
1l C:p=021 lag parameter indicate that it was signibcantly different
from zero, and therefore that the S-cone pathway is
signibcantly delayed relative to the L vs. M pathway.
Averaging the estimates obtained from the condition in
which A[L j M] was adjusted and those obtained when

AS was adjusted, gives values®f 0.25 and8 =0.23

for observers RJL and HES, respectively. At the modu-
lation frequency of 10 Hz, this corresponds to a neural
delay, of the S-cone pathway relative to the L vs. M

0.0 I I I I
0.0 ,0'2 0.4 . 0.6 0.8 1.0 pathway, of between 10.1 ms and 16.1 ms for the two
Stimulus phase difference /z (0) observers.

Predicted threshold

Predicted threshold

10 D:p=03r

0.8+ Figure 4. Predicted thresholds for discriminating between a

r stimulus in which component sinusoidal modulations have a
0.6 phase difference of Eand a stimulus in which the phase difference
0_4: is Ej :, as a function of E Green lines show predictions when
component modulations aligned with the cardinal axes, and blue
0.2\ e lines show predictions for the intermediate axes. The uppermost
i panel assumes no neural delay between the response to AS and
0'8.0 012 014 0.‘6 0.‘8 10 AL j M], and each subsequent panel shows predictions for

. ) successive small increases in the phase delay of the AS
StImU|US phase dlﬁerence /ﬂ (9) response, denoted by 8.

Predicted threshold
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The purpose of our intermediate axes condition was toComparison to other estimates of the
use component modulations that are unlikely to be alignedmagnitude of the S-cone signal delay
with the neural mechanisms that exhibit relative delays. As
predicted, loci for the intermediate axis condition remained There has long been interest in determining the relative
sufbciently distinct at all physical phase delays to supportiatencies of the cone signals. Physiological studies remain
good discrimination. inconclusive: Some authors (e.g., Schnapf et 59Q
Yeh et al.,1995 argue for similar temporal resolutions at
early stages while other authors (e.g., Tailby et 2008
Comparison to Stromeyer et al. (1991) suggest that the poor temporal resolution of the S-cone
pathway arises early in the retina. However, few studies
For the case of modulations on the cardinal axes, outave reported phase delays explicitly and Tailby et al. at
replication yields the same pattern of thresholds as wadeast show a dissociation between phase delay and tem-
found by Stromeyer et al.109]). There were some dif- poral resolution.
ferences between our experimental conditions and those In psychophysical studies the question is complicated
of Stromeyer et al. However, our use of cone-isolatingby the potential involvement of multiple post-receptoral
modulations and maintenance of rod excitation at apathways. At the simplest level, residual luminance
constant level did not change the results, supporting thdransients in the test stimuli can support rapid responses
conclusion that cone mechanisms were successfully isofMollon, 1980, effectively hiding differences between
lated in the original study. A potentially more interesting stimuli intended to isolate chromatic pathways (Ueno,
difference is the surround adaptation in the two experi- Pokorny, & Smith,1985. Even equiluminant exchanges in
ments: Our test stimulus had a time-averaged chromaticityL- and M-cone excitations can elicit responses in parasol
of white and was surrounded by a white annular peld;ganglion cells (Lee, Martin, & Valberg1989, which
Stromeyer et al.Os test beld time-averaged to white, buhight support performance in psychophysical tasks.
their surround had a yellow-green appearance. Howeverlnterestingly, this parasol cell response is not elicited by
we do not see any gross differences between the resultstimuli that isolate the S-cones, so S-cone stimuli might be
obtained in the two cases. Our replication therefore sug-at a disadvantage in a behavioral task that compares
gests that the original results were not dependent on thequiluminant S-cone and L/M cone exchanges. Chatterjee
biased surround adaptation. and Callaway 2002 claim a small (10%) but consistent
Stromeyer et al. {991 proposed that differences in the S-cone input to magnocellular neurons in Macaque LGN.
appearance of CW and CCW processions around a hueélowever, Sun, Smithson, Zaidi, and Le2006a 20068
circle stem from a phase delay of the S-cone signal. Frombnd no signibPcant S-cone input to magnocellular and
their discrimination data they estimated that the S signalparvocellular ganglion cells, at least under neutral adapta-
lagged the L/M opponent signal by about 0.810.50 at  tion. Using dynamic luminance noise to isolate chromatic
10 Hz (a latency of about 21D25 ms). Our estimates of thehannels, and using similar chromatic adaptation condi-
phase delay of the S-cone signal from the cardinal axegions to ours, Smithson and Mollor2@04 found that
condition are lower, with mean best-btting values of 11 reaction times to liminal S-opponent and L/M-opponent
and 12 ms for the two observers. Adaptation state crit-stimuli showed mean differences of 13, 6, and 12 ms for
ically determines the temporal response of visual mech-their three observers. Other groups have found larger
anisms (e.g., Stockman, Langendorfer, Smithson, &differences, of 40 ms or more (McKeefry et a2Q03,
Sharpe,2006, with faster responses obtained at higher with similarly equated stimuli but without luminance
adaptation levels. The S-cone quantal catch for the stimulinoise.
used by Stromeyer et al. was higher than ours (by Interestingly, Stromeyer et al.1991) compared the
approximately one log unit), but the adapting chromaticity results for their main discrimination task (in which one
was similar, such that the relative adaptation states oftomponent modulation was S-isolating and the other was
color mechanisms were approximately equivalent in thean equiluminant j M exchange) with results obtained
two studies. when an S-isolating modulation was paired with a
Critically, the interpretation of the Peake effect in terms luminance (L + M) modulation. This revealed a further
of a delay of the S-cone signal is further supported by thedelay of S-cone signals in the inferred luminance pathway
results in our intermediate axes condition. If there were noof 28 ms, consistent with other reports that delayed S-cone
signibcant relative delays, discrimination of CW and signals feed into luminance pathways (Lee & Stromeyer,
CCW stimuli would be predicted to be impossible when 1989 Stockman, MaclLeod, & DePriestl987. They
loci were physically overlapping. This is not the case, andadditionally used conditions in which observers were able
CW and CCW stimuli are discriminable at all phase delaysto switch their criterion from a chromatic judgment to an
between the intermediate component modulations. Modelchromatic judgment and again they found a dissociation
bts to our results conbrm that the required value of thebetween phase delays estimated for inferred chromatic
phase-delay parameter is signibcantly greater than zero. and luminance pathways.



Journal of Visi¢R009) 9(12):5:17 Lee, Mollon, Zaidi, & Smithson 13

When comparing across photoreceptors with differentCCW loci differently for phase advances and phase delays
spectral sensitivities it is essential to specify their relativerelative to the null, thus causing asymmetric thresholds
adaptation states. Furthermore, perceptual latency dependsound the peak.
on signal strength, with stronger stimuli eliciting more  Several authors have suggested that color mechanisms
rapid responses (Mollon & Krauskopfl973 Pieron, might be more accurately described as unipolar mecha-
193]). Paying particular attention to these two factors, nisms, with rectiPed outputs, rather than bipolar mecha-
Blake, Land, and Mollon 2008 have demonstrated that nisms (e.g., Chen, Foley, & Brainar@00Q Krauskopf
when the S-cones are given a OfairO chance (i.e., the 8t al.,1982. For the S-opponent system the mechanisms
cone adaptation state is equated to the L- and M-condhat respond to increments and decrements have been
adaptation states such that the thresholds for both arshown to be separable (Shinomori et dl999, and to
equivalently elevated above absolute threshold, andespond with different latencies (Shinomori & Werner,
excursions of equal discriminability are used), there is2008. Given that different classes of cell respond to
negligible delay in the phase of a moving S-cone stimulusopposite directions along the same axis of color space, we
relative to a long-wave stimulus. The contrasts of our must also acknowledge that responses of any mechanism
component modulations were matched in units of dis-may be nonlinear, and that these nonlinearities may differ
crimination threshold, but the equal-energy time-averagedbetween cells responding to chromatic changes in differ-
adaptation placed the S-cones in a relatively more adapteént directions (e.g., Giulianini & Eskew2007 Zaidi &
state than the adaptation used by Blake et2008. More Shapiro,1993.
adapted receptors are predicted to have shorter latencies solt is notoriously difecult to decide how best to model
this difference in relative adaptation is unable to accountthe combination of signals from different mechanisms.
for the relative delay we measured. Indeed, there has been a long debate about this issue for

Given that the absolute response latency depends othe combination of information from the cardinal mech-
adaptation state, it is interesting to determine the way inanisms (see Eske2009for review). In the model that we
which relative latencies vary with adaptation level for bt to our data, the signal reaching central sites is the
different latency estimates. Irrespective of whether thevector sum of modulations along tidL | M] andA[S |
S-cone delay was assessed against a chromatic modulée + M)] axes. One way to extend the model to incor-
tion or against a luminance modulation, Stromeyer et al.porate a chromatic mechanism with a preferred direction
(199)) found that a one log unit increase in the adapting intermediate to the cardinal axes (e.g., the S-OFF LGN
level of the S-cones decreased the S-cone delay byells characterized by Tailby et aR008 is to assume
17 ms. The relative adaptation state of the S-cones did noinputs from rectibed independent mechanisms [+IM;
change thelifference between the S-cone delay relative j L + M; +Sj Lj M;andj S + Lj M). Another
to the inferred luminance pathway and the S-cone delayscheme would be to brst combine multiply-tuned oppo-
relative to the inferred chromatic pathway. A parsimo- nent cell signals to generate only two color opponent
nious explanation of this result is that the adaptationdimensions, and then treat these as orthogonal axes of a
introduces latency differences early in the visual path-2D chromaticity space, as in the classical model.
way, probably in the S-cones themselves. These complications present a vast array of possible

models, each with many unknown parameters. Detailed
prediction of psychophysical thresholds is impossible from
such modeling. Instead, we concentrate on correspondence
Alternative models between qualitative features of the data and models, namely
the existence, location, and symmetry of peaks in thresh-

The gross characteristics of CW and CCW discrim- old as a function of phase difference between component
inations in the cardinal axes conditidhsiamely that we  modulations.
reliably Pnd that a simple advance of the tritan modulationis On the one hand, the slight asymmetries in our data
sufbcient to render CW and CCW loci indiscriminalare indicate the involvement of mechanisms more complex
well captured by assuming a delay in a tritan alignedthan those captured by our simple model. However, given
mechanism. However, as noted above, there are smathat we bPnd substantial failures of discrimination in the
systematic differences between our data and the model. licardinal axes condition, it is likely that the neural delay
particular, the model cannot account for asymmetries inarises in mechanisms tuned to the tritan axes, and not in a
thresholds around the peak. family of mechanisms with diverse tuning. The simplest

Our model assumes bipolar opponent mechanismsexplanation is that delays are injected at the receptor level,
where the tuning of ON and OFF sub-mechanisms is co-but injection at a unitary tritan-aligned, post-receptoral
linear in DKL space. To account for the asymmetries in mechanism cannot be ruled out. The results of the dis-
our data, we might appeal to additional cone opponentcrimination experiment imply that the delay of the S-cone
mechanisms that may not be aligned to the cardinal axessignal propagates through the visual system to at least the
Contributions from such mechanisms, perhaps with theirneural locus at which responses to the component mod-
own phase delays, have the potential to distort CW andulations are combined. It is an open question whether later
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