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de psychologie, Université de Montréal, Montréal, Québec, Canada
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Abstract

Purpose: Previous studies have suggested that compared to first-order (FO) motion stimuli, second-order
(SO) motion stimuli required more cortical time to be processed. The purpose of this study was: 1- to
verify this claim with Visual Evoked Potential (VEP) and eye-hand Reaction Time (RT) measurements
and 2- examine if the VEP and RT responses are similarly modulated by the same trigger features of the
stimuli. Methods: The VEPs and eye-hand RT for motion-reversal luminance- (first-order) and texture-
defined (second-order) stimuli were recorded from ten normal human subjects. VEPs and RTs were mea-
sured for each motion class at eight different modulation depths (from 3 to 100%). Results: Our results
reveal that for stimuli of low contrast levels, the SO–FO timing differences are approximately 100 ms
(RT) or 20 ms (VEP), while for contrasts ‡ 15–20% (VEP) or ‡ 50% (RT), the SO–FO difference is no
longer significant (p > 0.007), suggesting either that the brain can no longer distinguish SO from FO
stimuli or that in spite of the added complexity of SO stimuli the brain takes equal time to process both.
Conclusion: Interestingly, the above contrast discrepancy in SO–FO resolution threshold suggests that,
compared to the VEP, the more psychophysical RT measurement can process and thus distinguish a lar-
ger spectrum of motion stimuli, thus further confirming the latter measure of the retinocortical process-
ing time as a valid alternative to the VEP.

Introduction

Evidence recently collected using psychophysical
[see 1 for review], electrophysiological [see 2 for
review] and imaging [3, 4] techniques provided
support for the claim that two separate cortical
mechanisms underlie the initial processing of
first-order (FO) and second-order (SO) motion
stimuli. This concept of two separate motion
detection pathways had previously been incorpo-
rated into computational models [5, 6] which
assumed that compared to first-order stimuli, the
perception of SO motion stimuli implied an addi-

tional step in cortical processing. In support of
the latter claim, studies have demonstrated a
reduced sensitivity to second-order motion for
individuals believed to have visuoperceptual defi-
ciencies [7–9].

In human subjects, visual evoked potentials
(VEPs) are used to assess the neuronal processing
underlying visual perception, including motion
detection [10–15]. Typically, motion VEP
responses consist of an initial positive wave, P1

or P100, that peaks at approximately 100–130 ms
followed at 150–200 ms by the negative wave N2

[16]. Previous studies that examined the charac-
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teristics of motion stimuli such as velocity [17]
and contrast, [18] identified the N2 wave as the
motion specific component of the VEP, whereas
the P1 wave was associated with pattern process-
ing [19–23].

Similarly, the eye hand motor reaction time
(RT) was previously shown to yield reproducible
measures of the retinocortical processing time,
thus representing a valid alternative to VEP
recordings. Previous studies have shown that
changes brought to the contrast, luminance,
wavelength or size of the stimulus [24–31] can
yield significant increases in the retino-cortical
processing time as measured with the RT. Inter-
estingly, the resulting RT differences are often,
but not always, equivalent to those estimated
with the VEP responses. The latter discrepancy
led us to suggest that the retinofugal signals at
the origin of the RT and VEP responses might
be optimally activated by different features of the
visual stimulus [29, 32].

Based on the above, the purpose of this study
was therefore to: 1- confirm that analysis of more
complex stimuli yields measurable increases in
the retino-cortical processing time as measured
with the VEP and RT and, 2- examine if the
resulting increase in VEP and RT timing are sim-
ilarly modulated following a change in the attri-
bute of the stimulus.

Methods

Materials and methods

VEPs and RT measurements were obtained for
10 normal subjects (4 females and 6 males) aged
between 18 and 35 years old (average age:

27 years). The research followed the tenets of the
Declaration of Helsinki and was approved by the
IRB of Montreal Children’s Hospital (MCH). A
signed informed consent was obtained from all
subjects after the nature of the study had been
fully explained.

Binocular full-field VEPs and eye-hand RTs
were obtained to the reversal of a checkerboard
stimulus (1� checks; reversal rate: 5 Hz) as well
as to the change in direction of luminance- (FO
motion) and texture-defined (SO motion) 0.5 cpd
gratings that drifted either to the left or to the
right at 5 Hz. All stimuli were presented within a
circular region of 20� in diameter at the center of
the display. The stimuli were all generated by the
VPixx� graphics program (www.vpixx.com)
using a Power Macintosh 6100/66AV and dis-
played on a 20 in. View Sonic high-resolution
color monitor that the subjects viewed at a dis-
tance of 57 cm. The monitor had a refresh rate
of 75 Hz and a resolution of 640 · 480 pixels
and was gamma-corrected using a color look-up
table. The average luminance of the monitor was
kept at 25 cd/m2 (u’ ¼ 0.1832, v’ ¼ 0.4608 in
Commission Internationale de l’Eclairage (CIE).
u’ v’ color space).

Motion stimuli were generated as previously
reported [8, 9, 33–34]. Briefly, the FO motion
stimuli (Figure 1a, left) consisted of luminance-
modulated noise patterns that were generated by
adding a static greyscale noise (i.e, noise made of
aggregation of pixels, each measuring approxi-
mately 2.235 min. of arc) to a vertically oriented
sine wave. Eight levels of luminance modulation
were presented to each observer (3, 5, 8, 15, 20,
50, 75 and 100%). The SO motion stimuli
(Figure 1b, right) consisted of texture-modulated
noise patterns produced by multiplying rather

Figure 1. Examples of the first-order (left) and second-order (right) motion stimuli used in this study.
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than summing the same modulating sinewave to
the greyscale noise. Again, eight levels of contrast
modulation were presented (3, 5, 8, 15, 20, 50, 75
and 100%). We used greyscale noise and the
smallest possible pixel size in order to limit the
introduction of FO artifacts [33] in our SO stim-
uli, even at higher contrast modulations. In addi-
tion, other precautions were taken such as the
continuous verification of the gamma-correction,
never testing with a ‘‘cold’’ monitor, etc. Further-
more, the same experimental stimuli were used in
previous studies that demonstrated clear differ-
ences between the two types of motion conditions
regarding their basic processing characteristics
[34] or differential response of clinical popula-
tions to them [9, 34] We are therefore confident
that if FO artifacts were at all present in our
SO stimuli, they would have a minimal affect
on either electrophysiological or behavioural
responses. Therefore, all the motion stimuli used
in the present study had the same spatio-tempo-
ral and contrast characteristics, the only differ-
ence between the two types of motion being the
attribute defining the motion: luminance for the
FO stimuli and texture for the SO stimuli.

VEPs were recorded with the Biopac MP100
system analysis (BIOPAC Systems, Inc., software
Version 3.5.4.). The scalp electrodes were fixed at
Oz, O1 and O2 positions (based on the Interna-
tional 10/20 system) using Grass silver cup elec-
trodes with the reference on the forehead and a
ground electrode clipped to the earlobe. Elec-
trode impedance was monitored and kept below
5 k. The VEP signals were amplified 50, 000
times between a 1 and 100 Hz bandwidth (Grass
P-511 amplifiers), digitized at 600 samples per sec
and the time of analysis was set at 600 ms.

Subjects were seated in a comfortable chair
and a chin rest was used to reduce head move-
ments and muscle artifacts. They were instructed
to fixate a small red dot placed in the center of
the screen and the experimenter verified ocular
stability visually throughout the experiment. Sub-
jects were instructed to respond as quickly as
possible to when the motion stimuli changed
direction (left to right, or right to left). Motion
direction or checkerboard reversals varied ran-
domly at intervals between 1.5 and 3.0 s. This
regime was selected to minimize adaptation as
well as anticipation and also keep the sessions at
a tolerable length (i.e., approximately 75 min) in

order to minimize fatigue. A VEP recording was
triggered at each motion reversal. Reaction times
were measured by asking the observers to press a
key as soon as they perceived a change in the
direction of the motion (for either FO and SO
motion conditions), or at each reversal (for
checkerboard stimuli). VEP and RT responses
were recorded simultaneously.

Given that our goal was also to secure all the
responses within the same recording session, in
preliminary experiments we compared RTs and
VEPs obtained to averages of 50 and 25 sweeps.
Data analysis indicated that the timing of the
VEP and RT thus obtained were comparable.
Consequently, in order to reduce the length of
recording time and thus achieve an optimal level
of alertness from our subjects, averages of 25
responses were obtained for each motion type at
each level of contrast. A testing session therefore
consisted of a series of 16 experimental sequences
(2 types of motion · 8 levels of contrast).

Data analysis

VEP responses are normally composed of an N1,
P100 and N2 components. For all stimuli, peak
time and amplitude measurements of the P100 and
N2 components were calculated from responses
obtained at the three electrode locations (Oz, O1

and O2). It is well known that motion VEPs differ
in amplitude between the two sides of the brain,
being clearly larger over the right hemisphere in
most cases [35]. Consequently, the lateral lead
(either O1or O2) having the largest amplitude was
used to calculate the P1 and N2 peaks and was
referred to as OL. From here on, the term ’’lateral-
ity effect’’ refers to the difference between the
responses recorded at Oz and OL (i.e. amplitude
largest at either side compared to central lead).
Finally in order to eliminate responses that could
have resulted from anticipation or contaminated
by the fatigue of the subject, RTs faster than
140 ms or slower than 800 ms were not included
in the analysis [28]. Applying the latter criteria
eliminated less than 10% of all RT measurements
from the final analysis.

Statistical analysis

Statistical analysis was performed on average
group data. The methods of analysis included a
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two way repeated measure of analysis (ANOVA
test) for latency and contrast for both FO and
SO responses . Student t-tests (Pairwise compari-
sons) were employed for comparison between
subgroups with a Bonferroni correction (0.007
(0.05/8)). Significance levels are indicated in the
figures (*p < 0.007).

Results

Representative VEP tracings recorded from one
normal subject are shown in Figure 2. Responses
were recorded at the three electrode positions
(Oz, O1 & O2) and evoked to motion (i.e., FO
and SO-order) and pattern-reversal (checker-
board) stimuli of 20% contrast. Comparing the
timing of the different VEP responses, one
notices that the P100 peak becomes progressively

delayed as we proceed from the checkerboard to
the FO and SO stimuli. Morphological differ-
ences are also noted. The pattern reversal VEP
response is mostly dominated by the positive
P100 peak, whereas motion VEP waveforms are
biphasic with well demarcated positive (P100) and
negative (N2) peaks. These morphological differ-
ences are noted at all three electrode positions
(Oz, O1 & O2). Figure 3 compares, for the same
subject, the effect of a gradual increase in the
level of contrast (from 3 to 100%) on the mor-
phology of VEPs evoked to the reversal of a
checkerboard pattern stimulus (top), to the
change in direction of a FO (middle) and SO
(bottom) motion stimulus. Again, irrespective of
the contrast level, the most prominent compo-
nent of the VEP evoked to the reversal of a
checkerboard stimulus is the P100. The latter
component does demonstrate a gradual increase
in amplitude with contrast. There is also some
suggestion of a slight enhancement of the N2

trough in responses obtained with the highest lev-
els of contrast (e.g. 75 and 100%). However, this
contrast-dependent enhancement of N2 is much
more obvious in VEPs evoked to the motion
stimuli, where a clearly demarcated N2 is first
observed in response to the 3 and 8% contrast
levels for the SO and FO motion stimuli, respec-
tively. In both cases the N2 trough appears to be
enhanced with higher contrast, the latter being
most obvious in responses evoked to the FO
stimulus.

The waveforms illustrated in Figure 3 also
suggest that there is a shortening of the peak
times as the contrast level increases. This is best
evidenced in Figure 4 where representative FO
and SO waveforms evoked to different contrast
levels and recorded from the same subject are
superimposed. It is clear that for contrast lev-
els £ 20%, the FO P100 and N2 peak times are
markedly faster than those of the SO responses.
However, for contrast levels ‡ 50% the timing of
FO and SO VEP waves are almost identical.

Figure 5(a) shows the mean peak time for P100

and N2 waves recorded at both central (Oz) and
lateral (OL) locations and plotted against the level
of contrast (% modulation) for the FO motion
stimulus. There is a gradual, but not significant,
mean increase of approximately 10 ms in the tim-
ing of the P100 wave between the 3 and 75% con-
trast stimuli. In contrast, the peak time of N2
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Figure 2. Representative tracings of VEPs recorded from one
subject in response to the reversal of a checkerboard stimulus
(Check) as well as first- (FO) and second-order (SO) motion.
Responses were recorded at the three electrode positions (OZ,
O3, O4.). Stimulus appeared at the onset of tracing. The
waves are identified as described in the text. Calibration:
Horizontal; 100 ms; Vertical; 10 lvolts.
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evoked to FO stimuli increases significantly
(F(7,63) ¼ 5.740, p ¼ 0.0001) with increasing con-
trasts. Neither N2 (F(1,9) ¼ 2.541, p ¼ 0.1454) nor
P100 (F(1,9) ¼ 1.830, p ¼ 0.2091) showed a lateral-
ity effect. Similarly, at Figure 5(b) are shown the
mean peak times for P100 and N2 waves recorded
at both central (Oz) and lateral (OL) locations and
plotted against the level of contrast (% modula-
tion) for the SO motion stimulus. In comparison,
the peak time of the P100 waves evoked to SO
motion stimuli decreases significantly with con-
trast (F(7,63) ¼ 14.597, p ¼ 0.0001). Again there is
no evidence of a laterality effect (F(1,9) ¼ 3.065,
p ¼ 0.1139) since both recording electrodes
(Oz,OL) exhibit the same contrast dependency.
Interestingly, increasing the contrast of the stimuli
had no significant impact on the timing of the SO
N2 (F(7,63) ¼ 1.647, p ¼ 0.1389). The timing of
the SO N2 wave did however demonstrate an effect
of laterality since irrespective of contrast, OL

latencies were always significantly prolonged
(F(1,9) ¼ 12.511, p ¼ 0.0063) compared to Oz

latencies.
Results illustrated at Figure 5 also suggest

that SO and FO stimuli differently modulate the
timing of the VEP components. This is best illus-
trated at Figure 6 where SO and FO data are
compared to each other as well as to that
obtained with the checkerboard stimulus. The
data illustrated in Figure 6 reveals that for con-
trast levels lower than 20%, the peak time of the
SO P100 wave is significantly (paired Student
t-test; p < 0.007 with Bonferroni correction)
delayed compared to that evoked to FO motion
stimuli, the latter displaying a contrast depen-
dency similar to that of the P100 wave evoked to
the reversal of the checkerboard stimulus. At
contrast levels above 20%, the FO and SO P100

peak times are not significantly different from
each other despite the fact that first-order motion
stimuli are reported by subjects as subjectively
more visible. Similarly, compared to FO N2, SO
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Figure 3. Representative tracings of VEPs recorded from one
subject in response to the reversal of a checkerboard stimulus
(Check) as well to first- (FO) and second-order (SO) motion
reversals. For each condition, the contrast varied from 3 to
100%, as indicated at the right of each tracing. Responses
were recorded at the O3 electrode position. The stimulus
appeared at the onset of tracing. The waves are identified as
described in the text. Calibration: Horizontal; 100 ms; Verti-
cal; 10 lvolts.
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N2 are significantly (paired Student t-test;
p < 0.007 with Bonferroni correction) delayed at
lower contrasts (£ 15%) while at contrast levels

above 15%, the two measures are not signifi-
cantly different from each other despite the fact
that again FO stimuli are subjectively more
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Figure 4. Comparing the effect of contrast level (3–100%) on the timing of VEP waves evoked to first- (FO: black tracings) and
second-order (SO: gray tracings) motion stimuli. As the contrast level increases, the FO and SO P100 waves gradually become
almost identical in timing. The stimulus appeared at the onset of tracing as shown with the arrow for the 100% contrast level trac-
ings. Waves are identified as described in the text. Calibration: Horizontal; 100 ms Vertical, 10 lvolts.
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visible. As noted above, the timing of the N2

wave evoked to FO and checkerboard stimuli
demonstrate a similar contrast dependency.

Figure 7 illustrates how the RTs evoked to
the different stimuli used (FO, SO and checker-
board) varied as a function of the contrast level.
Again an overall effect of contrast is found (F(7,
63) ¼ 16.066, p ¼ 0.0001) where all the measure-
ments tend to be faster as the contrast level
increases. Similarly to what was observed with
the VEP, SO RTs are significantly
(F(1,9) ¼ 22.23, p ¼ 0.0011) slower than FO RTs,
the latter being almost identical to those
observed with the checkerboard stimulus, irre-
spective of contrast. Interestingly, the SO–FO
timing difference decreases significantly as the
contrast increases (F(7,63) ¼ 2.941, p ¼ 0.0099)
and paired comparisons reveal that for contrasts

over 50%, SO and FO RTs are not significantly
different from each other (paired Student t-test;
p > 0.00625, with Bonferroni correction).
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Figure 5. Group data showing the effect of contrast (abscissa
in %) and electrode position (Oz, OL) on the peak time (ordi-
nate in ms.) of the P100 and N2 waves of VEPs evoked from
(A) first- (FO) or (B) second-order (SO) motion stimuli.

Figure 6. Group data showing the effect of contrast (abscissa
in %) and electrode position (Oz, OL) on the peak time (ordi-
nate in ms.) of the P100 (top) and N2 (bottom) waves of VEPs
evoked from first- (FO) or second-order (SO) motions and
pattern reversal (Check) stimuli. Stars identify statistical sig-
nificance at p < 0.007 (with Beferroni correction).
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Figure 7. Group data showing the effect of contrast (abscissa
in %) on the reaction time (ordinate in ms.) evoked from
first-order (RT-FO), second-order motion (RT-SO) and pat-
tern reversal (RT-Check) stimuli. Stars identify statistical sig-
nificance at p < 0.007 (with Beferroni correction).
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The results presented above clearly suggest
that, as the contrast level decreases, SO stimuli
progressively require more cortical time than FO
stimuli to be processed. This concept is graphi-
cally represented in Figure 8 where the timing
difference (SO–FO: ordinate) obtained with VEP
(P100 and N2) and RT measurements is plotted
against the contrast level (abscissa). Regression
analysis reveals that all three slopes decrease pro-
gressively as the contrast increase, the slope being
steeper with the RT measures, especially at high
contrast. However, for contrast differences above
50%, the VEP timing differences are not signifi-
cantly different from 0 while they still remain sig-
nificant for the RT measurements.

Discussion

The purpose of this study was to examine if more
complex visual stimuli required more time to be
processed and whether this increase was equally
reflected in VEP and RT measurements. To
achieve our goal, we compared the retino-cortical
processing time estimated with VEP (P100 and N2

waves) and the eye-hand RTs measurements
evoked to checkerboard pattern reversal stimuli,
FO and SO motion reversal stimuli. For each
type of stimuli, the contrast level was varied from
3 to 100%. As expected, our results confirm that
more complex stimuli require more cortical pro-
cessing time. The latter was also found to be con-
trast dependent. However, contrast will impact
differently the retino-cortical timing depending
on the type of stimulus, the cortical area sampled

(e.g. electrode position), the method used to mea-
sure the cortical processing time (i.e., VEP or
RTs) or the VEP wave considered (P100 or N2

waves).
Regarding the VEP signal, there is a clear

relationship (more pronounced with SO stimuli)
between the contrast level and the time taken to
process the stimulus. This relationship remains
irrespective of wave (P100 or N2) or electrode
position (OZ or OL). However the stimulus type
does determine the sign of this contrast–timing
relationship. In response to FO stimuli, the tim-
ing of the VEP P100 and N2 waves initially short-
ens as the contrast level increases from 3 to 10%
and then gradually increases thereafter. We
believe the latter timing increment could be indic-
ative of an adaptation or saturation response.
Previous VEP studies have shown that FO stim-
uli are strongly affected by contrast adaptation
and saturation phenomenon [36–38]. In contrast,
the timing of the SO VEP responses shortens as
the contrast level increases. The latter is observed
for both waves (P100 or N2) irrespective of elec-
trode position. This inverted SO–FO contrast–
dependent relationship results in a significant
retino-cortical timing difference (between SO and
FO) for contrast levels that are either £ 20%, if
the timing difference is estimated with the VEP
P100 wave, or £ 15% when estimated with the
VEP N2 component, the alleged VEP motion-
related wave [19]. It is also interesting to note
that N2 was the only VEP component to demon-
strate a laterality effect. This was observed only
in responses evoked to SO stimuli, where irre-
spective of contrast, OL latencies were always sig-
nificantly prolonged (by approximately 1–2 ms)
compared to OZ latencies. For all other condi-
tions, there were no significant differences in the
timing of VEP waves whether recorded from OL

or OZ electrodes. We interpret this result as evi-
dence that the more complex SO stimuli requires
the participation of the extra-striate visual areas
(under the OL electrode), possibly reflecting the
implication of the human visual areas V2/V3 or
MT (medial temporal) in its analysis, as previ-
ously suggested [3,4,22,34]. Furthermore, we sug-
gest that the extra 1–2 ms synaptic delay may be
the consequence of the additional rectification
stage occurring during SO motion processing, as
proposed by filter-rectify-filter models of Wilson
et al. [6]. This estimate of a synaptic delay (1–2
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Figure 8. Regression analysis between the SO-FO time differ-
ence (ordinate in ms.) obtained with P100, N2 and RT mea-
sures and the contrast level (abscissa in %). Note that the
P100 and N2 regression curves are almost identical.
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synapses) is compatible with that previously
reported elsewhere by Roy et al. [39].

In a similar study, Ellemberg et al. [40],
reported that FO P100 and N2 waves were respec-
tively, 44 and 53 ms. faster than their SO counter-
parts. Similarly they showed that FO RTs were
76 ms. faster than SO RTs. Interestingly, the SO–
FO differences did not appear to be modulated by
the contrast level, at least there is no mention in
the text that it did. In a previous study we exam-
ined how the timing of simultaneously recorded
VEPs and RTs evoked to the reversal of a checker-
board stimulus varied as a function of the contrast
and spatial frequency of the checks [32]. Our
results showed that compared to a low contrast
stimulus, the timing of the retino-cortical response
(VEP P100 or RT) evoked to a high contrast level
was always significantly faster, irrespective of the
spatial frequency. As shown with the results in
Figures 6 and 7, the timing of the FO and SO VEP
and RTs are also contrast modulated. As a result,
the SO–FO timing differences also demonstrate a
contrast dependency as shown in Figure 8, where
regression analysis reveals that the largest SO–FO
difference is approximately 100 ms (Y-intercept as
estimated with the RT measure) or 20 ms. (Y-
intercept as estimated with the VEP P100 or N2

measure). As the contrast level increases, there is a
gradual reduction in the SO–FO difference such
that, for contrast levels ‡ 15–20% (P100 and N2

respectively) or ‡ 50% (RT), the SO–FO differ-
ence in processing time is no longer significantly
different from 0; a finding that complements that
originally reported by Ellemberg et al. [40]. In fact,
regression analysis (Figure 8) predicts that SO–FO
will equal 0 ms. for contrast levels >50% with the
VEP timing (P100 or N2) and >100% with the RT
measurements. The latter thus suggest either that
the brain can no longer distinguish SO from FO
stimuli when presented at high contrast levels, or
that in spite of the added complexity of SO stimuli,
the brain takes equal time to process both. It
therefore seems that the initial and additional pro-
cessing required to perceive texture-defined infor-
mation (i.e., rectification or response squaring) is
only manifested at low contrast-levels, relative to
that of luminance-defined information. Given the
above, our results would support the concept of
initial separate analysis of FO and SO stimuli of
Chubb et al. [1] that are differently modulated by
the contrast level. This would explain why signifi-

cant SO–FO differences are measured at low con-
trast and also why despite the lack of measurable
SO-FO VEP differences at higher contrast, the
brain is still capable of differentiating SO from FO
stimuli as exemplified with the RT responses. The
latter results also confirm, as previously reported,
that in spite of a larger variability, the RT measure
represents a valid method to estimate retino-corti-
cal processing time. Furthermore, since VEPs and
RTs appear to be differently modulated by specific
features of the stimulus (e.g. luminance, contrast,
etc.), a comparison of the two methods should
help us get a better grasp at how the brain pro-
cesses visual motion stimuli. It would appear from
our results (Figure 7) that RT measurements are
capable of distinguishing the full spectrum of
motion processing while the VEP can only charac-
terize the initial stages.
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