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Contrast sensitivity of pattern transient VEP components: 
contribution from M and P pathways
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Abstract
The purpose of this study was to compare contrast sensitivity estimated from transient visual evoked potentials (VEPs) elicited 
by achromatic pattern-reversal and pattern-onset/offset modes. The stimuli were 2-cpd, achromatic horizontal gratings presented 
either as a 1 Hz pattern reversal or a 300 ms onset/700 ms offset stimulus. Contrast thresholds were estimated by linear regression 
to amplitudes of VEP components vs. the logarithm of the stimulus contrasts, and these regressions were extrapolated to the 
zero amplitude level. Contrast sensitivity was defined as the inverse of contrast threshold. For pattern reversal, the relation 
between the P100 amplitude and log of the stimulus contrast was best described by two separate linear regressions. For the 
N135 component, a single straight line was sufficient. In the case of pattern onset/offset for both the C1 and C2 components, 
single straight lines described their amplitude vs. log contrast relations in the medium-to-low contrast range. Some saturation 
was observed for C2 components. The contrast sensitivity estimated from the low-contrast limb of the P100, from the N135, and 
from the C2 were all similar but higher than those obtained from the high-contrast limb of the P100 and C1 data, which were 
also similar to each other. With 2 cpd stimuli, a mechanism possibly driven by the M pathway appeared to contribute to the P100 
component at medium-to-low contrasts and to the N135 and C2 components at all contrast levels, whereas another mechanism, 
possibly driven by the P and M pathways, appeared to contribute to the P100 component at high contrast and C1 component at 
all contrast levels. Keywords: visual evoked potentials, contrast sensitivity, spatial vision, visual pathways, parallel processing.
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Introduction
The relationship between amplitudes and latencies 

of different components of transient visual evoked 
potentials (VEPs) and certain stimulus features such 
as the contrast of stimuli presented in appearance-
disappearance and phase-reversal modes has been 
previously investigated in several studies (Estévez & 
Spekreijse, 1974; Jeffreys, 1977; Kulikowski, 1977; 
Shawkat & Kriss, 1998a, 2000). The way in which 
VEP changes with stimulus contrast has been used to 
distinguish between the cortical activity of different 
visual pathways (Campbell & Maffei, 1970; Nakayama 
& Mackeben, 1982; Bobak, Bodis-Wollner, Harnois, 
& Harnois, 1984; Previc, 1988; Valberg & Rudvin, 
1997; Rudvin, Valberg, & Kilavik, 2000; Ellemberg, 

Hammarrenger, Lepore, Roy, & Guillemot, 2001; 
Gomes, Souza, Rodrigues, Saito, Silveira, & da Silva 
Filho, 2006; Gomes, Souza, Lima, Rodrigues, Saito, da 
Silva Filho, & Silveira, 2008; Souza, Gomes, Saito, da 
Silva Filho, & Silveira, 2007; Souza, Gomes, Lacerda, 
Saito, da Silva Filho, & Silveira, 2008). Visual evoked 
potential amplitude linearly depends on the logarithm 
of stimulus contrast, sometimes with saturation at 
high contrasts. Although often only one straight line is 
sufficient to describe the data, depending on the spatial 
frequency, two separate straight lines may be needed 
(Campbell & Maffei, 1970; Nakayama & Mackeben, 
1982; Bobak et al., 1984; Valberg & Rudvin, 1997; 
Rudvin et al., 2000; Souza et al., 1997, 1998).

Zemon & Gordon (2006) and Souza et al. (2007, 
2008) suggested that a function that relates VEP 
amplitude with stimulus contrast that linearly increases 
and then saturates at high achromatic contrasts is a 
signature of the activity of a single visual pathway, 
possibly the magnocellular (M) pathway, which is highly 
sensitive to contrast, reflected by single-cell recordings 
of M neurons in the retina and lateral geniculate 
nucleus (LGN) (Kaplan & Shapley, 1982, 1986; Lee, 
Martin, & Valberg, 1989; Lee et al., 2000). Souza et 
al. (2007) also suggested that a double-slope function 
indicates a contrast-dependent contribution of different 
visual pathways to VEP. The high-contrast-sensitive M 
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pathway dominates the VEP at low contrasts, whereas 
the low-contrast-sensitive pathway dominates the VEP 
at high contrasts (i.e., the parvocellular [P] pathway 
either in isolation or in combination with other visual 
pathways; Valberg & Rudvin, 1997; Rudvin et al., 2000; 
Souza et al., 2007).

Based on the literature, it is unclear what generator 
mechanisms elicit transient VEP components. Also 
unknown is how the presentation mode (pattern reversal 
and onset/offset) influences the contribution of each 
generator mechanism. In the present study we used the 
response-contrast functions of different transient VEP 
components to estimate contrast thresholds. We assumed 
that similar threshold contrasts indicate generation by 
the same generator mechanism. We chose a spatial 
frequency of 2 cycles per degree (cpd), for which we 
previously found that double-slope functions are usually 
generated by a pattern-reversal stimulation mode.

Methods

Subjects
Twelve subjects without previous ocular, systemic, 

or degenerative diseases participated in the experiments. 
All subjects had normal visual acuity or were corrected 
to 20/20. The stimuli were viewed monocularly with the 
eye with the lowest dioptric error value using optical 
corrections. All experiments were performed according 
to the tenets of the Declaration of Helsinki. They were 
also approved by the Committee for Ethics in Research 
of the Federal University of Para (Report 113/2004, 
November 25, 2004) following Resolution 196/96 of 
the Health National Council of Brazil.

Visual stimulation
A Flexscan T662 color monitor (Eizo, Ishikawa, 

Japan) with a 100 Hz frame rate and 800 × 600 
pixel spatial resolution was used for visual stimulus 
presentation. The monitor was driven by a VSG2/3 
graphics card (Cambridge Research Systems, Rochester, 
UK) and controlled by Psycho v2.6 software (Cambridge 
Research Systems). Gamma correction was performed 
using an OP200E OptiCAL photometer (Cambridge 
Research Systems). The monitor was positioned 1 m 
from the subject.

Horizontal achromatic sine-wave gratings (2 cpd) 
were presented in a circle with a 5º visual angle in 
two temporal configurations: 1 Hz pattern-reversal 
presentation (n = 10, five males and five females; mean 
± SD age, 23.8 ± 3.3 years) and onset (300 ms)/offset 
(700 ms) presentation (n = 6, n = 10, two males and 
four females; mean ± SD age, 22.2 ± 2.2 years). All 
stimuli had the same mean chromaticity (CIE 1976: 
u’ = 0.215, v’ = 0.480). The mean luminance was 40 
cd/m2 for achromatic pattern reversal and 34.3 cd/m2 
for achromatic onset/offset presentation. The stimuli 
were surrounded by a background with the same mean 
luminance and mean chromaticity. Between eight and 
ten Michelson contrasts (low-contrast range, <10%; 

medium-contrast range, 10%-50%; high-contrast range, 
>50%) were presented for each presentation mode. For 
onset/offset presentation, the Michelson contrast might 
not be fully appropriate because the duration of the 
offset phase (700 ms) was more than twice the duration 
of the onset phase (300 ms). We considered that the 
effect of the duration differences in the onset and offset 
phases in the contrast was small and did not interfere 
with the results.

Recording procedures
Electrode placement was performed according to 

the recommendations of the International Society of 
Clinical Electrophysiology of Vision (ISCEV; Odom 
et al., 2004), consisting of three gold-cup electrodes 
placed at Oz (active), Fz (reference), and Fpz (ground) 
reference points. Recordings were amplified 50,000 
times and band-pass-filtered with 0.5-100 Hz cut-off 
frequencies using a differential amplifier (MAS800, 
Cambridge Research Systems). Optima v.1.4 software 
(Cambridge Research Systems) controlled an AS-1 
data acquisition card (Cambridge Research Systems) to 
allow on-line digital recording at 1 kHz with a 12-bit 
resolution sampling rate.

Analysis
We recorded 120-480 sweeps (each lasting 1000 

ms) at each contrast. Each sweep was subjected to off-
line Fast Fourier Transform software and further band-
pass-filtered between 0.5 and 40 Hz. An inverse Fast 
Fourier Transform was applied to synthesize the off-line 
filtered recordings using all of the harmonics for onset/
offset sweeps and even harmonics for pattern-reversal 
sweeps. The choice of only even harmonics in the 
inverse Fourier Transforms for pattern-reversal sweeps 
occurred because we found that the amplitude was little 
affected by filtering, with an increase in the signal-to-
noise ratio of the recordings. We studied the average of 
all of the recorded sweeps at each contrast level for each 
subject, measuring the peak-to-baseline amplitude of the 
transient VEP components. The contrast threshold for 
each stimulation mode was estimated by extrapolating a 
linear model to a 0 µV amplitude level.

Results

Contrast threshold estimated from achromatic 
pattern reversal transient VEP components

Transient VEPs were reliably recorded from all 
10 subjects. An example from one of the subjects is 
presented in Figure 1. Three main components could 
be identified in the transient VEP elicited by pattern-
reversal stimuli: N75, P100, and N135 (Figure 1A). This 
is consistent with the responses described in the ISCEV 
protocols (Odom et al., 2004). The N75 component 
was entirely absent in some of the subjects or appeared 
only at high contrast in others (>50%). The P100 and 
N135 components were present in all subjects and could 
be identified in a substantial range of contrasts. We 
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amplitude was described by straight lines in the low-to-
medium contrast range (<50%; Figures 4 and 5). The 
C2 component amplitude saturated at high contrasts 
(>50%) in all of the subjects. These data were not used 
to estimate contrast threshold (Figure 5). The contrast 
thresholds estimated using the C1 and C2 amplitudes 
were 4.83% ± 3.65% and 0.90% ± 0.32%, respectively.

Statistical analysis of contrast sensitivities 
obtained from transient VEP components

Contrast thresholds and contrast sensitivity obtained 
from amplitude measurements of different transient 
VEP components were converted to the logarithm of 
contrast sensitivity using the following relation: contrast 
sensitivity = 1/contrast threshold. We preferred to use 
the logarithm of contrast sensitivity instead of contrast 
sensitivity itself because the logarithmic values for 
all five groups had a normal distribution (Lilliefors 
test; p > 0.05) and could be used for further statistical 
comparisons. The means and standard deviations for 
the log contrast sensitivity of different transient VEP 
components were the following: P100 middle-to-low 
contrasts (2.18 ± 0.26), P100 high contrasts (1.51 ± 
0.41), N135 (2.20 ± 0.43), C1 (1.44 ± 0.38), C2 (2.08 
± 0.2; Figure 6).

The contrast sensitivity values estimated using 
different transient VEP components fell into two groups. 
High contrast sensitivity values were obtained using 
low-to-medium contrast P100, N135, and C2 amplitude 
data points, whereas high-contrast P100 and C1 
amplitude data points provided low contrast sensitivity 
values. The contrast sensitivity values within each group 

Figure 1. Recordings obtained from one subject using two stimulation modes. (A) Pattern-reversal stimulation elicited transient 
VEPs with three main components: N75 (square), P100 (circle), and N135 (triangle). The earliest N75 component was detectable 
only at high contrasts and in some subjects was entirely absent. The P100 and N135 components were present at a range of 
contrast levels. (B) Pattern-onset/offset stimulation elicited transient VEPs also with three main components: C1 (square) and 
C2 (circle), which were present at a range of contrasts, and a late C3 component (triangle) that was variable among subjects.

measured the baseline-to-peak amplitudes of these two 
components. Figures 2 and 3 present them as a function 
of log stimulus contrast.

In all subjects, the P100 amplitude as a function 
of log contrast could be described by two straight lines 
with a limb at medium-to-low contrasts (<50%) and 
another limb at high contrasts (Figure 2). The contrast 
thresholds obtained from the P100 amplitude data point 
at medium and low contrasts and high contrasts were 
0.76% ± 0.43% and 4.34% ± 3.36% (mean ± SD), 
respectively. The N135 component amplitude could be 
described by a single straight line (Figure 3). The mean 
contrast threshold estimated from the N135 component 
was 0.90% ± 0.67%. A small degree of saturation 
was observed in the N135 component in some of the 
subjects; in this case, this data point was not used to 
estimate the contrast threshold (Figure 3A).

Contrast threshold estimated from achromatic 
pattern onset/offset transient VEP components

As described in the ISCEV protocols (Odom et 
al., 2004), three main components could be identified 
in transient VEPs elicited by pattern onset/offset 
stimuli: C1, C2, and C3 (Figure 1B). The first positive 
component C1 and the following negative component 
C2 were present in all of the subjects at a substantial 
range of contrasts, whereas the second positive 
component C3 was variable among subjects. Therefore, 
we only measured the amplitudes of C1 and C2 and 
related them to the stimulus contrast (Figures 4 and 5). 
The C1 component amplitude could be described with 
straight lines at all contrasts, whereas the C2 component 
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Figure 2. Pattern-reversal transient VEP. The amplitude of the P100 component was plotted as a function of the logarithm of 
stimulus contrast. (A-C) P100 amplitude vs. log-contrast relations for three different subjects. The data points were fitted with 
double-slope straight functions composed of a limb at medium-to-low contrasts (filled circles, continuous lines) and another 
limb at high contrasts (empty circles, dashed lines). For every subject, the intercepts of the two regression lines with the zero 
amplitude level provided different values for contrast threshold. (D) Mean and standard deviations for the relative amplitude of 
the P100 component as a function of log contrast (n = 10).

Figure 3. Pattern-reversal transient VEP. The amplitude of the N135 component was plotted as a function of the logarithm of 
stimulus contrast. (A-C) N135 amplitude vs. log-contrast relations for three different subjects. The data points were fitted with 
single straight functions (filled circles, continuous lines). For every subject, the regression line intercept with the zero amplitude 
level provided the contrast threshold. (D) Mean and standard deviations for the relative amplitude of the N135 component as a 
function of log contrast (n = 10).
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Figure 4. Pattern-onset/offset transient VEP. The amplitude of the C1 component was plotted as a function of the logarithm 
of stimulus contrast. (A-C) C1 amplitude vs. log-contrast relations for three different subjects. The data points were fitted with 
single straight functions (filled circles, continuous lines). For every subject, the regression line intercept with the zero amplitude 
level provided the contrast threshold. (D) Mean and standard deviations for the relative C1 amplitude as a function of log contrast 
(n = 6).

Figure 5. Pattern-onset/offset transient VEP. The amplitude of the C2 component was plotted as a function of the logarithm 
of stimulus contrast. (A-C) C2 amplitude vs. log-contrast relations for three different subjects. The data points were fitted with 
single straight functions (filled circles, continuous lines). The C2 amplitude strongly saturated at high contrast, and the data 
point at the highest contrast was not used to fit the regression line. For every subject, the regression line intercept with the zero 
amplitude level provided the contrast threshold. (D) Mean and standard deviations for the relative C2 amplitude as a function of 
log contrast (n = 6).
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were similar to each other but different between groups 
(p < 0.01, one-way analysis of variance; Tukey post hoc 
comparisons: P100 low-contrast vs. P100 high-contrast, 
p < 0.05; P100 low-contrast vs. N135, p > 0.05; P100 
low-contrast vs. C1, p < 0.05; P100 low-contrast vs. C2, 
p > 0.05; P100 high-contrast vs. N135, p < 0.05; P100 
high-contrast vs. C1, p > 0.05; P100 high-contrast vs. 
C2, p < 0.05; N135 vs. C1, p < 0.05; N135 vs. C2, p > 
0.05; C1 vs. C2, p < 0.05).

Figure 6. Contrast sensitivity obtained from amplitude 
measurements of different transient VEP components. 
Achromatic pattern-reversal (filled bars) and achromatic 
pattern-onset/offset (empty bars) stimulation was used to elicit 
the cortical response. Logarithmic values of contrast sensitivity 
were estimated from contrast threshold measurements and 
used for one-way analysis of variance (a  = 0.05) and Tukey 
post hoc comparisons. Contrast sensitivity values estimated 
from P100 (at medium-to-low contrasts), N135, and C2 
components fell into one group and were statistically similar 
(*), whereas contrast sensitivity values obtained from P100 (at 
high contrast) and C1 components fell into another group that 
was similar to each other (**). See text for additional details.

Discussion

Amplitude as a function of stimulus contrast for 
different transient VEP components

Pattern-reversal and pattern-onset/offset stimulation 
elicit different forms of cortical activity. Understanding 
how they are preferentially driven by responses of 
specific visual pathways is important. In this work 
we described how the amplitude of the most distinct 
transient VEP components obtained by pattern-reversal 
and pattern-onset/offset stimulation varied with stimulus 
contrast and how they had similar contrast sensitivity.

The cortical generators of transient pattern-
reversal VEP components have been extensively 
studied. Several works found that pattern-reversal VEP 
component (P100) amplitude as a function of contrast 
can be described by two straight lines (Campbell & 
Maffei, 1970; Nakayama & Mackeben, 1982; Bobak 
et al., 1984; Valberg & Rudvin, 1997; Rudvin et al., 

2000; Souza et al., 2007, 2008). The most accepted 
explanation for this is a contribution of different visual 
pathways to the VEP (Nakayama & Mackeben, 1982; 
Bobak et al., 1984; Valberg & Rudvin, 1997; Rudvin et 
al., 2000; Souza et al., 2007, 2008).

In the present study we assumed that the double-
slope contrast-response function was indicative of 
the presence of two underlying contrast-response 
mechanisms (high- and low-contrast limbs) in order 
to compare these thresholds with those obtained from 
other transient VEP components. As expected, we 
found that two straight lines described the relationship 
between response amplitude and stimulus contrast when 
the P100 component of the pattern-reversal transient 
VEP was taken into account, whereas single straight 
functions were better suited for the pattern-reversal 
N135 transient VEP component and the pattern-onset/
offset C1 and C2 transient VEP components.

The C1 component amplitude changed 
monotonically for most of the contrast range, and its rate 
of change was roughly similar to that of the mechanism 
at a high contrast range of the P100 component, 
suggesting that they are both driven by activity of the 
P pathway, possibly together with other pathways. The 
C2 amplitude saturates at high contrast (>50%), and 
the high-contrast saturation of the achromatic VEP 
amplitude has been suggested to be a signature of M 
pathway activity (Souza et al., 2007, 2008; Zemon & 
Gordon, 2006). Similar to the pattern-onset/offset C2 
transient VEP component, the amplitude of the pattern-
reversal N135 transient VEP component saturated at 
high contrast, and this can also be interpreted as being 
attributable to the preferential contribution of the M 
pathway.

In Figure 6 we plotted the contrast sensitivity for 
each transient VEP component obtained either with 
pattern-reversal or pattern-onset/offset stimulation. The 
contrast sensitivity values were grouped into two well-
defined groups: (i) the P100 medium-to-low contrast 
limb, N135, and C2 represent the activity of mechanisms 
with high contrast sensitivity, probably the M pathway 
and (ii) the P100 high contrast limb and C1 represent 
the activity of mechanisms with low contrast sensitivity, 
probably the P + M pathways.

Our results are in general agreement with Shawkat 
& Kriss (1998a,b, 2000) who used a series of stimuli 
that ranged from pure pattern-onset/offset stimulation 
through several intermediate steps to pure pattern-
reversal stimulation. Using checkerboard stimuli with a 
high spatial frequency (small check size), Shawkat & 
Kriss (1998a) found a C0 component elicited by pattern-
onset/offset presentation that developed into a N75 or 
N80 component when the stimulus turned to pattern-
reversal mode. In our experiments and in recordings 
performed in other laboratories, the N75 component 
appeared in a broad range of contrasts at high spatial 
frequencies, high contrasts at intermediate spatial 
frequencies, and very high contrasts at low spatial 
frequencies (Previc, 1988; Ellemberg et al., 2001; Souza 
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et al., 2007). Shawkat & Kriss (2000) also found that 
the C1 component was always present in pattern-onset/
offset stimulation and developed into a P100 component 
when the presentation mode was gradually transformed 
in pattern reversal. A similar trend between C2 and 
N135 could be observed in their published recordings, 
but this effect is less clear with low-spatial-frequency 
stimuli.

Jeffreys (1977) suggested that two distinct types of 
visual activity contribute to pattern-onset/offset transient 
VEP components: (i) a contrast-specific mechanism 
that contributes to the C1 component, nonadaptive and 
sensitive to pattern stimuli but not to overall luminance 
changes and (ii) a contour-specific mechanism that is 
mainly responsible for C2 and may partially contribute to 
C1. This mechanism would respond only to the stimulus 
onset and is highly adaptive, presumably ceasing to 
respond to prolonged pattern stimulation. Jeffreys (1977) 
reported that C2 and C3 were less sensitive to contrast 
change than C1, with the C3 component and to a lesser 
extent the C2 component building up more rapidly as the 
contrast increased and saturating at lower contrast levels.

By considering previous observations (Jeffreys, 
1977; Shawkat & Kriss, 1998a,b 2000; Previc, 1988; 
Ellemberg et al., 2001; Souza et al., 2007, 2008) and 
the present results, we may hypothesize that pattern-
reversal P100 (lower limb) and N135 and pattern-onset/
offset C2 are mainly the result of M pathway activity. 
Conversely, pattern-reversal P100 (higher limb) and 
pattern-onset/offset C1 and possibly pattern-reversal 
N75 are the result of preferential activity along the P 
pathway, with a possible contribution from the activity 
of other pathways.

Multifocal VEP as a function of contrast
After the implementation of multifocal 

electrophysiology (Sutter & Tran, 1992; Baseler, 
Sutter, Klein, & Carney, 1994), studies of VEP 
contrast-response were extended to different areas of 
the visual field, with investigations of how the visual 
pathways contribute to VEP generation (Baseler & 
Sutter, 1997; Klistorner, Crewther, & Crewther, 1997; 
Maddess, James, & Bowman, 2005; Hood, Ghadiali, 
Zhang, Graham, Wolfson, & Zhang, 2006; Laron, 
Cheng, Zhang, & Frishman, 2009). Baseler & Sutter 
(1997) described two positive multifocal VEP (mfVEP) 
components that would represent P and M pathways. 
According to these authors, the center of the visual field 
was dominated by the P component, and its amplitude 
linearly increased as a function of the contrast. At more 
peripheral locations in the visual field, the M component 
amplitude increased with eccentricity. Klistorner et al. 
(1997) found P and M activity represented by different-
order kernels. The first slice of the second-order kernel 
showed a rapid increase in amplitude with an increase 
in stimulus contrast and saturated at high contrast, 
resembling retinal and thalamic M cell responses. The 
amplitude of the second slice of the second-order kernel 
linearly increased with stimulus contrast, similar to 

retinal and thalamic P cell responses. Maddess et al. 
(2005) compared the mfVEP amplitude as a function 
of the contrast elicited by pattern-reversal and pattern-
onset stimulation modes. They found that the contrast 
gain was higher for pattern reversal stimulation than for 
pattern-onset stimulation. Laron et al. (2009) studied 
the mfVEP amplitude as a function of contrast elicited 
by pattern reversal and showed that the contrast gain 
increased from the center of the visual field to the 
periphery. They agreed with the suggestion of Baseler 
and Sutter that the P pathway dominated the generation 
of the mfVEP; in the periphery, a summation of M 
pathway activity and P pathway activity resulted in the 
generation of the mfVEP.

Comparisons between multifocal responses 
and conventional pattern VEP components are not 
straightforward (Fortune & Hood, 2003). Similar to 
Baseler & Sutter (1997), however, we may argue that 
VEP components, either multifocal or conventional, 
may arise from a single or distinct visual areas that 
are dominated by inputs from neurons with either 
M or P properties or even that they could represent 
the summation of activity of different cortical areas, 
reflecting the input of the dominant pathway when it is 
favored by the stimulus properties.
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