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Abstract

Some studies suggest that the processing of darks benefits from greater neural resources

in the visual system and potentially occurs faster. However, evidence from the human

is still sparse, especially with respect to retinocortical interactions. We recorded retinal

and cortical responses to 480 ms light flashes simultaneously with electroretinography

(ERG) and magnetencephalography (MEG) in ten participants and analyzed the high

frequency responses to the flash onsets and offsets.

We show that high frequency oscillations for flash offsets occur earlier than flash onsets

in the cortex but not in the retina. Interestingly, while the onset activity involved

a wide range of frequencies (55–195 Hz in the retina, and 55–145 Hz in the cortex),

the offset response was restricted to the 75–95 Hz frequency band in both retina and

cortex. The results suggest faster propagation times but not earlier retinal processing

for darks than lights, suggesting a thalamic role. They also support previous findings

that the retinal high frequency activity is transmitted to cortex. Furthermore, the

outcomes add to the ongoing discussion about the function of narrowband oscillations

in the human visual system.
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Introduction

In 1938, Hartline discovered that the processing of light increments and light decre-

ments is done separately by two pathways in the retina, the ON- and OFF-pathways,

which commence with sign-inverting and sing-conserving bipolar cells at the first synapse

of the photoreceptors (Werblin and Dowling, 1969). These channels have long been

treated as parallel, however, studies suggest functional and neuronal asymmetries in

these pathways.

A behavioral advantage for the detection of dark objects or light decrements over

light objects has been reported in several psychophysical studies (e.g., Blackwell, 1946;

Krauskopf, 1980; Bowen et al., 1989; Chubb and Nam, 2000; Buchner and Baumgart-

ner, 2007). More recently, Komban et al. (2011) reported faster and more accurate

reactions for dark squares compared to light squares on a uniform binary noise back-

ground at suprathreshold but not threshold levels. This advantage for dark stimuli,

however, vanished if the binary noise background was corrected for the irradiation il-

lusion, which is the effect that light objects on a dark background seem larger than

their dark counterparts (Galilei, 1632; von Helmholtz, 1867). These results raise the

question at which stage of the visual system do potential functional asymmetries in

the ON and OFF pathway emerge – and what precisely are the neural underpinnings

of these often reported behavioral advantages of darks over lights.

In visual cortex, responses to light decrements are found to be stronger than re-

sponses to light increments in both electroencephalography (EEG) and functional mag-

netic resonance imaging (fMRI) recordings (Zemon et al., 1988; Zemon et al., 1995;

Olman et al., 2008). Multiunit recordings from cat visual cortex show faster response la-

tencies (defined as 40 % of maximum response) in OFF-dominated cortical sites (Kom-

ban et al., 2014). The number of geniculate afferents at the representation of the area

centralis in cat visual cortex is higher in the OFF-pathway (Jin et al., 2008). Oth-

erwise, Yeh et al. (2009) reported more black-dominant neurons in layers 2 and 3 of

primary visual cortex (V1) of macaque monkeys, but a balanced amount of black- and

white-dominant neurons in the thalamic input layer 4c of visual cortex and thus con-
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clude that advantages for the processing of darks are generated or at least amplified

in the visual cortex and not the thalamus. Subsequently, they showed that the neural

circuitry in V1 seems to enhance responses to darks: they found a temporal advantage

in the processing of darks in the thalamic input layer 4c, but not in the later stages of

cortical visual processing (Xing et al., 2010). A potential advantage for dark stimuli at

the thalamic level is further supported by a study of Jin et al. (2011), which reported

faster processing for light decrements than increments in the lateral geniculate nucleus

(LGN) of the cat thalamus. Thus, studies which focused on cortical and thalamic pro-

cessing of darks and lights suggest that there are greater neural resources for darks,

however, they do not agree at which stage of the visual system these advantages are

introduced.

At the retinal stage, evidence for functional asymmetries in the ON- and OFF-pathways

is mixed. While some studies find no asymmetries at all (Kremers et al., 1993;

Benardete and Kaplan, 1997; Benardete and Kaplan, 1999), others do report differ-

ences in ON and OFF processing. For example, it has been shown that OFF bipo-

lar cells outnumber ON bipolar cells in the central retina by twofold (Ahmad et al.,

2003). OFF ganglion cells seem to have narrower dendritic and thus narrower re-

ceptive fields than their ON counterparts (Wässle et al., 1981; Morigiwa et al., 1989;

Dacey and Petersen, 1992; DeVries and Baylor, 1997), which show more overlap than

ON dendritic fields (Borghuis et al., 2008). This suggests that more resources are

allocated to the OFF pathway (Balasubramanian and Sterling, 2009). Furthermore,

OFF neurons respond fairly linear with light decrements, whereas ON neurons reveal

a pronounced non-linearity and saturate their responses even with small increases in

luminance (Chichilnisky and Kalmar, 2002; Kremkow et al., 2014). It has also been

shown, however, that OFF cell currents are rectified by ON cells (Zaghloul et al., 2003;

Liang and Freed, 2010). Regarding the response kinetics of ON and OFF retinal

cells, it has been hypothesized that OFF bipolar cells are faster, since no biochem-

ical sign inversion of the light response is needed – in contrast to ON bipolar cells

(Nawy and Jahr, 1990; Chichilnisky and Kalmar, 2002). Indeed, the initial response

(defined as 5 % of maximum response) was shown to be slightly faster for OFF-bipolar
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cells (Chichilnisky and Kalmar, 2002). This finding is strengthened by several studies

which also show faster responses for light decrements in the retina (Copenhagen et

al., 1983; Zaghloul et al., 2003; Burkhardt et al., 2007; Gollisch and Meister, 2008;

Nichols et al., 2013). However, Chichilnisky and Kalmar (2002) reported this temporal

advantage only for the initial response, whereas the time to peak was shorter for ON

bipolar cells and not OFF bipolar cells (also see Lankheet et al., 1998).

In summary, while there is an evident advantage for darks over lights on the behavioral

level, the potential functional asymmetries in the ON and OFF pathways throughout

the visual system are less well understood and especially evidence from the human

visual system is still sparse. In the present study, we aim at investigating the shape

and timing of activity patterns elicited by flash onsets and offsets in the human visual

system by recording retinal and cortical responses simultaneously.

Retinal potentials and high frequency oscillations Retinal potentials in re-

sponse to full-field flashes have been used in the clinical assessment of retinal function

for some decades (Marmor et al., 1989; Marmor et al., 2009) and are therefore well

described. These potentials, which are seen in the electroretinogram (ERG), reflect

the summed activity of the retinal network and arise from different processing stages

(Frishman, 2013). The first negative deflection of the human ERG in response to a

light flash is the a-wave, which originates from the photoreceptors (Perlman, 2001;

Frishman, 2013). It is truncated by the rising flank of the positive b-wave, a poten-

tial that is mostly driven by ON bipolar cells (Sieving et al., 1994; Frishman, 2013;

Vukmanic et al., 2014). At the offset of long duration light flashes, a potential re-

ferred to as the d-wave can be seen: this positive deflection has its origin in the

OFF bipolar cells (Sieving et al., 1994; Perlman, 2001; Frishman, 2013); in the pho-

topic ERG, a contribution of the cone receptors is assumed (Evers and Gouras, 1986;

Frishman, 2013).

A peculiarity of the ERG is the oscillatory potential, an onset locked high frequency

oscillation that has first been described by Fröhlich (1914). It is characterized as a mil-

lisecond precise oscillation on the rising flank of the b-wave, with a frequency centered
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around 120 Hz, and sometimes described as involving frequencies up to 200 Hz (Kozak,

1971; Munk and Neuenschwander, 2000; Todorov et al., 2016). Mechanisms and cel-

lular origin of the oscillatory potential are still unknown, an involvement of ganglion,

amacrine and bipolar cells, possibly in a negative feedback loop, is discussed (Doty

and Kimura, 1963; Perlman, 2001; Kenyon et al., 2003; Frishman, 2013). Kozak (1971)

describes a similar but slower oscillation (75–125 Hz) in response to light offset.

Retinocortical propagation The visual system involves several stages of process-

ing: commencing in the retina, information is passed to the LGN in thalamus and then

projected to the occipital cortex. There is evidence, that the retinal oscillatory poten-

tial is directly transmitted to visual cortex (Lopez and Sannita, 1997; Castelo-Branco

et al., 1998; Sannita et al., 1999; Heinrich and Bach, 2001; Neuenschwander et al., 2002;

Todorov et al., 2016). Other studies, however, come to the conclusion that retinal and

cortical gamma are two distinct processes (Doty and Kimura, 1963; Molotchnikoff et

al., 1975; Heinrich and Bach, 2004). Reconciling these opposite findings, it has been

proposed that two different types of cortical high frequency activity exist, one inherited

from the retina and one generated locally after visual stimulation. Munk and Neuen-

schwander (2000) suggest that the oscillatory potential, incorporating frequencies from

60 to 120 Hz, is transmitted from the retina to cortex, whereas slower cortical gamma

activity below 60 Hz is generated locally. A recent study by Saleem et al. (2017) reports

that cortical narrowband gamma responses are inherited from thalamus and proposes

different channels for thalamocortical (narrowband) and corticocortical (broadband)

information transfer.

The present study investigates the retinal and cortical responses to light flash on-

sets and offsets and aims to compare their temporal dynamics and oscillatory patterns.

The simultaneous recording of retinal and cortical activity further enables a direct

comparison of retinal and cortical high frequency activity and its propagation through

the visual system.
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Methods

Participants 10 healthy participants (four female, average age 34.1 years; s.d. =

6.31) took part in the study. 6 participants were contact lens wearers, since experience

showed that they usually tolerate the eye electrode used to record the ERG very well.

Contact lens wearers did not wear their lenses during the experiment. All participants

provided written informed consent and the study was approved by the Ethical Com-

mittee of Central Denmark Region and carried out in accordance with the Declaration

of Helsinki.

Experimental design and data acquisition The experimental stimuli were full

field light flashes which were presented using the Presentation software (Neurobehav-

ioral Systems, Inc., Berkeley, CA). The white flashes had a duration of 480 ms and

were followed by a black screen which was shown for a random time interval between

2000 and 2500 ms. A total of 250 flashes was shown and the experiment lasted approxi-

mately 12 min. The flashes were projected onto a screen inside the MEG chamber using

a ProPixx projector (VPixx Technologies Inc., Saint-Bruno, Canada) with a 60 Hz re-

fresh rate and symmetric rise and fall times. Participants were seated in an upright

position, the projection screen was at 70 cm distance from the subjects. The flashes

were as full-field as possible subtending the central 28.01◦ (vertical extent) and 47.77◦

(horizontal extent) of the visual field and had a brightness of 280 cd m−2.

MEG data was recorded using a 306-channel MEG system (102 magnetometers and

2× 102 gradiometers, Elekta Neuromag TRIUX, Elekta Instruments, Stockholm, Swe-

den) in a magnetically shielded room. Data was sampled at 5 kHz with a recording

bandwidth of 0.1–1650 Hz. Bilateral ERG was recorded using disposable Dawson-Trick-

Litzkow (DTL) fiber electrodes. Additionally, horizontal and vertical electrooculogram

(HEOG and VEOG) were recorded using a bipolar montage. The ERG electrodes were

referenced to the ipsilateral HEOG. Prior to data acquisition, the head position indica-

tor (HPI) coils and three fiducial points (left and right periauricular points and nasion)

were digitized using a Polhemus Fastrak 3D scanner (Polhemus, Colchester, VT, USA)

for later coregistration with the strucutral magnetic resonance image (MRI) of the
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subjects. The on- and offsets of the flashes were recorded with a photodiode during

the whole experiment.

Data analysis Analysis of MEG and ERG data was conducted using the open-

source toolboxes FieldTrip (Oostenveld et al., 2010) and NUTMEG (Dalal et al., 2004;

Dalal et al., 2011) for MATLAB. Epochs of light onsets and offsets were identified using

the photodiode traces. Trials with eye-movements were rejected based on the HEOG

and VEOG activity. Subsequently, trials including muscle artifacts or MEG channel

jumps were excluded as well, leaving on average 183.4 trials (std = 24.06) per subject

and condition. The data was downsampled to 1000 Hz.

For ERG data analysis, only data from the left ERG was used. Data was baseline cor-

rected and detrended and the epochs were then averaged with respect to light onset and

offset. The peak latencies for the retinal potentials (a-, b- and d-wave) were identified

on the averaged time series for every subject. A paired samples Wilcoxon signed rank

test was conducted on the b-wave and d-wave measurements, as well as on the a-wave

and d-wave peaks. To obtain the oscillatory potentials after light onset, ERG data was

highpass-filtered at 55 Hz (Hanning windowed FIR filter, onepass-zerophase, 6 Hz tran-

sition width). For light offset, data was highpass-filtered at 75 Hz and lowpass-filtered

at 95 Hz using the same filter definitions.

For MEG data analysis, only the 102 magnetometers were used. Boundary element

head models with three layers (brain, skull, scalp) were constructed for every sub-

ject based on the individual structural MRI using OpenMEEG (Gramfort et al., 2010;

Gramfort et al., 2011). The source grid spanning the whole brain had a resolution

of 10 mm. Sources were reconstructed using the linearly constrained minimum vari-

ance (LCMV) beamformer (Van Veen et al., 1997) with normalized weights (Van Veen

et al., 1997; Sekihara and Nagarajan, 2008). The covariance matrices passed to the

beamformer were computed based on the Minimum Covariance Determinant estimator,

providing a robust covariance matrix estimate. The beamforming approach was com-

bined with the Hilbert transform to acquire source space Hilbert amplitude and phase

for five frequency bands: 55–75 , 75–95 ,105–125 ,125–145 , and 155–195 Hz. To gener-
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ate these frequency bands, separate high- and lowpass filters were adopted (Hanning

windowed FIR filter, onepass-zerophase, 6 Hz transition width). For every frequency

band and condition, a spatial filter was constructed as described above, and the single

trials were projected through the filter to yield virtual electrodes at every grid point.

Subsequently, the time courses of the virtual electrodes were Hilbert transformed, pro-

viding amplitude estimates for every frequency band. Intertrial coherence (ITC) was

computed based on the Hilbert phase estimates. To allow for comparison of retinal and

cortical high frequency activity, the ERG data was filtered and Hilbert transformed in

the same manner.

For both MEG and ERG data, the Hilbert amplitude time courses were normalized

against the distribution of baseline time points using the Wilcoxon rank sum test for

every frequency band and subject. The z-values obtained from this step were tested

against the baseline distribution across subjects with the Wilcoxon rank sum test.

The derived statistics were corrected for multiple comparisons by controlling the false

discovery rate (FDR). ITC peaks were identified for every subject; in source space,

the maximal ITC was searched among all occipital voxels based on the Automated

Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) for every subject.

Due to a polyphasic response, the retinal light offset ITC for one participant was

smoothed by lowpass filtering the ITC time series (cutoff: 40 Hz) to identify a clear

peak latency. Light onset and offset ITC peak times were then tested using the paired

sample Wilcoxon signed rank test for both retinal and cortical activity.

Results

Retinal evoked potentials The across-subjects average of retinal activity following

light onset revealed the characteristic ERG flash response (Figure 1A). The negative

a-wave had an average latency of 24.2 ms across subjects, followed by the positive

b-wave at 79.9 ms. The data also shows the c-wave, which is generally seen with

longer flashes, but of no further interest in this study. Figure 1B shows the retinal

response to light offset with the d-wave peaking at 25.2 ms (n = 8: for two subjects
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the peak was not identifiable). The comparison of d-wave and b-wave latencies using

a non-parametric paired-sample test (Wilcoxon signed-rank test) revealed a significant

difference (R = 36, p = 0.0078) with the d-wave being faster across subjects. There was

no peak latency difference between the a-wave and the d-wave: R = 13, p = 0.5469.

Retinal and cortical high frequency activity As illustrated in Figure 2A, high-

pass filtering the light onset ERG data at 55 Hz reveals a high frequency burst. This

oscillatory potential has high inter-trial and even inter-individual fidelity and can thus

still be seen in the average across subjects. A comparable pattern in the light-off data

is only evident when looking at a narrow frequency band of 75–95 Hz (Figure 2B). This

is supported by the fact that across subjects, only this frequency band shows a signif-

icant increase in ITC after light offset compared to baseline by adopting a Wilcoxon

rank sum test (Figure 2C).

To evaluate high frequency activity in the MEG data, Hilbert amplitudes of five

frequency bands were computed in source space. In response to light onset, all but the

highest frequency band show significant increases in Hilbert amplitude (in comparison

to baseline, Wilcoxon rank sum test across subjects). Figure 3A shows this broadband

response (the black boxes indicate significant time periods, p < 0.001, FDR-corrected)

and suggests that the activity in higher frequency bands occurs earlier than changes

in lower frequencies. This gamma band activity spans occipital regions, including V1

as well as visual upstream regions (Figure 3B, masked for p < 0.001, FDR-corrected).

The brain’s activity following light offset comprised a narrowband response of 75–95 Hz

localized to occipital cortex (Figure 3C and D, masked for p < 0.001, FDR-corrected),

which is the same frequency band as for the retinal response to light offset.

It has recently been shown in rats that the flash-induced retinal oscillatory potential

is transferred via the optic nerve to the occipital cortex (Todorov et al., 2016). To

investigate and compare retinal and cortical oscillatory potentials in this study, we

calculated intertrial coherence for those frequency bands that revealed significant power

increases (see above). Figure 4A shows the ITC time course in response to light onset
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Figure 1: Retinal evoked potentials. A Retinal potentials following flash onset, averaged
across subjects. B ERG response to light offset, averaged across subjects.
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for the ERG (depicted in pale blue, median and inter-quartile range across subjects)

and for occipital cortex (pale red), where the cortical ITC time course is computed as

the across-subjects median of individual occipital maximum ITC. It is evident that the

retinal oscillatory potential after light onset is followed by phase consistent activity in

the cortex. This pattern is most obvious for the higher frequency bands: in the 105–

125 Hz band, the cortical ITC peak follows after 51.0 ms (median difference between

retinal and cortical peak across subjects, number of peak relations n = 9, since the

retinal onset ITC peak was not identifiable for one subject). In the 125–145 Hz band,

cortical activity follows the retinal ITC peak after 32.0 ms (n = 9). As illustrated

in Figure 4B, light offset led to a comparable pattern: an increase in trial-wise phase

consistency in the ERG (depicted in dark blue) is followed by increased ITC in occipital

cortex 21.0 ms (n = 7), which is shown in dark red (also compare Table 1).
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High frequency activity: comparing light onset and offset To assess whether

the latencies of retinal and cortical high frequency bursts differ between light onset

and offset, ITC peak times were tested across subjects with the Wilcoxon signed rank
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test. Since light offset was characterized by a narrowband response (75–95 Hz), the

different onset frequency bands were all tested against this one offset frequency band.

The retinal ITC peak latencies (cf. Figures 5A) show no significant difference between

light onset and offset for the frequency bands of 55–75 Hz, 75–95 Hz, and 125–145 Hz

(cf. Table 1). In the 105–125 Hz frequency band, the light onset ITC peak (27.0 ms,

n = 9) was significantly earlier than the 75–95 Hz light offset peak (34.0 ms, n = 7;

R = 0.0, p = 0.0312). In the cortex, however, the offset response at 75–95 Hz shows

a significantly earlier ITC peak time (57.0 ms, n = 10) than the light onset oscillatory

potentials of the 75–125 Hz frequency range (75–95 Hz: 71.5 ms, n = 10): R = 49,

p = 0.0254 and 105–125 Hz: 77.0 ms (n = 10), R = 40, p = 0.0352. There was no

difference for the other light onset frequency bands of 55–75 Hz and 125–145 Hz (cf.

Table 1 and Figure 5B). Thus, whereas offset high frequency oscillations peak faster

than onset responses in the brain, they seem to peak equally fast or even slower in the

retina. This pattern suggests that the narrowband light offset response is transferred

faster to cortex than the onset response: the light offset ITC peaks significantly later

in the retina than the light onset response for 105–125 Hz, but earlier in the brain.
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Figure 5: Comparison of intertrial coherence for light onset and offset. Shown
are median time courses across subjects, shaded areas represent the inter-quartile range. A
Retinal responses to flash onset (pale blue) and offset (dark blue). The light onset responses
are shown for the frequency bands with significant activity (cf. Figure 3A). The light offset
response is shown for 75–95 Hz in all four panels, as follows from Figure 2C. B Occipital ITC
responses for light onset (pale red) and light offset (dark red). Presentation as in A.
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Table 1: Intertrial coherence peak latencies. Retinal and cortical peak times for the
ITC of different frequency bands for both light onset and offset. Shown are peak times for
frequency bands with significant activity (cf. Figures 2 and 3). Specified as well are the
number of identifiable peak times per condition (subjects, n). The last column shows the
results from a Wilcoxon signed rank test of light onset peak latencies of the different frequency
bands against the 75-95 Hz light offset peak latency. The last section of the table shows the
propagation times (median across subjects), defined as the difference between the cortical
and retinal ITC peak time.

Light onset Light offset Wilcoxon test

Retina
55-75 Hz 31.5 ms, n = 8 R = 7.0 p = 0.6250
75-95 Hz 34.0 ms, n = 9 34.0 ms, n = 7 R = 9.5 p = 0.8750
105-125 Hz 27.0 ms, n = 9 R = 0.0 p = 0.0312
125-145 Hz 27.0 ms, n = 10 R = 3.0 p = 0.0781

Occipital cortex
55-75 Hz 69.0 ms, n = 9 R = 36.0 p = 0.1250
75-95 Hz 71.5 ms, n = 10 57.0 ms, n = 10 R = 49.0 p = 0.0254
105-125 Hz 77.0 ms, n = 10 R = 40.0 p = 0.0352
125-145 Hz 58.0 ms, n = 9 R = 23.5 p = 0.9414

Propagation times retina – cortex
55-75 Hz 40.0 ms, n = 7
75-95 Hz 38.0 ms, n = 9 21.0 ms, n = 7
105-125 Hz 51.0 ms, n = 9
125-145 Hz 32.0 ms, n = 9
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Discussion

There are studies showing advantages for the processing of darks on different levels of

the visual system (e.g., Zemon et al., 1988; Yeh et al., 2009; Jin et al., 2011; Komban

et al., 2011; Nichols et al., 2013; Komban et al., 2014), however, evidence from the

human brain is still sparse. In the present study, we simultaneously recorded retinal

and cortical activity to flash onsets and offsets in order to investigate the differences

and similarities in the respective activity patterns. The focus was hereby on oscillatory

activity in the high frequency range in order to map the retinal oscillatory potential

(Fröhlich, 1914) and its potential transmission to occipital cortex (Todorov et al., 2016).

Are darks processed faster than lights? Especially behavioral studies suggest

a faster processing of darks compared to lights: reactions to dark objects and light

decrements are faster and more accurate (Blackwell, 1946; Chubb and Nam, 2000;

Buchner and Baumgartner, 2007). On cortical, thalamic, and retinal level, evidence

for faster processing of darks is mixed (e.g., Lankheet et al., 1998; Chichilnisky and

Kalmar, 2002; Gollisch and Meister, 2008; Jin et al., 2008; Yeh et al., 2009), although

numerous studies report greater neural resources for the processing of darks (e.g., Bal-

asubramanian and Sterling, 2009).

We compared retinal and cortical ITC peak times in the high frequency range as well as

retinal evoked potentials in response to light onsets and offsets to conclude on temporal

differences in processing and propagation in the visual system.

The first obvious difference between light onset and offset high frequency activity is

the frequency range itself: whereas the retinal oscillatory potential in response to light

onset contains frequencies from 55 to 195 Hz, the retinal high frequency activity follow-

ing light offset is restricted to the 75–95 Hz band. A very similar pattern emerges in

visual cortex: the light onset high frequency response comprises frequencies between

55 and 145 Hz, while the flash offset activity is limited as well to 75–95 Hz. The cortical

onset activity’s upper limit at 145 Hz is presumably due to a lower signal-to-noise ratio

related to very high frequency content in MEG recordings.

In visual cortex, the narrowband 75–95 Hz light offset response is faster than the ac-
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tivity in the two main frequency bands for light onset, 75–95 Hz and 105–125 Hz. For

the 55–75 Hz and 125–145 Hz flash onset response, no significant temporal difference

to light offset was found. This finding corroborates the assumption that darks are

processed faster than lights at the cortical level (Komban et al., 2014).

In the retina, the picture is not as homogeneous: while there is no significant differ-

ence concerning light onset and offset peak times in most frequency bands, the main

onset frequency band of 105–125 Hz has an earlier peak time than the 75–95 Hz offset

response. Thus, the retinal high frequency activity shows an opposite pattern to the

cortical oscillatory responses.

When looking at the retinal evoked potentials, studies on the generators of these

potentials suggest to compare the b-wave (light onset) to the d-wave (light offset),

since both are presumably driven by bipolar cells (Sieving et al., 1994; Perlman,

2001; Frishman, 2013; Vukmanic et al., 2014). In our data, the d-wave is signifi-

cantly faster than the b-wave. However, the fact that the b-wave peaks as late as

79.9 ms which is even later than the ITC peaks of high frequency activity in cortex

(58.0 to 77.0 ms) raises the question whether this is a just comparison. The d-wave

latency (25.2 ms) is around 10 ms earlier than the latency of the offset oscillatory po-

tential (34.0 ms). The same is true for the light onset activity when comparing the

a-wave latency (24.2 ms) to the peak times of the different frequency bands (27.0–

31.5 ms), whereas the b-wave peaks over 45 ms after this high frequency activity. When

taking the oscillatory potentials as an anchor, considering that they are reflecting a

rather late mechanism in retinal processing (possibly feedback loops between different

retinal cell types, see Doty and Kimura, 1963; Perlman, 2001; Kenyon et al., 2003;

Frishman, 2013), then it becomes apparent, that the d-wave and b-wave might not

reflect related cell activities after all. When instead comparing the d-wave to the

a-wave, there is no difference in timing, however, the a-wave and d-wave are suppos-

edly not generated by the same cell population (Sieving et al., 1994; Perlman, 2001;

Frishman, 2013).

Looking at the peak latencies of oscillatory activity, our data suggests faster processing

of darks on the cortical, but not on the retinal level. The evidence on retinal level is
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mixed: while the main onset frequency band peaks faster than high frequency activity

in response to light offset, a comprehensive interpretation of retinal potential latencies

is questionable.

Emerging from the retinal and cortical peak latencies of oscillatory activity, the propa-

gation time of information is faster for darks (21.0 ms) than lights (32.0 to 51.0 ms). The

light onset propagation times replicate previous findings of Heinrich and Bach (2001),

who reported a time lag of 48 ms. The faster propagation of light offset informa-

tion suggests a thalamic role, which is supported by the finding of a faster processing

for light decrements in the LGN of cats (Jin et al., 2011). Correspondingly, Xing et

al. (2010) described a temporal advantage for darks in the thalamic input layer of V1

in macaque monkeys, however, it must be noted that they report no time differences

in upstream visual areas. One possible explanation for the faster transmission time for

darks could be a lesser informational content for darks compared to lights. Light onset

could evoke more features of visual scene processing, e.g., stereo vision, which renders

potential thalamic processing faster. Alternatively, the faster transmission times could

be explained by asymmetries in the ON and OFF pathways as it has been suggested

that more neural resources are allocated to the OFF pathway (Balasubramanian and

Sterling, 2009).

In summary, our results strengthen findings of faster processing for darks in visual cor-

tex and thereby deliver a possible explanation for any behavioral advantages of darks

over lights. On the retinal level, we did not find faster processing of light decrements.

Instead, light increments seem to be processed equally fast or even faster than light

decrements. Due to the fact that the ERG represents the summed activity of different

cell types and due to the lack of knowledge regarding the origin of the retinal oscilla-

tory potential, it is hardly possible to speculate about the precise underlying retinal

mechanisms of this finding. Information transmission to visual cortex, however, seems

to happen faster for light offset than onset, suggesting a thalamic involvement.

Are retinal oscillatory potentials transmitted to cortex? Whether the retinal

oscillatory potential gets transmitted to visual cortex has been a controversial topic.
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Some studies come to the conclusion that this is not the case: Heinrich and Bach (2004),

for example, describe different peak frequencies in retina and cortex and Molotchnikoff

et al. (1975) report a lack of cortical high frequency activity following flash-stimulation

despite a clear retinal response. Doty and Kimura (1963) find a link between retinal

and cortical gamma band activity in monkeys but not in cats. Other studies, how-

ever, show strong evidence for a propagation of the oscillatory potential through the

visual system (Lopez and Sannita, 1997; Sannita et al., 1999; Heinrich and Bach, 2001;

Munk and Neuenschwander, 2000; Neuenschwander et al., 2002; Koepsell et al., 2009).

Castelo-Branco et al. (1998) described strong correlations between retinal, thalamic

and cortical high frequency activity (60–120 Hz) in cats. More recently, Todorov et

al. (2016) reported high coherence between the retina, the optic chiasm and visual cor-

tex in rats, however, they note different wave shapes in these three stages of the visual

system and therefore argue against a merely passive spread of the oscillatory potential.

The current data shows evoked oscillatory activity following light onset and offset in

both retina and cortex. This activation comprises similar frequency bands in the retina

and in visual cortex: the light onset response is broadband in the retina (55–195 Hz)

as well as in cortex 55–145 Hz. The lack of significant flash-evoked activity in the

155–195 Hz frequency band in visual cortex is presumably due to the low signal-to-

noise ratio of such high frequencies. Equivalently, the offset response is restricted to

the same frequency band (75–97 Hz) in both retina and visual cortex. This activation

pattern is consistent with a propagation of the retinal oscillatory potential to visual

cortex. Furthermore, the faster propagation time for light offset responses suggests

thalamic involvement and indicates that the propagation of the oscillatory potential to

the visual cortex is not a mere passive spread (Todorov et al., 2016).

The role of narrowband and broadband gamma responses in the visual sys-

tem As outlined above, light onset evoked a broadband high frequency response in the

retina and visual cortex, whereas light offset was followed by a narrowband response in

the 75–95 Hz range. Narrowband oscillatory activity in the visual system has been ob-

served in response to stationary or moving grating stimuli (e.g., Adjamian et al., 2004;
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Hoogenboom et al., 2006; Muthukumaraswamy et al., 2010) and has been shown to

vary in peak frequency depending on different stimulus features like eccentricity or

movement (Swettenham et al., 2009; van Pelt and Fries, 2013). Narrowband gamma

responses were also described with focused attention (Vidal et al., 2006). However,

there is a debate about the origin as well as functional implication of such narrow-

band responses, for example, about the question if they are solely induced by grating

stimuli (Hermes et al., 2014; Hermes et al., 2015), or also by natural stimuli (Brunet

et al., 2014). In the present study, the narrowband gamma response was elicited by

light offset and is thus presumably linked to the OFF pathway of the visual system.

This finding suggests that gratings could trigger an exceeding involvement of the OFF

pathway which is apparent in cortical narrobwand responses.

A recent paper shows narrowband gamma oscillations in the visual system of mice:

Saleem et al. (2017) report that visual broadband and narrowband activity is not corre-

lated: with higher contrast, broadband gamma increases while narrowband oscillations

decrease. They show that the narrowband gamma response is inherited from thalamus

and propose a model with two different channels for information transfer: the nar-

rowband gamma enabling thalamocortical communication and the broadband gamma

allowing for corticocortical interactions. In the present study, we show that both nar-

rowband and broadband gamma are transmitted from retina to cortex. However, they

still comprise different information, possibly even different levels of informational value.

Light contains per se more information than darkness, and supposedly evokes more fea-

tures in visual scene processing, which could be an explanation why more frequency

bands are involved in carrying the information, as well as why the transmission is faster

for light offset responses.

In summary, our data supports faster processing of darks on the cortical but not

retinal level. The oscillatory potential gets transmitted to visual cortex, and this

propagation is faster for light offset responses. Furthermore, we show that light onset

high frequency activity comprises a broad range of frequencies, whereas the response

to light offset evokes a narrowband oscillation in the range of 75–95 Hz in both retina
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and cortex.
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