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Biased Orientation and Color Tuning of the Human Visual
Gamma Rhythm
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Narrowband y oscillations (NBG: ~20-60 Hz) in visual cortex reflect rhythmic fluctuations in population activity generated
by underlying circuits tuned for stimulus location, orientation, and color. A variety of theories posit a specific role for NBG
in encoding and communicating this information within visual cortex. However, recent findings suggest a more nuanced role
for NBG, given its dependence on certain stimulus feature configurations, such as coherent-oriented edges and specific hues.
Motivated by these factors, we sought to quantify the independent and joint tuning properties of NBG to oriented and color
stimuli using intracranial recordings from the human visual cortex (male and female). NBG was shown to display a cardinal
orientation bias (horizontal) and also an end- and mid-spectral color bias (red/blue and green). When jointly probed, the car-
dinal bias for orientation was attenuated and an end-spectral preference for red and blue predominated. This loss of mid-
spectral tuning occurred even for recording sites showing large responses to uniform green stimuli. Our results demonstrate
the close, yet complex, link between the population dynamics driving NBG oscillations and known feature selectivity biases
for orientation and color within visual cortex. Such a bias in stimulus tuning imposes new constraints on the functional sig-
nificance of the visual y rhythm. More generally, these biases in population electrophysiology will need to be considered in
experiments using orientation or color features to examine the role of visual cortex in other domains, such as working mem-
ory and decision-making.
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Oscillations in electrophysiological activity occur in visual cortex in response to stimuli that strongly drive the orientation or
color selectivity of visual neurons. The significance of this induced “7y rhythm” to brain function remains unclear. Answering
this question requires understanding how and why some stimuli can reliably generate oscillatory 7y activity while others do
not. We examined how different orientations and colors independently and jointly modulate 7y oscillations in the human
brain. Our data show that 7y oscillations are greatest for certain orientations and colors that reflect known response biases in
visual cortex. Such findings complicate the functional significance of 7y oscillations but open new avenues for linking circuits
to population dynamics in visual cortex. /
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Within visual cortex, high-frequency electrophysiological activity
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Maunsell, 2015). Specifically, debate has focused on the stimulus
dependence of visually induced NBG (Brunet et al, 2014;
Hermes et al., 2015a). Despite longstanding evidence (Kayser et
al., 2003, 2004), it is now clear that standard grating or Gabor
patch stimuli are particularly suited at inducing NBG. In con-
trast, more complex stimuli (e.g., natural images) often fail to
evoke robust NBG responses (Kayser et al., 2003; Hermes et al.,
2015b; Bartoli et al., 2019). Furthermore, the magnitude and
peak frequency of NBG are sensitive to grating attributes, such as
size (Gieselmann and Thiele, 2008; Jia et al., 2011), contrast (Ray
and Maunsell, 2010; Bartoli et al., 2019), and spatial frequency
(Jia et al., 2011; Dubey and Ray, 2020). Recently, it has also been
shown that visual NBG can be induced by color stimuli, with a
predominate preference for long wavelengths (i.e., red/orange)
(Shirhatti and Ray, 2018; Bartoli et al., 2019). Interestingly, y
responses to grating or uniform color stimuli are contextually
modulated by discontinuities between the receptive field (RF)
and surround (Vinck and Bosman, 2016; Peter et al., 2019). This
dependence on structural and chromatic stimulus features can
account for difficulties in predicting which complex stimuli will
evoke NBG oscillations (Brunet et al., 2014, 2015; Hermes et al.,
2015a,b; Bartoli et al., 2019, 2020).

While the circuits processing orientation and color have his-
torically been viewed as having modest overlap, this is a simpli-
fied dichotomy. Neurons in visual cortex show complex tuning
properties to orientation and color stimuli (Leventhal et al.,
1995; Economides et al, 2011). Furthermore, recent cellular
imaging work in the nonhuman primate has provided clear evi-
dence for joint orientation and color tuning by neurons in early
visual cortex (Garg et al., 2019). This joint tuning suggests that
activation of overlapping circuits may account for the structural
and chromatic tuning of visual y (Bartoli et al., 2020). To date, it
is unknown how color and orientation jointly influence the
emergence of y oscillations in visual cortex. However, recent
work has shown that visual 7 is sensitive to incongruous center-
surround attributes for both color or orientation stimuli (Peter et
al., 2019; Shirhatti et al., 2020; Uran et al., 2020). Therefore, vis-
ual 7y rhythms can be modulated by specific stimulus configura-
tions uniformly driving features strongly represented in the
locally recorded population, whereby NBG provides a partial
readout of underlying large-scale circuit properties, such as pop-
ulation tuning bias for some stimulus features (Bartoli et al,,
2020). If correct, the visual y rhythm should display a depend-
ence and tuning profile similar to prior observations of such
population tuning biases in early visual cortex. Indeed, evidence
from the nonhuman primate suggests that visual vy displays pu-
tative cardinal orientation tuning (Dubey and Ray, 2020), a bias
in population tuning also observed in human visual cortex
through neuroimaging (Furmanski and Engel, 2000; Sun et al.,
2013). Also, the chromatic tuning of visual y shows some corre-
spondence to previously reported end-spectral biases (i.e., stron-
ger responses to red and blue) in early visual cortex (Nasr and
Tootell, 2018). Crucially, orientation tuning of y has yet to be
systematically examined with direct recordings in the human
brain, and no previous study has addressed how this tuning
relates to color nor the joint tuning of orientation and color.

To address these questions, we performed intracranial record-
ings from human early visual cortex to quantify orientation,
color, and joint orientation-color tuning of the visual NBG
rhythm. Across four experiments, we observed NBG to display
cardinal orientation bias, as well as both end- and mid- spectral
color biases. Interestingly, when jointly driving orientation and
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Table 1. Subject information’

Age Electrode Visual areas Experiments

Subject (yr) Sex Hemisphere type Noce Nygp V1 V2 V3 V4 E1 E2 E3 E4
N1 41 F L ECoG 3130 25 30 0 Yes — Yes —
N2 2 M B ECoG 126 5 10 0 — Yes” Yes Yes’
N3 33 F R SEEG 214 8 21 0 Yes Yes Yes Yes
N4 34 F L SEEG 23 0 00 1 — Yes — —
N5 39 M L SEEG 2624 6 12 3 — Y — —
N6 36 F L SEEG 0 7 1 30 0 Yes Yes Yes Yes
N7 5 F L SEEG 8 8 5 01 0 Yes Yes Yes Yes
Total 121 92 50 10 4 4

“ Demographic information, hemispheric implanted (L, left; R, right, B, bilateral), and count of electrodes in
occipital lobe (Noc). Electrodes used in the main analyses were selected by means of a functional criterion
(displaying a VEP). We further assigned the electrodes to different visual areas (V1-V4) based on a probabil-
istic cytoarchitectonic atlas (vcAtlas) (Rosenke et al., 2018) as previously described (Bartoli et al., 2019).
Some electrodes were not assigned to any visual area.

" For experiment participation, a subset of the orientations were recorded (4 in place of 8 orientations). 1,
Static grating task; E2, drifting grating task; E3, uniform color task; E4, color grating task.

color, cardinal orientation and mid-spectral color tuning were
attenuated while end-spectral bias was maintained. These find-
ings suggest a striking relationship between visual y tuning and
recent observations about the distribution of orientation and
color tuning within visual cortex (Garg et al,, 2019; Liu et al,
2020). This tight link between functional circuit properties and
visual y tuning provides a fruitful avenue for bridging scales of
organization while providing important constraints and new
directions for the functional significance of y oscillations in
vision and cognition.

Materials and Methods

Human subjects

Seven subjects (N1-N7; 2 males, mean age 37 years, range 22-53 years)
were included in this study. All subjects were being monitored with inva-
sive neural recordings (electrocorticography [ECoG] in N1 and N2;
stereo-EEG [sEEG] in N3-N7) for the potential surgical treatment of re-
fractory epilepsy at Baylor St. Luke’s Medical Center. Detailed subject in-
formation is reported in Table 1. All subjects participated in this study
with both written and verbal consent, completing at least one task in our
experimental inventory. Experimental procedures were in accordance
with the policy and principles contained in the Declaration of Helsinki
and were approved by the Institution Review Board at Baylor College of
Medicine (IRB Protocol H-18 112). No patients with epileptic foci, ana-
tomic abnormalities, or prior surgical resection in posterior regions par-
ticipated in this study. Experiments were recorded while interictal
epileptic discharges were absent in the areas of interest. We note that
part of the data recorded from Subject N1 (Experiment 3: uniform color)
was previously reported by Bartoli et al. (2019) under the subject identi-
fication code N10. No other datasets from the current study have been
previously reported.

Electrode arrays

Reported data were acquired by ECoG electrode arrays in 2 subjects (N1
and N2) and sEEG depth probes in the remaining 5 subjects (N3-N7).
The subdural array implanted in Subject N1 was custom-designed by
PMT to incorporate a high-density electrode mini grid (4 x 6; 0.5 mm
diameter) into a standard macro-ECoG (1 x 8 electrodes with 3 mm di-
ameter) linear array configuration (Bosking et al., 2017; Bartoli et al,,
2019). Macro electrodes incorporating the mini grid have an 18 mm cen-
ter-to-center distance, while other macro electrodes in the array have 10
mm distance. The interhemispheric grid (2 x 8) array implanted in
Subject N2 had dual-sided electrode contacts, with 4 mm diameter and
10 mm center-to-center distance (Ad-Tech Medical Instrument). Depth
sEEG electrodes in Subjects N3-N7 had a 0.8 mm diameter, with 8-16
contacts along the probe with a 3.5 mm center-to-center distance
(PMT). Detailed electrode information for each subject is reported in
Table 1.
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Electrode localization and selection

For each subject, we determined electrode locations by using the soft-
ware pipeline iELVis (intracranial Electrode Visualization) (Groppe et
al,, 2017). In short, the postoperative CT image was registered to the pre-
operative T1 anatomic MRI image using FSL (Jenkinson et al., 2012).
Next, the location of each electrode was identified in the CT-MRI over-
lay using Biolmage Suite (Papademetris et al., 2006). For subdural
(ECoG) electrodes, coordinates were adjusted for brain shifts by projec-
ting the electrode array to the cortical surface model, reconstructed from
the T1 image using Freesurfer (version 5.3) (Dale et al., 1999). For depth
sEEG electrodes, no location correction was used. For the hybrid mini-
macro subdural electrode array in N1, mini-ECoG electrode coordinates
were calculated by custom functions combining the macro-ECoG coor-
dinates with the known array geometry.

To identify electrodes in “visual” cortex, we applied an electrode
selection criterion previously reported by Bartoli et al. (2019). Briefly,
electrodes of interest were those localized within the occipital lobe, with
the following anatomic boundaries: (1) dorsal: the parieto-occipital sul-
cus; (2) ventral: the lingual gyrus; and (3) dorsolateral: the trans-occipital
sulcus and posterior aspect of the superior temporal sulcus. Using these
criteria, we identified 121 electrodes within the occipital cortex from all
7 subjects (range 8-31 electrodes within each subject). We further
assigned each electrode to fall within a subdivision of visual occipital
areas (V1-V4) by mapping the cytoarchitectonic atlas vcAtlas (http://
vpnl.stanford.edu/vcAtlas) (Rosenke et al., 2018) onto each individual
cortical surface using Freesurfer. The distribution of electrodes in four
subdivisions is reported in Table 1. Occipital electrodes were further
selected by means of a functional response criterion (see Visually re-
sponsive electrode identification). To visualize electrodes of interest on a
common brain, we transformed electrode coordinates into the MNI305
space and represented them as spheres on the Freesurfer fsaverage brain
(see Fig. 1).

Experimental design

All subjects performed at least one of the following visual experiments
(for participation details, see Table 1) at the bedside in a quiet patient
room. All tasks were presented on an adjustable monitor (1920 x 1080
resolution, 47.5x 26.7cm screen size, connected to a PC running
Windows 10 Pro for Subjects N2, N6, and N7 and to an Apple iMac run-
ning OSX 10.9.4 for Subjects N1, N3-N5) at a viewing distance of 57 cm
(such that 1 cm = ~1 deg visual angle). Tasks were programmed using
Psychtoolbox-3 functions (version 3.0.16) (Brainard, 1997) running on
MATLAB (R2019a, The MathWorks).

Experiment 1: static grating. Four subjects (N1, N3, N6, and N7) per-
formed the full screen static grating task (see Fig. 2), which was previ-
ously described by Bartoli et al. (2019) (named as “visual grating task”).
During the task, full screen static grayscale grating stimuli were pre-
sented for 500 ms, with a random interstimulus interval (ISI) between
1500 and 2000 ms. Stimuli of this task were sine wave gratings at three
levels of Michelson contrast (20%, 50%, and 100%), and two orientations
(0° and 90°). Each block of the static grating task included 105 trials in
total, with 90 randomly presented stimulus trials of the 6 conditions (3
contrast levels X 2 orientations, 15 trials for each combination) and 15
target trials presenting 45° gratings at three contrast levels (5 trials for
each). One block of the static grating task lasted around 4 min. Subjects
were required to maintain fixation on a white cross at the screen center
and respond via button press when a target stimulus occurred. Data
from target trials was not included in further analyses.

Experiment 2: drifting grating. In the drifting grating task, 6 partici-
pants (Subjects N2-N7) were shown full screen moving grayscale grating
stimuli (see Fig. 2). Grating stimuli had a sine wave spatial frequency of
1 cycle/degree and moved at the speed of 2 degree/s in two possible
directions, orthogonal to the grating orientation. The spatial and tempo-
ral frequency settings were chosen to maximize V1/V2 responses
(Henriksson et al., 2008; Dubey and Ray, 2020). Stimuli were presented
for 500 ms with a random ISI between 1500 and 2000 ms. Stimuli in this
task reflected three levels of Michelson contrast (20%, 50%, and 100%)
across eight orientations (0°-157.5° with a 22.5° interval). All eight orien-
tations were covered by two experimental runs: odd blocks contained 0°,
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45°, 90°, and 135° stimuli, while even blocks contained 22.5°, 67.5°,
112.5°% and 157.5° stimuli. Each block of the drifting grating task
included 240 randomly presented stimuli from the 12 conditions (three
contrast levels x four orientations, 20 trials for each condition), lasting
~10min. N2 and N5 only completed one block of the drifting grating
task and do not have data on orientations of 22.5° 67.5°, 112.5° and
157.5°. Group analyses adjust for this factor. During the task, subjects
were required to maintain fixation on a green dot at the center of the
screen and press a key when the fixation dot changed size (the fixation
dot varied from a 40 pixel diameter to 30 pixel diameter, on one-third of
the trials). Dot size changed during the 150-450 ms time window after
stimulus onset. Data from all trials were included in the analysis. Mean
task accuracy was 92.7%.

Experiment 3: uniform color. Five subjects (N1-N3, N6, and N7) per-
formed a full screen uniform color task, which was previously described
by Bartoli et al. (2019) (named as “visual color task”). Full screen uni-
form colors (red, orange, yellow, greenl, green2, bluel, blue2, purple,
gray, and white; see Fig. 4) were presented for 500 ms with a random ISI
between 1500 and 2000 ms. Color space and luminance values are shown
in Table 2. Subjects were required to maintain fixation on a white cross
at the center of the screen and press a key when the target color (white)
was presented. Each block of the uniform color task randomly presented
140 stimuli (15 trials for each color, 5 trials for target white), lasting
~5min.

Experiment 4: color grating. In the color grating task, 4 participants
(N2, N3, N6, and N7) were shown full screen chromatic moving grating
stimuli (see Fig. 5). Grating spatial frequency, velocity, and duration pa-
rameters were identical to Experiment 2. Gratings were composed of
one color (either red, green, blue) against a gray background across eight
orientations (0°-157.5° with a 22.5° interval). Colors were selected to
match the luminance of the gray background and to have a similar color
setting with respect to previous studies (see Table 2) (Garg et al., 2019;
Peter et al.,, 2019). Therefore, the colors used in Experiment 4 are differ-
ent from the colors used in Experiment 3. However, we note that the
green used in Experiment 4 is very similar to green2 in Experiment 3
with minor saturation adjustments. More details are provided in Control
analyses for luminance and chromaticity. Similar to the drifting grating
task, each block of the color grating task randomly presented 240 stimuli
from 12 conditions (3 colors x 4 orientations, either 0°-135° with 45°
intervals or 22.5°-157.5° with 45° intervals, 20 trials for each condition),
lasting ~10min. Two blocks of different orientation settings were
required to show all 8 orientations (N2 only completed one block of the
color grating task and does not have data on orientations of 22.5°, 67.5°,
112.5° and 157.5°). Subjects were required to maintain fixation on a
white dot at the center of the screen and press a key when the dot
changed size (see details from Experiment 2). Mean task accuracy was
90%.

Electrophysiological recording

ECoG and sEEG signals were recorded by a 256 channel BlackRock
Cerebus system (BlackRock Microsystems) at 2 kHz sampling rate, with
a fourth-order Butterworth bandpass filter of 0.3-500 Hz. ECoG record-
ings were referenced to an inverted (facing the dura) subdural intracra-
nial electrode, sEEG recordings were referenced to an electrode contact
visually determined to be located outside of gray matter. A photodiode
sensor recording at 30 kHz was attached to the task monitor to syn-
chronize intracranial recordings to the stimulus presentation.

Data analysis: preprocessing and spectral decomposition

All signals were processed by custom scripts in MATLAB (R2019a, The
MathWorks). Raw EEG signals were first inspected for line noise, re-
cording artifacts, and interictal epileptic spikes. Electrodes with artifacts
and epileptic spikes were excluded from further analysis. Next, each
channel was notch filtered (60 Hz and harmonics) and rereferenced to
the common average of all selected electrodes. Finally, all rereferenced
signals were downsampled to 1kHz and spectrally decomposed using a
family of Morlet wavelets, with center frequencies ranging linearly from
2 t0 200 Hz in 1 Hz steps (7 cycles).
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Visually responsive electrode identification

Visually responsive electrodes were identified based on the presence of a
visual evoked potential (VEP) to grating stimuli, following the definition
from a previous study (Bartoli et al., 2019). This functional criterion was
used to exclude electrodes lacking a robust visual response and at the
same time to avoid circularity by focusing on an independent signal fea-
ture with respect to the one of interest (i.e., NBG). Electrodes localized
within the occipital lobe were defined as “responsive” if: (1) the voltage
standard deviation (SD) for the response window (0-250 ms) was at least
3 times greater than the SD for the baseline window (—1000 to 0 ms);
and (2) the voltage range for the response window was at least 10 times
larger than the SD for the baseline window. The electrodes selected based
on the presence of a VEP were 76% of the electrodes localized to the
occipital lobe across all subjects (92 of 121 electrodes). More than 50% of

the visually responsive electrodes were localized in V1 (50 of 92). Only
VEP electrodes were further selected and analyzed (see below).
Additional details for each subject are listed in Table 1 and in Figure 1.

Statistical analyses

Statistical analyses primarily focused on changes in NBG signal proper-
ties across task conditions. NBG amplitude was obtained via averaging
the magnitude of the Morlet wavelet decomposition result (2-200 Hz in
1 Hz steps, 7 cycles) between 20 and 60 Hz. Amplitude values were nor-
malized to percent change with respect to the prestimulus baseline pe-
riod (500ms before stimulus onset). As described below, different
statistical tests were used to appropriately evaluate the effects of interest
for each analysis. Primarily, multilevel mixed-effects models were
adopted to account for the unbalanced and nested data structure in the
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and 2. Grating stimuli were presented for 500 ms (black horizontal line), with a random ISl of 1.5-2.0 s. Drifting grating motion was in one of two orthogonal directions for each trial (directions
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Subjects N3, N6, and N7, who completed both experiments; n elecs = 29). Error bar indicates =1 standard error (SE). E, Group-average NBG peak frequency in Experiments 1 and 2 (average of
Subjects N3, N6, and N7, who completed both experiments; n elecs = 29). Error bar indicates =1 SE. While both tasks induce monotonic increases in NBG peak frequency across contrast levels,

drifting gratings induce substantially faster peak frequencies across all contrasts levels.

current study (i.e., multiple electrodes from each subject), such that ex-
perimental conditions (e.g., contrast level) were set as fixed effects
whereas subjects and electrodes were set as nested random effects. To
evaluate the importance of a fixed effect, the model was compared with a
simpler model without the coefficients of interest but with identical ran-
dom effects structure (Bates et al., 2015). This approach accounts for the
nonindependence between observations (e.g., different electrodes from
the same subject) while preserving the richness of the dataset (e.g., avoid-
ing averaging across electrodes).

Effect of contrast level and grating motion

To quantify how the amplitude and peak frequency of induced NBG
were modulated by the contrast level in Experiments 1 and 2, we com-
puted the log-transformed NBG peak amplitude (to correct for skew-
ness) and NBG peak frequency at the single-trial level. We used mixed-
effects models to evaluate the effect of contrast on NBG amplitude and
peak frequency (Ime4 library) (Bates et al., 2014) in R (R Development
Core Team, 2010). We modeled contrast level as a fixed effect, and

electrodes and subjects as nested random effects (i.e., full model). To
evaluate the impact from the stimulus contrast, we compared the full
model to a reduced model with the same random effect structure but no
fixed effect (only an intercept term to capture the average). In Results,
we report the p value of the model comparison, assessing the significance
of the fixed effect.

To further test whether the amplitude and peak frequency of
induced NBG were modulated by the grating motion (i.e., static vs
drifting), we combined the data from Experiments 1 and 2, and we
modeled both the grating motion and contrast level as fixed effects,
using the same nested random effect structure as described above
(i.e., full model). By comparing this model with a reduced model
(without motion as a fixed effect), we were able to evaluate the im-
portance of grating motion while accounting for contrast. In
Results, we report the p value of the model comparison. The interac-
tion between grating motion and contrast level on mean log NBG
amplitude was tested by comparing a model with the additional
interaction term to the full model above.
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Table 2. Color space coordinates (RGB and CIE Ixy) and luminance values of all
color stimuli in Experiments 3 and 4°

RBG CIE Lxy
R ¢ B X y Luminance (cd/m?)
Experiment 3
Gray 19 19 19 0.28 0.26 19.43
Red 232 0 122 0.41 0.21 19.22
Orange 215 66 18 0.56 0.36 18.60
Purple 161 80 217 0.23 0.13 2131
Blue-1 0 128 255 0.17 0.13 2131
Blue-2 0 146 215 0.18 0.17 26.26
Green-1 0 147 17 0.22 0.31 2145
Green-2 0 139 0 0.30 0.59 17.09
Brown 145 116 0 0.46 0.47 18.13
Experiment 4
Gray 80 80 80 0.28 0.26 9.26
Red 160 0 0 0.60 0.32 7.78
Green 0 97 0 0.30 0.58 8.60
Blue 0 65 180 0.16 0.10 9.39

“Prestimulus background color is the same gray used in each experiment, respectively.

Permutation tests were used for post hoc comparisons of the grating
motion effect at each contrast level. To balance the trial number from
each task at a given contrast level, we randomly selected trials from the
drifting grating task with the same trial number in the static grating task.
Then, the condition labels were shuffled and the difference of NBG peak
frequency between the two tasks was calculated for each contrast level.
By repeating this process 10,000 times, null distributions of differences
at three contrast levels were built. The exact p value for each contrast-
level comparison was calculated by the rank of the original difference in
the null distribution. To adjust for multiple comparisons, we used a
Bonferroni-corrected significance level, reported in Results as peor-

Orientation tuning

To quantify orientation tuning of NBG amplitude in Experiments 2 and
4, we computed an orientation selectivity vector for each VEP electrode
using the following formula:

N .
| Rieo-201)|
i=1
N
g R;
i=1

Where 6; and R; reflect orientation and NBG amplitude, respectively.
The NBG amplitude values were scaled by the maximum value across all
orientations to range between 0 and 1 for each electrode. Half the angle
of the orientation selectivity vector represents the preferred orientation
for a given electrode, while the magnitude of the vector represents the
orientation selectivity strength.

We used circular mixed-effect models (Cremers and Klugkist, 2018)
to evaluate the contrast effect and color effect on the preferred orienta-
tion of VEP electrodes (bpnreg library in R) (Cremers, 2020). The con-
trast level (or color) was modeled as the fixed effect, while subjects and
electrodes were modeled as nested random effects. A significant differ-
ence between conditions would be indicated by nonoverlapping 95%
highest posterior density intervals. In addition, linear mixed-effect mod-
els were used to evaluate the contrast effect and color effect on the orien-
tation selectivity strength, similar to what was reported the previous
section. Last, we aimed at comparing orientation tuning between
Experiments 2 and 4 (achromatic and chromatic gratings), to evaluate
whether the presence of color modulated the preferred orientation (pre-
ferred angle) and/or the orientation selectivity strength (between 0 and
1). To test the preferred orientation, we compared a linear mixed-effects
model accounting for the interaction between grating orientation and
experiment type with a simpler model lacking the interaction term
(same random effect structure with electrodes nested within subjects).
To compare the orientation selectivity strength, we used nonparametric

Orientation selectivity vector =
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permutation testing by swapping the labels between the two drifting gra-
ting experiments (10,000 times).

Color tuning

Previous studies reported that NBG amplitude displays color tuning,
especially for reddish hues. To replicate previous findings, we analyzed
the average NBG amplitude values in response to different colors in
Experiment 3 using a nonparametric Freidman test of differences as pre-
viously described (Bartoli et al., 2019). Permutation tests were used to
compare the NBG amplitude values of hues to the chance group level
(shuffling all the color labels within each subject 10,000 times) and elec-
trode level (shuffling the color labels across all trials for each electrode
10,000 times). The p value was calculated by the rank of the original
NBG amplitude values in the null distribution.

Given that two types of recording electrodes (i.e., ECoG and sEEG)
were used, which sampled different visual areas (V1-V4), we used linear
mixed-effects models to evaluate if the electrode type or visual area
(grouped as V1 vs V2-V4) influenced the NBG color tuning response.
We compared three models of NBG responses: a complex model with a
three-way interaction between color, electrode type, and visual area was
compared with a simpler model where the visual area coefficients were
dropped (color by electrode type). This model was compared with an
even simpler model where also the electrode type terms were dropped
(only color was present as a fixed effect). The three models had identical
random effects structure, with electrodes nested in subjects.

Control analyses for contrast level and grating motion effects

To initially assess the influence of grating contrast and motion (static vs
drifting), grating direction of motion and orientation were collapsed. To
evaluate whether these two variables would additionally affect how con-
trast and grating motion modulate NBG amplitude and peak frequency,
two control analyses were used.

First, data from Experiment 2 (drifting grating) were separated by
direction, and the same modeling as above was used. No clear differences
were observed in models using different sub-datasets. For each grating
direction, the effect of contrast was significant for both NBG amplitude
and NBG peak frequency (all p.,,, < 0.05). Similarly, when testing for
static versus drifting gratings separately for grating direction, both NBG
amplitude and NBG peak frequency displayed the same pattern as in the
main analysis when the grating directions were collapsed (all p.,,, <
0.05).

In the second control analysis, we selected trials at 0° or 90° orienta-
tion from the drifting grating task to match the orientations in the static
grating task. Results were similar when only trials at 0° or 90° orientation
were used. Again, the main effects of contrast and grating motion for
both NBG amplitude and NBG peak frequency were significant (all
Peorr < 0.05). In summary, NBG peak amplitude and frequency are
modulated by contrast levels and by grating motion in a similar fashion
when considering different grating orientations and different directions
of motion.

Control analyses for luminance and chromaticity

CIELxy coordinates of the stimuli presented in Experiments 3 and 4
were measured using a spectrophotometer (X-Rite il Pro, X-Rite).
Stimulus luminance in Experiment 3 was greater (~20 cm/m?) (for
more details, see Bartoli et al., 2019) than Experiment 4 (red: 7.8 cd/m?,
green: 8.6 cd/m’, blue: 9.4 cd/m’, gray: 9.3 cd/m?). To test whether the
luminance or other chromatic differences might be affecting the
observed results, we evaluated whether the mean NBG values obtained
in response to each color stimulus in Experiment 3 and Experiment 4
displayed a dependence on CIELxy values measured using multiple
regression. We found that the pattern of NBG tuning reported did not
depend on luminance values (p=0.12), or the x coordinate (p=0.19) or
the y (p=0.29) of CIELxy color space. Therefore, the pattern of color
tuning and color-orientation tuning reported in the main analyses can-
not be explained by variations in color stimulus luminance settings or by
chromatic coordinates in CIELxy space. Color and luminance values for
Experiments 3 and 4 are shown in Table 2.
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RF mapping

Five subjects (N1, N2, N3, N5, and N6) performed an RF mapping pro-
cedure (see Fig. 1C) (Yoshor et al, 2007). A black and white checker-
board was flashed at different screen locations (size = 3°, rate=3 Hz) to
sample the visual field, while the participant maintained central fixation
and performed an oddball detection task (detect target “x” among a
stream of letters presented at fixation; rate = 6 Hz). Each visual field loca-
tion was sampled 12-15 times in random order. The visual field exam-
ined was dependent on electrode placement (i.e., relevant hemifield and
eccentricity). For all subjects, the checkerboard locations were arranged
in a grid with 3 degree spacing and spanned a minimum of 18° vertically
and 18° horizontally. Mean BBG amplitude change was used to quantify
the response of each electrode to a given checkerboard location. RF loca-
tion and size were computed by interpolating responses across the
checkerboard locations and fitting a 2D Gaussian as previously described
(Yoshor et al., 2007). To exclude electrodes lacking a well-defined RF,
fits with an R* < 0.5 were discarded. Electrode RF:s for the 5 subjects (48
electrodes) are depicted relative to fixation in Figure 1C. Two control
analyses were performed employing data from the RF mapping proce-
dure and Experiment 1 (N1, N2, N6): (1) correlation between RF size
and average NBG amplitude (r = —0.41, p=0.009); and (2) RF size and
NBG amplitude modulation by contrast (r = —0.32, p=0.04). While a
complete assessment of the influence of RF characteristics is beyond the
scope of the current manuscript, we note that electrodes with smaller
RFs (either because of smaller electrodes size or to the cortical location)
tend to exhibit stronger 7y oscillations as well as stronger modulations
when considering static gratings. However, our ability to assess subtle
changes in RF size across different visual areas or at different eccentric-
ities within the same area is restricted because of the large size of the
mapping stimulus that was used in the mapping procedure (3°). Future
studies will be needed to precisely evaluate the relationship between
NBG modulations and RF characteristics.

Results

Visual electrode identification

We used ECoG and sEEG recordings from human visual cortex
in 7 subjects being invasively monitored for the potential surgical
treatment of refractory epilepsy (Table 1). Across subjects, we
obtained 121 electrodes within anatomically defined occipital
cortex (Fig. 14; for details, see Table 1). To exclude electrodes
lacking robust visual responses from our analysis, we further
applied a functional criterion to define visual responsiveness
based on the presence of a VEP in response to a grating stimulus.
As shown in Figure 1B, clear voltage deflections are observed af-
ter stimulus onset in VEP electrodes. In addition, we assigned
each electrode to putative functional subdivisions of visual cortex
using a probabilistic atlas (V1-V4, see Materials and Methods).
Of all the electrodes within visual cortex, ~76% displayed a VEP
(92 of 121). Of all VEP electrodes, 50 were within V1, 18 were
within V2/V3/V4, and 24 were outside of V1-V4 (Table 1).

Peak frequency of induced NBG is increased for drifting
versus static grating contrast
A large and growing literature shows visual grating stimuli to
be particularly effective at inducing NBG activity (Ray and
Maunsell, 2011; Hermes et al., 2015b; Bartoli et al, 2019).
Consistent with this literature, we recently reported a strong pos-
itive correlation between grating contrast level and induced NBG
peak frequency in human visual cortex (Bartoli et al., 2019). In
the current study, we sought to use drifting grating stimuli,
which are particularly effective at driving robust responses in
early visual cortex.

To provide a bridge with our prior observations, we first
replicated the grating contrast dependence of NBG responses for
static stimuli. In addition, as we previously used invasively
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implanted surface ECoG electrodes to measure visual NBG
responses, the present replication served to ensure that similar
effects were captured with sEEG depth electrodes. We therefore
examined the amplitude and peak frequency of induced NBG as
a function of contrast for both static and drifting grating stimuli.
In Experiment 1 (static grating task), 4 subjects (N1, N3, N6-7)
were presented with full-screen static grayscale gratings at three
contrast levels (20%, 50%, and 100%; spatial frequency 1 cycle/
degree), for a 500 ms duration. In Experiment 2 (drifting grating
task), 6 subjects (N2-N7) were presented with full-screen drifting
grayscale gratings at three contrast levels (20%, 50%, and 100%;
spatial frequency 1 cycle/degree; velocity 2 degree/s), for a
500 ms duration.

Consistent with prior studies, we observed clear induced os-
cillatory responses in the raw voltage during both static and drift-
ing grating presentation (Fig. 2A). As mentioned above, NBG
amplitude and peak frequency are sensitive to the contrast level
of static gratings (Ray and Maunsell, 2010; Hadjipapas et al.,
2015; Bartoli et al., 2019). To replicate this finding in the current
study, we computed the normalized amplitude spectra of the
250-500 ms poststimulus time window for the static grating task.
As shown for a representative subject (N3) and at the group level
in Figure 2B, the peak frequency of NBG monotonically
increases for higher grating contrast levels. Similar results were
found in the drifting grating task when calculating the normal-
ized amplitude spectra for each contrast condition by averaging
across other conditions (i.e., orientations and motion directions).
Group-averaged spectrograms for both tasks show a similarly
sustained NBG response during stimulus presentation (Fig. 2C),
in addition to large transient BBG responses at stimulus onset,
closely matching prior studies (Ray and Maunsell, 2010; Bartoli
et al, 2019). Indeed, both tasks showed qualitatively similar
increases in NBG amplitude across contrast levels (Fig. 2D).
However, as shown in Figure 2E, drifting gratings induced a sys-
tematically higher NBG peak frequency compared with static
gratings, while still maintaining a monotonic increase with
higher contrast levels.

Quantitatively, NBG amplitude increased on average ~57.5%
for each contrast level increment in the static grating task and
~29.4% in the drifting grating task, as shown in Table 3. The
peak frequency of induced NBG increased on average ~3.7 Hz
for each contrast level increment in both the static and the drift-
ing grating tasks (Table 3). However, as noted above, the drifting
grating task produced a NBG peak frequency that was on average
7.7 Hz higher than the static task (averaged across subjects who
completed both Experiment 1 and 2: N3, N6, N7). We used
mixed-effects modeling to evaluate the statistical significance of
the effect of contrast (see Materials and Methods and summary
in Table 4). Grating stimuli contrast levels significantly modu-
lated NBG amplitude across both experiments (static grating:
p<0.0001; drifting grating: p <0.0001). Similar results were
found when modeling the peak frequency of NBG (static grating:
p<0.0001; drifting grating: p < 0.0001). Together, these data
show parametric differences in NBG induced by static versus
drifting gratings, which are equally well captured by ECoG and
sEEG recordings.

While NBG responses are sensitive to the contrast level in
both experiments, the peak frequency is further increased by the
drifting grating stimuli (i.e., grating motion). To quantify the
grating motion effect on NBG responses, we combined data
from both experiments and assessed the significance of grating
motion effect (drifting versus static). Both the mean log ampli-
tude and peak frequency of induced NBG were significantly
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Table 3. Descriptive statistics of mean amplitude and peak frequency of induced NBG in Experiments 1 and 2°

Contrast level

NBG feature Task 20% 50% 100%

Mean amplitude (% signal change, mean = SE) Static 66.8 + 15.2 144.0 = 30.0 181.7 = 34.6
Drifting 90.6 + 25.8 1354 + 304 149.3 + 35.2

Peak frequency (Hz, mean = SE) Static 33709 39.0 1.2 41.0+1.0
Drifting 38709 438 =05 46.1 = 0.7

“ Group-averaged NBG amplitudes and peak frequencies for achromatic grating tasks (static/drifting) across contrast levels, using all subjects that participated in each task.

Table 4. Coefficients of fixed parameters in full models and complex models”

Model components

Coefficients (mean = SE)

Dependent variable Fixed effects Task B intercept B s B oo B motion
Mean log amplitude (% signal change) Contrast Static 43 0.1 0.6 = 0.02 0.8 £ 0.02
Drifting 46+02 0.3 001 0.4 001
Contrast + motion Two tasks 45=*0.2 0.3 £ 0.01 0.4 = 0.01 0.05 = 0.01
Peak frequency (Hz) Contrast Static 33811 52+04 72+04
Drifting 385+ 04 5302 78 %02
Contrast + motion Two tasks 33203 53%0.2 7.71%0.2 54%0.2

N Bintercept aptures the 20% contrast level mean in each model. /3 50y, captures the mean difference between 50% and 20%contrast. 3 100y captures the mean difference between 100% and 20% contrast. 3 motion Captures

the mean difference between the drifting and static grating tasks in the complex models.

higher in the drifting grating experiment (Table 4, coefficients
B otions NBG amplitude: p <<0.005; NBG peak frequency:
P <0.0001). Considering the mean log amplitude, there was a
significant interaction between grating motion and contrast level
(p<0.0001) because of an increase in NBG amplitude in
response to drifting versus static gratings at low contrast, which
was not present for mid-contrast gratings and reversed for high-
contrast, where NBG amplitude was smaller for drifting versus
static (Fig. 2D). Considering peak frequency, post hoc compari-
sons (see Materials and Methods) confirmed that the NBG peak
frequencies were significantly higher in the drifting grating task
at each contrast level (all p <0.05 Bonferroni-corrected, pco.).
Indeed, the average NBG peak frequency recorded in response to
static gratings at 100% contrast was indistinguishable from that
of drifting gratings at 20% contrast (p = 0.49; Fig. 2E). The above
analysis of the drifting grating data averaged responses across tri-
als with different grating orientation and motion directions.
Similar results for contrast were found when we considering
each motion direction and cardinal orientation separately (see
control analysis in Materials and Methods).

NBG displays cardinal orientation selectivity

In quantifying the impact of grating contrast and motion, we col-
lapsed data across different grating orientations. However, intra-
cortical studies in the nonhuman primate have reported
orientation tuning of NBG (Berens et al., 2008; Jia et al., 2011).
Interestingly, unlike the broad range of orientation preferences
observed for spiking and multiunit activity, NBG recorded
simultaneously via the local field potential shows a spatially con-
sistent orientation preference (Berens et al., 2008; Jia et al., 2011;
Murty et al, 2018; Dubey and Ray, 2020), whereby NBG is
turned predominantly to cardinal orientations, in particularly
90° (Murty et al., 2018; Dubey and Ray, 2020). While such a “car-
dinal bias” has been reported in human visual cortex with neuro-
imaging (Furmanski and Engel, 2000), the specific orientation
tuning properties of NBG have been under examined in the
human brain (Self et al., 2016). Therefore, the invasive recordings
of the current study provide a unique opportunity to directly test

orientation tuning of NBG in the human brain. We next exam-
ined NBG responses across orientations (from 0° to 157.5°, with
a 22.5° interval) from the drifting grating task (Experiment 2).

Examination of raw voltage data suggested subtle but consist-
ent modulation of induced oscillations across orientations. As
shown in Figure 3A, for an example subject (N7) and electrode,
raw voltage responses showed induced oscillations that were
more pronounced for the 90° orientation (horizontal). Averaged
spectrograms of the same electrode revealed induced oscillations
reflected sustained NBG responses, which were relatively higher
in amplitude at 90° (Fig. 3B). Examination of the normalized am-
plitude spectra for each orientation (percentage change of the
250-500 ms poststimulus time window, Fig. 3C) confirmed that
NBG amplitude was largest for 90° orientation (polar plot inset
shows the NBG preference ~90°, with a circular mean of 80.6°).
As shown in Figure 3D, mean normalized NBG amplitude across
electrodes and subjects showed a tuning preference for 90° con-
sistently across grating contrast levels. This tuning preference is
more clearly observed for the unwrapped orientation tuning plot
shown in Figure 3E.

Next, orientation tuning strength and the preferred orienta-
tion of each electrode were quantified as the angle and magni-
tude of the orientation selectivity vector (i.e., the mean vector
calculated by mean NBG amplitude across orientations). Across
all electrodes, 53.23% showed a 90° preference (defined as the
45° range with 90° as the center, i.e., 67.5°-112.5° same in the
following), with 22.58% showing 0° and 24.19% showing 45° or
135° preference. We further used circular mixed-effect models to
evaluate the effect of the contrast level on preferred orientation.
The preferred orientation was consistent across contrast levels,
as the 95% highest posterior density intervals of the circular
means for the three conditions overlap (20% contrast: 58.2°-
111.2°% 50% contrast: 51.0°-101.3°% 100% contrast: 68.8°-117.9°).
Orientation tuning strength was also consistent across contrast
levels (linear mixed-effects model, p>0.05). These findings
show a striking consistency with prior local field potential obser-
vations in nonhuman primates (Dubey and Ray, 2020), as noted
above, and more generally with neuroimaging observations of
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Figure 3.

Experiment 2: spectral response to drifting grating orientation. A, Example single-trial voltage responses (from Subject N7) for each orientation at 100% contrast level in

Experiment 2. Grating stimuli were presented for 500 ms (black horizontal line), with a random ISI of 1.5-2.0 s. B, Spectrograms for each orientation from all 100% contrast trials from the
same electrode in A. Color maps represent percentage change in amplitude relative to the prestimulus period (—500 to 0ms). Black horizontal line indicates stimulus presentation. C,
Normalized amplitude spectra for each orientation with the same data in B, averaged from the 250-500 ms poststimulus time window. Inset, The normalized mean NBG amplitude of each ori-
entation in polar form of the same data. D, Normalized mean NBG amplitude of each orientation for each contrast level in Experiment 2, averaged across all VEP electrodes of Subjects N2-N7
(n elecs = 62). Error bar indicates == 2 SE. E, Same data as in D, plotted as unwrapped orientation. B-E show that NBG displays an orientation selectivity to 90°.

cardinal biases in human early visual cortex (Furmanski and
Engel, 2000).

In addition to orientation, another key feature encoded in
early visual cortex is color. As noted above, prior observations in
the nonhuman primate have reported that NBG displays chro-
matic tuning for long wavelength colors (i.e., red/orange)
(Shirhatti and Ray, 2018). Recently, we reported that this color
tuning of NBG can also be observed in human visual cortex
(Bartoli et al., 2019), which was later replicated with noninvasive
measurements (Perry et al., 2020). It is therefore of interest to
understand how these biases in orientation and color interact to
modulate population responses, in particular NBG activity. How
these key features of visual cortex selectivity impact NBG activity
patterns are critical for understanding its origin and functional
significance. Exploring this interaction is further motivated by
recent reports showing large-scale organization of single-cell

joint orientation and color tuning in early visual cortex (Garg et
al,, 2019; Liu et al., 2020). Before examining how color tuning
modulates the orientation tuning documented above, we sought
to first replicate recent observations of NBG tuning to uniform
color stimuli.

NBG displays selectivity to uniform color
To confirm NBG color tuning and ensure it can be observed
with penetrating sEEG depth recordings, we replicated the visual
color task from Bartoli et al. (2019) in the current study. In
Experiment 3 (uniform color task), 5 subjects (N1-N3, N6, N7)
were presented full screen uniform colors (9 colors spanning
long to short wavelengths, 500 ms duration; see Materials and
Methods).

Raw voltage and bandpass NBG voltage traces for example
color trials from an sEEG subject (N6) are shown in Figure 4A.
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Figure 4.

Experiment 3: spectral response to color stimuli. A, Example single-trial voltage response (left: raw; right: bandpass NBG range; from Subject N6) for each color (except target color

white) in Experiment 3. Full screen uniform colors were presented for 500 ms (black horizontal line), with a random ISI of 1.5-2.0 s. B, Spectrogram for each color from all trials from the same
electrode used in A. Color maps represent percentage change in amplitude relative to the prestimulus period (—500 to 0 ms). Black horizontal line indicates stimulus presentation. €, Color loca-
tion of stimuli in CIE L*a*b* space (lightness plane L = 60). D, Group-average mean NBG amplitude response across colors (from Subjects N1-N3, N6, and N7; 250-500 ms time window; error

bar indicates =1 SE; n elecs = 59). E, Data from D, separated by electrode type (ECoG/sEEG) and

visual area (V1/V2-V4). Responses to red/orange, blue, and green can be consistently observed

across electrode types and visual areas, while green responses are relatively higher in SEEG recordings.

Consistent with previous findings (Bartoli et al., 2019), stimulus
changes in the raw potential are small in magnitude and difficult
to discern. However, when viewing the average spectrograms of
the same electrode, clear NBG responses can be observed for
red/orange (i.e., long wavelength) and to a lesser extent blue (i.e.,
short wavelength) hues (Fig. 4B). These findings are consistent
with observations of “end spectral” biases in early visual cortex
(Nasr and Tootell, 2018), whereby greater neural responses are
observed for long (red) and short (blue) wavelengths. Averaging
NBG amplitude across all subjects further confirmed the prefer-
ence for red/orange colors (Fig. 4D). Strikingly, unlike our prior
observations, we found the mean amplitude of induced NBG to
green was far higher than that of blue at the group level, in part
violating an expected end-spectral tuning profile. Nonparametric
testing confirmed a significant modulation of NBG amplitude by
color (Friedman test of differences: )(2(3) =29.56; p<0.01). Post
hoc permutation testing confirmed that the NBG amplitude val-
ues for red and orange stimuli were all significantly higher than
expected by chance (p values < 0.01). Applying permutation test-
ing, all VEP electrodes showed significant NBG responses to ei-
ther red or orange, 46.9% of electrodes to bluel, and 53.1% to
green2 (see Materials and Methods). Across all VEP electrodes,
the preferred color was predominately a red hue (red or orange,
82.8%), followed by green hues (greenl or green2, 15.6%) and
blue hues (bluel and blue2, 1.6%). To evaluate whether this
unexpected increase in green tuning was dependent on the use of

SEEG electrodes or the visual areas sampled, we plotted the
mean NBG amplitude for each color according to electrode
type and visual area (Fig. 4E). For sEEG depth electrode
recordings, mean NBG amplitude responses are relatively
enhanced and more selective for green. To test this, we com-
pared a simple model (NBG responses depending on the color
of the stimuli) to a more complex model (NBG responses
depending on the color, electrode type, and their interaction).
We found that the electrode type had a significant impact on
the NBG color tuning profile (,\/2(10) = 156.4; p <0.01). These
data suggest a meaningful difference in the color tuning of
NGB measured with different electrode types. Another aspect
to consider is the presence of a bias for our ECoG electrodes
to primarily be within V1 (88%, 30 of 34), compared with
SsEEG electrodes (65%, 13 of 20). To test whether the visual
areas sampled with the different electrodes additionally
affected the color tuning, we compared our previous model
with a more complex model, including a three-way interaction
among electrode type, visual area, and color. We found that
adding information on the visual area contributes significantly
to the ability of the model to explain the data (y() = 104.88;
p <0.01). These data suggest that electrode type and electrode
visual area are two contributing factors to the more robust
responses to green hues reported here.

Related to these observations, it has recently been demon-
strated that orientation and color tuning in early visual
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Figure 5.  Experiment 4: spectral response to drifting color grating stimuli. A, Example single-trial voltage responses (from Subject N2) for each grating color in Experiment 4. Grating stimuli

were presented for 500 ms (black horizontal line), with a random ISI of 1.5-2.0 s. B, Group-average spectrograms for each grating color (from Subjects N2, N3, N6, and N7; n elecs =35) in
Experiment 4. Color maps represent percentage change in amplitude relative to the prestimulus period (—500 to 0 ms). Black horizontal line indicates stimulus presentation. C, Group-average
mean NBG amplitude response for color grating task in three color conditions (from Subjects N2, N3, N6, and N7; 250500 ms time window; error bar indicates =1 SE; n elecs = 35). D, Mean
NBG amplitude response for uniform color task (Experiment 3) and color grating task (Experiment 4) of a VEP electrode with the highest green response of N3 (250-500 ms time window; error
bar indicates =1 SE), showing how the green response was attenuated when color and orientation were jointly driven, at the single electrode level. E, Polar plot of normalized mean NBG am-
plitude of each orientation for each color condition (averaged across all VEP electrodes of Subjects N2, N3, N6, and N7; n elecs = 35). Error bar indicates =2 SE. F, Unwrapped orientation tun-
ing plot for normalized mean NBG for Experiment 2 (averaged across contrast conditions; Fig. 3£) and Experiment 3 (averaged across color conditions from E). B-F show the interaction
between color and orientation in NBG response, such that mid-spectral and cardinal tuning preferences are attenuated when both features were jointly presented.

cortex are more jointly represented than previously appreci-
ated (Garg et al., 2019). Interestingly, these findings suggest
a strong representation of red and blue preferring neurons
with strong orientation tuning, providing a potential basis to
the stimulus dependence of NBG to both grating and chro-
matic stimuli (Bartoli et al., 2020). As noted above, recent
extensions of these findings suggest this strong representa-
tion of red/blue is reduced when moving through visual areas
V1-V4, such that green becomes more represented and
color-selective neurons show more spatial clustering (Liu et
al., 2020). Given these joint biases in orientation and color,
we would expect interaction effects over NBG modulations
when using stimuli driving both stimulus features. To test
this, we examined NBG response to colored grating stimuli.

NBG displays color modulation of orientation tuning

To explore the joint orientation-color tuning of NBG, 4 subjects
(N2, N3, N6, N7) were presented with full screen chromatic
drifting gratings (three colors: red, green, blue; 8 orientations:
0°-157.5° with a 22.5° interval; spatial frequency 1 cycle/degree),
for a 500ms duration (Experiment 4, color grating task; see
Materials and Methods).

Similar to the responses for uniform color stimuli, chromatic
drifting gratings induced relatively modest changes observable in
the raw voltage trace (Fig. 5A). Interestingly, group-averaged
spectrograms (Fig. 5B) showed NBG responses to each color
condition, but with two distinct features. First, responses were

far greater, and approximately similar, for red and blue gratings,
in contrast to green, as summarized in Figure 5C. Notably, this
effect differs from the response to pure color stimuli where
responses to green were greater than blue and approximately
similar to red/orange on average. This result is potentially con-
sistent with previous evidence of weaker orientation tuning in
green-preferring cells (Garg et al., 2019). As an example of this
effect, Figure 5D shows the response for the most green-selective
electrode observed to uniform color stimuli (Subject N3), which
in turn still shows a consistent red/blue bias for drifting color
gratings. It is also important to consider that the two greens
(green2 in Experiment 3 and green-grating in Experiment 4)
have very similar color properties and only a small saturation dif-
ference (Table 2), suggesting that the spatial difference between
stimuli (uniform color vs presence of orientation information)
plays a key role in the NBG response modulation. Second, NBG
responses to red and blue are broader in frequency range than
that observed for either grating or color stimuli in Experiments
1-3. This broadening of the NBG rhythm further suggests low-
ered coherence or uniformity in population responses, as well as
intertrial variability, likely a consequence of simultaneously driv-
ing joint tuning features. These results indicate that the spatial
structure of visual stimuli affects the NBG tuning to fundamental
visual features (e.g., color), demonstrating the tight interconnec-
tion between orientation and color tuning in human early visual
areas.

To further investigate how color and orientation tuning inter-
act, we computed group-averaged orientation tuning curves for
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each grating color. As shown in Figure 5E, orientation tuning is
far less pronounced overall, with no color showing a clear bias
for 90° like that observed for achromatic gratings. Rather, for
blue gratings, NBG orientation tuning is more pronounced
for 67.5°. A similar, yet less strongly tuned, response is also seen
for red grating stimuli. In contrast to red and blue, green shows a
weaker and reciprocal tuning profile, suggesting another domain
of dissociation in population responses. We used the same quan-
tification of orientation tuning as described for the achromatic
drifting gratings. Circular mixed-effect model shows that the pre-
ferred orientations were not significantly different across three
color conditions, as the highest posterior density intervals over-
lap (red: 77.4°-107.3% green: 49.7°-100° blue: 72.5°-100.1°).
This may be caused by the relatively small sample size of the
current study. In addition, the orientation tuning strength was
similar across color conditions (linear mixed-effects model,
p>0.05). However, as shown in Figure 5, NBG orientation
tuning strength (normalized between 0-1) decreased for color
gratings (red =0.28, green =0.25, blue =0.30), compared with
achromatic gratings (contrast 20% = 0.36, 50% = 0.37, 100% =
0.35) yielding a significant difference in orientation tuning
strength between the two experiments (permutation testing between
achromatic and chromatic gratings, p < 0.001). Therefore, grating
color not only affected the NBG amplitude response but also the
orientation tuning profile of NBG, which does not display the same
cardinal bias obtained in response to achromatic gratings.

When plotting orientation tuning for achromatic and chro-
matic gratings together (Fig. 5F), there is a clear loss of the 90°
preference present for achromatic gratings, with chromatic gra-
tings showing a flattened tuning. To determine the presence of
an interaction between orientation tuning and grating color, we
implemented linear mixed-effects model for NBG amplitude by
orientation, experiment type (achromatic or color grating), and
their interaction. We found a significant interaction term com-
pared with a simpler additive model (i.e., without the interaction
term, x°7) = 21.74, p < 0.01), demonstrating that NBG orienta-
tion tuning is affected by the presence/absence of color informa-
tion in the oriented gratings.

Together, these findings further support a tight link between
the population tuning properties of early visual cortex and the
response properties of NBG activity. While NBG reflects known
biases for orientation and color, such effects are modulated by
their interaction. The differing effects between achromatic and
chromatic gratings may be predictive of differential joint tuning
biases in population activity, for which recent advances in wide
field imaging can examine. As discussed below, these links
between ensemble tuning and NBG stimulus dependencies are
highly amenable to computational examination and new theoret-
ical views on the functional significance of NBG.

Discussion

Intracranial recordings (ECoG and sEEG) from human visual
cortex were used to examine the orientation and color tuning
properties of induced NBG oscillations. Consistent with predic-
tions from the nonhuman primate, we observed both orientation
and color tuning of NBG to reflect known biases for cardinal ori-
entations (i.e., 90°), and both end- and mid-spectral color ranges
(i.e., red/blue and green). We found that these attributes were
modulated when orientation and color were jointly driven by
colored-grating stimuli. These findings suggest that NBG reflects
reverberant population activity dependent on, and sensitivity to,
feature selectivity within early visual cortex. Below, we summarize
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how these findings relate to recent progress in elucidating the
large-scale organization of orientation and color tuning in primate
visual cortex and how these stimulus dependencies of visual NBG
inform theories of its functional significance.

Before examining orientation tuning, we replicated previous
observations of static grating stimuli reliably inducing NBG
activity (Ray and Maunsell, 2010; Hadjipapas et al., 2015; Bartoli
et al., 2019), whereby NBG peak frequency increased monotoni-
cally with higher contrast levels, as did NBG amplitude.
Furthermore, we examined how this relationship was modulated
by the use of drifting gratings, finding similar contrast effects,
but overall faster NBG oscillations. Grating contrast and
velocity modulation of NBG peak frequency have previously
been observed with both invasive (Jia et al., 2011) and noninva-
sive (Orekhova et al., 2018) measurements, adding to other stim-
ulus features which modulate the frequency of visually induced
v rhythms. These observations suggest that NBG occurs for
specific stimulus configurations with high-contrast edge/grating
features intersecting the RF (Vinck and Bosman, 2016; Hermes
et al., 2019; Bartoli et al., 2020). Given the strong selectivity in
early visual cortex for such features, it is important to examine
how stimulus orientation modulates NBG activity.

Using drifting grating stimuli, we observed NBG amplitude
to be biased for horizontally oriented gratings (90°). This prefer-
ence for a specific orientation seems unexpected for a popula-
tion-level signal, such as NBG, which captures the summed
activity of local ensembles with diverse orientation preferences.
Interestingly, prior evidence from human neuroimaging studies
has shown a cardinal bias in population measures of orientation
tuning (Furmanski and Engel, 2000; Sun et al., 2013), such that
responses are more attenuated for oblique angles. This vertical/
horizontal orientation bias has also been well known in psycho-
physical performance (Wilson and Giese, 1977). Furthermore,
work in the nonhuman primate has also reported a cardinal bias
of visual NBG, specifically for 90° orientations (Murty et al.,
2018; Dubey and Ray, 2020). More generally, these studies have
shown that NBG displays consistent and spatially coherent
tuning for a single orientation across proximal recordings
sites, despite the underlying spiking activity showing diverse
tuning profiles (Berens et al., 2008; Jia et al., 2011; Murty et
al., 2018). Indicative of this NBG tuning reflecting larger-scale
population biases, reduced stimulus size (i.e., smaller popula-
tion activated) greatly reduces the strength and specificity of
NBG orientation preference (Jia et al., 2011). Together, these
observations suggest that visual NBG in humans displays a
cardinal orientation bias similar to other neural population-
level measures in humans and nonhuman primates. However,
orientation is not the only key stimulus feature encoded in
early visual cortex; color is also strongly represented and has
recently been linked to NBG tuning.

Recent work in nonhuman primates has demonstrated color
tuning for NBG, being particularly enhanced for long wavelength
(i.e., red/orange), and to a lesser extent, short wavelength colors
(i.e., blue) (Shirhatti and Ray, 2018). We recently replicated this
NBG color tuning via invasive recordings in human visual cortex
(Bartoli et al., 2019), with similar findings subsequently shown
via noninvasive measurements (Perry et al., 2020). Similar to ori-
entation, this color tuning of NBG is consistent with prior neuro-
imaging reports of an end-spectral bias in population responses
within human early visual cortex, particularly V1 (Nasr and
Tootell, 2018), with larger hemodynamic responses for long and
short wavelength colors. In the present study, we observed a sim-
ilar influence of color, where NBG responses were largest for red
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and orange hues. However, unlike our prior work, we observed a
larger response to green than blue, which is inconsistent with an
end-spectral bias.

What might account for this difference between studies?
Regarding stimuli, subjects were presented with the same stimuli
via the same apparatus, ruling out this experimental confound.
One key difference is the predominate use of sSEEG depth record-
ings in the current study. Penetrating depth electrodes differ in
their physical structure, trajectory through the parenchyma, and
proximity to gray matter, all impacting recorded signals. For
example, unlike surface ECoG arrays, sEEG depth electrodes
may contact the sulcal wall and fundus, with differing positions
relative to the cortical layers and to the 3D topology of visual cor-
tex. Indeed, penetrating electrodes may collect signals not only
from different cell bodies but also from the axons that provide
input and output from that area. We therefore suspect that the
SEEG recordings in the present study allowed for capturing the
previously observed end-spectral hue bias in addition to green
hue bias. Indeed, mean NBG amplitude responses were relatively
enhanced and more selective for green considering SEEG record-
ings. Another factor is the color space employed, which can influ-
ence the relative strength of red/orange tuning (Stauch et al,
2021). Future studies using full retinotopic identification of the
visual areas are necessary to disentangle the relationship between
NBG tuning profile, visual area sampling, and electrode features.

Overall, color tuning of NBG, and its potential variation
across visual area, follows a similar relationship to orientation.
While red, green, and blue selectivity can be observed in early
visual cortex, recent findings in wide field imaging have shown a
large predominance of red and blue preferring cells in macaque
V1 (Garg et al,, 2019; Liu et al., 2020). Again, this predominance
at the cellular level links to the population tuning properties
exhibited by NBG activity. In addition, red/blue predominance
found in V1 changes progressively into downstream visual areas
V2-V4, such that the density of green preferring cells increases
and that cells sharing the same color preference are more spa-
tially clustered (Liu et al., 2020). Together, these attributes speak
to the NBG tuning we observed, which can be considered as a
coarse summated sampling of these different populations.
Critically, recent observations of joint color and orientation tun-
ing (Garg et al,, 2019) suggest partially overlapping circuits driv-
ing population-level activity in response to these stimulus
features (Bartoli et al.,, 2020). With this unique intersection in
mind, we examined the influence of joint orientation and color
tuning of NBG activity.

Color-grating (red, green, blue) stimuli were used to examine
how joint driving of orientation and color influenced the NBG
activity observed for orientation and color independently.
Interestingly, we observed three clear departures from our first
set of observations. First, induced NBG was on average broader
in its frequency (see Fig. 5B). Second, NBG responses were
approximately similar for both red and blue, and comparatively
reduced for green, which differs from the clear preferences
observed for uniform colors. Third, color-gratings did not drive
similar cardinal orientation tuning like achromatic gratings and
orientation tuning strength was overall reduced.

What factors can account for these differences? By driving
both orientation and color stimulus features, one may expect less
coherent population-level activity (i.e., only specific subpopula-
tions are selectively driven), which is in part supported by the
lower overall amplitude of NBG responses to chromatic versus
achromatic gratings. A similar intuition may speak to the broad-
ening of induced NBG frequency. Regarding specific color
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effects, the reduced responsiveness to green stimuli (when pre-
sented as gratings) may be accounted for by prior evidence of
weaker orientation tuning for green preferring cells, compared
with red and blue (Garg et al,, 2019). Future studies are needed
to examine how cell tuning properties shift over visual areas, for
both color preferences and joint color-orientation effects. Based
on our data and the interpretation of the observed effects, we
would expect reduced evidence for cardinal biases when driving
specific color channels.

NBG oscillations are a striking feature of stimulus induced
responses in visual cortex. This high-frequency rhythm has been
the subject of great interest in theories of visual perception and
cognition more broadly. As a periodic modulator of neural excit-
ability, NBG activity is an appealing mechanism for synchroniz-
ing neural dynamics. One challenge for such a mechanism is
generalization to the rich array of sensory inputs. While classic
grating stimuli are highly effective at driving NBG responses, the
induced amplitude and frequency of NBG are particularly sensi-
tive to all attributes of such stimuli (e.g., grating size, contrast,
spatial frequency, velocity, uniformity). Given that all of these
parameters dynamically change during natural vision, theories
suggesting that NBG synchrony supports perception and intra-
areal communication must account for continuous changes in
magnitude and frequency driven by a host of stimulus dependen-
cies. These challenges grow with consideration of chromatic
modulation of NBG properties. In contrast, new hypotheses are
emerging, linking NBG occurrence to the presence of specific
feature configurations in the visual input able to provoke rhyth-
mic circuit dynamics (Hermes et al., 2019; Peter et al., 2019;
Bartoli et al., 2020; Uran et al., 2020). Computational models will
need to account for the diverse parametric relationships between
lower-level stimulus features and NBG responses (Heeger and
Zemlianova, 2020). Importantly, new theories are needed to help
establish general rules of how stimulus composition modulates
NBG activity during natural vision (Hermes et al., 2019; Uran et
al., 2020). Improved computational and experimental links
between stimuli, visual circuit properties and the y rhythm are
critical for elucidating its functional significance.
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