communications
biology

ARTICLE () ook o s
https://doi.org/10.1038/s42003-021-02207-w

Monkey V1 epidural field potentials provide
detailed information about stimulus location, size,
shape, and color

Benjamin Fischer! & Detlef Wegener® 1™

Brain signal recordings with epidural microarrays constitute a low-invasive approach for
recording distributed neuronal signals. Epidural field potentials (EFPs) may serve as a safe
and highly beneficial signal source for a variety of research questions arising from both basic
and applied neuroscience. A wider use of these signals, however, is constrained by a lack of
data on their specific information content. Here, we make use of the high spatial resolution
and the columnar organization of macaque primary visual cortex (V1) to investigate whether
and to what extent EFP signals preserve information about various visual stimulus features.
Two monkeys were presented with different feature combinations of location, size, shape,
and color, yielding a total of 375 stimulus conditions. Visual features were chosen to access
different spatial levels of functional organization. We found that, besides being highly specific
for locational information, EFPs were significantly modulated by small differences in size,
shape, and color, allowing for high stimulus classification rates even at the single-trial level.
The results support the notion that EFPs constitute a low-invasive, highly beneficial signal
source for longer-term recordings for medical and basic research by showing that they
convey detailed and reliable information about constituent features of activating stimuli.
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ultielectrode arrays placed on top of the brain provide
M brain signals for studying dynamic neuronal interac-

tions over large distances, within and across distinct
brain areas!~3. They also offer new possibilities for future ther-
apeutic purposes and brain-computer interfacing. Epidural mul-
tielectrode arrays, in particular, provide a low-invasive approach
for recording brain activity with higher signal quality and less
vulnerability to motor and ocular artifacts than electro-
encephalography (EEG)*. On the other hand, epidural field
potentials (EFPs) have presumably lower specificity than intra-
cortically recorded signals, primarily due to the larger distance
between electrodes and neurons and larger cortical spread of the
signal®. Compared to signals from subdurally implanted micro-
electrode arrays, EFPs were found to have a higher noise level and
to be more difficult to decode by some studies”8. Other work, in
contrast, reported consistent decoding performance between EFP
and local field potential (LFP) and no detrimental effects of the
dura on signal feature detection®!0. These partly contradicting
results leave some uncertainty regarding EFP selectivity and
presumably constrain the choice of epidural recordings over more
invasive approaches.

The great potential of EFPs for clinical and BCI-usage was
recently emphasized by the finding that spatial information of V1
EFPs can be decoded from very short single-trial fragments with a
detection rate of consistently more than 90%!!. In that study,
objects were shown at several close-by locations; they consisted,
however, of differently colored letter stimuli, such that decoding
performance also relied on differences in stimulus size, orienta-
tion statistics, and color. Currently available data on visually
evoked EFPs do not allow to disentangle the contribution of
different visual features. More detailed knowledge on this is
mandatory for their use in brain-computer interfacing, and highly
important for basic research and clinical settings. The present
study, therefore, attempts to investigate the information content
of epidural signals in more detail, by recording EFPs from
macaque primary visual cortex (V1) in response to different,
spatial and non-spatial visual features.

Because location, size, orientation, and color address different
topographic maps, analysis of their representation allows insights
into the specificity of EFPs with respect to cortical functional
architecture at different scales. First, V1 is retinotopically orga-
nized, with average epidural receptive field (ERF) size diameters
of about 2.5-4-degree!!. This is a factor of ~1.5-2.5 compared to
both the LFP and multi-unit activity mapped with the same
technique!2, We address the question whether and to what extent
stimulus location and stimulus size is represented in EFPs if
differences in location and size are kept within, or even below, the
range of ERF diameters. Second, orientation- and color-selective
V1 neurons are organized in cortical columns and blobs,
respectively, which (together with ocular dominance columns)
built a cortical hypercolumn!3-15, Hypercolumns span about
one to two degrees of the parafoveal visual field!3, hence the
area represented by an ERF is likely to cover, at least partly,
several hypercolumns. While this suggests that the EFP at a given
electrode is integrating over multiple sets of orientation
columns and color blobs, parts of a stimulus may activate
distinct neuronal subsets and thus may shape the integrated
response in a specific manner. We address the question whether
and to what extent EFPs are modulated by the orientation sta-
tistics of a visual object (that is, its shape), and its color. The
results of the study show that, albeit the EFP is a mass signal that
integrates over presumably tens of thousands of neurons, it
preserves detailed information not only about spatial but non-
spatial stimulus features, which can be decoded with high clas-
sification rates on the single-trial level. This renders the EFP a
highly informative yet minimally invasive brain signal for

chronic, long-term applications in both clinical settings and basic
research.

Results

We implanted two monkeys with an epidural microelectrode
array'® over the left V1 hemisphere. Data were obtained from a
total of 176 and 137 electrodes in Monkey (M) 1 and 2, respec-
tively. ERFs were mainly located in the lower visual quadrant and
were mapped by an automated bar-mapping procedure based on
reverse correlation and geometric means of differently oriented
bar trajectories! 12, Mean ERF diameter (defined as closed areas
of 21 Z-score activation and size of >1 square-degree) was 3.0 +
SD 0.46 visual degree in M1 and 2.8-degree + 0.66 in M2, recal-
culated from actual ERF area by assuming circular shape. Visual
stimuli were placed at five locations within the lower right
quadrant of the visual field, at 3.5, 5.8, and 8.2-degree eccentricity
(Fig. 1a). Stimulus locations were fixed throughout the experi-
ment and were not adjusted to ERF coordinates, such that sti-
mulus coverage of individual ERFs varied. For the example shown
in Fig. la, the ERF had most overlap with stimulus location 4 and
minor overlap with stimulus location 1, with the ERF center
located between the two. At each location, stimuli were shown in
three different sizes (1, 1.2, and 1.4-degree in diameter, exem-
plified from inner to outer stimulus locations in Fig. 1a). Stimuli
consisted of two triangles, two squares, and a circle, with triangle
and square variants differing only in global orientation (Fig. 1b).
All objects were shown in five different (four chromatic and one
achromatic) equiluminant colors (Fig. 1b). All objects were cho-
sen to exactly fit into an orbit of the specified size diameter and,
per size, were matched for their number of pixels. Per trial, three
stimuli were presented during a passive fixation task (Fig. 1c) in
pseudorandom order.

Figure 1d shows a response matrix of the results obtained from
the channel shown in Fig. 1a for the onset (26-175 ms) broad-
band power (25-160 Hz) of the wavelet-transformed EFP, aver-
aged over all trials (range over both monkeys: 21-39) of each of
the 375 (5 locations * 3 sizes * 5 shapes * 5 colors) stimulus
conditions. Neuronal gamma-band responses at this electrode
were mainly elicited by stimulation at location 4, and to some
extent at location 1, as to be expected from the ERF coordinates.
Regarding stimulus size, responses were strongest for large stimuli
and weakest for small ones, likely reflecting better overlap with
the ERF and closer proximity to the ERF center with increasing
stimulus size. Furthermore, activation at the electrode seemed to
co-vary with object geometry but not with global orientation, and
was stronger for blue stimuli than for other colors. For better
illustration, Fig. 1e shows the normalized mean gamma power per
feature category and condition. Results for e.g., the category size
are shown as the difference between the mean over the trials
available for small, medium, and large stimuli (irrespective of
their location, shape, and color) and the overall mean. If not
mentioned otherwise, all analyses that follow are based on this
way of assignment and include the entire number of trials sorted
by the conditions (e.g., blue, red) of the category (e.g., color) to be
analyzed. Two more examples show a channel with ERF center
coordinates closely matching stimulus location 1 (Fig. 1f) and
another one having an ERF in-between two stimuli, with only
moderate overlap to each of them (Fig. 1g). Notably, despite these
differences in stimulus-ERF overlap, both channels, albeit taken
from different animals, show gamma responses closely resem-
bling the pattern of the former example regarding stimulus size
and shape, and a slight bias toward red and blue stimulus color.

For a comprehensive analysis of feature-specific EFP modula-
tions, we first determined the most-informative time-frequency
range for each of the feature categories, as different stimulus
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Fig. 1 Visual stimulation, experimental paradigm, and broadband-gamma [25-160 Hz] responses at three example channels. a Response map
illustrating ERF (area defined by gray line) and stimulus locations (open circles) in visual field coordinates. Increasing circle diameter from inner to outer
locations represent the three different stimulus sizes. White dot indicates fixation point, dashed lines indicate iso-eccentricity at 3.5, 5.8, and 8.2 visual
degree (deg). b Stimulus shapes and colors. Shape outlines were matched in thickness to provide identical number of pixels across shapes. Color
isoluminance was matched by photometry. Each shape was shown at each location, in each color and size, providing a total of 375 stimulus conditions. ¢
Time course of visual stimulation and behavioral paradigm. Dashed segment toward end of trial indicates randomized period of up to 1.1s before the to-be-
detected event (dimming of fixation point). d Response matrix indicating trial-averaged broadband-gamma power for each of the 375 stimulus conditions. e
Barplots summarizing gamma-band responses (y-axis) per category and condition, as obtained from the individual conditions shown in (d). For better
visualization, mean power overall conditions was subtracted from each individual condition. Labelling of x-axis for sizes corresponds to small (s), medium
(m), and large (I). f-g ERF maps, response matrixes, and barplots for condition-specific differences in mean gamma power per category of two more
example channels (f M2; g M1). X-axes of histograms correspond to (d). Error lines in barplots indicate SEM throughout.
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Fig. 2 Time-frequency ranges used for EFP analysis. a-b Color maps show variance in area-under-the ROC curve overall electrodes (N = 313), for stimuli
sorted according to location, size, shape, and color, separately for M1 (a) and M2 (b). Y-axis indicates wavelet frequency ranges [Hz], x-axis indicates time
[ms], aligned to stimulus onset. White boxes delineate the selected time-frequency range per feature and monkey. Color scaling is identical for all panels.

features may activate distinct time-frequency ranges in V117-19.

Most-informative time-frequency ranges were estimated by an
approach based on receiver-operating characteristics (ROC), as
recently introduced!!. Per monkey and category, the procedure
delivers a time-frequency map indicating the range with best
stimulus separability over all electrodes. During the initial sti-
mulus onset response, location-specific modulation was most
consistent in the high-gamma frequency range, while size- and
shape-specific modulation was found in the low-to-mid-gamma
range. Color-specific modulation was absent in the early onset
response but was obvious during later response periods. Specific
time-frequency ranges per monkey are indicated in Fig. 2a, b. For
each monkey, electrode, and feature category, analysis was based
on the baseline-corrected wavelet power WP in the respective
ROC-selected time-frequency range, averaged over all trials of a
given stimulus condition.

Results for the two monkeys were found to be very similar and
provided matching statistical conclusions. For better overview,
Figures in the following sub-chapters summarize the results of
both monkeys.

Spatial sensitivity. Stimulus locations were chosen to cover dif-
ferent eccentricities and to differently overlap with ERFs to allow
for analysis of the spatial spread of the signal and of feature
selectivity as function of ERF-stimulus distance. Electrodes
were assigned to the stimulus location with smallest Euclidian
distance to their ERF center. Responses at 311 of 313 electrodes
were found to be significantly dependent on stimulus location
(Kruskal-Wallis test, all P < 0.028). 58% and 75% of electrodes in
M1 and M2, respectively, showed a response to stimuli at their
assigned location that was significantly different from the
response to stimuli at any other location (pair-wise tests with
Tukey-Kramer correction for multiple comparison, all P <0.05).
Spatial sensitivity was, however, highly variable in magnitude
(Fig. 3a). Neuronal activity at some electrodes raised selectively
and strongly only when stimulated at the assigned location, while
at others it was flatter and less specific. About 50% of this var-
iance was explained by the specific spatial relations between ERFs
and stimuli; a half-Gaussian fit to gamma responses following
stimulation at each electrode’s assigned location (R2=0.497)
shows a rapid decline of activation within <1.5-degree of distance
between ERF center and stimulus center (Fig. 3b).

To investigate the spatial resolution of locational information
in more detail, spatial sensitivity SPI was expressed as the
difference AWP(loc),,,x; k2 between stimuli at the closest (rnk1)
vs. second-closest (rnk2) location, calculated for each electrode.
Because WP already constitutes the normalized response strength
at each electrode, AWP(loc) preserves the amplitude of the
response difference and indicates sensitivity better than indexes
applying further normalization. Figure 3c shows that spatial
sensitivity modulated significantly with the specific alignment of
ERFs and stimulus locations, being considerably larger for ERFs
in close proximity to a stimulus. Figure 3d illustrates the same
data as function of distance to closest and second-closest stimulus
location. Although mean distance to the second-closest stimulus
was about 3-degree throughout, and mean ERF diameter was also
about 3-degree, spatial sensitivity modulated clearly below this
range. SPI decreased significantly for stimulus/ERF distances
between 0.75 and 1.5-degree as compared to stimuli closer to the
ERF center, and dropped to very small values for stimulus/ERF
distances between 1.5 and 3-degree (Kruskal-Wallis test, XZ =
126.29, P< 10726, df = 3, pair-wise tests: all P<0.011) (Fig. 3e,
straight line). Difference between responses to closest and second-
closest stimulus was significant at all distances (Wilcoxon signed
rank tests, all Z>5.01, P<107%), but statistical effect size w?
decreased continuously with increasing distance between ERF
center and closest stimulus location. Effect size was large?0 only at
distances below 0.75-degree (w? = 0.175, Fig. 3f), while medium
at distances up to 1.5 and 2.25-degree (w? = [0.091,0.096]) and
small for distances up to 3-degree (w® = 0.058, Fig. 3g). Thus,
locational information of gamma-band EFP responses modulates
strongly within 1.5-degree distance from the ERF center,
providing considerably better spatial resolution than suggested
by average ERF size. We further controlled this result by
considering only electrodes for which the second-closest stimulus
was exactly at 3 +0.1-degree distance (N=37), which excludes
any hidden bias in AWP(loc) potentially resulting from a stronger
influence of responses to the second-closest stimulus. For these
data, the decline in SPI within 1.5-degree ERF/stimulus distance
was even more pronounced (Fig. 3e, dashed gray line).

Size sensitivity. Because of their fine spatial scaling, EFPs may
preserve information about other, non-spatial stimulus features.
First, we asked whether EFPs will be modulated by differences in
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Fig. 3 EFP modulation as function of stimulus location. a Trial-averaged gamma power (y-axes) of individual channels (gray dots) with ERFs close to
stimulus location 1-4 (left to right) in response to stimuli shown at locations 1-5 (x-axes). Boxplot on top of individual channel data indicates median, 25th,
and 75th percentile. Whiskers indicate interquartile range. b Mean gamma-band responses as function of distance between closest (assigned) stimulus
location and ERF activation peak. Black line represents half-Gaussian fit to data. € Spatial sensitivity map in visual field coordinates. Colored dots represent
individual EFP-channels, dot X-Y coordinates indicate center coordinates of the respective ERF, dot color represents assigned stimulus location, dot size is
scaled by spatial sensitivity SPI. Dashed circles indicate size and position of large stimuli, black dot indicates fixation point. d Spatial sensitivity SPI as
function of distance to closest and 2nd-closest stimulus. Conventions for size and color of dots as in (c). Black line shows mean distance of 2nd-closest
stimulus, error bars indicate SD, gray-shaded area indicates distance to 2nd-closest stimulus at 3 + 0.1-degree (equidistant 2nd-rank locations in (e)). e
Mean spatial sensitivity as function of distance between ERF center and center of closest (assigned) stimulus, as individually shown in (b-d). Straight black
line, all channels; dashed gray line, channels with distance of 3 + 0.1-degree to 2nd-closest stimulus. f-g Mean normalized gamma power of channels with
ERF-stimulus distance below 0.75-degree (f) and between 2.25- and 3-degree (g) in response to the closest stimulus (y-axis, rank 1) and to stimuli at
increasing distances (ranks 2-5), as obtained by a corresponding re-sorting of the data shown in (a). Error bars indicate SEM.

stimulus size if sizes are kept in the range of ERF radii.
Figure 4a-d illustrate two extremes of ERF-stimulus coverage,
taken from M2. First, ERFs may perfectly overlap with stimulus
coordinates such that stimuli of either size will cover and activate
the ERF center region and may elicit rather similar visual
responses (Fig. 4a). Yet, gamma power depended strongly on
stimulus size, with the mean amplitude of large stimuli (1.4-
degree in diameter) being about a factor of 1.8 and 3.5 larger than
the amplitude of medium (1.2-degree) and small (1-degree) sti-
muli, respectively (Fig. 4b). Second, ERFs may not at all overlap
with stimulus locations such that stimuli of neither size are
expected to significantly modulate the visual response at the

electrode (Fig. 4c). However, we still found that gamma power
clearly modulated as a function of stimulus size (Fig. 4d), indi-
cating that the effective response region measured at this elec-
trode was apparently larger than suggested by ERF boundaries.
On the one hand, this is underlining that EFPs modulate with
high spatial resolution, while on the other, it is showing that EFPs
may integrate over neuronal sources from well beyond the ERF
boundaries (as determined by statistical response thresholds using
mapping stimuli).

This conclusion is supported by expressing size sensitivity
SZISZI as function of distance between ERF centers and closest
stimulus locations (Fig. 4e), in analogy to the analysis of
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Fig. 4 EFP modulation as function of stimulus size. a Example ERF fully overlapping with stimulus location 1. Closed circles indicate area covered by
largest stimuli (1.4-degree in diameter). Dashed circles indicate area covered by medium (1.2-degree) and small (1-degree) stimuli. b Time course of mean
power in ROC-selected frequency range in response to large, medium, and small stimuli. ¢ Example ERF not overlapping with any of the stimulus locations
1-5. d Time course of the gamma-band response measured at this electrode. e Size sensitivity map in visual field coordinates. Colors indicate assigned
location per electrode, given by smallest Euclidian distance. Dot size is scaled by size sensitivity SZI. Circles indicate areas covered by large stimuli. f
Averaged size sensitivity as function of center-to-center distance between ERF and closest stimulus, as obtained from data shown in (c). g-h Averaged
response strength to small, medium, and large stimuli at electrodes with ERF centers <0.75-degree distance (g) and between 2.25 and 3-degree distance
(h) from stimulus center. Individual data points for all stimulus/ERF distances are shown in Supplementary Fig. 1. Error bars indicate SEM throughout.

spatial sensitivity. Per electrode, SZI was calculated as the mean of
the absolute differences between responses to large and
medium stimuli and responses to medium and small stimuli

(lAWP(sz)Lml—i—IAWP(sz)m’s|)/2, with all responses being

averaged across ROC-selected time- frequency bins and trials
per size condition. Responses at 156 (89%) and 98 (71.5%)
electrodes in M1 and M2, respectively, showed a significant
modulation by size (all P <0.05) and relative response differences
at electrodes with larger distance to the ERF (Fig. 4h) were similar
to those at close distance (Fig. 4g), with the effect size being large
at all distances (w? =[0.19,0.25,0.19,0.16]). Yet, the overall
modulation strength depended significantly on stimulus/ERF
center distance (Kruskal-Wallis test, Xz =100.28, P< 10720 df =
3, pair-wise tests: all P<0.025) (Fig. 4f), suggesting that EFP
magnitudes modulate as a function of stimulus size on
continuous spatial scales, as illustrated by the two examples
shown earlier and by data from individual channels (Supplemen-
tary Fig. 1).

Shape sensitivity. Because EFPs represent the integrated activity
of presumably several cortical hypercolumns, they are unlikely to
be strongly orientation-selective. EFPs may, however, possess a
bias toward one orientation, depending on the specific compo-
sition of orientation columns contributing to the signal. Based on

data from the ERF mapping procedure, we estimated orientation
sensitivity by a method testing for statistical reliability of
orientation-dependent responses2l. In M1 and M2, we found 168
(95.5%) and 67 (48.9%) channels, respectively, exhibiting a sig-
nificant bias toward one orientation, albeit absolute orientation
selectivity was small, with a median orientation index OI of 0.115
(Fig. 5a, b). Yet, like responses to oriented bars, the response to
different shapes is likely to depend, at least to some extent, on the
specific composition of orientation columns activated by
the stimulus. Figure 5¢, d show the response of the two electrodes
shown in Fig. 4a, ¢ to each of the five shapes used for visual
stimulation. Per size, all shapes were composed of the same
number of pixels and were all exactly fitting into an orbit of the
specified diameter. For both electrodes—the one with full sti-
mulus/ERF overlap and the one with no stimulus/ERF overlap—
gamma-band responses co-varied with the overall orientation
statistics of the different shapes but not with their global orien-
tation: The two triangular shapes (shifted by 180-degree) elicited
a response with very similar time course, as did the two quad-
rangular shapes (shifted by 90-degree), while the response to the
circle was different from all others. This pattern was found for the
vast majority of channels (see Supplementary Fig. 2 for individual
data points and a spatial distribution map of shape sensitivity SSI)
from both animals and was evident in the averaged response
over all channels (Fig. 5e). Statistical testing over all channels
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Ol. Numbers on horizontal and vertical axes, stimulus orientation; numbers within polar plots, normalized response strength. e-d Time course of responses
to different shape conditions of an example channel with full overlap between ERF and stimulus area (¢) and another channel with no overlap (d). Channels
are the same as shown in Fig. 4a, c. e Averaged responses over all channels to each of the five shape conditions (left) and after merging conditions with
identical angularity (right). f Averaged shape sensitivity as function of center-to-center distance between ERF and closest stimulus. g-h Averaged response
strength to circular, quadrangular, and triangular stimuli at electrodes with ERF centers < 0.75-degree distance (g) and between 2.25 and 3-degree distance
(h) from stimulus center. Individual data points for the line and bar graphs in (e-h) are shown in Supplementary Fig. 2. Error bars indicate SEM throughout.

provided a main effect of shape (Kruskal-Wallis test, y*> = 148.89,
P <10730, df = 4), while post-hoc tests revealed no difference for
comparing between responses to the two triangular (P =0.99)
and the two quadrangular (P=0.91) shapes, but highly sig-
nificant response differences (all P <0.0014) for all other pair-
wise comparisons. Accordingly, 138 (78.4%) and 118 (90.1%)
individual channels of M1 and M2, respectively, were significantly
modulated by angularity (Kruskal-Wallis tests, all P <0.05). At
137 of these channels (53.4%), two of the three angularity con-
ditions were significantly different, and at 12 channels (4.7%)
there was a significant response difference between all three
angularity conditions (pair-wise tests with Tukey-Kramer mul-
tiple comparison correction, all P < 0.05).

Like spatial and size sensitivity, shape sensitivity modulated
significantly with the distance between ERF and stimulus center
(Kruskal-Wallis test, x> =81.09, P< 10716, df = 3) (Fig. 5f and
Supplementary Fig. 2). Shape sensitivity was expressed as the
mean of the absolute differences between responses to circular
and quadrangular shapes and responses to quadrangular and

(|AWP(sh)qu| + |AWP(sh), |
at ERF/stimulus distances below 0.75-degree (Fig. 5g) and

decreased significantly for distances up to 2.25-degree (pair-wise
tests: all P<0.022), and was still present at distances up to

triangular shapes ) /2. It was largest

3-degree (P < 1079) (Fig. 5h). Effect size was large at all distances
(all w?>0.1812). Hence, in summary, EFPs keep detailed
information about object shape as expressed in overall orientation
statistics, independent of other stimulus parameters contributing
to the signal.

Color sensitivity. Two channels of double-opponent cells in blob
regions and complex-equiluminant cells outside blobs contribute
to color processing in V11422-25_ Though the number of neurons
showing a chromaticity-dependent response bias was recently
suggested to be significantly larger than previously assumed?°,
color preference in V1 is usually weak and highly variable among
neurons?’. As such, and because V1 does not contain clusters
with identical color preference that would predict chromaticity-
specific responses for the set of equiluminant stimuli we used,
differences in color were not primarily expected to induce sig-
nificant color-specific EFP modulation. In line with this
assumption, the ROC analysis to find most-informative time-
frequency bins for a given stimulus feature did not indicate sig-
nificant detection rates during the early response from 40 to 90
ms post-stimulus onset, as it did for location, size, and shape.
Contrary to this assumption, however, it did indicate significant
detection rates during a later response window, 120-175 ms post
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Fig. 6 EFP modulation as function of color. a-b Time course of mean power in ROC-selected frequency range (a M2, 47-96 Hz; b M1, 42-145Hz) in
response to differently colored stimuli. Line color indicates stimulus color. Gray-shaded areas indicate response periods during transient stimulus onset
(‘early’) and sustained ('late’) activation. ¢ Power in ROC-selected time-frequency range, averaged over all electrodes, during early and late response
periods. Bar color indicates stimulus color. Error bars, SEM. Individual data points are shown in Supplementary Fig. 3. d Color index distribution during early
(blue) and late (orange) response periods. Color index CS! is independent of absolute activation. Arrows indicate median CS/ during early and late
responses. Inset shows CS/ of individual electrodes, boxes indicate 25th and 75th percentile including median, whiskers indicate interquartile range.

onset (Fig. 2a, b). Figure 6a provides an example of the response
time course at a single electrode of M2. The early peak in gamma
power showed some, yet small, difference in response to differ-
ently colored stimuli, whereas during the later response, red and
blue stimuli elicited obviously higher activation than other sti-
muli. Figure 6b shows another single channel, taken from M1,
with basically the same response pattern and again, stronger
activation in response to red and blue stimuli during the later
period. Interestingly, this color-related response bias did not vary
over electrodes and was basically the same at all electrodes. On
average, blue and red stimuli induced around 10% more power
during the early response, and around 90% during the later
response (Fig. 6¢ and Supplementary Fig. 3). Statistically, this was
equivalent to only 3, and as much as 210, of 313 channels dis-
playing a significant, color-dependent response difference during
the early and late response period, respectively (Kruskal-Wallis
tests, P <0.05, df =4). To further test whether the difference in
statistical outcome was due to differences in overall activation
between early and late response epochs, we computed a color
selectivity index CSI by first, subtracting the response to the color
eliciting smallest gamma modulation from the response to all
other colors and subsequently, taking the sum of the absolute
differences between mean responses to different colors, divided
by the overall mean. CSI yields values > 0 which are independent
of absolute activation and allows, therefore, to investigate color

selectivity during the initial onset response with later response
epochs. We found that CSI values were significantly larger during
the later epoch (Wilcoxon signed rank test, Z=10.69, P < 1072,
N =313), indicating that the response bias toward red and blue
indeed increased over time and was unlikely to result from a
difference in luminance (Fig. 6d). Rather, it is in line with recent
studies showing general differences in hue-specific LFP gamma
power modulation!®?82% and indicates that the EFP reliably
captures such hue-dependent differences.

Single-trial classification precision. The results shown so far
indicate that non-spatial stimulus features induce characteristic
modulations of the EFP gamma power, which were qualitatively
similar at all electrodes. We therefore finally asked to what extent
pre-knowledge about these characteristics allows to distinguish
single trials from objects shown at the same location. Specifically,
because size, shape, and color of a stimulus may be chosen to
elicit either low, medium, or high gamma power on average, we
asked whether this modulation is sufficiently invariant to allow
support vector machines (SVMs) to classify single trials solely
based on non-spatial stimulus features. First, responses to a
combination of stimulus features presumably eliciting high
gamma power (large, blue, circle) were tested against a combi-
nation of features presumably eliciting low gamma power (small,

8 COMMUNICATIONS BIOLOGY | (2021)4:690 | https://doi.org/10.1038/542003-021-02207-w | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02207-w

ARTICLE

a 1
2038
=
©
0.6
a
0.4
b
[T
G2
Q9
35
B
€T
= 1
N 10 30 50 70 90 110
Ranks of electrodes above chance (P < 0.01)
c d .
— 3] &
=y 1 -
3 ] - 091 °7 Yo
o 17 E 1.k X
P . 2 0.8 ¥
o B ° d
£ £ 07{ ¥
E .,;1.
<3 0.6
0 2 4 6 M1 M2
Horizontal axis [deg] Monkey

Fig. 7 Single-trial object classification based on non-spatial features. a
Support-vector machine performance at individual electrodes for six
different classification conditions, comparing objects eliciting high vs. low
gamma (red lines), high vs. medium gamma (blue lines), and medium vs.
low gamma (green lines). Black and white dots plotted on lines indicate
individual electrodes of M1 and M2, respectively. Only electrodes with
performance significantly (P < 0.01) above chance level are shown, ranked
by classification rate. Experimentally determined mean chance level £ SEM
is given by black line and gray-shaded area. b Mean center-to-center
distance between ERF and closest stimulus of electrodes with significant
classification performance. Black line indicates moving average over 25
electrodes, shifted by 1 electrode, gray-shaded area indicates corresponding
SEM. ¢ ERF outlines of five selected electrodes per monkey (M1: bluish/
greenish, M2: reddish/yellowish). d Single-trial classification performance
of electrodes shown in (b) to each of 12 high vs. low gamma conditions.
Boxes indicate 25th and 75th percentile including median, whiskers indicate
interquartile range.

green, triangle), using the trials in response to a stimulus at each
electrode’s assigned location. Trials were collapsed into three
numbers, each number representing the trial’s maximal power
value in the respective time-frequency range of size, shape, and
color. We found that 122 channels were performing significantly
(P<0.01) above chance level and of these, 62 had detection rates
of more than 70% correct, and many were performing better than
80%. Likewise, for testing another high vs. low gamma combi-
nation (large red circle vs. small brown inverse triangle), 113
channels were found to perform significantly above chance level,
and 57 channels had detection rates of over 70% correct (Fig. 7a,
red lines). We also tested objects eliciting high or medium-sized
gamma responses against objects eliciting medium-sized or small
responses, respectively, and still found a high number of elec-
trodes performing above chance level, some reaching detection
rates around, or even clearly above, 80% correct (Fig. 7a, blue and
green lines). Figure 7b shows that classification performance
depended significantly on the center-to-center distance between
ERF and assigned stimulus location (rank correlation, R=
—0.652, P< 10~1%) and was best for stimuli in close proximity to

the ERF center. For five electrodes of both M1 and M2, with ERFs
at location 1, we tested all possible object combinations for the
high vs. low gamma comparison (large red (blue) circle vs. small
green (gray, brown) triangle (inverse triangle); N = 12). Despite
the fact that some ERFs had only partial overlap with the stimulus
location (Fig. 7c), average classification performance in monkeys
M1 and M2 was as high as 75.6 +4.6% SD and 88.5+1.5% SD,
respectively (Fig. 7d). Thus, although EFPs represent the inte-
grated activity over presumably tens of thousands of neurons,
they depict slight differences in non-spatial visual features that
are not only visible after averaging over many trials but allow
reliable classification of single trials reduced to as few as three
numbers.

Discussion

Brain signals for both clinical approaches and basic research may
be acquired in different ways, ranging from electro-
encephalography (EEG) over intracranial recordings from the
brain’s surface to multi- and single-unit recordings at the mac-
roscopic, mesoscopic, and microscopic level, respectively. Intra-
cranial surface recordings as a mesoscale signal have gained much
interest in recent years; for clinical settings, they offer a much
better signal-to-noise ratio than EEG and for basic research, they
allow to study dynamic interactions simultaneously over large
and/or distant brain regions. In both clinical settings and basic
research, they are most widely implemented by subdural
implantation of electrodes (referred to as electrocorticography,
ECoQG). Yet, placement of electrodes below the dura introduces
the risk of peri- and postoperative complications and likely limits
the duration over which signals can be recorded, particularly in
clinical settings. An alternative to opening the dura is the place-
ment of electrodes on top of it and recording epidural instead of
subdural field potentials. Although attractive from the perspective
of safetiness, only few studies have performed EFP recordings and
little is known about their basic properties and functional speci-
ficity, making them, in turn, still a rare choice.

We here make use of the high spatial resolution and functional
specificity of monkey V1 to investigate EFP sensitivity to spatial
and non-spatial visual stimulus features, and show that EFPs
modulate on much finer spatial scales than suggested by the size
of their receptive fields, and moreover, that modulation caused by
non-spatial features is highly specific and allows very good single
trial classification rates. EFPs, hence, constitute a highly selective
signal, both in terms of locational and functional specificity, that
is a valid alternative as source of information on distributed
cortical activity.

Functional specificity of epidural field potentials. EFPs mainly
arise from electrical activity in superficial layers of the cortex30.
Most of the apical dendrites there come from layer 5 pyramidal
neurons, which, in a simplified view, can be conceived as a par-
allel arrangement of sinks and sources (that is, dipoles) that
would produce the electrical field recorded by the electrode
(although dendritic morphology and temporal dynamics are
complex and primary sources may also include mono- and
multipolar components3!). Because the amplitude of a given
dipole is smaller the larger the distance to the recording site, the
EFP represents a spatially weighted superposition of potentials
from spatially distributed sources. As a consequence, its ampli-
tude, shape, and spatial spread is primarily dependent on the
number and magnitude of, and the synchrony among, the
potentials of the contributing neurons32-34,

The average size of epidural RFs was recently estimated to be
around two to three times the size of intracortically recorded
LFP-RFs when mapped with the same protocol!! and using
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corresponding statistical thresholds!? for specifying their bound-
aries, and well in the range of subdurally recorded field
potentials®3>. The results of the current study suggest an even
larger effective size of EFP-RF’s, as indicated by the small, yet
significant location and size sensitivity at stimulus coordinates in
the periphery of the ERF (Figs. 3g and 4h) and at locations well
outside ERF boundaries (e.g., Fig. 4c, d). A likely reason for this is
the difference in the stimuli used: Because the extent of spatial
spread is strongly dependent on the coherence among the
contributing signals34, the flashing of visual objects as performed
in the current study is expected to induce stronger synchroniza-
tion during the initial stimulus onset response of the neurons
than the moving bar stimuli used for mapping, which slowly enter
the RF.

While this relatively far-reaching spatial spread could be taken
as indicator for poor spatial sensitivity, we found that EFPs in fact
modulate on much finer scales. This is best illustrated by the
results on size sensitivity: Small, medium and large stimuli each
differed in size by only 0.2-degree diameter, yet stimulus sizes
were associated with significantly different gamma power at all
stimulus-ERF distances. Given a number of about 2.5 « 10°
neurons under 1 mm?2 monkey V1 cortex3%37, even small changes
in stimulus size are expected to significantly change the number
of neurons carrying the EFP and eventually induce significant
differences in gamma power, which finally gives rise to strong and
consistent size sensitivity as observed at the vast majority of array
electrodes. Similar findings on size sensitivity have previously
been obtained for the LFP38-4l and for subdurally recorded
ECoG*?, although stimulus size differences were considerably
larger in these studies as compared to ours.

Furthermore, we found a strong dependence of EFP gamma
power on stimulus shape, given by reliably different amplitudes for
objects of different geometrical shape but no influence of global
stimulus orientation. Because LFP gamma power is known to express
some degree of orientation sensitivity when tested with gratings®0:43,
a possible reason is a shape-specific activation of spatially distributed
clusters of orientation-selective neurons. In support of this, we found
a slight yet significant orientation bias in EFP responses, in line with
a recent investigation of subdural ECoG*2. An alternative hypothesis,
however, not relying on orientation-selectivity, is a general difference
in the number of neurons activated by the three geometrical bodies:
Regardless of whether size is defined by the diameter of the
surrounding orbit (as we did) or by object surface area (as an
alternative), different shapes will either cover a differently sized area
of the ERF (in the former case) or extend differently far into its
periphery (in the latter). Thus, distinct geometrical bodies will
activate unique pools of spatially distributed neurons, and, conse-
quently, the weighted superposition of these neurons’ potentials will
be specific for each of the shapes. Orientation-selective responses
from local clusters of neurons, as discussed above, may contribute to
this. In conclusion then, size sensitivity in V1 EFPs would emerge as
a secondary property caused by stimulus-specific differences in
spatio-temporal activation patterns of large neuronal populations.
Note, however, that recent work reported shape selectivity also as a
primary property of V1 population activity, yet using two-photon
imaging, which has significantly higher spatial resolution®+.

Finally, red and blue stimuli elicited stronger gamma
responses, albeit during a later period after the initial onset
response, as compared to both equiluminant green and brown
color stimuli and achromatic stimuli. This result is unlikely to be
due to columnar organization within V1; firstly, hue maps in V1
(basically overlapping with blob regions) have a diameter of about
160 um and contain the full gamut of colors?’, such that
recordings of color-selective responses requires microscale spatial
resolution. Secondly, the bias toward red and blue stimuli was
evident at all electrodes likewise, indicating some general

differences in processing of short- and long-wavelength hues as
compared to mid-wavelength hues. Stronger gamma power to
bluish and reddish hues has also been found in a recent study
investigating hue-specific differences in LFP gamma power28. Yet,
these authors also found generally higher power for chromatic
over achromatic stimuli, using full-screen stimulation, a pattern
that was not evident with the small objects on dark background
we applied in our study. Such small differences in stimulation
were recently shown to have a significant impact on color-specific
gamma modulation’, and may explain some differences between
our study and the studies of others. Independent of the specific
modulation, the results show that the EFP is reliably catching up
color-specific information which could then be used for single-
trial classification, as we did for distinguishing objects shown at
the same location.

Time-frequency ranges for distinct stimulus features. Several
studies investigating quantitatively LFP and ECoG spectral
composition reported distinct frequency ranges for different sti-
mulus features!”~1°, We applied ROC to isolate most-informative
time-frequency ranges and found locational sensitivity mainly in
the high gamma range (>85Hz), compatible with elevated
synaptic and spiking activity3>41:46 as a result of better stimulus
placement relative to ERF coordinates. Size and shape sensitivity
elicited prominent gamma increases in mid-frequency range
(30-80 Hz) during the initial onset response, with minor differ-
ences between monkeys. Corresponding results were reported by
previous studies investigating LFP modulations as function of
stimulus size and orientation38-40:4243 Because shape sensitivity
is most likely resulting from stimulus-dependent differences in
effective RF coverage and orientation statistics, the matching of
frequency-ranges for size- and shape-induced modulation is
consistent. Color-specific differences had maxima in two gamma
frequency ranges in M1, a higher (80-145Hz) and a lower
(42-58 Hz) one, while only the lower showed up in M2. These
modulations were delayed in time as compared to the former
features, and had lower amplitude. Thus, the ROC-procedure
revealed strongest modulations in two distinct gamma frequency
ranges, consistent with earlier reports*!, with the high-gamma
presumably reflecting increased spiking activity and the lower
indicating induced oscillatory rhythms, which depend on both
stimulus properties and cognitive processes?’. We did not
attempt to investigate whether different stimulus properties may
have power maxima in slightly shifted frequency ranges, as
described for stimulus contrast variations!31948, The functional
impact of such frequency shifts is a matter of debate, with some
arguing it is indicating a limitation for neuronal
communication*® and others arguing for the opposite, more
reliable phase coordination by stronger synchrony through non-
stationary frequency modulations!®4,

Conclusion

The results of the current study provide evidence that the EFP is
holding highly selective information about constituent features of
activating stimuli and in particular, that non-spatial stimulus
features modulate the EFP in a highly consistent manner. This
allows to purposefully use these features for increasing decoding
rates in brain-computer interfacing and clinical settings. More-
over, because data were obtained from multiple recording ses-
sions spread over several weeks, the results are rather
underestimating the sensitivity of the EFP than overestimating,
which may still be increased by keeping session-wise variability at
low level. This opens new perspectives for less traumatic
implantation of arrays and for their long-term application in both
clinical settings and basic research on meso- and large-scale
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network interactions and also points on the importance of future
research on technological improvements of epidural multi-
electrode arrays.

Methods

Subjects and ethical statement. Recordings were performed in two male maca-
que monkeys (Macaca mulatta), M1 (13 'y, 12kg) and M2 (14 y, 11.5 kg). Monkeys
were bred for scientific purposes and were obtained from the German Primate
Center (Géttingen). M1 was housed pairwise in a large indoor compartment with
daily access to an equally sized outdoor compartment. M2 was housed in an indoor
compartment with visual and auditory contact to other monkeys. All compart-
ments were enriched by a manifold of toys, puzzles, and climbing opportunities.
Both monkeys were familiar with standard laboratory procedures. They were given
water and/or fruit juice during training and recording sessions as reinforcer for
performing a dimming task at fixation. Monkeys were allowed to take breaks and
were brought back to the husbandry when they showed no further interest in task
performance. On non-working days, they received water and varieties of fruits in
their home compartment. Primate food pellets and seeds were offered all days.
Both monkeys were implanted with an epidural multielectrode array covering the
left occipital hemisphere and extending toward the lunate sulcus. Technical details
of the array!® and its implantation!! are given elsewhere. Connectors of the array
and a titanium headpost were embedded in an acrylic head cap, anchored by
medical bone screws. All surgeries were performed under initial ketamine/mede-
tomidine anesthesia supplemented with isoflurane and, if necessary, maintained by
propofol/remifentanil, and under strictly aseptic conditions. Postoperative
analgesia was provided by Caprofen. Health and well-being of the animals were
checked by daily visual inspection, frequent control of body weight, and regular
veterinarian assessment. All experimental, surgical, and behavioral procedures
followed the Directive 2010/63, issued by the European Commission, and the
Regulation for the Welfare of Experimental Animals, issued by the Federal Gov-
ernment of Germany, and were approved by the Ministry of Health (Senator fiir
Gesundheit) of the State of Bremen.

Visual stimulation. Visual stimuli (Fig. 1b) were shown on a CRT display (1.152 x
864 px resolution, 100 Hz refresh rate) and consisted of five different shapes (circle,
diamond, triangle, square, and inverse triangle) in three different sizes. Size was
defined by an orbit of 1.4-degree (large), 1.2-degree (medium) and 1.0-degree
(small) diameter (Fig. 1a), into which objects had to fit exactly. Objects of same size
were matched in number of pixels. All objects were shown in four equiluminant
colors (blue, brown, green, and red) and one achromatic (gray) color, with iso-
luminance (10 cd/m?) determined physically by repeated measurements, and dis-
played on a dark (~0 cd/m2) background. Objects were presented at five different
locations at 3.5, 5.8, and 8.2-degree eccentricity. Object locations (Fig. 1a) were
chosen to provide different degrees of coverage with ERFs, to allow testing EFP
modulations as function of density and distance. Combination of 5 shapes x

3 sizes x 5 colors x 5 locations provide a total of 375 stimulus conditions.

Stimuli were shown during a simple dimming task requiring the monkeys to
indicate a slight luminance change of the fixation point (0.2 x 0.2-degree). Monkeys
were head-fixed during the experiment and sat about 80 cm in front of the screen.
They initiated a trial by gazing at the fixation point and pressing a lever. 750 ms
after trial initiation, three visual objects were presented sequentially, each for 800 ms
(Fig. 1c). Consecutive stimuli were separated by 250 ms blank periods and never
consisted of the same condition. Dimming of the fixation point occurred at a
pseudorandom point in time within maximally 1.1 s after offset of the third stimulus
in a sequence. Monkeys were rewarded for indicating detection of the luminance
change within a 750 ms response window, starting 200 ms after dimming. Trials
were terminated without reward if the monkey responded too soon or too late, or if
the monkey’s gaze deviated by more than ~1-degree from the fixation point.

Epidural receptive fields (ERFs) were determined by an automated mapping
procedure using oriented gray bars (size: 0.24 x 23.8-degree) moving along a 19.1-
degree trajectory in one of 12 directions, spaced by 30-degree and centered at x =
2.4-degree, y = —3.6-degree. Response maps were obtained by back-projecting
wavelet-transformed epidural responses in broadband-gamma frequency range
(60-150 Hz) to actual stimulus location. Details of the method are given
elsewhere! 112, Receptive fields were defined as area of 1 square-degree size and Z-
scores > 1, identical to earlier work!l. Orientation index OI was calculated as
Michelson contrast between responses to the most activating bar orientation 6 and
an orientation 90-degree away from that:

OI = (WPy — WPy, q0)/(WPy + WPy o) (1)

During mapping, monkeys performed a dimming task at fixation.

Data acquisition and preprocessing. Epidural arrays! 16 consisted of 202 hex-
agonally arranged recording electrodes, each 560 um in diameter, with 1.8 mm
center-to-center distance. EFPs were recorded at 25 kHz sampling rate using
recording equipment from Multichannel Systems (Reutlingen, Germany; recording
chain: MPA 32, Sc2x32, PGA64, USB-ME256). Signals were referenced against a
large reference electrode on top of the array, facing the skull. Additional ground
electrodes were implanted over right frontoparietal cortex. The monkeys’ eye

position was recorded using a custom-made video-oculography system with 0.2-
degree spatial resolution. Raw EFPs, analog eye signals and a 50 Hz socket signal
were stored for offline analysis. To prevent over-estimation of EFP selectivity, data
were recorded within 13 and 25 sessions over a time period of 17 and 16 weeks in
M1 and M2, respectively, thus likely showing higher trial-by-trial variability than
data from a single session and providing a robust estimate of EFP selectivity over
time. First recordings in M1 and M2 were performed 7 and 3 weeks after array
implantation.

All data were low-passed filtered (<300 Hz, finite impulse response filter in
forward and backward direction, cutoff at 150 Hz) and down-sampled to 1 kHz. 50
Hz noise from the EFP was removed using the socket signal. All data were wavelet-
transformed using Morlet wavelets, as described in detail elsewhere!!l. Single-trial
wavelet power was baseline-normalized by subtracting the frequency-wise mean
power during the 500 ms baseline period at trial beginning, and then dividing
through it.

Electrode selection and trial rejection. Only EFPs originating from neuronal
populations in V1 were used for analysis. Electrodes located anterior to the lunate
sulcus and electrodes not delivering a significantly modulated ERF were excluded
from analysis. The final database consisted of 178 and 137 electrodes from M1 and
M2, respectively.

For the purpose of the present study, data analysis was limited to the time
period of 26-175 ms following stimulus onsets and to the broadband-gamma
power. Please note that a detailed and statistical comparison between broadband-
gamma power and the event-related potentials from which they were derived was
subject of a previous paper, providing evidence that the gamma frequencies of the
epidural field potential contain significantly more information than the event-
related potentialll. Prior to analysis, responses during the onset interval (denoted
as single trials from hereon) and during the interval used for baseline correction
(201-700 ms post-trial start) were checked for artifactual activity patterns by a
semi-automatic procedure. First, trials during which the signal was temporarily
reaching the amplifier limits were rejected; second, trials with power above or
below the mean broadband power (30-160 Hz) + 4 SD of all (remaining) trials of a
given stimulus condition and electrode were rejected; third, trials with highest
mean broadband power (above 80th percentile of all (remaining) trials of a given
stimulus condition at majority of electrodes) were tested for unusual strong
correlations across electrodes by applying Pearson correlation for each stimulus
condition. Trials were rejected if the mean overall pair-wise correlation coefficients
was 20.5. If necessary, additional trials with suspiciously high power were excluded
by final visual inspection.

Receiver-operating characteristics. Wavelet-transformed EFPs of each monkey
were first down-sampled to time bins of 5 ms length and were then subjected to
receiver-operating characteristics (ROC) analysis to identify most-informative
time-frequency ranges. Per electrode and time-frequency bin, all data from trials
belonging to one stimulus condition were tested against the corresponding data
from all trials of the remaining stimulus conditions of the same feature category
(i.e., size ‘large’, 1.4-degree diameter vs. size ‘medium’ and ‘small’, 1.2 and 1.0-
degree diameter), thus providing the area-under-the-ROC curve (AUC) per sti-
mulus condition, electrode, and time-frequency bin. AUC values of all electrodes
and conditions were used to construct grand-variance maps expressing the Z-
transformed variance over all AUC values in time-frequency space (Fig. 2a, b).
Variance is highest in the time-frequency range where a given stimulus condition is
well separable from other conditions at many electrodes, while small if separability
is poor and AUC values are all close to 0.5. A detailed, step-by-step description of
the procedure is given elsewhere!l. For each of the four categories, analysis was
based on the most-informative time-frequency range (white rectangles in

Fig. 2a, b).

Feature sensitivity computation. EFP sensitivity to features of the four categories
location, size, shape, and color were analyzed by averaging over the time-frequency
bins of the respective category at each electrode. Per category, all trials were
considered. Spatial sensitivity SPI of each electrode was computed by comparing
mean power WP in response to stimulation at each of the five stimulus locations
and calculating the absolute difference in power between locations eliciting the
highest (rnk1) and the second-highest response (rnk2):

SPI = [WP(100) 540 — WP(loc) 0| )

Size sensitivity SZI was calculated as the mean of the absolute difference in power
between responses to large (/) and medium (m) stimuli and responses to medium
and small (s) stimuli:

SZI = (|WP(sz); — WP(s2),,| + |WP(sz),, — WP(sz),]) /2 3)

Shape sensitivity SHI was calculated accordingly, using mean WP in response to
circular (c), quadrangular (g), and triangular (f) shapes:

SHI = (\WP(sh)C — WE(sh), | + |WP(sh), — WP(sh)[|) /2 @)

Indexes SPI, SZI, and SHI are larger the larger the absolute difference in WP, i.e.,
they scale with overall activation. In contrast, color sensitivity CSI was computed to
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be independent of overall activation, to test for differences in CSI during the course
of a trial, particularly between transient and more sustained response periods. CSI
was calculated by first, taking the mean responses to the five colors WP(col) and
subtract the minimum of these from each, and second, using these corrected cWP
values for calculating the sum of the absolute differences between responses to
differently colored stimuli, divided by their overall mean:

cWP = WP(col), ,, — min(WP(col), ,,) (5)

CSI = X3 |cWP; — cWP;| /mean(cWP) (6)

Subtraction of the minimum response and division by the overall mean provides
CSI values independent of the overall activation.

Support vector machines. Single-trial decoding performance was estimated using
nonlinear SVMs with Gaussian radial basis function kernel, as provided in the
libsvm toolbox for Matlab?. Per electrode, an equal number of trials was used for
the two stimulus conditions to compare. If applicable, trials were randomly drawn
from the condition with the higher quantity. All trials were scaled to [0, 1]. Trials
were classified using a leave-one-out procedure, i.e., each trial in the data was used
once for classification, while remaining trials served as training set. SVMs were
trained by first subjecting the training set to SVM classification with fivefold cross
validation for initial estimation of best values for parameters C and gamma, and
subsequent training of SVMs using the optimal C and gamma values. Parameters C
and gamma represent SVM parameters for the separation of data points into two
classes and definition of support vectors. Each test trial was assigned to the sti-
mulus class with highest probability. Training and classification were repeated ten
times per electrode and stimulus pair. Performance of electrodes was computed by
comparing the assigned stimulus class of all trials to their true stimulus class.
Chance level was 50% per definition but, for statistical reasons, was confirmed
experimentally by repeating the training/classification procedure with shuffled class
labels, again performing ten rounds per electrode and stimulus pair.

Statistics and reproducibility. For investigating EFP sensitivity to stimulus fea-
tures location, size, shape, and color, we always referred to the entire set of data
(N =375 stimulus conditions), with trials sorted accordingly. All data were sta-
tistically investigated by two-sided, non-parametric methods. If not stated other-
wise, significance is reported at a < 5%. Paired post-hoc tests were performed using
Tukey’s honest significant difference criterion to correct for multiple comparisons.
Statistical effect size is given as omega square!!. Classification performance of
individual electrodes was tested by comparing the performance of ten full classi-
fication runs per electrode with true labels against another ten runs with shuffled
labels, using Mann-Whitney U-test. Electrode performance was considered sig-
nificantly above chance at a <1%.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Essential source data for Figs. 1-7 are included in Supplementary Data 1-7, respectively,
including related data from Supplementary Figures. Additional data supporting the
findings of this study are available from corresponding author upon reasonable request.

Code availability
The codes supporting the findings of this study are available from corresponding author
upon reasonable request.
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