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Cortical excitability controls the strength of mental imagery

Rebecca Keogh et al

Keogh et al. eLife 2020;9:€50232. DOI: https://doi.org/10.7554/eLife.50232 10of 15


https://doi.org/10.7554/eLife.50232
https://creativecommons.org/
https://creativecommons.org/
http://elife.elifesciences.org/
http://elife.elifesciences.org/
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access

e Llfe Research article

Neuroscience

Binocular Rivalry

.75 sec
;Ik/
R R Imagery
6 sec
Cue
.75 sec

'I ': Response

Time

Figure 1. Timeline of the basic imagery experiment. Participants were cued to imagine a red-horizontal or a
green-vertical Gabor patch for 6-7 s by the letter R or G (respectively). Following this, they were presented with a
brief binocular rivalry display (750 ms) and asked to indicate which image was dominant. In the behavioral
experiments with the brain-imaging sample and in three of the tDCS experiments, a rating of subjective vividness

of the imagery also preceded the binocular rivalry display.
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Figure 1—figure supplement 1. Imagery vividness results. (A) Data shows the correlation between mean vividness ratings (x-axis) and visual imagery
priming (y-axis) for participants from both the MRl and tDCS experiments (tDCS experiments 2, 3 and 4). All possible participants’ data were included
for the tDCS analysis (resulting in the analysis of 54 participant’s data). Only the correlation in the tDCS sample was significant, (rs = 0.37, p=0.003,
Spearman’s rank-order correlation was used due to a violation of normality). The effect size was too small for significant results in the fMRI sample

(re = 0.34, p=0.065, Spearman'’s rank-order correlation was used due to a violation of normality, N = 31). (B) Surface-based whole brain analysis of the
fMRI resting-state data: associations with subjective vividness. Corrected clusters showing associations with individual subjective vividness at a cluster-
wise probability threshold of p<0.05 (see also see Supplemental Table S3). The upper row shows a lateral view of the two hemispheres from an anterior
perspective, whereas the lower row shows a medial view of them from the back. Multiple comparison correction was done using Monte Carlo Null-Z
simulation (mc-z). No smoothing of the functional data was applied. Only two fMRI mean intensity clusters showed associations with subjective vividness
that survived the correction for multiple comparisons: One cluster in the left rostralmiddlefrontal cortex showed a positive association (orange), and one
smaller cluster in the left cuneus showed a negative association (blue). Note the similarity in the subjective vividness results with the ones in

Bergmann et al. (2016b), where only a volume cluster in left frontal cortex also showed a positive association with subjective vividness. Apparently, the
positive relationship of subjective vividness with the anatomy of left frontal cortex is also reflected in the fMRI mean intensity levels of this region. (C)
tDCS effect on mean vividness ratings. Left panel: Occipital (1.5ma) — Vividness ratings were included in this experiment, which allowed us to look at
subjective changes in imagery vividness that occur with changes in cortical excitability of the visual cortex. Red dots show the effect of anodal
stimulation (increasing excitability) while blue dots show cathodal stimulation (decreasing excitability). Each dot represents an individual participant (one
participant’s data is excluded from this analysis due to incorrect button presses on one of the days of testing, N = 15). All data show means and error
bars represent = SEM'’s. The data was again analyzed using percentage changed. We found no significant differences in the reported mean vividness of
the imagined patterns (main effect of tDCS polarity: F(1,14) = 1.97, p=0.18, main effect of block: F(3,42) = .73, p=0.54, interaction: F(3,42) = .59, p=0.63).
Middle panel: tDCS of prefrontal cortex and mean vividness ratings. As vividness ratings were included in this experiment, we could also look at the
subjective changes in imagery vividness that occur with changes in cortical excitability of the prefrontal cortex. Red dots show the effect of anodal
stimulation (increasing excitability) while blue dots show cathodal stimulation (decreasing excitability). All data show means and error bars

represent + SEM’s. We again analyzed the data using the percent change scores. There were no differences in the mean vividness ratings for either
polarity of the tDCS (main effect: F(1,15) = .28, p=0.61) or the block (main effect: F(3,45) = .77, p=0.51), and there was no interaction between the two (F
(3,45) = .07, p=0.98). Right panel: tDCS of occipital cortex (1.5ma) — cathodal, anodal and sham stimulation, one participant’s data is removed due to
incorrect button presses for vividness ratings. Red dots show the effect of anodal stimulation (increasing excitability) while blue dots show cathodal
stimulation (decreasing excitability), and grey triangles show the effect of sham stimulation. All data show means and error bars represent = SEM's. We
again analyzed the data using the percent change scores. There were no differences in the mean vividness ratings for any of the polarity conditions
(Mixed-effects analysis due to attrition: Polarity effect: F(1.95, 31.19)=1.38, p=0.27), there was also no effect of block (F(2.19, 34.98)=0.94, p=0.41) and no
interaction (F(2.63, 36.82)=0.98, p=0.41).
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Figure 1—figure supplement 2. Re-test reliability for imagery strength (A) and Phosphene Thresholds (B).

(A) Scatterplot shows participants’ imagery strength measured by percent of binocular rivalry displays primed
before tDCS stimulation across 2 days of testing (pre-anodal and pre-cathodal stimulation). Each data point
represents one participant, 79 pairs in total. (B) Scatterplot shows participants’ 60% phosphene thresholds (PT)
before tDCS stimulation across the 2 days of testing. Each data point represents one participant, 21 pairs in total.
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Figure 2. Surface-based whole brain analysis of data from two different fMRI resting-state measurements: negative associations with imagery strength
in the occipital cortex. Two columns on the left: results of the main resting-state fMRI data set with a TR of 2 s (TR2). Two columns on the right: results
of an additional resting-state fMRI data set with a TR of 1 s (TR1); in those participants with which both measurements were conducted, about half were
done on the same day. In the other half, the two measurements were conducted on different days. The two upper rows show the uncorrected (positive
and negative) relationships with imagery as heatmaps. The two lower rows show the corrected clusters that had a negative association with individual
imagery strength at a cluster-wise probability threshold (CWP) of p<0.05 (also see Supplementary file 1 - Supplementary Table $1). The two
hemispheres are shown from the back, with the lateral view in the upper and the medial view in the lower panel. Multiple comparison correction was
done using Monte Carlo Null-Z simulation (mc-z). No smoothing of the functional mean intensity data was applied. In line with the correlation analyses
using normalised fMRI mean intensity of atlas- and retinotopically defined areas, only fMRI mean intensity clusters in the back of the brain, where early
visual and lateral occipital cortex are located, showed negative associations with imagery strength (% primed). The fMRI measurement witha TR =2s
has a better signal-to-noise ratio, as longer TR increase T2* tissue contrast (e.g. see Hashemi et al., 2010); in addition, the larger voxel size of the TR1
measurement (3.28 x 3.28x5 mm?) also means that they are more likely to pick up signals from other tissue (e.g. white matter), thereby increasing the
contributions of biophysical noise. Both of this likely weakens the observed correlations with behavior; this might explain why none of the relationships
with the brain areas using retinotopic mapping and the Desikan-Killiany atlas survived multiple comparison correction in the ROI-based approach (all
p>0.05). Despite this, the clusters from the two different measurements in the surface-based group analysis show striking similarities; while the clusters
in the TR1 measurement are smaller and sparser, their location in early visual and lateral occipital cortex are strongly overlapping with those found in
the TR2 measurement. Further analyses showed that these similarities were not driven by the group that completed the measurements on the same day

(analysis not shown).
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Figure 2—figure supplement 1. Retinotopic ROI anslysis of resting-state fMRI data and it's realtionship with imagery strength. (A and B) Lateral view
of the pial surface (A) and posterior view of the inflated surface (B) of the visual areas that showed a significant negative relationship with imagery.

Red = V1, Orange = V2, Yellow = V3 and Green = lateral occipital area (C-F) Correlation between normalized mean fMRI intensity levels in V1, V2, V3,
and lateral occipital area and imagery strength. Individuals with lower mean fMRI intensity levels in early visual cortex showed stronger imagery (FDR-
corrected p-values to correct for multiple comparisons).
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Figure 2—figure supplement 2. Surface-based brain analysis of data from two different fMRI resting-state measurements and imagery: positive
associations with imagery strength in the frontal cortex. Results of the main resting-state fMRI| data set with a TR = 2 s are shown on the left (TR2);
results of an additional resting-state fMRI data set with a TR = 1 s are shown on the right (TR1); in those participants with which both measurements
were conducted, about half were done on the same day. In the other half, the two measurements were conducted on different days. The two upper
rows show the uncorrected (positive and negative) relationships with imagery as heatmaps. The two lower rows show the corrected clusters that had a
positive association with individual imagery strength at a cluster-wise probability threshold of p<0.05 (also see Supplementary Table S2). In both the
lateral and medial views, the hemispheres are shown from the front. Multiple comparison correction was done using Monte Carlo Null-Z simulation (mc-
z). No smoothing of the functional data was applied. In line with the correlation analyses using normalised fMRI mean intensity of atlas- and
retinotopically defined areas, only fMRI mean intensity clusters in frontal areas showed positive associations with imagery strength (% primed). As
elaborated in Figure 2, the signal-to-noise ratio is lower in the /MRl measurement with the TR of 1 s (on the right). In the ROI-based approach, none of
the brain-behavior relationships survived multiple comparison correction (all p>0.05). Nevertheless, the clusters in the surface-based group analysis
from the two different measurements show strong overlaps, indicating the reliability of the measurements. These similarities were not driven by the
group that completed the measurements on the same day (analysis not shown).
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Figure 2—figure supplement 3. Visual cortex relationships with imagery strength and the number of EPI volumes
discarded at the beginning of the run. To allow for longitudinal magnetization equilibration to stabilize, it is
standard to remove at least the first two (or more) volumes from the measurement. With a TR of 2 s, our analyses
were conducted after exclusion of the first 2 volumes (blue mcircles). To ensure that this number was not too low,
potentially causing the results to still be prone to magnetization artifacts, we re-analyzed the data after excluding
4 (red circles), 6 (yellow circles), and 8 volumes (purple circles). Irrespective of the number of discarded volumes at
the beginning of the measurement, imagery strength correlations with visual cortices V1, V2, V3, and lateral
occipital area remained almost identical.
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Figure 3. Scatterplots for TMS phosphene thresholds and mock rivalry data. (A) Correlation between the inverse phosphene threshold and imagery
strength. Individuals with lower cortical excitability in visual cortex tended to have stronger imagery. (B) Correlation between mock priming scores and
real binocular rivalry priming for participants in the fMRI (circles) and TMS (squares) study. There was no significant association between perceptual
priming in real and mock trials for the fMRI or TMS data. In the scatterplots (A & B), each data point indicates the value of one participant; the bivariate

correlation coefficients are included with their respective significance levels.
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Figure 4. Visual cortex stimulation data. (A) Effect of visual cortex stimulation on imagery strength at TmA. The top image shows the tDCS montage,
with the active electrode over Oz and the reference electrode on the supraorbital area. The bottom image shows the effect of cathodal (decreases
excitability, blue dots represent each participant’s data) and anodal (increases excitability, red dots represent each individual participant’s data)
stimulation averaged across all tDCS stimulation blocks (D1, D2, P1, and P2). (B) Effect of visual cortex stimulation on imagery strength at 1.5mA. Top:
the tDCS montage with the active electrode over Oz and the reference electrode on the right cheek. Bottom: the effect of cathodal (blue dots,
decrease excitability) and anodal (red dots, increase excitability) stimulation averaged across all blocks during and after tDCS stimulation (D1, D2, P1,
and P2). Each data point represents a single participant. Imagery strength increases in the cathodal stimulation condition (blue), when neural excitability
is reduced. (C) Effect of visual cortex stimulation on imagery strength at 1.5mA. Top: the tDCS montage with the active electrode over Oz and the
reference electrode on the right cheek. Bottom: The left bar shows the relative change in imagery strength for cathodal stimulation (blue bar, blue dots
represent individual participants data), the middle bar shows the relative change in imagery strength for anodal stimulation (red bar, red dots represent
individual participants data), while the right bar shows the change in imagery strength for sham stimulation (grey bar, grey dots represent individual
participants data). All error bars show + SEMs and stars (*) indicate a significant effect of tDCS polarity.
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Figure 4—figure supplement 1. Raw tDCS imagery strength and difference scores as a function of block for experiments 1, 2 and 4. (A) Experimental
timeline for all tDCS experiments. Spread of individual data points for raw data and difference scores for experiment 1 (1mA Occipital: B and C),
Figure 4—figure supplement 1 continued on next page
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Figure 4—figure supplement 1 continued
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experiment 2 (1.5mA Occipital: D and E) and experiment 4 (1.5mA PreFrontal: F and G). Blue data points represent individual subjects’ cathodal
stimulation changes while red data points represent anodal stimulation changes. For the raw data (B, D and F) the figure shows data averaged across
pre, during and post-stimulation blocks. For the difference scores data (C, E and G) the figure shows difference scores for each imagery block, two
during (D1 and D2, shaded yellow area) and two after tDCS (P1 and P2). All error bars show + SEMs.
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Figure 4—figure supplement 2. Raw tDCS imagery strength and difference scores as a function of block for experiments 3 and 5. (A) Experimental
timeline for all tDCS experiments. Spread of individual data points for raw data and difference scores for experiment 3 (Occipital stimulation: B and D),
experiment 5 (Occipital + Prefrontal stimulation: C and E). For B and C blue data points represent individual subjects’ cathodal stimulation changes,
red data points represent anodal stimulation changes and grey data points represent sham stimulation. For D and E blue data points represent
cathodal-occipital and anodal-prefrontal stimulation, while blue represents anodal-occipital and cathodal-prefrontal stimulation, and grey data points
represent sham stimulation. For the raw data (B and C) the figure shows data averaged across pre, during and post-stimulation blocks. For the
difference scores (percent change) data (D and E), the figure shows difference scores (percent change) for each imagery block, two during (D1 and D2,

shaded yellow area) and two after tDCS (P1 and P2). All error bars show + SEM
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Figure 4—figure supplement 3. tDCS modulation of phosphene thresholds. (A) Data shows phosphene thresholds (PT) before cathodal (left-hand
side, blue data points) and before anodal (left-hand side, red data points) and after cathodal (right-hand side, blue data points) and after anodal
stimulation (right-hand side, red data points). A significant interaction between tDCS polarity and PT session was found (F(1,17) = 6.16, p=0.02). (B) We
then looked at the difference scores for each participant’s phosphene thresholds in the cathodal and anodal conditions. This difference score was
calculated with the following equation: PT(afier tpcs) — PTipefore tbcs)- Data shows participants’ phosphene threshold differences scores with positive
scores indicating that PTs have increased after tDCS (in the cathodal condition, blue bar) while negative scores indicate that PTs have decreased after
tDCS (in the anodal condition, red bar). There was a significant difference between the anodal and cathodal conditions with anodal PT changes being
significantly lower than cathodal (t(17) = 2.48, p=0.02). (C) To assess whether or not some participants were driving these results, for example it might
be that participants with high phosphene thresholds are driving the results, relative difference scores were also calculated: (PTafier tpcs) — PTpefore
0¢s)/PTbefore 1ocs)*100. Using this method of analysis, the same pattern of results was found with cathodal stimulation increasing phosphene
thresholds in comparison to anodal stimulation (t(17) = 2.70, p=0.015). All error bars show + SEMs.
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Figure 5. Data for prefrontal cortex stimulation. (A) Effect of left prefrontal (pFC) cortex stimulation on imagery strength at 1.5mA. The left image shows
the tDCS montage, with the active electrode between Fz and F3 and the reference electrode on the right cheek. The right image shows the effect of
cathodal (decrease excitability, blue dots represent each participant’s difference score) and anodal (increase excitability, red dots represent each
individual participant’s difference score) stimulation averaged across all blocks during and after tDCS stimulation (D1, D2, P1, and P2). Imagery strength
can be seen to increase with anodal stimulation. (B) Effect of joint electrical stimulation of prefrontal cortex and visual cortex. The left image shows
brain areas targeted in the final tDCS study. Data shows non-significant effects of cathodal occipital + anodal pFC stimulation (blue bars, blue dots
represent individual participants data), anodal occipital + cathodal pFC stimulation (red bars, red dots represents individual participants data) and sham

stimulation (grey bars grey dots represent individual participants data). All error bars show = SEMs and stars (*) indicate a significant effect of tDCS
polarity.
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