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Background: Visual cortical prostheses (VCP) could potentially beneﬁt a majority of the blind population.
Feasibility testing of these VCP opens new avenues to characterize stimulation of visual cortex in blind
subjects.
Objective/hypothesis: To determine if sequential stimulation of visual cortex produces a perception bias
in phosphene brightness.
Methods: We stimulated three blind subjects implanted with the Orion array with sequences of two and
three electrodes and asked them to determine the brighter phosphene, using interval forced-choice
paradigms. We selected a set of reference electrodes as the constant stimuli across sequences and
compared across three different amplitude levels keeping all other stimulation parameters ﬁxed across
electrodes.
Results: For two subjects, we measured a signiﬁcant increase in the probability of perceiving a lowerlevel amplitude just as bright or brighter than a higher-level amplitude when stimulated later in the
sequence (p < 0.001, Wilcoxon rank sum test). The probability of reference electrodes selected as brighter
was also higher during the second phase, across most amplitude comparisons. For the third subject, there
were measurable but not signiﬁcant changes, where the ﬁrst stimuli were perceived as brighter. The
effects were consistent within subjects in the three-electrode sequences, where the probability of the
reference electrode selected as brighter was correlated to when it was presented in the sequence.
Conclusions: We showed evidence of temporal interactions in non-overlapping sequences of electrodes,
where the direction of the effect was subject speciﬁc but consistent across a variety of electrode locations
and current amplitude levels.
© 2022 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
The prospect of providing artiﬁcial vision for the blind has led to
signiﬁcant interest in developing visual cortical prostheses (VCP),
with several ongoing and planned clinical trials [1e7]. A number of
these groups are currently testing the safety of their systems as a
long-term VCP and evaluating their functionality inside and outside
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clinical settings [1,6]. These systems provide a unique opportunity
to understand the psychophysics of visual cortical stimulation and
artiﬁcial vision in blind subjects. These insights can improve the
design of next-generation devices and inform the stimulation
patterns used to generate artiﬁcial vision.
Some of these VCP currently implement asynchronous stimulation [6], which delivers fast-rate non-overlapping sequential
pulses across the array. This stimulation paradigm leverages
experience from other sensory implants, for which asynchronous
stimulation has helped improve the device functionality and
reduce electric ﬁeld interactions [8e10]. Asynchronous stimulation
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Table 1
Subjects’ demographics.
Subject ID

Months since implantationb

Reason for vision lossa

Number of active electrodesb

Years range since loss of vision (at time of implant)

S02
S03
S04

42
41
40

Head/eye trauma
Endophthalmitis
Congenital glaucoma

59
59
59

3e6
0e3
>6

a
b

As reported by clinical sites.
As of last experimental data collection.

2. Methods

is also favored due to remaining uncertainty of what happens
perceptually when simultaneous multi-electrode stimulation is
delivered [11e13]. Sequential stimulation has worked under the
assumption that any temporal interactions in sequences of phosphenes and their effect on perception are negligible. We posit that
these temporal interactions may indeed be signiﬁcant and have
conducted experiments focusing on whether the temporal sequences of stimulation generate consistent biases in more qualitative aspects of the perception, e.g., phosphene brightness.
Previous evidence of serial dependencies (SDs) and systematic
biases in visual perception [14] and in other sensory systems [15]
suggest that perception in artiﬁcial vision could also be affected by
stimulation order and previous stimuli history. Temporal effects on
brightness are of particular interest since an ideal VCP should
deliver the stimulation such that distinct brightness levels are
perceived as different, while equal brightness levels are perceived
as similar. Characterization of the psychophysics of sequential
stimulation is also of interest since it is a likely candidate to
generate form vision in blind individuals [16,17], as well as a useful
method to determine phosphene locations to build more accurate
spatial maps [18]. Experience from some of these sequential stimulation experiments has suggested that subjects perceive differences in brightness during multi-electrode sequences, even if the
current amplitudes are initially set at similar levels and produce
similar brightness levels when stimulated individually ([18], personal communication). Furthermore, there have been perceptual
differences reported between the bright regions perceived during
video stimulation and those estimated from single-electrode
stimulation [19], when video stimulation is tested at the highest
amplitude level. Although these sequential stimulations do not
replicate the asynchronous stimulation that is used in the retinal or
the cortical prosthesis, they provide valuable models to characterize the psychophysics of artiﬁcial vision and serve as proxy to
understand the interactions that arise during real-world use of
these prosthesis.
In this report, we tested direct-stimulation experiments with
three blind subjects enrolled as part of the Orion Early Feasibility
(EFS) clinical trial (NCT03344848, clinicaltrials.gov) at the University of California Los Angeles (UCLA) site. We ran three sets of experiments to determine whether certain aspects of stimulation
sequencing (e.g., order of the electrode in the sequence and relative
current amplitude) produce bias in phosphene perception, specifically their perceived relative brightness. In the ﬁrst two sets, we
show that in two-electrode sequences, the current amplitude and
stimulation order could interact to make a phosphene appear
brighter than stimulation amplitude alone would predict, and this
bias is consistent when stimulating either the same or two different
electrodes. In the third set of experiments, we measured a cumulative effect of the stimulation order effect on brightness perception, with either later or earlier phases in the sequences perceived
as brighter with similar stimulation levels across electrodes. We
show that two of the three subjects experience a signiﬁcant effect
on the perceived phosphene brightness due to stimulation
sequence, and this stimulation order seems to interact with the
current amplitude level and is robust across different phosphene
locations.

The protocol for the Orion EFS was reviewed and approved by
UCLA Institutional Review Board. Four subjects were enrolled and
consented to the study at UCLA, and three (one female and two
males, 29e64 years old) of them participated in the experiments
reported here. Table 1 shows a summary of the demographics and
implant information for the participating subjects. The subjects
were bilaterally blind, with no-light or some bare-light perception,
and they had lost their sight due to non-cortical etiology and
therefore had normal neuroanatomy.
2.1. Orion implant surgery and direct-stimulation experiments
The subjects were implanted with a 60-electrode subdural array
which is part of the Orion system developed by Second Sight
Medical Products. Orion is composed of a set of internal components (electrode array, cable, electronics package and receiving
antenna) and external components (glasses with mounted video
camera, communication RF antenna and video processing unit).
Each electrode is a 2-mm platinum disc, with a 3-mm diagonal
pitch between electrode contacts, center to center. The array was
placed on the medial wall of the left occipital lobe, targeting the
primary and secondary visual cortices, straddling the calcarine
sulcus. Fig. 1A shows the estimated array placement from coregistered pre-surgical MRI and post-surgical CT for subject S02
[20,21]. Three to four weeks after surgery, the subjects returned to
the site for initial device activation, i.e., ﬁrst direct-electrode
stimulation. After a 12-week period for device testing and video
programs ﬁtting, the subjects returned to the site for research
sessions, on a weekly or bi-weekly basis.
During on-site research sessions, we bypassed the camera input,
and used the clinical programing computer to communicate via RF
antenna to directly activate individual electrodes on the array. This
allowed us to send speciﬁc sequences to a pair or group of electrodes, as those highlighted in Fig. 1A. For all stimulation sequences,
we used a symmetric cathodic-ﬁrst square pulse, with a phase
width of 200 ms and inter-phase gap of 40 ms? The pulse trains for
each electrode were 40 ms in duration, delivered at 120 Hz. For
each subject, we selected a subset of reference electrodes that
spread across the array and spanned a range of threshold amplitudes and locations across each subject's visual ﬁeld. An example of
this subset of electrodes is shown in Fig. 1B (blue circles), along
with the test pair electrodes (orange squares).
We determined phosphene thresholds using an algorithm,
which is part of the research testing tool used for direct stimulation.
The algorithm starts stimulation at a low current amplitude with
incremental increases in amplitude in ﬁxed steps if the subject
reports not seeing phosphenes for at least two out of three trials.
When the subject reports seeing a phosphene for two out of three
trials, the amplitude is systematically decreased, using a modiﬁed
binary search, until reaching the last current where the subject
reported not seeing a phosphene. The last current amplitude
associated with perceiving a phosphene is determined as the
electrode's current threshold. The stimulation uses a symmetric
cathodic-ﬁrst square pulse, with 200 ms phase duration, 40 ms inter606
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Fig. 1. Electrode and phosphene locations, and stimulation sequences. A: Estimated electrode placement from pre- and post-implantation imaging for S02. Highlighted blue and
orange electrodes show reference and test electrodes, respectively. Additional electrode labels are placed to illustrate array orientation. B: Exemplar distribution of empirical
phosphene locations for S02, blue circles show the electrodes used as references, and orange squares show the pair and sequence electrodes tested. Red arrows indicate the
exemplar pair from panel A. C: Timing sequences when the same electrode was stimulated at different amplitude levels (top-left traces). Schematic of sequential stimulation of a
reference and a pair electrode (bottom-left traces). Diagram of 3IFC sequence of a reference electrode stimulated with other two test electrodes (right traces). (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

the research tool, along with the other stimulation parameters and
the subject's responses. In post-hoc analysis, the amplitude current
reported was used to re-label, if necessary, the trials as low, medium,
or high amplitude level.
For same-electrode trials, we randomized the order of the
comparisons and balanced the trials, so each current amplitude was
tested at both phases. Similarly, for the different-electrode 2IFC
trials, we randomized the comparisons orders and balanced the
trials, so each current amplitude was tested at both phases, and
each electrode (reference and test) was stimulated during both
phases. For all 2IFC experiments, we used a 500 ms inter-stimulus
interval (ISI) between phases. Although the trials were structured
to be balanced across amplitude comparisons and electrode pairs,
changes in the number of trial runs during the session occurred due
to human factors. To account for bias due to number of trials, in
post-hoc analysis we resampled the responses using bootstrapping
with replacement (N ¼ 10000) to draw twelve responses per
electrode pair for each amplitude comparison and estimated their
empirical probability as the median of the bootstrapped
distribution.
For the analysis of the 2IFC same-electrode comparisons with
same amplitude levels, we calculated the proportion of responses
per level where the subject selected phase 2 as brighter. For sameelectrode at different amplitude levels, we calculated the proportion of responses per comparison where the lower amplitude level
was selected as brighter. For example, in the med-high comparisons
we grouped the trials where the med level was stimulated during
phase 1 and the high level during phase 2, and vice versa. From
these trials, we computed the empirical probability of the med
amplitude selected as brighter when stimulated in phase 1 and
phase 2.

phase gap, and total duration of 250 ms at 20 Hz. We used the latest
available thresholds to determine the amplitudes used for our
sequential-stimulation experiments. Supplementary Table 1 shows
the range of thresholds and test amplitudes used for each subject.
2.2. Two-interval forced-choice experiments
For the 2IFC experiments, two sequential visual cortical stimuli
were delivered (referred herein as phase1 and phase 2 stimuli). The
subjects were trained to use a game controller to select which
phase they perceived as brighter. The trials were self-paced, with a
new trial starting shortly after the subjects’ response. We did not
provide any auditory cues before stimulation and instructed the
subjects to verbally indicate if they only perceived one phosphene
on a given trial. When this occurred, the run was cancelled, and a
new set of electrodes were selected.
Fig. 1C shows schematics of the pulse sequences used for the
2IFC experiments. Here we show examples of same-electrode (top
row) and different-electrodes (bottom row) stimulations. We
tested three relative current amplitude levels. Low indicated current amplitudes ~1.1 times the electrode threshold; medium or med
corresponded to current amplitudes ~1.3 times threshold; and high
was for current amplitudes at least 1.5 times threshold. The
amplitude multipliers were selected from experience with videomode stimulation, where we generate stimulation programs with
increasing brightness levels, and these threshold multipliers were
those that subjects historically report perceiving as increasingly
brighter. The values were not exact due to ﬁrmware and maximum
current limitations. The current delivered were adjusted by the
research tool to the closest current amplitude level, which is
determined by each subject's implant characteristics and the range
of the requested current. The actual current delivered is reported by
607
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probability and the stimulation phases in the 3IFC experiments. For
all the tests, signiﬁcance was determined at an alpha of at least
0.05.
To address the effect that a preference of a stimulation phase
(i.e., bias) might have on the empirical probabilities, we computed
the discrimination indices Az and da. The latter provides a measure
of how well a signal can be detected against background noise, if
the signal and noise inputs have unequal variances (see Eq. (1) in
Supplementary material, taken from Ref. [22]). This metric is useful
to account for the effect an unintended bias towards a particular
phase might have on the responses, when interpreted as noise in
the signal. While Az is the area under best-ﬁtting ROC curve, which
is also robust to unequal variances when estimated from da (see Eq.
(3)). To estimate da, we used the same-amplitude same-electrode
trials as a noise signal to compare against the same-electrode trials
with different amplitudes. We matched the amplitude levels for all
the reference electrodes tested. For example, we used the empirical
probability same-electrode trials with low amplitude level as our
noise input, and the probability of the low amplitude selected as
brighter during a particular phase (phase 2 for S02 and S03, and
phase 1 for S04) as the signal input. For each reference electrode at
each amplitude, we estimated da and Az, and used a t-test to
determine if the distribution of Az across electrodes was signiﬁcantly different than 0.5, which is the case where the noise and
signal have the same distribution so the observed differences in
phase responses can be attributed to noise. For different-electrode
trials, we used the responses of selecting the reference electrode
when stimulated in one phase, and the conditional probability of
the reference electrode selected when stimulated during the other
phase as signal. When comparing phases, we used phase 2 as the
signal input for S02 and S03, and phase 1 as the signal for S04.

From previous experience during single-electrode stimulation
and underlying differences in the brightness-amplitude relationship for each electrode, we expected that some electrodes could be
consistently dimmer than others or saturate their perceived
brightness even if stimulated at high amplitude levels. To test
whether this inherent relative brightness difference affected any of
the observed temporal interactions, we conducted further subanalyses in the different-electrode comparisons. For each amplitude comparison, we sorted trials by reference electrodes in three
different groups: one where the reference electrodes were consistently selected as brighter (cumulative empirical probability of 0.6
or higher), a second one where the reference electrodes were less
bright (cumulative probability of 0.4 or lower), and third group
including the electrodes around chance level (cumulative probability between 0.4 and 06). For all groups, we calculated the
empirical probability of the reference electrodes selected as
brighter, when it was stimulated at each phase.
2.3. Three-interval forced-choice experiments
To test any potential temporal interactions in longer sequences,
we ran a set of experiments where a reference electrode was
stimulated along with two other test electrodes in sequence
(Fig. 1C). The trials were balanced such that the reference electrode
was stimulated in all three phases. All the electrodes were stimulated at ~1.4e1.5 times threshold, and we used 500 and 1000 ms ISI
between each phase. The trials with different ISI were interleaved
in the same run. The subjects were trained to provide a verbal
response to indicate which phase they perceived as brighter. A new
trial started shortly after the subject's response was entered to the
research tool. Given the longer duration of the sequences and the
additional concentration it requires from the subjects, in a few
initial sessions some subjects reported perceiving less than three
phosphenes. To account for this, the subjects were instructed to
indicate when fewer than three phosphenes were perceived. If
more than two trials in a row were ﬂagged, the run was stopped.
Otherwise, the run continued but the ﬂagged trials were excluded
from analysis. To analyze these experiments, we grouped the responses across both ISIs and calculated the empirical probability of
the reference electrodes selected as brighter, when stimulated at
each phase.

3. Results
The 2IFC and 3IFC experiments were completed across 4 months
during the on-site UCLA research sessions, testing up to four
different reference electrodes per session. For the same-electrode
experiments 2IFC, we tested a total of 29 reference electrodes
across the three subjects (m ¼ 9.3, s.d. ¼ 1.15) with six amplitude
levels comparisons (average trials per electrode per amplitude level
for S02 ¼ 17.9 ± 6.0, S03 ¼ 33.9 ± 15.6, S04 ¼ 16.8 ± 5.4). For
different-electrode 2IFC experiments, we tested an average of 76
unique pairs per subject (s.d. 28.3) at nine amplitude level comparisons (average of trials per electrode pair per amplitude level for
S02 ¼ 19.0 ± 7.4, S03 ¼ 19.9 ± 12.1, S04 ¼ 20.9 ± 12.9). To
compensate for the variability in the number of trials per comparison across the electrode pairs in the 2IFC experiments, we
estimated the proportion of responses by resampling with
replacement 12 trials per comparison per electrode pair
(N ¼ 10000) for each subject.

2.4. Statistical analysis
Statistical assessments were done using MATLAB (The Mathworks Inc., Natick, MA. 2021). To evaluate whether the stimulation
phase had a signiﬁcant effect on brightness perception, we used a
Wilcoxon signed rank test for the null hypothesis that the responses for phase 2 signiﬁcantly differed from chance level
(p ¼ 0.50) in the 2IFC same-electrode with same-amplitude comparisons. We employed the Wilcoxon rank sum test to assess
whether the empirical probability of selecting the lower amplitude
(2IFC same electrode with different amplitudes) or the reference
electrode (2IFC different electrodes) as brighter was signiﬁcantly
different between phases. For the 3IFC experiments, we used a
Kruskal-Wallis non-parametric one-way analysis of variance,
where the treatments were the phase number of when the reference electrode was stimulated. We also used the Kruskal-Wallis test
to check for any signiﬁcant effect the type of amplitude level
comparison (e.g., low-med or high-med) had on the empirical
probability delta between the ﬁrst and the second phase, in the
2IFC experiments with different amplitude levels. We corrected for
multiple comparisons using Bonferroni critical value. We measured
the pairwise Spearman correlation between the empirical

3.1. Effects on brightness perception in two-electrode sequence
Fig. 2 shows the summary of the subjects' responses for the
same-electrode 2IFC experiments. Each comparison level is represented with a different color, and each subject's data points with
different markers (S02 ¼ circle, S03 ¼ square and S04 ¼ diamond).
Fig. 2A shows the median empirical probability of the second phase
being selected as brighter, with standard error bars. We observed
mixed responses when a single electrode was tested at the same
amplitude level. For example, subjects S02 and S04 had responses
mostly at chance levels. However, S03 was more likely to choose
the second phase as brighter across all amplitude levels, and it was
signiﬁcant for the med and high amplitudes (Wilcoxon rank-sum
test, p < 0.05). It is unclear if this bias is due to a true perceptual
608
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Fig. 2. Responses for same-electrode 2IFC trials with the same and different amplitude levels. A: shows the median of empirical probability of the second phase selected as
brighter for each subject, across same-amplitude comparisons. The black dashed line shows chance level at 0.5. B: average empirical probability of the lower amplitude level
selected as brighter, given that it was stimulated at each phase. The asterisks on top display the number of amplitude comparisons that were signiﬁcantly different than chance (A)
or phase 1 vs. phase 2 (B), and the error bars represent the 25th and 75th response quantiles. Data for subjects S02, S03 and S04 are represented by circle, square and diamond
markers, respectively.

difference due to the ﬁrst stimulation altering the perception of the
second phase or if it served as primer, so the second stimuli was
more salient, or if the subject simply preferred the second phase. If
only the latter were true, we would observe similar distribution in
the responses regardless of the stimulation amplitude. However,
we measured a linear relationship between the medians and the
amplitude level. Although this relationship was not signiﬁcant
(Kruskal-Wallis test, Х2(2,22) ¼ 2.83, p > 0.29), it suggests that the
responses might be both due to a phase-preference bias and a
change in the perception of the second stimuli.
Fig. 2B shows the median of the empirical conditional probability of the lower amplitude selected as brighter given it was
presented ﬁrst or second in the sequence. These are for sameelectrode sequences stimulated at different amplitudes. Across all
subjects, we observed a trend for the lower-level amplitude to be
perceived just as bright or brighter than the higher-level amplitude,
when the lower level was stimulated during the second phase
(signiﬁcant for S02 and S03, Wilcoxon rank-sum test, p  0.05). For
example, in S02 the med amplitude was more likely to be perceived
brighter than the high amplitude (pmed-phase2 ¼ 0.62), if the med
level was stimulated on phase 2 (red circles in Fig. 2B); whereas it
would be perceived consistently as less bright when it was stimulated during phase 1 (pmed-phase1 ¼ 0.12). For subject S03, all of the
lower levels responses in phase 2 were signiﬁcantly higher than in
phase 1, and the largest changes in the median of the empirical
probabilities happened for the high-med amplitude level
(mS02_Dphases ¼ 0.50 and mS03_Dphases ¼ 0.65) (Supplemental Fig. S1).
Although the trend was also measured for S04 responses, none of
the differences were signiﬁcant. To further verify that the trends
observed were signiﬁcant, we computed a sensitivity index for each
amplitude level comparison known as Az. Fig. 3A show a summary
of the Az metric for the same-electrode experiments, where a value
of 0.5 means the signal and noise are detected at equal rates. In the
comparisons between med-high levels and low-med levels of S02,
the perception of the lower amplitude in the pair was higher if this
was stimulated during phase 2, and it was signiﬁcant for the lowmed levels (right-tail t-test, p < 0.05). Subject S03 only had significant higher Az index for the med-high comparison (right-tail t-test,
p < 0.05), which was the comparison with the largest probability
increase (Fig. 2B). In S04, we also observed a trend of the signal
being detected at higher than chance rates (Az > 0.5) when the low
amplitude was stimulated in the ﬁrst phase for med-high and lowmed amplitudes. However, none of the amplitude comparisons
were signiﬁcant.

For the different-electrode comparisons, we split the responses
on reference electrodes in groups of those selected as brighter at
higher than chance across all amplitude comparisons (higher
brightness ¼ HB elecs.), and electrodes selected at lower than
chance level (lower brightness ¼ LB elecs.), and the electrodes
selected around chance level (Chance level ¼ CL elecs). These categories were split per amplitude level, so not all groups had trials in
all amplitude comparisons. Fig. 4 summarizes the responses for the
different-electrode 2IFC experiments, with the top row showing
the LB electrodes, the middle row the HB electrodes and the bottom
row the CL electrodes. We observed an effect of the stimulation
order on brightness perception across multiple amplitude comparisons for S02 and S03, in all three electrode groups. Fig. 4A, C
and 4E summarize the data when the reference and pair electrodes
were stimulated with the same amplitude levels. They illustrate the
median of the empirical conditional probability of the reference
electrode chosen as brighter when stimulated at each phase for LB,
HB, and CL electrode groups respectively, with error bars depicting
25th and 75th quantiles. For two subjects (S02 and S03), the
reference electrode was more likely to be chosen as brighter if it
was stimulated during the second phase. In LB electrodes the
change in high comparisons was signiﬁcant for S02, but for S03 it
was signiﬁcant for the low level comparisons (Wilcoxon rank sum
test, p < 0.05). In the HB electrodes, we observed similar trends,
with signiﬁcant differences in the low and high comparisons for S02
and S03, respectively. For the CL electrodes, the increase in probabilities was signiﬁcant for the med and high levels in S02, and in
the med level for S03. Although for S04 we observed an increase in
the probability that the reference electrode would be chosen as
brighter, it was in the opposite direction as the other two subjects.
The trend was present across most of the electrode groups and
comparison levels, but it was only signiﬁcant in the low level for the
CL electrodes. When we look at the sensitivity index Az for these
comparisons in Fig. 3CeF, we observe that the high and low level
differences in S02 remain signiﬁcant in the LB and HB electrodes, as
well as the med and high in the CL electrodes (Az > 0.5, right-tail ttest, p < 0.05). Similarly, the differences in probabilities in the low
and med comparisons are signiﬁcant for S03 in LB and CL groups,
respectively (Az > 0.5, right-tail t-test, p < 0.05). For S04 the higher
probability of choosing the reference electrode if stimulated in
phase 1, was also signiﬁcant for the low amplitude level in the CL
electrodes (Az > 0.5, right-tail t-test, p < 0.05).
Fig. 4B, D and 4F display the median of the empirical probabilities when comparing different amplitudes for LB, HB and CL
609
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Fig. 3. Sensitivity Index. Estimated area under the ROC curve Az metric. A: Mean index values for same-electrode comparisons at different amplitude levels, using same-amplitude
responses as noise signal. Dashed black line shows chance level performance, and error bars depict one standard deviation. BeD: mean index values for different-electrode
comparisons at all amplitude levels, for low brightness (LB), high brightness (HB) and Chance level (CL) groups, respectively. Asterisks a top each data point signals a signiﬁcance (Az > 0.5). Square, rectangular and diamond markers show data for S02, S03 and S04, respectively.

signiﬁcant for the refMed-pairHigh comparison. For HB electrodes
in S03, the increase was signiﬁcant for refMed-pairLow and refHighpairMed trials. For CL electrodes, we measured more amplitude
comparisons being signiﬁcant for all subjects (S02 ¼ reﬂowpairMed, all refMed comparisons, and refHigh-pairMed; S03 ¼ all
refMed comparisons, and refHigh-pairLow; S04 ¼ refMed-pairLow
and refHigh-pairLow).

groups, respectively. Error bars depict the 25th and 75th quantiles.
Similar to the same-amplitude comparisons, we observed a
consistent increase in the probability of the reference electrodes
chosen as brighter in two subjects (S02 and S03) when the reference was stimulated during the second phase. A reference electrode with a lower amplitude level could be perceived just as bright
or brighter than a higher amplitude level if it was stimulated during
the second phase. For example, S02 responses in the low-med
comparison (brown circles in Fig. 3F) were consistently lower than
chance for phase 1 (prefElec-phase1 ¼ 0.32), but they were perceived
as brighter than the pair electrode when stimulated in the second
phase (prefElec-phase2 ¼ 0.67). Similar effects were observed for S02
and S03 in the HB and CL electrode groups, across different
amplitude comparisons. In S04, for LB electrodes we measured a
consistent trend where the reference electrodes were slightly more
likely to be chosen as brighter if stimulated during the ﬁrst phase,
when comparing different amplitudes. However, these were only
signiﬁcant in the CL group for the refHigh-pairLow trials. In addition,
for one of the subjects when the electrodes were compared at the
highest amplitude levels, they displayed the largest changes in
empirical probability between stimulation phases. For S02, the
median increase when the reference electrode was stimulated at
med or high was signiﬁcantly higher than for most other comparisons in both the LB (medianS02_Dphases ¼ 0.35) and HB
(medianS02_Dphases ¼ 0.25) groups (Supplemental Fig. S2). Finally,
Fig. 3BeD show the sensitivity index Az that include the differentamplitude comparisons in the different-electrode trials. We
measured that the difference between the phase 1 and phase 2
responses was signiﬁcant for several amplitude comparisons,
across all subjects. This was determined as the mean of the Az index
being signiﬁcantly larger than 0.5 (right-tail t-test, p < 0.05). In LB
electrodes, for S02 the increase in probability in phase 2 was

3.2. Stimulation order effect on brightness in three-electrode
sequences
For the 3IFC experiments, we tested an average of 7 reference
electrodes (s.d. ¼ 1.7) per subject. This included a mean of 55.7
unique sequences (s.d. ¼ 29.7) per subject, with an average of 10.3
trials per sequence (s.d. ¼ 0.6). We did not measure any signiﬁcant
differences in the responses when using 500 or 1000 ms ISI, and the
responses were pooled across ISI durations.
Fig. 5 shows the average proportion of responses where the
reference electrode was chosen as brighter in each phase with
standard error bars. For subjects S02 and S03, we measured a
positive and signiﬁcant correlation between the probability that
the reference electrode would be perceived as brighter and the
phase order at which it was stimulated (rS02 ¼ 0.33 and rS03 ¼ 0.30,
p < 0.001). For these subjects, the reference electrode was consistently perceived as less bright when stimulated ﬁrst (prefElecphase1 < 0.2), and it was reported as brighter as it was stimulated at
later phases (prefElec-phase2 z 0.3, and prefElec-phase3  0.37). We
observed an opposite direction effect in S04, where the reference
electrodes were more likely to be reported as brighter if it was
stimulated during the ﬁrst phase (prefElec-phase1 ¼ 0.45) and likely to
be perceived as brighter at chance levels during the other two
phases (prefElec-phase2 ¼ 0.25, prefElec-phase3 ¼ 0.30).
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Fig. 4. Summary of responses for different-electrode 2IFC trials. Top-row panels summarize trials of reference electrodes in the low brightness (LB) group, the middle-row panels
the trials for high brightness (HB) electrodes, and the bottom-row panels show the chance level (Ch) group. A, C, E: Median of the empirical conditional probability of reference
electrode chosen as brighter given the stimulation phase, when ref. and pair electrodes were stimulated at the same amplitude. B, D, F: Median of the empirical conditional
probability of reference electrode chosen as brighter given the stimulation phase, when both electrodes were stimulated at different amplitudes. Error bars show 25th and 75th
quantiles. Circles, squares, and diamonds show data points for S02, S03 and S04, respectively. Markers on top of responses highlight the number of signiﬁcant differences between
phase 1 and phase 2 responses: asterisks showing for up to three levels.

4. Discussion
4.1. Evidence of stimulation sequence effect on brightness
perception
Our results provide novel insights to the psychophysics of
phosphene perception in blind subjects. In other visual prostheses
systems, when studying brightness perception most of the interest
has laid on persistence, which refers to how quickly a particular
phosphene might fade after sequential stimulation [23e25]. The
objective of this report was to explore a different aspect of the
artiﬁcial vision perception, by testing the changes in relative
brightness due to sequential stimulation, with evidence of a signiﬁcant effect of sequence on brightness perception. Although the
direction of the effect differed across subjects, there were quantiﬁable trends due to stimulation sequence in all of them. On one
hand, in the 2IFC experiments, S02 and S03 were more likely to
perceive a reference electrode or a lower amplitude level as
brighter when delivered during the second phase (Figs. 2e4). On
the other hand, S04 showed less consistent results, and the trends
that were observed were in the opposite direction, where the
electrodes and amplitudes stimulated ﬁrst in the sequence were
more likely to be selected as brighter. Looking closer at the demographics, it is notable that S04 is the subject in the category of
the longest time since loss of vision, so it could be possible that

Fig. 5. Summary of responses for 3IFC experiments. Data points show the median
empirical probability of the reference electrodes selected as brighter, given that the
electrode was stimulated at each phase. The error bars represent standard error. The
asterisks highlight phases with signiﬁcantly different averages between each of the
stimulation phases for each subject. Circle, square and diamond markers show data for
S02, S03 and S04, respectively.
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these differences are due to changes in the cortical circuitry of visual cortex. However, if this was the case, we would expect other
differences in phosphenes characteristics (e.g., poor or lack of retinotopy in the phosphene map) but this has not been observed in
other experiments done with this subject. It could also be that the
extended time without any visual input affected the cognitive
processing of visual information in higher visual areas, but our
current subject population does not allow us to explore this.
Further studies with broader population would be key to understand if time since vision loss or other aspects of the subjects’
blindness could affect the functionality of a VCP.
Results from the 3IFC experiments show evidence that perception bias measured in the 2IFC experiments extended to longer
sequences and appeared to aggregate. This was measured as the
signiﬁcant positive correlation between responses and stimulation
phase measured in S02 and S03 (Fig. 5). These results are limited by
the small number of subjects, especially given the differences in
their responses, so it would be desirable to replicate this in a larger
patient cohort. However, given the restricted pool of blind subjects
implanted with this type of device, we believe the results still
provide valuable insights of the psychophysics of artiﬁcial vision in
individuals who lost their sight.
It is also possible that artiﬁcial vision perception displays similar
subject-speciﬁc patterns that have been reported in visual percepts
of sighted subjects [26,27] and in other sensory modalities [28],
where stable but idiosyncratic biases are present in spatial visual
perceptions and in proprioceptive maps. If this is the case, the directions of the effect would not be uniform across subjects, but the
effect would be replicable within each subject across different
stimulation sequences, which is somewhat consistent with the
current results. This dependency could bias the perception of the
subjects towards phosphenes that appear later or earlier in the
sequence, depending on the subject speciﬁc pattern. This bias could
help explain some of the perceptual differences reported during
longer asynchronous stimulations in video mode [19], where all the
electrodes were stimulated at the same suprathreshold amplitude
level but only a fraction of the predicted area covered by individual
phosphenes was reported by the subjects.

(Fig. 4B, D and 4F), this trend was not as clear, and the additional
sub-analysis only yielded signiﬁcant differences for S02 (Fig. S2).
These results also suggest that the order and amplitude effects
are stable across different phosphene locations, as the reference
and pair electrodes spanned the subjects’ visual space and across
the physical array. We did not ﬁnd any signiﬁcant correlation between the electrodes difference in polarity and eccentricity, or the
distance in visual space between electrodes, and the probability of
the reference electrodes selected as brighter for any of the subjects.
When looking at the correlation of the distance between electrodes
from their array location and the probability selecting phase 2 as
brighter (regardless of which electrode was selected) across all the
experiments, we did not ﬁnd a signiﬁcant correlation for any of the
subjects (see Fig. S3). This would suggest any temporal current
summation due to stimulation in neighboring electrodes does not
explain any bias for the later phase in brightness perception.
Additionally, to account for possible differences due to the electrode locations and summation effect of the activated cortical area
across different amplitude levels, we re-estimated the probabilities
of the of all our experiments in electrode sets that were very close
together, either same electrode or in adjacent rows or columns, or
at least on either edge of the array (see Supplementary material,
Fig. S4). We found similar trends across the different electrode
groups in both close and far sub-groups of electrodes, and no signiﬁcant difference in the overall responses (Wilcoxon rank-sum
test, p > 0.5), and only a signiﬁcant of electrode group (close or
far) in the probability changes of the low-med amplitude comparison for S03 and S04 (Wilcoxon rank-sum, p ¼ 0.02). Finally, the Az
index we estimated for the different-electrode trials already considers the probability that the reference electrode will be chosen as
brighter in the other phase, so if the effect was solely due to cortical
area activation, we would not see a large difference between the
phases responses and the index would stay around 0.5. These
additional tests give us conﬁdence that the effect cortical activation
might have on the responses is not the main contributor of the
stimulation order effect we measured in at least two of our subjects.
Making it likely that the effects measured are due to perceptual
changes, rather than cellular-level mechanisms.

4.2. Interactions between amplitude levels and stimulation order

4.3. Sequence effect in artiﬁcial vision

To explore the possibility that different attributes of the stimuli,
e.g., the current amplitude, interact with the temporal sequence
and further affect the brightness perception, we explicitly
compared different amplitude levels in the 2IFC sequences. Firstly,
when the same electrode was stimulated at different amplitude
levels, two of the subjects consistently reported the lower amplitude as brighter more frequently during the second phase than
when stimulated during the ﬁrst phase (Fig. 2B). When accounting
for any possible bias due to phase preference, we observe that the
difference in the responses is still signiﬁcant for at least one of the
amplitude levels, low-med for S02 and med-high for S03 (Fig. 3A),
with trends of higher signal detection (Az > 0.5) for most the other
amplitudes. This ﬁnding is consistent with previous reports of
brightness-matching experiments in retinal implants, where
smaller charges were necessary to match sequential stimuli to a
standard when the low amplitude was stimulated after a high
amplitude [9]. Secondly, for the two subjects that reported this
effect, we also observed that the magnitude of the effect was larger
with higher amplitudes. This was measured as larger increase in the
conditional probability of the lower amplitude selected as brighter
when stimulated at either med or high amplitudes in the sameelectrode different-amplitude comparisons (see Fig. S1). This suggests that phosphenes that were already bright were affected more
by the stimulation order. However, in the different-electrode trials

Evidence with sighted subjects have shown the existence of SD
in the visual system across a variety of attributes [14,29,30], where
a response is biased towards previous stimuli to facilitate perceptual stability. This SD could explain the change in responses when
the same electrode was stimulated at different amplitudes (Fig. 2B),
where a lower amplitude would be perceived as closer in brightness to a previous higher amplitude. However, a purely attraction
SD does not fully explain the responses when testing different
electrodes (Fig. 4), since the increase in probability was measured
when the preceding stimuli were at the same or at lower amplitude
levels. It appears that similar to recent reports [31], both attraction
and repulsion SDs are also integrated in the perception of
stimulation-induced phosphenes, i.e. sequential stimuli perceived
as either more similar or more different from each other. For
example, S02 and S03 were most likely to report lower amplitude
levels as brighter or just as bright as higher amplitude stimuli
(effectively integrating the stimuli), and they would report more
often a high amplitude level as brighter if stimulated in phase 2
(resulting in stimuli segregation). Similar effects have also been
brieﬂy described in sequential retinal stimulation with a smaller
subset of electrodes, represented as faciliatory and suppressive
effects [32]. For the design of stimulation paradigms in a VCP, it is
important to understand whether faciliatory and suppressive processes, like those suggested above, are primarily triggered by the
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interactions of electrode order and current amplitude as those
measured here or if other features of the stimulation, e.g., different
ISIs, pulse frequency or number of pulses, could also contribute to
changes in relative brightness perception. Additional studies will
also need to evaluate if these interactions remain when more than
two phosphenes are present. Moreover, although a lot of the serial
interaction studies have been focused on visual stimuli, there is
evidence of trial history and previous stimuli affecting subjects
responses in multisensory and artiﬁcial sensation studies [33,34].
While some of these effects could be due the reward scheme in the
experiments [34], other show how previous stimuli affect the
perception of the next trial, and describe distinct neural correlates
for this serial interaction [33]. Our experiments were not designed
to explore the mechanisms correlated to changes in perception and
it should not be discounted that local circuitry adaptation could be
in part responsible for some of these reported changes. However,
given the controls we analyzed post-hoc regarding cortical stimulation, electrode location and electrode preference, we consider
that most of the changes are due to perceptual changes.

Declaration of competing interest
The authors declare the following ﬁnancial interests/personal
relationships which may be considered as potential competing
interests: Dr Pouratian is a consultant for Abbott Laboratories and
Second Sight Medical Products. Uday Patel and Jessy Dorn are
employees of Second Sight Medical Products, the manufacturer of
the Orion Visual Prosthesis.
Acknowledgements
Research reported in this publication was fully supported by
National Institute of Neurological Disorders and Stroke of the National Institutes of Health under award number UH3NS103442. The
content is solely the responsibility of the authors and does not
necessarily represent the ofﬁcial views of the National Institutes of
Health.

4.4. Considerations for visual cortical prostheses
Sequencing order is a relevant feature to incorporate in the selection of stimulation parameters for VCP, especially if the intent is
to deliver consistent brightness information with the cameracaptured images. Firstly, given the variable direction effects
measured across our subjects, future VCPs might beneﬁt by integrating quantitative aspects of the phosphenes, like the spatial map
or phosphene thresholds, to the video programs, as well as subjectspeciﬁc changes in perceptions due to sequential stimulation.
Secondly, if multiple-electrode sequences are desirable to generate
form vision with cortical stimulation [16], then a clear understanding of how the perception changes during sequential stimulation is key to implement these stimulation paradigms. These
experiments do not represent an exhaustive exploration of the
stimulation parameter pool. Although the subject's responses in the
3IFC experiments did not signiﬁcantly change between the 500 and
1000 ms ISIs, the electrodes were tested at similar current levels,
possibly diminishing any amplitude and temporal interaction effects. Moving forward, the effect of ISIs on brightness perception
will need a more comprehensive evaluation, as some of these
temporal interactions might disappear with very short or very long
ISIs. Furthermore, the optimal stimulation rate of pulses, i.e.,
stimulation frequency, for VCP remains an open question and it
would be important to explore if the frequency at which each
electrode is stimulated affects these temporal effects in perception.
Moreover, while the current focus is on brightness, future studies
will have to critically evaluate sequence effects on other perceptual
qualities, like shape, size, and persistence. Finally, it will be desirable to test different electrode sequencing order during videomode stimulation, considering the relative amplitude differences,
and evaluate its effects on subjects' qualitative perception and their
performance on functional tasks.

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.brs.2022.03.008.
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