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Numerous behavioral studies have shown that visual function can improve with training, although perceptual refinements generally
require weeks to months of training to attain. This, along with questions about long-term retention of learning, limits practical and
clinical applications of many such paradigms. Here, we show for the first time in female and male human participants that just 10 d of
visual training coupled with transcranial random noise stimulation (tRNS) over visual areas causes dramatic improvements in visual
motion perception. Relative to control conditions and anodal stimulation, tRNS-enhanced learning was at least twice as fast, and,
crucially, it persisted for 6 months after the end of training and stimulation. Notably, tRNS also boosted learning in patients with chronic
cortical blindness, leading to recovery of motion processing in the blind field after just 10 d of training, a period too short to elicit
enhancements with training alone. In sum, our results reveal a remarkable enhancement of the capacity for long-lasting plastic and
restorative changes when a neuromodulatory intervention is coupled with visual training.
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Our work demonstrates that visual training coupled with brain stimulation can dramatically reduce the training period from
months to weeks, and lead to fast improvement in neurotypical subjects and chronic cortically blind patients, indicating the
potential of our procedure to help restore damaged visual abilities for currently untreatable visual dysfunctions. Together, these
results indicate the critical role of early visual areas in perceptual learning and reveal its capacity for long-lasting plastic changes
promoted by neuromodulatory intervention. j

[Signiﬁcance Statement

such changes, improving sensory performance in healthy adults
(Sagi, 2011; Li, 2016; Wang et al., 2016; Dosher and Lu, 2017) and
in various clinical populations (Deveau et al., 2013; Melnick et al.,
2016; Nyquist et al., 2016), a phenomenon referred to as visual
perceptual learning (VPL). The specific role of different cortical
visual areas during VPL is still openly debated, with several mech-
anisms likely contributing to learning. For instance, neurophys-
iological studies have shown that perceptual learning selectively
modifies the signal strength of neurons responding to relevant

Introduction
The human brain changes throughout life (Li et al., 2004; Gilbert
and Li, 2012). Visual training is a well known tool for inducing
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stimulus features, while concurrently suppressing the activity of
task-irrelevant information (Yan et al., 2014). Other studies sug-
gest that learning stems from better readout mechanisms in
higher-level visual areas (Law and Gold, 2009). Psychophysical
studies have suggested that boosting subthreshold, stimulus-
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Experimental procedure and behavioral task. A, All participants were tested on a motion integration task to determine baseline performance in the first session (day 1). They then

underwent 9 d of training with or without on-line brain stimulation (days 2—10). Behavioral testing was performed again 6 months after the end of training/stimulation (post-6 month follow-up).
B, Example of stimuli with different direction ranges (0°, 90°, and 360°) used for the motion integration task; target dots were embedded in noise dots that are not shown in the figure for clarity
purposes (for details, see Materials and Methods). NDR = 0 (for details, see text) indicates fully random motion directions (360° range), while NDR = 100 indicates all signal dots moving in one
direction (0° range). A two-alternative forced-choice, adaptive staircase procedure was used to estimate the largest range of dot directions that subjects could correctly integrate to discriminate the
global motion direction (leftward vs rightward). €, Trial sequence used for training and to measure left—right motion discrimination thresholds. First, subjects were asked to fixate the central cross
for 1000 ms, immediately followed by a tone signaling the appearance of the stimulus, which was presented for 500 ms. Subjects had to indicate the perceived global motion direction by pressing

the left or right arrow key on the keyboard.

related cortical activity can promote perceptual learning (Seitz
and Dinse, 2007), with attention and reinforcement (provided by
reward) increasing stimulus-related neuronal activity and facili-
tating learning (Ahissar, 2001; Seitz and Watanabe, 2005; Pas-
cucci et al., 2015).

In parallel, increasing effort is being directed at applying visual
perceptual training approaches to rehabilitate patients with var-
ious types of vision loss, including cortical blindness (CB), am-
blyopia (Polat et al., 2004; Huang et al., 2008; Levi and Li, 2009; Li
etal.,2011,2013), macular degeneration (Liu etal., 2007; Baker et
al., 2008; Kwon et al., 2012), myopia (Tan and Fong, 2008; Ca-
milleri et al., 2014a,b), and even keratoconus (Sabesan et al.,
2017). Two critical factors that limit practical applications of VPL
are as follows: (1) the long duration of training usually required
for adequate performance enhancement (e.g., in patients with
chronic CB; Huxlin et al., 2009); and (2) persistence of visual
learning and/or recovered abilities after training ends. Noninva-
sive brain stimulation coupled with perceptual training has
emerged as a potentially promising solution for both of these
limitations in healthy adults (Fertonani et al., 2011; Falcone et al.,
2012; Cappelletti et al., 2013; Sehm et al., 2013; Snowball et al.,
2013; Chesters et al., 2017; Zoefel and Davis, 2017).

In CB, a form of vision loss caused by primary visual cortex
(V1) damage, one approach shown to recover vision involves
training on motion integration tasks in the blind field (Huxlin et
al., 2009; Das et al., 2014; Vaina et al., 2014; Cavanaugh and
Huxlin, 2017; Fig. 1). However, the training required to restore
normal performance on this task in the blind field of patients with

CB typically involves months of daily practice, and is thus diffi-
cult to attain and sustain. As such, this represents an ideal task
with which to ask whether noninvasive brain stimulation of early
visual cortex during training can enhance and speed up the resul-
tant perceptual learning.

We used the following two forms of direct current stimulation
to modulate cortical functioning and boost performance during
learning: transcranial random noise (tRNS) and anodal transcra-
nial direct current stimulation (a-tDCS).

tRNS was first shown to enhance cortical excitability in the
motor cortex (Terney et al., 2008), and subsequent studies re-
ported that it can improve perceptual functions when delivered
over the visual cortex (Pirulli et al., 2013; Campana et al., 2014;
Tyler et al., 2018; van der Groen et al., 2018), while the effect of
a-tDCS is less clear (Miniussi and Ruzzoli, 2013; Ding et al.,
2016).

The present experiments asked whether brain stimulation
could improve visual learning when administered during train-
ing in visually intact humans and whether these improvements
persist. We then examined the translational potential of this ap-
proach to promote visual recovery in patients with chronic CB.
Early visual areas of the brain were targeted for stimulation be-
cause of their apparent role in mediating training-induced visual
plasticity in physiological, imaging, and brain stimulation studies
(Schwartz et al., 2002; Yang and Maunsell, 2004; Rokem and
Silver, 2010; Kang et al., 2014; Camilleri et al., 2016; Gratton et al.,
2017; Barbot et al., 2018).
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Materials and Methods

Experiment 1: tRNS-mediated learning in healthy participants
Regulatory approval. The study was approved by the ethical committee of
the University of Trento.

Subjects. A total of 45 subjects participated in the experiment (mean
age, 19.9 years; age range, 19-36 years; 32 females and 13 males). All
subjects were right handed, neurologically normal, with normal or
corrected-to-normal vision and gave written, informed consent before
the beginning of the study, according to the ethical standards of the
Declaration of Helsinki.

Study design. Subjects were randomly assigned to one of five groups.
This included two experimental groups. In the first group, tRNS was
delivered over early visual areas (electrodes positioned bilaterally, cen-
tered over O, and O, of the EEG system coordinates, for the left and right
hemisphere respectively). In the second group, a-tDCS was delivered
over the occipital cortex (the anode and the cathode were positioned over
Oz and Cz, respectively). While we used bilateral occipital montage for
the tRNS condition to match the positioning of other successful studies
that found improved performance with tRNS and likely increased excit-
ability in the visual cortex (Romanska et al., 2015; Herpich et al., 2018),
particularly with motion discrimination tasks (van der Groen et al.,
2018), we chose unilateral montage for the a-tDCS condition, the opti-
mal montage to increase cortical excitability with anodal stimulation of
the visual cortex (Antal et al., 2004). Stimulation was concurrent with the
training task. There were also three control groups: a sham control; a
no-stimulation control; and an active control, where bilateral tRNS was
applied over parietal cortex (over P3 and P4, regions likely involved in
but not critical for global motion discrimination (Greenlee and Smith,
1997; Battelli et al., 2001). Over 10 d, all subjects were trained to discrim-
inate the left or right global direction of random dot motion stimuli (350
trials/session/d). Day 1 was considered the pretraining session, while day
10 was used as the post-training session (Fig. 1). Finally, a long-term
follow-up was performed 6 months after the post-training session. Dur-
ing this follow-up, participants repeated the behavioral baseline tests.
Critically, no stimulation was delivered at this time.

Apparatus and procedures. For subjects who underwent brain stimula-
tion, all experiments took place in the same room, under the same light
and noise conditions, and with the same apparatus. During each session,
participants were positioned on a chinrest/forehead bar combination to
stabilize their heads, and to place their eyes 57 cm from the stimulus-
presenting computer monitor. Visual stimuli were generated on a Mac-
Book Pro computer running software based on the Psychophysics
Toolbox (Brainard, 1997; Pelli, 1997) in Matlab (MathWorks). Stimuli
were presented on a linearized SensEye 3 LED 24 inch monitor (BenQ)
with a refresh rate of 120 Hz, and it was luminance calibrated with
gamma = 1 using a professional monitor calibrator (Spyder 5, Data-
color). Eye fixation for all subjects was controlled in real time using an
EyeLink 1000 Plus Eye Tracking System (SR Research) whose infrared
camera monitored the pupil center and corneal reflection of the left eye.
Limits were set so that if the participant’s eye moved >1.5° in any direc-
tion away from the fixation spot during stimulus presentation, loud
tones sounded, and the currently displayed trial was aborted and ex-
cluded from the final analysis.

Global direction discrimination testing and training. We first measured
direction range (DR) thresholds for left-right motion discrimination of
circular stimuli that contained a limited percentage of signal dots (New-
some and Paré, 1988; Huxlin and Pasternak, 2004; Levi et al., 2015) and
were centered at [—5° 5°] in the visual periphery. To match initial task
difficulty across observers, motion coherence (Newsome and Paré, 1988)
was calibrated for each subject individually, as previously reported (Levi
etal., 2015). The motion coherence of the stimulus was chosen based on
preliminary testing aimed to identify a motion signal level that allowed
participants to perform the discrimination task just above chance (50%
correct). For all but three subjects, random dot stimuli contained 40%
motion signal. Three subjects were trained with a stimulus containing
30% coherent motion. Adding coherence noise to our stimuli ensured
that all subjects started at about the same difficulty level and, more im-
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portantly, allowed plenty of room for improvement for our healthy par-
ticipants. Once a motion signal level was selected for each participant, the
task used a QUEST adaptive staircase (Watson and Pelli, 1983) to esti-
mate the broadest distribution of dot directions that subjects could cor-
rectly integrate to discriminate the global direction of motion as leftward
or rightward. During training, task difficulty was adaptively modulated
by adjusting DR of signal dots (Huxlin and Pasternak, 2004) using 12
randomly interleaved 25-trial Quest staircases in each daily session.
These adaptive Quest staircases were used to ensure that the stimuli
presented to participants are around their threshold performance. Be-
cause we collected 300 trials per session, we were able to fit full psycho-
metric functions to the data. Here, we fit single-trial data with the
Weibull function (where percentage correct = 1 — (1 — chance) *
exp(—(k * x/threshold) slopey “and k = (— log((1 — 0.82)/(1 —
chance))) (/sloPe))Ag customary, we used the 82% threshold criterion as
that is close to the steepest point of the Weibull function. To illustrate the
quality of data fits, Figure 2 shows data for an example subject. Thresh-
olds reported in the study, corresponding to 82% correct, were taken
from these estimated Weibull functions and are reported as normalized
DR (NDR) thresholds, such that a NDR of 0% equals fully random
motion (360° range of dot directions) and a NDR of 100% indicates all
signal dots moving in one direction (0° range). The random dot stimuli
were presented within a circular aperture 5° in diameter at a density of 2.6
dots/°?. Each dot had a diameter of 0.06° and moved at a speed of 10°/s
with a lifetime of 250 ms. The stimulus duration was 500 ms. Each par-
ticipant started training with DR in the random dot stimulus set to 0°.

The trial sequence was as follows: participants were asked to fixate on
a central cross for 1000 ms, immediately followed by a tone signaling the
appearance of the stimulus, which was presented for 500 ms. Once the
stimulus disappeared, participants had to indicate the perceived global
direction of motion by pressing the left or right arrow keys on the key-
board. The two motion directions (leftward and rightward) were ran-
domized across trials. Auditory feedback was provided indicating the
correctness of the response on each trial.

During training, stimuli were presented monocularly to the left eye for
10 d (one session/d from Monday to Friday, for 2 consecutive weeks; Fig.
1), while subjects received active, sham, or no stimulation. We chose
monocular presentation to closely match the procedure used by Huxlin
etal. (2009) on patients and by Levi et al. (2015) on healthy participants
using the same visual stimuli. Subjects performed 350 trials/d for a total
of 3500 trials by the end of the 2 weeks of training. The total duration of
the daily training session for each group was set to last ~20 min.

Stimulation protocols. tDCS and tRNS were delivered using a battery-
driven stimulator (DC-Stimulator-Plus, NeuroConn) through a pair of
saline-soaked conductive rubber electrodes (35 cm?). Each subject was
randomly assigned to one of the five stimulation groups, as described
earlier (see Study design). The electrodes were bilaterally placed over the
target areas identified following the 10-20 EEG reference system. Sub-
jects wore a Lycra swimmers cap to keep the electrode in place, and we
ensured that the skin and hair between the electrodes were completely
dry, otherwise preventing the current from reaching the brain. The in-
tensity of stimulation was set to 1.0 mA, and was delivered for 20 min
with a fade in/out period of 20 s. For the a-tDCS group, the polarity of the
active electrode was anodal. For the tRNS condition, the random noise
stimulation was applied with a 0 mA offset at frequencies of alternating
current ranging from 101 to 640 Hz (high-frequency tRNS). For the
sham stimulation group, the stimulation (using the same electrode mon-
tage as in the tRNS condition) was shut down after 20's. At the end of each
session, we asked all subjects to fill out a questionnaire about potential
discomfort or any unusual sensation they experienced during the stim-
ulation. Only minor side effects were reported by the tDCS group (two
subjects reported slight itching under the electrode, one subject reported
a slight subjective temperature increase under the electrode), whereas
none of the tRNS group participants reported any sensation of being
stimulated.

Data analysis. The Shapiro-Wilk test was used to control for the nor-
mality of data distribution. Data sphericity was addressed using Mauch-
ly’s test, and a Greenhouse—Geisser correction was used in case of the
nonsphericity of the data. Levene’s test was used to address the assump-
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Figure2. Example psychometric data fits. Here, we selected the tRNS subject whose data were closest to the average of all nine tRNS subjects (going from 94% NDR to 30% NDR over 10 sessions).

Foreach session (1-10), blue symbols show all individual trial data (correct trials are at the top and incorrect trials are the bottom of each panel). Psychometric function fits are shown by the red lines.

For illustration purposes, individual trials are binned into 10 30-trial bins (red circles).

Table 1. Demographic data for patients with (B

Age at testing Time since

Patient Sex (years) Visual defect Lesion lesion (months)
RNST F 59 Left lateral homonymous hemianopia Stroke affecting right fronto-parieto-occipital lobe 36

RNS2 M 66 Left lateral homonymous quadrantanopia Stroke affecting right posterior capsule-thalamic and occipital lobe 15

RNS3 M 53 Bilateral upper homonymous quadrantanopia Traumatic brain injury affecting Left fronto-temporo-parietal region 108
Sham1 M 69 Right lateral homonymous hemianopia Stroke affecting left occipital lobe and left posterior capsule-thalamic area 24
Sham2 M 72 Right lateral homonymous quadrantanopia Stroke affecting left occipital lobe and internal capsule 9

U1 F 63 Right homonymous hemianopia Stroke affecting left occipital lobe 10

U2 F 67 Left lower homonymous quadrantanopia Stroke (hemorrhagic) affecting right occipital lobe 26

u3 F 54 Left homonymous hemianopia Stroke affecting right occipital cortex 7

U4 M 47 Bilateral hemianopia Bilateral stroke damage affecting occipital lobes 16

Us M 53 Left homonymous hemianopia Stroke affecting right occipital lobe 12

U6 F 44 Left homonymous hemianopia Stroke affecting right occipital lobe 2.5

Visual fields defects were assessed with automated perimetry. The last column indicates the time between stroke and in-laboratory testing. Patient RNS3 had a traumatic brain injury, while all others experienced strokes. F, Female; M, male.

tion of equality of variances. The p values were considered significant at
<0.05. To correct for multiple comparisons in post hoc testing, we used
Tukey’s HSD correction. The effect sizes are reported as the partial np>
values.

Experiment 2: tRNS-mediated visual recovery in patients with
cortical blindness

Regulatory approval. The study on patients was approved by the ethical
committee for clinical experimentation of the “Azienda Provinciale per i
Servizi Sanitari” (APSS) and by the Institutional Review Board of the
University of Rochester Medical Center. The work was conducted after
obtaining written, informed consent from each patient.

Cortically blind patients. Eleven patients participated in the study: five
recruited at the Center for Neurocognitive Rehabilitation (CeRiN) affil-
iated to the University of Trento and the Rehabilitation Hospital “Villa
Rosa” in Pergine, Italy, and six recruited at the Flaum Eye Institute of the
University of Rochester Medical Center. Patients were recruited 2.5-108
months after damage to their early visual areas; as such, all but one
patient (U6) were in their chronic, poststroke phase (Table 1; median
poststroke time, 15 months). Both the location of damage and the hom-
onymous visual defects were confirmed by neurological reports, neuro-
radiological examinations, and automated visual perimetry (Optopol

PTS 1000 Visual Field, Canon; or Humphrey Field Analyzer HFA 11 750,
Carl Zeiss Meditec). The patients gave written, informed consent at their
respective study site before participating.

Ten of the patients (RNS1-2, Sham1-2, U1-6) suffered from stroke
involving the territory of the posterior cerebral artery, as confirmed by
radiological examinations and reports (Table 1, Fig. 3). One patient
(RNS3) suffered from traumatic brain injury. Although from the neuro-
radiological report V1 was not directly affected by trauma, there were
indications of visual fields defects, and his visual perimetry showed a
clear, homonymous, bilateral upper quadrantanopia; hence, we decided
to enroll him in the training procedure (note that data for each patient
were computed and shown individually). None of the patients had his-
tory or evidence of degenerative or psychiatric disorders. All participants
were right handed, with normal or corrected-to-normal visual acuity,
and none exhibited visual or other forms of neglect, as determined by
neurological examination.

Study design. All cortically blind patients underwent 10 d of training,
following the same day 1 to day 10 procedures as neurotypical subjects
(Fig. 1). Patients in Italy were randomly assigned to one of the following
two experimental groups: three patients received tRNS over early visual
areas during training, whereas two patients received sham stimulation
during training, with electrodes placed in the same locations as for tRNS.
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(O Training Location

Neuroradiological images and visual perimetries of (B patients. All patients sustained damage of early visual areas or the optic radiations, resulting in homonymous visual field defects

as shown by the visual field perimetries, next to each brain image. Within the perimetry images (patients in top two rows: Sham1, Sham2, RNS1, RNS2, and RNS3): red marks and shading areas
indicate the patients’ blind field. Bottom two rows: Humphrey visual field maps for each of the unstimulated patient (U1—6), with superimposed shading indicating the blind field and numbers
indicating the luminance detection sensitivity in the given position expressed in decibels. For all patients, the blue circles indicate the training location and size (for details, see Global direction
discrimination testing and training in patients, in Materials and Methods). Radiological images were not available for patients RNS3 and U6.

Patients in the United States underwent global direction discrimination
training without brain stimulation.

Apparatus and procedures. We used the same apparatus as in experi-
ment 1, except that stimuli were presented on a CRT monitor (48.5 X
31.5 cm, 1024 X 640 pixel resolution, 120 Hz frame rate; model 7217 A,
HP) calibrated with a ColorCal II automatic calibration system (Cam-
bridge Research Systems) for the patients in the United States. Eye fixa-
tion for all patients was controlled in real time using an EyeLink 1000
Plus Eye Tracking System (SR Research).

Global direction discrimination testing and training in patients. First, we
spatially mapped motion discrimination performance in each patient to
identify a blind field location where training should be performed. We
used the same task described in experiment 1 for neurotypical subjects,
with the following two adjustments intended to make the task easier for
the patients: coherence and NDR were set to 100% (the easiest possible
settings), and the number of trials per training day was lowered to 250.
Fixation was enforced, as in visually intact subjects, and each trial was
initiated by fixation of a small circle in the center of the screen. During
mapping, stimuli were first presented in the intact field, at locations close
to the border with the blind visual field, and patients performed 100 trials
of the global direction discrimination task per location. This allowed us
to ensure that each patient understood task demands and to assess nor-
mal baseline performance on an individual basis. Stimulus location was
then moved progressively into the blind field, with 100 trials of the global
direction discrimination task performed at each location, until global

motion direction discrimination dropped below chance (Huxlin et al.,
2009); this was selected as the training location, and care was taken to
ensure that it was situated fully inside the perimetrically defined blind
field (Fig. 3, blue circles).

For comparison purposes, we also included data from six patients
trained in the Huxlin laboratory at the Flaum Eye Institute of the Uni-
versity of Rochester with the same behavioral protocol, but without any
brain stimulation. Five of six unstimulated patients, trained with 300
trials/training day, while one trained with 225 trials/d. Thus, on average,
unstimulated patients completed 15% more trials than tRNS/sham-
stimulated patients, which made them a conservative comparison group.

On Day 1, all patients performed considerably worse on global motion
integration in their blind field compared with neurotypical subjects, even
at the easiest stimulus level (100% coherence; NDR = 100%). On day 10,
no patient performed better than 85% correct at a NDR of 100% (i.e.,
with all dots going in the same direction). Specifically, at 100% coher-
ence, patients’ global motion direction range (i.e., NDR) threshold aver-
aged 232 = 24.3°in their intact hemifield and 9.25 * 15.91°in their blind
field (paired Student’s ¢ test, p = 8.07 X 10°), indicating that when the
global motion was >9° around the right or leftward vector none of the
subjects were able to discriminate the global direction of motion of
the dot stimuli. Thus, given the range of performance by patients, we
chose to report the percentage correct at 100% NDR as the measure of
performance. This allowed us to avoid issues with noisy threshold
estimates for subthreshold performance, while still retaining a suffi-
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cient dynamic range to capture training-induced improvements in
performance.

Stimulation protocols. We performed the exact same stimulation pro-
tocols (sham and tRNS) as used with the visually intact participants in
experiment 1.

Data analysis. To analyze data from individual patients, we performed
the following bootstrap analysis. First, for each subject and each training
day, we generated 10,000 bootstrap samples by selecting, with replace-
ment, from the set of available individual trials. Then we fit Weibull
functions to all 10,000 samples, and, from the resultant fits, we computed
the percentage correct performance at 100% NDR (the easiest difficulty
level). Because most of the individual trials for patients were collected
near 100% NDR, these percentage correct estimates were more robust
than threshold estimates, which in many cases were estimated to be
>100% NDR. Thus, for each training day, we had 10,000 estimates for
each patient’s percentage correct performance, allowing us to estimate
95% confidence intervals (see Fig. 5). From this set of estimates, we
created 100,000 full datasets for each patient (random sampling with
replacement). This allowed us to estimate p values for learning slope and
the amount of learning analyses reported in the Results. For the slope
analysis, we simply computed the proportion of datasets that had nega-
tive learning slopes, multiplying results by 2 to get two-tailed p values.
For the amount of learning analysis, we computed the proportion of
datasets where day 1-2 performance was better than day 9-10 perfor-
mance, multiplying results by 2 to get two-tailed p values.

Results

Impact of pairing brain stimulation with training in visually
intact subjects

Learning of motion integration in control groups

Subjects recruited for the present experiments were divided into
five training groups. Two experimental groups (bilateral tRNS
and anodal stimulation) received stimulation over early visual
areas. Their results were compared with the following three con-
trol groups: bilateral tRNS over parietal cortex, a sham control,
and a no-stimulation control. Before the onset of training, there
were no significant differences in NDR thresholds, a measure of
direction integration performance, among the five training
groups (F, 40, = 1.15, p = 0.35). This confirmed that all five
groups started with relatively similar levels of performance. As
expected, all five groups benefited from perceptual training—for
each group, performance at day 10 was better than at day 1 (all ¢4,
>2.7,all p<0.027). This result is consistent with well established
effects of training on visual perception (Watanabe and Sasaki,
2015; Levi et al., 2015). However, no significant differences in
learning were observed among three of the groups—no stimula-
tion (training only), sham stimulation + training, and tRNS over
parietal cortex + training. The lack of difference was observed
regardless of whether learning was expressed as a raw change in
thresholds (NDRyp,,,; = NDRpy105 504y = 1.58, p = 0.23), a per-
centage change in thresholds [(NDRp,,; — NDRp,;10)/NDRp, 5
Fi54) = 2.93, p = 0.072] or learning speed (linear regression
slope, F, 54 = 2.36, p = 0.12). We further performed an addi-
tional control analysis on the amount of learning between the
first and the last session (day 1 to day 10). We ran a repeated-
measures  test, which showed that the tRNS group (NDR, 56.7 *
16.2, mean * SD) differed significantly from each of the follow-
ing control conditions: sham (34.9 * 19.6; t4) = 2.57, p = 0.01),
behavioral (25.8 *= 23.6; t5) = —2,19, p = 0.02), and parietal
tRNS (21.3 = 15.8; t4 = 4.68, p < 0.001). To minimize the
number of multiple comparisons between experimental and con-
trol groups, data from these three control groups were thus com-
bined into a single control dataset for all subsequent analyses.
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tRNS, but not a-tDCS, enhances learning

Comparison of the control dataset with tRNS + training and
a-tDCS + training revealed large differences in learning (Fig.
4A,B). In addition to the expected main effect of training day
(F3.414a1) = 347, p = 107'®), we found a main effect of group
(F(2,42) = 3.35,p = 0.045) and, notably, a significant group by day
interaction (Fg91441) = 4.01, p = 0.01). As suggested by this
significant interaction, the amount of learning differed among
the three groups (Fig. 4A; F(, 45, = 9.39, p = 0.0004). Specifically,
tRNS + training induced stronger learning than both the com-
bined control group (p = 0.002) and a-tDCS + training (p =
0.001; all post hoc tests are Tukey’s HSD), whereas a-tDCS out-
comes did not differ significantly from those attained by the com-
bined control group (p = 0.53). The same pattern of results was
observed when we considered group differences in terms of the
percentage of improvement from pretest to post-test (Fig. 4B;
F;.45) = 10.8, p = 0.00016). Again, tRNS + training resulted in
larger percentage improvement than that attained by control
subjects (p = 0.001) and the a-tDCS + training group (p =
0.0002). Once again, performance following a-tDCS + training
did not differ significantly from that in the combined control
group (p = 0.28). In all groups, learning was well described by a
linear trend (Fig. 4A). Slopes, however, differed among groups
(Fig. 4G; F5 45y = 7.8, p = 0.001), with tRNS + training generat-
ing faster learning than in the combined control group (p =
0.008) or a-tDCS + training group (p = 0.001). In contrast,
a-tDCS did not induce significantly faster learning than that at-
tained by the combined control group (p = 0.30).

As tRNS administered during training appeared to cause
faster learning, we analyzed at what time point the tRNS group
began to diverge from the other two groups. This occurred on day
6 (Fo42 = 5.03, p = 0.01), at which point the tRNS group
showed stronger learning than both the combined control group
(p = 0.03; Tukey’s HSD) and the a-tDCS + training group (p =
0.01; Tukey’s HSD).

In sum, we found strong evidence for enhanced learning in the
tRNS + training group, with faster learning than both the com-
bined control group and a-tDCS + training group. As detailed
above, this finding was supported regardless of how learning was
defined. While it may seem that a-tDCS, as administered in our
study, might actually hinder learning (Fig. 4 A, B), this effect was
not statistically significant.

Persistence of stimulation-enhanced perceptual learning

Next, we asked whether the observed enhancement of perceptual
learning by tRNS remained stable over an extended period of
time. To address this question, we retested participants 6 months
after completing the 10 d of training with and without the differ-
ent forms of stimulation. The post-test, however, was performed
without brain stimulation. The subjects retested at 6 months in-
cluded 37 of 45 original participants (n = 8 for tRNS + training
group; n = 22 for the combined control group; and n = 7 for
a-tDCS + training group). Figure 4D contrasts the amount of
learning at day 10 (NDRp,, ; = NDRp,, 1) with that exhibited 6
months after the end of training (NDRp,, ; = NDRg_onehs)-
There was a small, nonsignificant loss in performance for the
three groups (no main effect of testing day; F, 5,y = 3.32,p = 0.8)
and no interaction (F, 5, = 0.88, p = 0.43). We only found a
main effect of group, confirming that the group differences at the
end of 10 d of training remained unaltered 6 months after train-
ing (F, 34 = 4.68, p = 0.02). Thus, it appears that tRNS en-
hanced perceptual learning over the long term—at least 6 months
after the end of both training and brain stimulation. Moreover,



Herpich et al. @ tRNS-Enhanced Vision Improvement

A100-
80 1 }
X
T ? §~
2 60+ ‘§
[}
e
= @ tRNS i
S 401 ¢ control “»
1 M a-tDCS
201
1 Pre- Post-
o test test
1 2 3 4 5 6 7 8 910
Session
¢ Il Amount of learning
60- M Percent improvement

¥ Learning slope x 10

Learning index

tRNS

Control a-tDCS

Figure 4.

J. Neurosci., July 10,2019 - 39(28):5551-5561 « 5557

Percent improvement

56 7 8 910
Session

1 2 3 4

HRNS 3 Control  [lla-tDCS

Amount of learning

Post-test

6-month follow-up

Effects of brain stimulation on perceptual learning in visually intact subjects. A, NDR thresholds for the control groups, tRNS group, and a-tDCS group. Dashed lines are linear fits,

indicating the learning slope. B, Same data as in A, but expressed as the percentage improvement relative to day 1 thresholds. €, Learning index computed in three different ways. The tRNS group

exhibited a significantly stronger amount of learning (day 1 — day 10; F 45
10.8, p = 0.00016; all Tukey's HSD, p < 0.001), and learning slope (F, 4 =

= 9.39,p = 0.0004; all Tukey's HSD, p < 0.002), percentage improvement (100 * (day 1 — day 10)/day 1; F, 45, =
7.8,p = 0.001; all Tukey's HSD, p < 0.008) than both the control and a-tDCS groups. D, Amount of learning, defined

as the difference from day 1 thresholds, at the end of the training (left) and 6 months after (right). Error bars are =1 SEM.

this persistent enhancement was observed without brain stimu-
lation at the 6 month follow-up. This suggested that the enhance-
ment of perceptual learning by tRNS was not due to on-line or
short-term optimization of visual processing, but instead, re-
sulted in consolidated sensory learning.

tRNS boosts training-induced visual recovery in cortically
blind patients
Given our finding that tRNS, but not a-tDCS, over occipital cor-
tex considerably enhances perceptual learning in neurotypical
subjects, we next asked whether tRNS is also able to enhance
training-induced visual recovery in chronic, V1-damaged pa-
tients with CB. To the best of our knowledge, tRNS has not been
attempted in brain-damaged patients. Moreover, whether tRNS
over early visual areas could enhance learning in CB patients is an
open question, as learning in this patient population can exhibit
properties not found in neurotypical subjects (Das et al., 2014;
Vaina et al., 2014; Cavanaugh and Huxlin, 2017), and since, by
definition, the part of early visual cortex that would normally be
stimulated is damaged. Hence, we sought to perform a prelimi-
nary, proof-of-concept study in five patients with occipital dam-
age resulting in homonymous visual field defects measured with
visual perimetry (Table 1, Fig. 3).

Visual perimetry was used to identify the blind field borders
and select training locations in the blind field (Fig. 3). We ran-

domly assigned five patients from our Italian study site to either
tRNS + training (n = 3, RNS1-3) or sham stimulation + train-
ing (n = 2, Sham1-2). Data from an additional six patients with
CB who trained identically, but without brain stimulation (un-
stimulated, U1-6), at our U.S. study site, were also analyzed for
comparison. All patients, at both study sites, trained for 10 d
using random dot stimuli, as in neurotypical subjects (Fig. 1).
Because patients have difficulty seeing motion, their stimuli, un-
like those for neurotypical subjects, did not include noise dots.
Asexpected (Huxlin et al., 2009; Das et al., 2014; Cavanaugh et
al., 2016; Cavanaugh and Huxlin, 2017), all patients performed
considerably worse on global motion integration in their blind
field compared with neurotypical subjects. This was the case even
at the easiest stimulus level (NDR = 100, with all dots moving in
the same direction), where none of the patients exhibited ceiling
level performance in their blind field. As such, we used the per-
centage correct at 100 NDR as the measure of performance (for
details, see Materials and Methods). Sham-stimulated patients
exhibited no significant change in performance across the 10 d of
training (Fig. 5A), as evidenced by learning slopes that were not
significantly different from 0 (all p > 0.63; for bootstrap proce-
dure used to analyze data from individual patients, see Materials
and Methods). This was comparable to the lack of learning ob-
served in the six unstimulated patients, who also did not exhibit a
significant learning slope over their first 10 d of training (Fig. 5C;
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all p > 0.13). In contrast, tRNS coupled with training enhanced
the rate of global motion discrimination learning in CB patients
(Fig. 5B), who exhibited significantly positive learning slopes (all
P < 0.0048). We also examined the change in performance from
days 1-2 to days 9-10, averaging results over 2 consecutive days
to minimize the effects of day-by-day fluctuations. The analysis
showed significant change only for patients trained with tRNS
(Fig. 5D; tRNS, all p < 0.0002; sham, all p > 0.24; unstimulated,
all p > 0.080).

Discussion

In the present study, we asked whether brain stimulation over
early visual cortex could boost and speed up visual perceptual
learning in healthy humans and in those affected by cortically
induced blindness. In healthy humans, we also asked whether
enhancements attained from training coupled with stimulation
persisted over long periods. Results from experiment 1 show that
tRNS applied bilaterally over healthy, early visual cortex speeds
up and boosts performance during visual perceptual learning.
Over 10 d, neurotypical subjects in the tRNS + training group
exhibited an ~60% improvement in motion integration thresh-

olds (Fig. 4B), which was two and three times as strong as learning
attained by the control and a-tDCS groups, respectively. This
finding was supported regardless of whether learning was defined
as araw change in NDR threshold, a percentage improvement, or
the slope of a linear fit to the data. The observed benefit of tRNS
over training alone or sham stimulation + training, or tDCS over
parietal cortex is consistent with evidence that tRNS is especially
effective at promoting plasticity when coupled with a relevant
stimulus, and when it is applied over relevant (in our case, occip-
ital) brain areas (Cappelletti et al., 2013). In contrast, we found no
such benefit of a-tDCS over occipital cortex. Finally, we provide
for the first time preliminary evidence that tRNS enhances vision
recovery in patients with CB with V1 damage. Moreover, we
demonstrate seemingly safe usage of this technique in a class of
stroke patients, with no side effects reported. Notably, with re-
spect to training-induced recovery, tRNS enabled improvements
in visual task performance of patients with chronic CB in their
blind field, over a tiny fraction of the training days typically re-
quired to induce such improvements in the absence of brain
stimulation (Huxlin et al., 2009; Das and Huxlin, 2010; Das et al.,
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2014; Melnick et al., 2016; on average, 72—80 training days are
required to recover global direction discrimination performance
at a given blind field location (Cavanaugh and Huxlin, 2017).
Indeed, we observed a steady and significant increase in perfor-
mance for three patients trained with tRNS over 10 d, with no
such effects in patients who trained with sham stimulation. Pa-
tients with chronic CB are a population that would especially
benefit from enhanced perceptual learning because vision recov-
ery using conventional training methods usually takes many
months of daily training (Huxlin et al., 2009; Das and Huxlin,
2010; Das et al., 2014; Melnick et al., 2016; Cavanaugh and Hux-
lin, 2017).

Interestingly, while the position of the stimulating electrodes
corresponded to early visual areas that included V1, improve-
ment occurred despite V1 being damaged in the patients with CB.
This might suggest that the neuromodulatory benefit of tRNS
likely impacts any residual V1, but also adjacent visual areas such
as V2 and V3, which might have also supported visual learning, as
indicated in imaging studies in CB patients (Henriksson et al.,
2007; Raemaekers et al., 2011; Martin et al., 2012; Ajina et al.,
2015; Barbot et al., 2018). V2 and V3 are usually spared in CB
patients, and they might have played a pivotal role in supporting
recovery during training. We cannot address whether some form
of cortical reorganization took place in 2 weeks of training in our
patients, as we did not collect any imaging data. However, we
could speculate that since we delivered bilateral stimulation, this
either boosted cortical functioning within the affected hemi-
sphere, promoting activity in the damaged early visual cortex in
response to concurrent visual/brain stimulation or, alternatively,
visual areas in the healthy hemisphere, homologs to the damaged
areas, might have promoted recovery (Henriksson et al., 2007).
These remain interesting hypotheses to be further tested in future
studies. Interestingly, physiological studies have shown that
V2/V3 inactivation may degrade the ability of cortical motion-
sensitive areas to work efficiently (Ponce et al., 2011), while they
might support learning when they function normally (Law and
Gold, 2008). In summary, while plasticity of spared visual circuits
is generally believed to underlie visual recovery, the specific neu-
ral mechanisms involved remain unclear.

An additional finding in the present study was the observation
that the enhancement of perceptual learning induced by tRNS
can persist over an extended period of time (6 months in the
present study) beyond the end of stimulation and training. This is
important since stimulation-enhanced perceptual learning
would have limited practical use if its beneficial effects dimin-
ished over time. Additionally, because all subjects performed the
behavioral task with no stimulation at the follow-up, 6 month
time point, we infer that the benefits of tRNS go beyond an on-
line enhancement of visual processing and likely involve plastic
changes that persist within the visual system, allowing it to more
effectively process global motion stimuli. As such, we conclude
that consolidation of learning occurred in our subjects. The per-
sistence effects observed here are particularly notable, as many
VPL studies failed to see long-lasting effects and/or the transfer of
learning to other tasks (Dosher and Lu, 2017).

Some important questions arising from the present results are
as follows: (1) how does brain stimulation enhance the effects of
perceptual learning, and (2) why do some forms of stimulation
prove effective and others not? a-tDCS did not exert a beneficial
effect in our study—a surprising result given the results from
previous studies stimulating the early visual cortex (Antal et al.,
2004). One possible explanation is that the strongest effects of
tDCS were reported off-line, where a-tDCS was delivered prior to
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the measured behavior (Pirulli etal., 2013). Another possibility is
that a-tDCS is not the ideal neuromodulatory technique for re-
peated sessions. Although it alters membrane potentials and
hence exerts increased excitability, it may also engage inhibitory
homeostatic mechanisms during repeated sessions (Fertonani et
al., 2011; Peters et al., 2013).

Our observation that visual enhancements persist long after
both training and tRNS ended does constrain the possible mech-
anistic explanations. Multiple types of transcranial electrical
stimulation have been shown to alter excitability in cortex, and
the longer time course of direct current stimulation effects has
been suggested to relate to homeostatic changes in membrane
potential (Liebetanz et al., 2002; Nitsche et al., 2003; Ardolino et
al., 2005; Terney et al., 2008) or gate threshold (Bikson et al.,
2013). However, direct evidence that transcranial stimulation al-
ters the dynamics of networks known to be related to perceptual
learning, such as dopaminergic reward networks (Seitz and Wa-
tanabe, 2005; Pascucci et al., 2015), has not yet been provided. All
we can state here is that tRNS does not appear to globally affect
reward networks, as there was no boost in visual performance or
learning seen from stimulation over parietal cortex.

An interesting hypothesis is that tRNS-related visual perfor-
mance improvements might derive from the state of the neurons
at the time of stimulation (Silvanto et al., 2008), and that adding
noise to the cortex might enhance sensory detection, in particular
when stimuli are presented at threshold and embedded in noise
(Abrahamyan et al., 2015). Several short-term mechanisms have
also been proposed to explain the effects of tRNS, and a favored
hypothesis involves stochastic resonance, whereby random fre-
quency stimulation in tRNS appears to boost the responses of
neural populations to weak inputs; thus, the stochastic effect is
expected to be highest for stimuli presented below or just above
threshold, as in our task (Moss et al., 2004; Schwarzkopf et al.,
2011; Miniussi and Ruzzoli, 2013; Pirulli et al., 2013; van der
Groen and Wenderoth, 2016; Herpich et al., 2018; van der Groen
et al., 2018). An alternative hypothesis proposes temporal sum-
mation of excitatory signals between visual stimulation and elec-
trical stimulation (Terney et al., 2008; Fertonani et al., 2011;
Pirulli et al., 2013), and selective enhancement of active neural
networks (Bikson et al., 2013; Miniussi et al., 2013; Luft, 2014;
Fertonani and Miniussi, 2017). It is important to note that one or
more of these short-term mechanisms may be the first step in a
longer-term cascade that results in a persistence of learning. For
instance, stronger activation of task-relevant neurons due to tem-
poral summation or stochastic resonance may encourage a shift
toward greater plasticity in sensory processing and/or readout.
However, the time course of effects observed in the present study,
and especially their persistence, suggests that on-line phenomena
(i.e., during stimulation or shortly thereafter) are not the only
ones at play with respect to learning enhancements induced by
tRNS. Interestingly, studies on perceptual learning in animal
models have shown that learning might boost the modulation in
neuronal tuning to stimulus components relevant to the task (Liu
and Pack, 2017). If learning was associated with changes in the
tuning characteristics of neurons (for review, see Gilbert and Li,
2012), we could speculate that tRNS coupled with behavioral
training might facilitate and consolidate this plastic change,
which could then persist across months (Snowball et al., 2013).

Regardless of its precise mechanism of action, here we provide
empirical evidence for the potential usefulness of tRNS coupled
with visual training on a patient population that requires percep-
tual learning to attain visual recovery. V1-damaged patients with
chronic CB are able to recover some visual abilities within their
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scotoma, but only after intensive and repetitive training over
many months of daily practice (Huxlin et al., 2009; Das et al.,
2014). The application of safe, painless neurostimulation in situ-
ations like this, where perceptual learning is directly proportional
to the quantity of vision recovered (Cavanaugh and Huxlin,
2017), has the potential to dramatically improve quality of life
and treatment outcomes (Cavanaugh et al., 2016). Therefore,
results from our experiment with CB patients suggest that tRNS
might be a viable adjunct procedure to speed up the recovery
process. Remarkably, even though the physiological effects of
tRNS upon the damaged early visual cortex are currently un-
known, our data show that tRNS can help overcome reduced
and/or partially absent functionality and boost learning in the

blind field.
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