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Improvement in performance following cognitive training is known to be further enhanced when coupled with brain stimulation. Here we ask
whether training-induced changes can be maintained long term and, crucially, whether they can extend to other related but untrained skills. We
trained overall 40 human participants on a simple and well established paradigm assessing the ability to discriminate numerosity– or the
number of items in a set–which is thought to rely on an “approximate number sense” (ANS) associated with parietal lobes. We coupled training
with parietal stimulation in the form of transcranial random noise stimulation (tRNS), a noninvasive technique that modulates neural activity.
This yielded significantly better and longer lasting improvement (up to 16 weeks post-training) of the precision of the ANS compared with
cognitive training in absence of stimulation, stimulation in absence of cognitive training, and cognitive training coupled to stimulation to a
control site (motor areas). Critically, only ANS improvement induced by parietal tRNS � Training transferred to proficiency in other parietal
lobe-based quantity judgment, i.e., time and space discrimination, but not to quantity-unrelated tasks measuring attention, executive functions,
and visual pattern recognition. These results indicate that coupling intensive cognitive training with tRNS to critical brain regions resulted not
only in the greatest and longer lasting improvement of numerosity discrimination, but importantly in this enhancement being transferable when
trained and untrained abilities are carefully chosen to share common cognitive and neuronal components.

Introduction
“Brain training”, which aims at improving cognitive skills, has
often proven successful (Draganski et al., 2004; Amitay et al.,
2006; Jaeggi et al., 2008; Klingberg, 2010) although a key and
highly controversial issue is whether training benefits can transfer
to new, untrained skills. This is important not just because train-
ing programs are demanding on resources and hence require
careful selection of the optimal training design, but also because
in clinical and educational contexts it is essential to find the train-

ing protocol leading to the most robust and generalizable im-
provement. Generalization of training to new tasks or modalities
has been previously shown (Green and Bevalier, 2003; Amitay et
al., 2006; Jaeggi et al., 2008, 2011; Klingberg, 2010), although
some of these findings have been questioned or not replicated
(Sagi and Tanne, 1994; Ball et al., 2002; Sternberg, 2008; Hertzog,
2009; Owen et al., 2010; Boot et al., 2011; Slagter, 2012; Melby-
Lervåg and Hulme, 2013; Redick et al., 2013), casting doubt on
the utility of cognitive training. Unsuccessful transfer of trained abil-
ities could be due to insufficient practice on the trained tasks, the use
of inappropriate new tasks, or simply the fact that cognitive training
is not strong enough to induce the necessary cortical changes that
facilitate the generalization of learned skills (Lee et al., 2012).

One way to assist the cortical changes that support learning of a
particular cognitive skill is by means of brain stimulation. Transcra-
nial random noise stimulation (tRNS), a noninvasive brain stimula-
tion technique that modulates neural activity (Terney et al., 2008;
Fertonani et al., 2011; Mulquiney et al., 2011; Snowball et al., 2013),
is of particular interest as it is known to potentiate the activity of the
neuronal populations involved in a cognitive task and to facilitate
brain plasticity, especially if combined with appropriate cognitive
training (Cohen Kadosh et al., 2012). Critically, whether improve-
ment following training and stimulation can transfer to other com-
patible skills has not yet been addressed.

Here we measured the following: (1) combined or indepen-
dent effects (i.e., training only and stimulation only) of cognitive
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training and of brain stimulation to critical or control brain re-
gions (parietal or motor), (2) any long-term effect of any cogni-
tive improvement achieved, and critically (3) transfer to
untrained tasks. We trained participants on a well known para-
digm measuring “number acuity” (Halberda et al., 2008), i.e., the
ability to discriminate the more numerous of two sets, an estab-
lished measure of a parietal lobe-based foundational and univer-
sal ability to process number (Feigenson et al., 2004; Piazza et al.,
2004; Cantlon et al., 2006; Izard et al., 2009). Since number is also
thought to share parietal lobe-based quantity processing with
continuous dimensions like time and space (Walsh, 2003; Cohen
Kadosh et al., 2008; Cantlon et al., 2009; Cantlon, 2012), our
reasoning was as follows: if brain stimulation and training oper-
ate on these common processes, then transfer to time and space
processing may be observable following number training and
parietal stimulation. Instead, if improvement in the trained nu-
merosity task operates mainly on nonquantity processes like at-
tention, executive functions, or visual recognition, then transfer
may be also found on these processes rather than time and space
only.

Materials and Methods
Participants
Forty right-handed, neurologically normal and stimulation-compatible
(Wassermann, 1998) human participants (mean age: 25.8 range: 19 –36,

18 males) with normal or corrected-to-normal vision gave written con-
sent and were paid to participate in our double-blind study, which was
approved by the local Ethics Committee.

In the main condition, participants underwent training on the
numerosity discrimination task for 5 consecutive days while they
received tRNS to parietal regions (parietal tRNS � Training group,
N � 10; Figure 1). Results from this condition were compared against
three control groups. In one of the control groups, participants re-
ceived no stimulation (sham) to the parietal regions during training
(i.e., Training Only group, N � 10). This control condition served as
a baseline to evaluate effects of tRNS on training. In a second control
group, tRNS was delivered to the parietal regions without the training
task (Stimulation Only group, N � 10). This condition allowed us to
examine if parietal stimulation alone was sufficient to improve task
performance. In a third control group, tRNS was delivered to the
bilateral motor areas during training (Motor tRNS � Training, N �
10). This control condition allowed us to test whether any training-
induced effect was area specific or occurred regardless of what brain
area was stimulated. The bilateral motor areas were selected because
they are not known to be involved in ANS. Data in participants of the
Parietal tRNS � Training and of the Training Only groups were
collected at the same time, whereas data in the other two control
conditions were collected subsequently.

Subjects were randomly assigned to the four groups overall
matched for gender (� 2

(1) � 0.4, p � 0.53), age (F(3,39) � 0.42, p �
0.74), general education (F(3,39) � 0.14, p � 0.9), and mathematical
education (F(3,39) � 0.7, p � 0.55). Information on participants’

Figure 1. The training paradigm and the tasks used. A, Participants in the parietal or motor tRNS � Training and in the Training Only groups were trained intensively (560 trials per day) on a
numerosity discrimination task for 5 consecutive days, i.e., day 2– 6 while (B) receiving real or sham stimulation to the parietal or motor areas. Participants on the Stimulation Only group received
no training. Before the training (day 1, pretraining), all participants were tested with (C) the numerosity discrimination task in addition to other continuous quantity-based tasks (time and space
discrimination), arithmetic and control tasks. The same cognitive tasks were repeated at the end of the training (day 7, post-training) to test for any training-induced change, and (D) in the parietal
tRNS � Training and Training Only groups again at week 4, 8, 12, and 16 post-training to test for any long-term effect of the training.
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education and mathematical education was collected to test the pos-
sible effects of these factors on learning.

Stimulation design
tRNS was delivered by a battery-driven electrical stimulator (Version
DC-Stimulator-Plus; neuroConn) through two anode conductive rub-
ber electrodes (size 7 � 5 cm), covered with conductive gel and saline
solution and positioned over the subject’s scalp, following a standard
procedure (Terney et al., 2008). The electrodes were positioned on the
target areas corresponding to parietal (P3 and P4) or motor regions (C3
and C4) following the standard 10 –20 electroencephalogram procedure
(Fig. 1). The parietal or motor tRNS � Training and the Stimulation
Only groups were stimulated with a random noise mode for 20 min with
a fade in/out period of 20 s, a current strength of 1000 �A, and a fre-
quency of alternating current randomly selected from 0 to 250 Hz. This
intensity has been shown to be safe in healthy volunteers (Ambrus et al.,
2010; Fertonani et al., 2011). The same parameters were used for the
Training Only (sham) group but the stimulation consisted only of the
fade in/out period (i.e., 40 s in total), meaning that this group did not
receive full stimulation during training; nevertheless, participants in this
group maintained the same setting as the participants in the other groups
as if they were receiving stimulation (Ambrus et al., 2010; Fertonani et al.,
2011). During the whole time course of the study, participants were not
told whether they received real or sham stimulation, similar to other
reported studies (Terney et al., 2008; Fertonani et al., 2011; Mulquiney et
al., 2011). When explicitly asked whether there was any discomfort or
unusual sensation on their scalp, none of the participants reported any.

Experimental design
Participants in the parietal and motor tRNS � Training and in the Train-
ing Only groups were trained for 5 consecutive days (day 2– 6) with the
numerosity discrimination task (Training). In the tRNS � Training
group, this cognitive training coincided with parietal or motor stimula-
tion. The same parietal stimulation but no training was delivered to the
Stimulation Only group. Participants in all groups were tested with a
series of quantity-based, arithmetical, and control tasks before (Pretrain-
ing, Day 1) and after the training (Fig. 1, Post-training, Day 7).

To assess any long-term effect of the training (Follow-up), participants
of the parietal tRNS � Training and of the Training Only groups were
also retested with the same behavioral tasks at week 4, 8, 12, and 16
post-training (seven participants for each group were available for the
follow-up tests). No follow-up tests were run on the Stimulation Only
group, since they were not trained on the numerosity discrimination
task. Likewise, no follow-up tests were performed on the Motor tRNS �
Training group as no sufficient time had passed since the end of the
training and the current report.

Stimulus presentation and data collection were controlled using the
Cogent Graphics toolbox (http://www.vislab.ucl.ac.uk/Cogent) and
MATLAB 7.11 software on a Sony PCG laptop computer with video
mode of 640 � 480 pixels, and 60 Hz refresh rate. During all testing
sessions participants sat in a quiet room under dimmed room lighting
with their head on a chinrest facing the computer screen at a viewing
distance of 57 cm from the monitor.

Training task: numerosity discrimination. Participants received 1 h
training for 5 consecutive days on a parametrically designed task requir-
ing participants to discriminate the numerosity of two sets of stimuli, i.e.,
dots, an ability measured in terms of the Weber fraction (wf; Halberda et
al., 2008, 2012). Sets of intermixed, computer-generated yellow and blue
dots were each presented for 200 ms to participants who were instructed
to make an unspeeded answer indicating which set contained more dots
and were provided with feedback (Fig. 1). To become familiarized with
the task, participants received at least 40 practice trials that were not
included in the analysis. Each display contained 5–16 dots for each color
such that the ratios between the larger and the smaller number of dots
were as follows: 2:1, 4:3, 6:5, 8:7, 8:9, and 9:10. There were 40 trials for
each of the easiest ratios (2:1 and 4:3), and 120 for each of the more
difficult ratios (6:5, 8:7, 8:9, and 9:10) for a total of 560 trials presented in
10 blocks. We used a larger number of trials in the most difficult ratios to
increase statistical power since we expected a low accuracy in these ratios.

In each ratio, the “larger” set was equally assigned to the two colors.
Following previous studies based on the same experimental paradigm
(Halberda et al., 2008, 2012), we systematically controlled for the impact
of continuous features that change with numerosity, and specifically we
independently manipulated the size of the dots and the cumulative area
covered by them. The diameter of a dot ranged approximately between
0.57 and 1.17 degrees of visual angle from a distance of 57 cm, and was
varied approximately by up to � 35% of the average display to discourage
the use of individual dot size as a proxy for number, similar to previous
studies (Halberda et al., 2008, 2012).

Pre-traing, post-training, and follow-up tasks. We assessed whether
training of numerosity discrimination may transfer to other types of
quantity judgments, and specifically time and space processing following
the theoretical suggestion that number, time, and space share common
magnitude processes relying on parietal regions (Walsh, 2003; Cantlon et
al., 2009; Cantlon, 2012).

Time and space processing were assessed with an established two-
choice discrimination paradigm previously tested in healthy and neuro-
logical populations (Cappelletti et al., 2009, 2011). Participants
performed two different tasks requiring them to compare visual stimuli
along the dimension of time or the orthogonal dimension of length (Fig.
1). We used 1D stimuli to avoid possible visual confounds of density or
area present in 2D stimuli (Dakin et al., 2011). Stimuli were two horizon-
tal white lines (thickness 0.17 degrees) centered on the vertical meridian
on a black background, and presented sequentially one line 5.07 degrees
above the horizontal meridian and the other 5.07 degrees below in ran-
dom order. The first line stimulus (the Reference) was fixed (length of
10.2 degrees and duration of 600 ms), while the second line (the Test)
could vary according to the method of constant stimuli either in length or
duration, depending on the dimension to be judged (the irrelevant di-
mension always matched the Reference). For each dimension the ratio
between the smaller and the larger stimulus could vary unpredictably
over five levels (steps of 0.257 degrees for length and 40 ms for time) with
equal frequency: 1.06, 1.13, 1.2, 1.26, and 1.33 for time and 1.025, 1.05,
1.075, 1.10, and 1.25 for length, with optimal ranges established in our
previous studies (Cappelletti et al., 2009, 2011). There were five blocks of
40 observations for each level of the test stimulus (total 200 observations
for each task). Time and space tasks were run independently, with task
order counterbalanced across participants and training sessions (pre-
training and post-training) to avoid order effects.

Each trial began with a centrally displayed fixation point (diameter
0.17 degrees), which remained visible until a key press from the partici-
pant. The reference line was then immediately displayed centrally fol-
lowed by the test line and an interstimulus interval of 100 ms. The screen
then remained blank with a fixation cross in the middle until a response
from the subject. The next trial immediately followed the response. In
each task, participants made unspeeded responses by pressing either the
“up” or “down” cursor-arrow keys of the computer keyboard if either the
upper or the lower line appeared the longest, either in duration or in
spatial extent. Correct answers were equally assigned to the up or down
keys in each task. For each task, before the first experimental block par-
ticipants had at least 20 practice trials that were not included in analysis.

We also tested symbolic (e.g., “87 � 14” � 104 or 109?) and nonsym-
bolic (e.g., ·· � ··· � ?) arithmetic skills following the proposal that they
are linked to number acuity (Halberda et al., 2008). However, we pre-
dicted that benefit of training to these arithmetic tasks would be unlikely
because they require additional memory and executive abilities that were
not trained and are therefore improbable to result in improved arithme-
tic performance.

Participants were assessed on three arithmetical tasks required to ver-
ify the result of arithmetical problems based on nonsymbolic stimuli (i.e.,
addition and subtraction of dots, following a paradigm used by Barth et
al., 2005) or symbolic stimuli (i.e., simple and complex arithmetic tested
with single and multidigit operands). The simple symbolic arithmetical
verification task consisted of 54 single-digit addition, subtraction, and
multiplication problems presented in separate blocks; they were dis-
played with two one-digit or two-digit answers, one of which was correct
while the other was one, two, or three units apart from the correct answer
(“3 � 4” � 12 or 15?). The complex arithmetical verification task re-
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quired choosing the results closer to the correct one of 192 multidigit
problems presented in separate blocks (two-digit paired with two-digit
for addition and subtraction; two-digit paired with one-digit for multi-
plication problems), with the two incorrect results being 3, 4, 7, or 8 units
apart from the correct answer (for addition and subtraction problems,
e.g., “87 � 14” � 104 or 109?), and 8, 9, 17, or 18 units for multiplication
problems (e.g., “24 � 7” � 177 or 185?).

Finally, to test whether any change following training transferred to
other nonquantity-based cognitive abilities, we tested participants’ per-
formance in three well established tasks tapping executive functions
(Number Stroop task; Henik and Tzelgov, 1982), attention (Attention
Network Test, ANT; Fan et al., 2002), and recognition of visual patterns
(Face Sequential Matching task; Pitcher et al., 2009). We expected no
change in these skills if the effect of stimulation and training were specific
to quantity processing.

Stimuli in the two symbolic arithmetic tasks differed in the pretraining
and post-training sessions to avoid effects simply derived from practice
with the same trials. Stimuli were the same in parametrically designed
tasks (e.g., time and space discrimination, visual pattern recognition) or
when repeating the same stimuli was unlikely to affect performance (e.g.,
in the Number Stroop tasks). Tasks in the pretraining and post-training
were administered in pseudorandom order to participants.

Data analyses
Following earlier studies, for each participant response distributions in
the numerosity discrimination task were used to estimate the precision of
the underlying numerical representation, expressed as a wf (Halberda et
al., 2008). The calculation of the wf precisely followed previous studies
(Halberda et al., 2008, 2012). It was based on a model assuming that the
perceived numerosity of the two sets of dots (n1 and n2, respectively) is
represented as two Gaussian random variables on a linear scale (that is
with linearly increasing mean and linearly increasing SD) with means of
n1 and n2, and with an SD of wf � n1 and wf � n2, respectively (Halberda
et al., 2008). The wf determines the variation of the SD of the Gaussian
random variables in each numerosity. The difference between the two
Gaussian variables (i.e., the Gaussian of the set with the larger numerosity
minus the Gaussian of the set with the smaller numerosity) returns a new
Gaussian random variable (G(n2–n1)) with mean n2 � n1 and SD
wf �n1

2 � n2
2. The larger the SD of G(n2–n1), the larger is the overlap of

the two Gaussian distributions representing the numerosity of the two
sets and in turn the more difficult it is to discriminate between them.
Therefore, a large wf indicates worse performance in the numerosity
discrimination task. A similar procedure was used to calculate the wf for
the time and space discrimination tasks.

For all the other tasks we used an index of accuracy (% correct) and/or
speed (response times, RTs) of correct answers cleaned for 2 SD above
and below the mean for each task and participant (removing between 0
and 3.4% of the data). For all data, the Shapiro–Wilk test confirmed the
normality of the distribution. The data were analyzed using repeated-
measures ANOVA, multiple regression and t test, with a p value � 0.05
considered significant for all statistical analyses. The data sphericity was
tested using Mauchly’s test where appropriate. When the sphericity test re-
sults were statistically significant, the data were corrected using Huynh–Feldt
correction. For multiple comparisons, we used Sidak correction to test our
specific a priori hypotheses, i.e., to compare the different training conditions.

Results
Effect of cognitive training and tRNS on number acuity
Participants’ numerosity discrimination did not differ across
groups at pretraining (F(3,39) � 0.02, p � 0.99). To test for any
training-induced change in numerosity discrimination, a
repeated-measures ANOVA was run with wf values of training
(pre and post) as a within-subjects factor and group (Parietal
tRNS � Training, Training Only, Stimulation Only, and Motor
tRNS � Training) as a between-subjects factor. This indicated a
significant improvement in number acuity following training
(F(1,36) � 41.7, p � 0.001), as wf changed from 0.307 (SE � 0.014)
to 0.246 (SE � 0.011) across groups corresponding to �18%

enhancement. A further analysis based on the training days and
group (Parietal tRNS � Training, Training Only, and Motor
tRNS � Training), showed a significant linear trend (F(1,27) �
49.4, p � 0.001) that was specific for group (significant interac-
tion: F(2,27) � 3.2, p � 0.05). Improvement in number acuity
differed across groups as indicated by a significant interaction of
training and group (F(3,36) � 3.4, p � 0.03), with no main effect of
group (F(1,36) � 0.4, p � 0.7, ns). A significantly better perfor-
mance was observed when training was coupled with parietal
stimulation (wf from 0.309 to 0.198 corresponding to 33.6% im-
provement, SE � 0.04; t(9) � 4.8, p � 0.001), but also following
training alone (wf from 0.305 to 0.252 corresponding to a 14.8%
improvement, SE � 0.03; t(9) � 2.5, p � 0.03), and training
coupled with motor tRNS (wf from 0.312 to 0.257 corresponding
to 18.4% improvement, SE � 0.03; t(9) � 7.4, p � 0.001). In
contrast, no significant enhancement was achieved with stimula-
tion alone (wf from 0.303 to 0.276, corresponding to a 6.2%
enhancement, SE � 0.03; t(9) � 1.7, p � 1.1, ns; Fig. 2A). Training
coupled with parietal stimulation resulted in a significantly
larger improvement compared with training alone (t(18) � 2.5,
p � 0.02), and to training coupled with motor stimulation
(t(18) � 2.8, p � 0.01). Improvement following Training alone
or Training coupled with Motor Stimulation did not differ
(t(18) � 0.6, p � 0.5).

We also tested whether improvement in number acuity could
be accounted for by individual difference in gender, general ed-
ucation, or mathematical education but found that none of these
factors were significant (gender: � � 0.12, SE � 0.05, t � 0.74,
p � 0.46; general education: � � 0.26, SE � 0.05, t � 0.16, p �
0.1; mathematical education: � � 0.13, SE � 0.14, t � 0.8, p �
0.39). A specific analysis controlling for gender was run with wf
values of training (pre and post) as a within-subjects factor,
group (Parietal tRNS � Training, Training Only, Stimulation
Only, and Motor tRNS � Training), and gender as a between-
subjects factor. This confirmed the main effect of training (F(1,32) �
38.5, p � 0.001), which depended on the group (F(3,32) � 2.9,
p � 0.04); none of the other effects reached significance.

To obtain a measure of training-induced changes in number
acuity reflecting the day-by-day training (Fig. 1A, day 2– 6), we
also performed a multilevel mixed model, with wf values as de-
pendent variable, group entered as factor, and the linear and
quadratic trends for time (�consecutive training days) as cova-
riates testing for the effect and the shape of learning. Fixed effects
were included for group and the linear and quadratic trends of
time, as well as the interaction of these latter trends with group.
Subject-dependent random effects were intercepts and the linear
and quadratic trends for time.

The random intercept was significant (Wald’s Z � 7.7, p �
0.001), indicating that there were individual differences in per-
formance. The linear trend for time was significant (F(1,314) � 9.5,
p � 0.002), indicating a significant effect of training.

To obtain more reliable estimates of the true wf scores before
and after training, the mixed-effect model was used to obtain new
wf values (by saving the predicted values in the linear mixed
model) at day 1 and 7, i.e., the pretraining and post-training days,
such that they reflected the overall learning. These estimated
scores were then used in a further repeated-measures ANOVA
with training (pre and post) and group (Parietal tRNS � Train-
ing, Training Only, and Motor tRNS � Training groups) as fac-
tors. This new analysis confirmed the previous results showing a
significant effect of training (F(1,27) � 160.82, p � 0.001), and a
significant interaction with group (F(2,27) � 15.1, p � 0.001).
Similar to the earlier analysis, there was a significantly stronger learn-
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ing effect in the Parietal tRNS � Training group relative to Training
Only group (t(18) � 4.2, p � 0.001) and the Motor tRNS � Training
group (t(18) � 4.5, p � 0.001).

Overall these results showed that cognitive training alone lead
to a significantly better improvement in number acuity relative to
simply stimulating the brain with no training. However, as pre-
dicted, the largest improvement in number acuity was achieved
by simultaneously combining cognitive training with parietal
stimulation.

Transfer of trained skills to other cognitive skills
Continuous quantity processing (time and space discrimination)
Having found an improvement in number acuity when parietal
stimulation was coupled with number training, we first tested
whether enhanced number acuity transferred onto other tasks
also requiring quantity processing, and specifically time and
space. Such transfer may be suggestive of a link between numer-
osity and continuous quantity, as predicted by some theories
(Walsh, 2003; Cantlon et al., 2009; Cantlon, 2012).

Participants’ time and space discrimination did not differ
across groups at pretraining (F(3,39) � 0.53, p � 0.6 and F(3,39) �
0.13, p � 0.9, respectively). To test for any training-induced
changes, a repeated-measures ANOVA was run with the wf values
of training (before and after) as a within-subjects factor and
group (Parietal tRNS � Training, Training Only, Stimulation
Only, and Motor tRNS � Training) as a between-subjects factor.

This showed a general training-related improvement in time dis-
crimination (F(1,36) � 4.3, p � 0.04), which depended on the
group (significant training by group interaction, F(3,36) � 3.5, p �
0.05). Specifically, there was a significant enhancement from pre-
training only when training and parietal stimulation were simul-
taneous (23% increase, t(9) � 5.2, p � 0.001; Fig. 2B). No
significant improvement in time proficiency was observed in any
of the other conditions (Training Only: 2.2% increase, t(9) � 0.3,
p � 0.7, ns; Stimulation Only: 5% decrease, t(9) � 0.6, p � 0.5, ns;
Motor tRNS � Training: 5.1% increase, t(9) � 2.0, p � 0.09, ns).

A similar ANOVA exploring performance in space discrimi-
nation showed a general improvement in performance following
training (F(1,36) � 5.4, p � 0.03), which depended on the group
(significant training by group interaction, F(3,36) � 3.1, p � 0.04).
Critically, the effect of training on the numerosity task trans-
ferred to the ability to discriminate space only when training and
parietal stimulation were simultaneous, with a significant en-
hancement from pretraining only in this training condition (18%
increase, t(9) � 5.6, p � 0.001; Fig. 2C). No significant improve-
ment in space proficiency was observed in any of the other con-
ditions (Training Only: 6.8% increase, t(9) � 0.9, p � 0.3, ns;
Stimulation Only: 3% decrease, t(9) � 0.3, p � 0.7, ns; Motor
tRNS � Training: 4.4% increase, t(9) � 3.4, p � 0.74, ns).

RTs in the space and time discrimination tasks were un-
changed after training, therefore excluding any RT-accuracy

Figure 2. Results. Performance in the four groups expressed as Weber fraction in (A) the numerosity discrimination task at pretraining and at post-training, during each of the training days, and
at week 4, 8, 12, and 16 after training; in the transfer tasks, i.e., time (B) and space (C) discrimination at pretraining and post-training; and (D) in tasks measuring arithmetic, attention, executive
functions, and visual pattern recognition showing no training-induced changes in accuracy (correct answers) or RTs measured as percentage change from pretraining. Smaller wf indicate better
performance.

Cappelletti et al. • Neuroenhancement and Numerical Cognition J. Neurosci., September 11, 2013 • 33(37):14899 –14907 • 14903



trade-off. Gender, general education, and mathematical educa-
tion did not account for any of the improvement observed in time
and space processing (all p 	 0.2). Separate analyses specifically
controlling for gender were run for time and space discrimina-
tion with wf values of training (pre and post) as a within-subjects
factor, group (Parietal tRNS � Training, Training Only, Stimu-
lation Only, and Motor tRNS � Training), and gender as a
between-subjects factor. These analyses confirmed the main ef-
fect of training (time discrimination: F(1,32) � 4.2, p � 0.04; space
discrimination: F(1,32) � 3.9, p � 0.05), which depended on the
group (time discrimination: F(3,32) � 2.0, p � 0.05; space dis-
crimination: F(3,32) � 3.6, p � 0.02); none of the other effects
reached significance.

Arithmetical processing
Since there are suggestions of a link between number acuity and
proficiency in arithmetical tasks (Halberda et al., 2008; but see
Butterworth, 2010), we explored whether the observed improve-
ment in numerosity discrimination transferred to arithmetical
performance. Participants’ arithmetic skills did not differ across
groups at pretraining (all p 	 0.2). Separate repeated-measure
ANOVAs with training (pre and post) as a within-subjects factor
and Group (Parietal tRNS � Training, Training Only, Stimula-
tion Only, and Motor tRNS � Training) as a between-subjects
factor were run on accuracy and RTs of correct responses only
obtained in the three arithmetical tasks. These analyses indicated
that performance in nonsymbolic arithmetical tasks (averaged
across addition and subtraction problems) did not change in
either accuracy or speed (no main effect of training, F(1,36) � 0.4,
p � 0.5, ns and F(1,36) � 3.1, p � 0.09, ns, respectively) and
regardless of whether participants received training associated
with stimulation or stimulation and training alone (no signifi-
cant interaction of Training and Group, accuracy: F(3,36) � 1.3,
p � 0.3, ns and RTs: F(3,36) � 1.2, p � 0.3, ns). In the simple
arithmetical tasks, both accuracy and RTs (averaged across the
three types of arithmetical problems) remained unchanged follow-
ing training (F(1,36) � 1.1, p � 0.3, ns; F(1,36) � 1.5, p � 0.2, respec-
tively) and regardless of the group (no significant interaction of
Training and Group: F(3,36) � 1.9, p � 0.13, ns; F(3,36) � 0.9, p �
0.44, respectively). Likewise, accuracy and RTs in the complex arith-
metical tasks (averaged across the three types of arithmetical prob-
lems) did not change following training (F(3,36) � 0.1, p � 0.7, ns;
F(1,36) � 1.8, p � 0.2, ns, respectively) and regardless of the group
(F(3,36) � 0.5, p � 0.6, ns; F(3,36) � 0.07, p � 0.9, ns, respectively;
Fig. 2D).

Attention, executive function, and visual pattern recognition
Our result showed that the improvement in numerosity discrim-
ination transferred to other continuous quantity discrimination
in the parietal tRNS � Training group relative to other groups.
We tested whether this transfer was specific to quantity-related
tasks or whether it also generalized to other nonquantity abilities,
such as attention, executive functions, and recognition of visual
patterns.

There was no group difference in performing any of the con-
trol tasks at pretraining (all p 	 0.1). The effect of training on
attention processes was examined in separate analyses of variance
for each condition (alerting, orienting, and conflict; Fan et al.,
2002) in the four groups (Parietal tRNS � Training, Training
Only, Stimulation Only, and Motor tRNS � Training). A signif-
icant and group-unspecific (no significant interaction p � 0.7)
effect of training was observed only in the executive control net-
work (indexed by the difference between incongruent vs congru-

ent trials, from 90.2 ms at pre-training to 67.5 ms at post-training,
F(1,36) � 20.9, p � 0.001), which might be due to practice with the
task. No significant changes were observed in alerting and orient-
ing (all p 	 0.1).

Executive functions were unchanged following training and
regardless of the training group. Separate analyses of variance for
the physical and the numerical Stroop tasks (Henik and Tzelgov,
1982) with training (pre and post) and condition (facilitation,
i.e., congruent vs neutral trials; interference, i.e., incongruent vs
neutral trials; and congruity, i.e., incongruent vs congruent trials)
as within-subject factors and group (Parietal tRNS � Training,
Training Only, Stimulation Only, and Motor tRNS � Training)
as between-subject factors showed only a significant effect of con-
dition (for Physical Stroop: F(2,72) � 88.8, p � 0.001; for Numer-
ical Stroop: F(2,72) � 203.8, p � 0.001), due to the congruity effect
being larger than facilitation and interference in both conditions
(Physical Stroop, congruity vs facilitation: t(39) � 10.2, p � 0.001;
congruity vs interference t(39) � 6.3, p � 0.001; Numerical
Stroop, congruity vs facilitation: t(39) � 16.4, p � 0.001; congru-
ity vs interference: t(39) � 9.6, p � 0.001). None of the other
factors or their interaction reached significance (all p 	 0.2).

Finally, performance in visual patterns recognition in the
form of face processing (Pitcher et al., 2009) also did not change
in accuracy or RTs following training (F(1,36) � 1.3, p � 0.27 and
F(1,36) � 2.3, p � 0.1, respectively), and regardless of the group
(no significant interaction of training and group in accuracy or
RTs: (F(3,36) � 3.3, p � 0.8 and F(3,36) � 1.1, p � 0.3, respectively).
These results therefore suggest that the improvement in numer-
osity discrimination and the transfer we observed in the contin-
uous quantity discrimination tasks (Time and Space) were
specific to these tasks rather than the result of a more generalized
cognitive improvement (Fig. 2D).

Long-term effects of tRNS and cognitive training
To evaluate whether the improvement in number acuity was
long lasting, participants’ performance (indexed by wf) in the
follow-up sessions was analyzed in separate repeated-measures
ANOVAs for each group (Parietal tRNS � Training and Training
Only) with follow-up (week 4, 8, 12, and 16) as a within-subjects
factor.

In the Parietal tRNS � Training group performance in the
numerosity discrimination task did not change significantly up to
16 week post-training (wf: 0.198 at post-training and 0.202 at 16
weeks post-training), as indicated by no significant effect of time
post-training (F(3,18) � 0.11, p � 0.9, ns). In contrast, perfor-
mance declined over time in the Training Only group (wf: 0.252
at post-training and 0.266 at 16 weeks post-training, F(3,18) � 4.7,
p � 0.009). This suggests that the improvement in number acuity
we observed following training was maintained long-term only
when training was combined to parietal stimulation.

We also tested whether there was any long-term maintenance
of the improvement observed in the time and space discrimina-
tion tasks. Separate repeated-measure ANOVAs for each group
(Parietal tRNS � Training and Training Only) with follow-up
(week 4, 8, 12, and 16) as within-subjects factor showed that in
the Parietal tRNS � Training group performance declined after
training in both space (F(3,18) � 3.6, p � 0.04) and time discrim-
ination (F(3,18) � 2.9, p � 0.05). In the Training Only group
performance in these tasks did not change after training (all p 	
0.3), but rather than reflecting a stable improvement, this indi-
cates that there was little or no change following training with no
subsequent change.
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Discussion
We observed a significant improvement (on average �18%) in
performing a numerosity discrimination task following inten-
sive and continuous repetition of the task. This improvement
was significantly larger (about 33%) when training was ac-
companied by tRNS to brain areas that are critical for numer-
osity discrimination, i.e., the left and right parietal lobes. The
improvement was much smaller when stimulation was not
associated with cognitive training, when cognitive training
was not associated with brain stimulation, or when training
was coupled with stimulation to a control region (motor ar-
eas). The optimal training design consisting of cognitive train-
ing combined with parietal tRNS not only resulted in the
greatest improvement of performance in the trained numer-
osity discrimination task, but in this improvement being re-
tained up to 16 weeks after training. In contrast, training with
no stimulation showed no such maintenance of learning.

Having established a robust improvement in number acu-
ity following number training and parietal stimulation, we
sought to test whether this improvement transferred to other
untrained abilities. We specifically focused on skills that are
thought to share cognitive and anatomical resources with the
numerosity task, i.e., time and space discrimination (Walsh,
2003; Cantlon et al., 2009; Cantlon, 2012). Proficiency in these
tasks increased significantly only when number training was
associated with parietal tRNS but not in the other experimen-
tal conditions. This finding of transfer from numerosity pro-
ficiency to time and space reinforces the suggestion of a link
between time, space, and number in terms of a parietal lobe-
based shared magnitude system (Walsh, 2003; Cantlon et al.,
2009; Cantlon, 2012). Transfer from numerosity to other
quantity judgments also indicates that the improvement in the
numerosity discrimination we observed is likely to reflect a
change in the ability to process quantity rather than a spurious
change in visual acuity or other peripheral skills that may
support performance in numerosity discrimination. Further
evidence that the improvement in numerosity discrimination
did not reflect general cognitive enhancement is shown by lack
of change in performing tasks measuring attention, executive
functions, and visual pattern recognition.

Our results also showed no transfer from numerosity discrim-
ination to arithmetical abilities, an effect predicted by theories
suggesting a link between number acuity and proficiency in arith-
metic (Halberda et al., 2008). This could be due to several rea-
sons: arithmetic abilities may rely on parietal as well as frontal
areas (Ischebeck et al., 2006), therefore stimulation to both these
areas may be needed to enhance performance. Alternatively, nu-
merosity discrimination may not be foundational to arithmetic
(Butterworth, 2010), or it may be critical only in the developing
brain, but these skills may not be so strongly linked in the adult
brain (Price et al., 2012).

The issue of transfer of a trained skill to untrained ones is an
exciting and much debated subject in recent training research
(Boot et al., 2011). Being able to relocate trained skills is of great
practical importance as it allows reducing training resources (i.e.,
people would not need to train on everything). Transfer is also
critical in clinical and educational contexts where the overall aim
is to learn or regain skills in the most generalizable possible way
(Lee et al., 2012). However, previous training studies that specif-
ically looked at the transferability of trained skills provided con-
tradicting results as they either indicated a broad transfer from
one task or modality to another (Amitay et al., 2006; Green and

Bevalier, 2003; Jaeggi et al., 2008, 2011; Klingberg, 2010), or in
contrast no transfer (Ball et al., 2002; Hertzog, 2009; Owen et al.,
2010; Nitsche and Paulus, 2011; Lee et al., 2012). What factors
may increase the chances to achieve transfer? Besides avoiding
methodological pitfalls drawing to misleading conclusions (Boot
et al., 2011), a number of aspects may determine successful
transfer of trained skills to untrained ones, for instance, how
close the trained and untrained skills are, how general are the
transferable skills, and what is actually transferred, i.e., core
cognitive components between trained and untrained skills or
other more peripheral aspects such as the strategies that two
tasks have in common or response-selection mechanisms
(Boot et al., 2008, 2011; Taatgen, 2013).

Compared with previous training research, our study has
several strengths that may explain why we found transfer from
numerosity to other quantity discrimination tasks. First, we
used only one well specified and established training task,
numerosity discrimination, in association with other tasks
that controlled for improvement of more generalized skills.
Second, the trained tasks (numerosity discrimination) and
those that benefited from the training (time and space dis-
crimination) were carefully chosen for sharing some cognitive
components in the form of quantity processing (Walsh, 2003;
Cantlon et al., 2009; Cantlon, 2012), such that boosting this
common processing can be expected to result in an advantage
for all the tasks that are based on it (Taatgen, 2013). The third
and main reason why we observed a successful transfer be-
tween numerosity and other quantity judgments is likely due
to brain stimulation increasing the excitability of neurons that
are shared by tasks requiring quantity judgments. tRNS alters
cortex excitability by means of depolarizing the membrane
resting potential rather than by directly stimulating neurons,
most likely because changes in the sodium and calcium chan-
nels increase or decrease the firing rate of neurons (Terney et
al., 2008; Fertonani et al., 2011), and lead to hemodynamic
changes (Snowball et al., 2013). These effects have been ex-
plained in terms of the temporal summation of neural activity
such that after depolarizing, the repolarization of sodium
channels, which typically takes some time, can be shortened by
repetitively applying random stimulation to these channels
(Fertonani et al., 2011). It is conceivable that these changes in
cellular excitability of number neurons (Nieder, 2005) cou-
pled with cognitive training account for the large improve-
ment in number acuity we observed. This would also explain
why cognitive training alone (sham condition) or coupled
with stimulation to brain areas not critical for number or
quantity processing led to a more modest improvement. A
similarly small improvement or even lack of it has been shown
in other studies based on cognitive training only (Owen et al.,
2010; Dewind and Brannon, 2012). It should also be empha-
sized that stimulation in absence of cognitive training was not
sufficient to induce changes in performance similar to some
previous studies (Antal et al., 2007; Galea and Celnik, 2009).

While cognitive improvements can be associated to
stimulation-induced changes of the cell resting membrane po-
tential, long-lasting effects of training are thought to be re-
lated to enduring transformation of synaptic strength of
NMDA receptors, which are involved in neuroplastic changes
(Liebetanz et al., 2002; Sparing and Mottaghy, 2008; Chaieb et
al., 2011). We suggest that these cellular changes may support
the long-term effects of tRNS that we observed in the numer-
osity discrimination performance, and explain why such
changes were only present following parietal tRNS. Lack of
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cellular changes may also explain why there are no long-term
effects following cognitive training in absence of stimulation
(similar to our sham condition). Despite reliable long-term
effects in the numerosity discrimination task, no long-term
effects were shown in other quantity discrimination tasks
(time and space).

In conclusion we have shown that by combining brain
stimulation to critical areas with intense cognitive training,
performance in a trained numerosity discrimination task can
significantly improve and be maintained over time. This im-
provement, which might be specific for the stimulation parame-
ters used, was considerably larger than using cognitive training or
stimulation independently, or than coupling training with stim-
ulation to brain areas not critical for quantity processing. By
carefully choosing tasks sharing cognitive and neuronal compo-
nents with numerosity discrimination, i.e., time and space dis-
crimination, we also showed that tRNS and training led to
significant transfer of improvement from the trained numerosity
discrimination to time and space processing.
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