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Abstract

Perceptual learning is commonly assumed to enhance perception through continuous attended sensory input. However, learning
is generalizable to performance in untrained stimuli and tasks. Although previous studies have observed a possible generaliza-
tion effect across tasks as a result of working memory (WM) training, comparisons of the contributions of WM training and contin-
uous attended sensory input to perceptual learning generalization are still rare. Therefore, we compared which factors
contributed most to perceptual generalization and investigated which skills acquired during WM training led to tactile generaliza-
tion across tasks. Here, a Braille-like dot pattern matching n-back WM task was used as the WM training task, with four workload
levels (O, 1, 2, and 3-back levels). A tactile angle discrimination (TAD) task was used as a pre- and posttest to assess improve-
ments in tactile perception. Between tests, four subject groups were randomly assigned to four different workload n-back tasks
to consecutively complete three sessions of training. The results showed that tactile n-back WM training could enhance TAD per-
formance, with the 3-back training group having the highest TAD threshold improvement rate. Furthermore, the rate of WM
capacity improvement on the 3-back level across training sessions was correlated with the rate of TAD threshold improvement.
These findings suggest that continuous attended sensory input and enhanced WM capacity can lead to improvements in TAD
ability, and that greater improvements in WM capacity can predict greater improvements in TAD performance.

NEW & NOTEWORTHY Perceptual learning is not always specific to the trained task and stimuli. We demonstrate that both con-
tinuous attended sensory input and improved WM capacity can be used to enhance tactile angle discrimination (TAD) ability.
Moreover, WM capacity improvement is important in generalizing the training effect to the TAD ability. These findings contribute
to understanding the mechanism of perceptual learning generalization across tasks.

continuous attended sensory input; perceptual learning; tactile angle discriminability; tactile generalization; working memory
training

INTRODUCTION tasks, but also appears in untrained stimuli and tasks (1-

7). In a previous study (7), we found that training time

Perceptual learning, defined as the experience-depend- intervals affect the early stages of learning but not the later
ent improvement of sensory systems to make sense of stages (i.e., the last three training sessions). Interestingly,
what we see or touch, is not limited to trained stimuli and we also found that a different type of training task (tactile
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orientation discrimination) can improve tactile angle dis-
crimination (TAD) performance, which implies that task-
related working memory (WM) improvement may lead to
perceptual generalization. Nevertheless, it is unclear how
continuous attended sensory input and WM contribute to tac-
tile object discrimination.

Continuous attended sensory input can improve percep-
tual discriminability to both trained and untrained stimuli
(8-10). Indeed, when a training stimulus shares a particular
feature with an untrained stimulus, learning is generalized
to the untrained stimulus (3, 5, 8). For instance, exposure to
horizontal bars on multiple fingers improves tactile spatial
acuity (grating orientation) (5), and tactile orientation dis-
crimination training enhances TAD ability (7). Nevertheless,
the direction of generalization appears from simple stimuli
to complex stimuli because simple stimulus features occupy
higher sensory areas according to reverse hierarchy theory
(11-13). Moreover, sensory training has been shown to
modify the functional specializations of sensory cortical
areas and even reweight their schemes in perceptual deci-
sion making (10, 14, 15). However, the training effect
remains low level and stimulus driven (feature-based),
implying that the benefits of perceptual generalization are
relatively limited (3, 6).

Training task-independent higher-level processes such
as WM can enhance perceptual performance across a wide
range of tasks and stimuli (5-7, 16-19). Recent studies have
shown WM training can improve maintenance ability,
updating ability, distractor filtering efficiency, attention
control, and even neural efficiency (6, 17, 20-23). These
improvement abilities easily generalize to nontrained tasks
with overlapping functional component processes (21, 24—
28). Since TAD requires memory, comparison, and updat-
ing of angle information (29), we suggest that WM training
improves maintenance and updating abilities, which easily
generalize to TAD ability. Although tactile generalization
across tasks has been observed in tactile perceptual training
as a possible result of WM training in previous studies (5, 7),
they did not discuss the weights of perceptual improve-
ment that result from continuous attended sensory input
and WM training. Therefore, our goals are to determine
which factors contribute the most to perceptual learning
and how WM training can improve tactile perception
performance.

In the present study, we used a Braille-like dot pattern
matching n-back task paradigm to manipulate the WM
weight of the training task (30). We applied Braille-like dot
patterns as stimuli in the n-back task, which could avoid
the influence of similar sensory feature inputs on learning
generalization. We set four different workloads with 0-, 1-,
2-, and 3-back levels. Here, the 0-back group could be
regarded as a continuous attended sensory input condi-
tion to compare with the other WM training conditions.
We used the TAD task applied in previous studies (29, 31,
32) as a pre- and posttest. Between tests, four subject
groups were randomly assigned to four different workload
(0,1, 2, 3) n-back tasks to consecutively complete three ses-
sions of n-back training. By comparing the TAD threshold
changes between the pre- and posttest, we assessed the
discrepancies among the learning effects in WM training
under different workloads.
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MATERIALS AND METHODS
Subjects

A total of 40 healthy volunteers naive to the n-back para-
digm of WM and the TAD task were recruited from Okayama
University. Prior to the experiment, all subjects provided writ-
ten informed consent in accordance with the Declaration of
the Ethics Committee of Okayama University. The experi-
ment was reviewed and approved by the Ethics Committee of
Okayama University. During the experiments, the volunteers
did not participate in other cognitive experiments. Each sub-
ject was randomly assigned to one of four different experi-
mental groups: the 0-, 1-, 2-, and 3-back WM training groups.
The subject attributes in each group are shown in Table 1.
Each group participated in experiments over a period of five
consecutive days, during which the pre- and posttests of the
TAD task were performed on the first and fifth days, and dif-
ferent n-back WM trainings were conducted once each day
from the second to fourth days. All the subjects completed the
tasks at a given time and location.

Stimuli

Angle stimuli.

The tactile angles were made from a plastic polyline with
two equal lines (8.0 mm long, 1.5 mm wide, and 1.0 mm
high) and a plastic square base (40.0 mm long and wide, 3.0
mm high). By changing the lines symmetrically distributed
along an imaginary bisector, we created 11 angles, ranging
from 50° to 70°, in 2° increments, with 60° set as the refer-
ence angle and the others set as comparison angles. The
angles had an accuracy of +0.2°. Figure 1A illustrates exam-
ples of the reference and comparison angles in detail. The
angle differences between the reference angle and the com-
parison angles were +2°, +4°, +6°, +8°, +10°, with end-point
distances of 7.8 and 8.2 mm, 7.5 and 8.5 mm, 7.3 and 8.7 mm,
7.0 and 8.9, and 6.8 and 9.2 mm, respectively.

Dot stimuli.

Six kinds of tactile pin stimuli were used in the n-back tasks.
We used two piezoelectric Braille stimulators (KGS, Saitama,
Japan) to create a tactile pin array to present the tactile pin
stimuli (Fig. 2A). Each stimulator consisted of eight relatively
independent plastic pins, grouped in a 2 (horizontal) x 4
(vertical) array, that were elevated quickly by 0.7 mm from
the rest position by a custom-built electronic drive. Thus,
the tactile pin array was composed of 4 (horizontal) x 4
(vertical) pins. To be quickly recognized with the fingerpad
of the right index finger, we chose three kinds of tactile pin
patterns (1, 4, and 16 pins at the stimulator center) with two

Table 1. The attributes of all subjects in the four different
WM training groups

Attributes
Groups Number Age Range Means tSD Gender Handedness
0-back 10 20-31yr 23.6+3.8yr 4female Allright-handed
1-back 10 20-25yr 22.4+16yr 3female Allright-handed
2-back 10 21-26yr 225+1.6yr 4female 9 right-handed
3-back 10 21-27yr 226+18yr 4female 8right-handed

WM, working memory.
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Figure 1. Examples of the tactile angle stimuli and tactile angle discrimina-
tion (TAD) tasks. A: examples of the reference angle (60°) and 2 (50° and
70°) of the 10 comparison angles applied in the TAD task. In particular,
specific parameters of the angles are described. The plastic square base
is 40.0 mm long and wide and 3.0 mm high. The plastic lines composing
the angles are 8.0 mm long, 1.5 mm wide, and 1.0 mm high. d denotes the
end point distance, r depicts the radius of curvature at the end point, and
R represents the radius of curvature at the local apex. B: timing of events
for examples of the TAD task. Under the control of an electronic slider, the
reference angle and a comparison angle subsequently slide passively
across the subject’s right index fingerpad horizontally from /left to right.
After perceiving the angles, the subjects are asked to orally report the
larger of the two angles in one pair, or if he or she could not determine a
difference, indicating that the angles were the same. The experimenter
records the answer of the subject as the response data. Following that,
the pairs of angles are continually changed, presented, and perceived in
the same way. There are a total of 10 pairs of angles, each presented 10
times in a pseudorandom order with either the reference angle or compar-
ison angle appearing first 50% of the time.

different vibration stimuli (vibrating once vs. 5 times within
500 ms), for a total of six types of tactile pin stimuli to be pre-
sented in n-back tasks. In these stimuli, 1 pin vibrates either
once or five times within 500 ms at the center, 4 pins vibrate
once or five times within 500 ms at the center, and all 16
pins vibrate once or five times within 500 ms (Fig. 2B).

Tactile Angle Discrimination Task

We used the tactile semiautomated passive-finger angle
stimulator (TSPAS) to present tactile angles to the fingerpad
(34). We blindfolded the subject and sat him or her at a table
with the equipment. The subjects rested their right hand on
a hand plate on the table, with their right index fingerpad
resting over an opening in the hand plate. Then, a pair of tac-
tile reference angles and comparison angles subsequently
slid across the stationary index fingerpad under the control
of the electronic slider at a distance of 80 mm and a speed of
20 mmy/s (Fig. 1B). The drive direction was horizontal from
left to right. After perceiving the angles, the subjects were
asked to orally report the larger of the two angles in one pair,
or, if he or she could not determine a difference, indicating
that the angles were the same. The experimenter recorded
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the answer of the subject as the response data. Following
that, the pairs of angles are continually changed, presented,
and perceived in the same way. There are a total of 10 pairs
of angles, each presented 10 times in a pseudorandom order
with either the reference angle or comparison angle appear-
ing first 50% of the time.

Braille-like Dot Pattern Matching n-Back WM Tasks

We used Braille-like dot pattern matching n-back WM
tasks as the WM training task. One block of trials consisted of
a sequence of 20 + n items (e.g., 20 items for 0O-back, 21
items for 1-back, 22 items for 2-back, or 23 items for 3-back),
with each item presented for 500 ms followed by a 2,000 ms
interstimulus interval (ISI). Each block contained 14 + n
nontargets and 6 targets that were randomly presented in
the last 20 items due to the invalidation of the first n trials.
Each session included five blocks as a training unit, includ-
ing 100 + 5 x n items; there was a pause between blocks,
and the subject could press the C button to proceed to the
next block. Upon finishing one session, feedback on the ac-
curacy of the performance was provided, and a 3-min break
was required. Each training day, subjects were presented
with six sessions of items (lasting ~40-45 min as n changes)
and were required to press the SPACE button as soon as pos-
sible whenever the current item (excluding the first n) was
the same as that shown n positions back (a target); for non-
targets, no responses were required. For the O-back task,
before each session, we asked the subject to randomly select
one type of tactile dot stimulus as the target item. When
the target item was presented, the subject was asked to
press the SPACE button as soon as possible. The 0-back
task rarely engaged WM; instead, it appears to be a search
task. Meanwhile, it is still needed for the subjects to
receive the same amount of tactile dot pattern stimula-
tion as the other presented n-back tasks. Therefore, we
could regard the 0-back task as a condition of continuous
sensory input of tactile dot patterns, which does not con-
tain WM. We used the Psychotoolbox-3 (33) in MATLAB
(2014a, MathWorks, Natick, MA), to control the experi-
mental procedures and stimuli presentation. During the
experiment, the subject rested his or her fingerpad on the
tactile pin array, and he or she looked at the center of a
17-in. color monitor. When a white cross was presented at
the center of the screen, a tactile stimulus was presented
simultaneously on the fingerpad, when the white cross
disappeared, the tactile stimulus disappeared simultane-
ously (Fig. 2C). This cross was designed to focus the sub-
ject’s concentration.

Data Processing and Analysis

To estimate the TAD thresholds, we used a logistic curve,
as in our previous studies (7, 34, 35). The equation is as
follows:

1

T b

It has two crucial parameters: o and . o indicates the x-
value of the sigmoid curve midpoint, and B denotes logistic
growth. The subject’s responses were transferred to a fre-
quency distribution, and the least square method was
applied to fit a logistic curve. We defined the TAD threshold
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Figure 2. Tactile pin stimuli and examples of Braille-like dot pattern matching n-back working memory (WM) training tasks. A: tactile pin array was com-
posed of two rows of piezoelectric Braille stimulators (KGS, Saitama, Japan). In the piezoelectric Braille stimulator, the distance between adjacent pins
was 2.4 mm, and the diameter of a pin was 0.8 mm. The width and length of the pin array were 12 mm and 20 mm, respectively; the closest pin distance
between the Braille stimulators was 4.0 mm; the white circle represents a pin in the resting position, the black point in the circle denotes a pin vibrating
once in 500 ms, and the gray point in the circle denotes a pin vibrating five times in 500 ms. B: six types of tactile pin patterns were used as tactile stimuli
in Braille-like dot pattern matching n-back training tasks. In these stimuli, one pin vibrates either once or five times within 500 ms at the center, four pins
vibrate once or five times within 500 ms at the center, and all sixteen pins vibrate once or five times within 500 ms. C: time chart of one block of a
Braille-like dot pattern matching n-back training task. Each tactile item was presented for 500 ms, with a white cross simultaneously presented on the
center of the screen, followed by a 2000 ms interstimulus interval (ISl). The tactile items were presented to the subject’s index fingerpad, and the subject
looked at the center of the screen and responded by pressing the SPACE button when the current tactile item matched the item from n steps earlier in
the sequence. For the O-back task, before each session, we allowed the subjects to randomly select one type of tactile dot stimulus as the target item.

as half the difference between the angles at accuracy rates of
25% and 75%. For tactile n-back task performances, we used
d’ as a measure of sensitivity, which was calculated by Z (hit
rate) minus Z (false alarm rate), in which Z represents the
inverse cumulative Gaussian distribution. Since 1 and 0O
could not be transformed to Z values, if the hit rate was 1, we
transformed it to 0.995; if the false alarm rate was 0, we
transformed it to 0.005. In addition, we recorded the
response time of all correct responses in all tactile n-back
tasks.

Before conducting the analysis of variance, we used a one-
sample Kolmogorov-Smirnov (K-S) and Shapiro-Wilk tests
to verify that the data (see Supplemental Data; see https://
doi.org/10.6084/m9.figshare.19329764) were approximately
normally distributed, and a Q-Q diagram check confirmed
that the data were distributed near the straight line. After
that, we used the aov function in R programming to conduct
one-way ANOVA and the Imer function in R program-
ming to conduct two-way repeated-measures ANOVA and
control the subject random effect resulting from the
repeated measures of the pre- and posttest. Furthermore,
we used the Ismeans function in R programming for the
post hoc contrast.
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Downloaded from journals.physiology.org/journal/jn at Okayama Univ (150.046.205.021) on December 13, 2023.

RESULTS

First, we estimated the training effects in the Braille-like
dot pattern matching n-back WM training groups. The
response times (RTs) in each training group across three
training sessions were estimated via one-way repeated-mea-
sure ANOVA. The results found that the session effects in
each group were significant (0-back, F,5=3.87, P = 0.04; 1-
baCk, F2,18 = 12.16, P< 0001; 2-baCk, F2,18 = 14.91, P< 0.001; 3-
back, F,;3=11.80, P < 0.001). The post hoc comparison
[Tukey’s honestly significant difference (HSD)] found that,
in the O-back training group, the RTs on the third day were
significantly less than those on the first day (t;s = 2.77, P =
0.032); in the 1-back training group, the RTs on the second
and third day were significantly less than those on the first
day (t;3 = 2.87, P = 0.026 and t;5 = 4.91, P < 0.001, respec-
tively); in the 2-back training group, the RTs on the second
and third day were significantly less than those on the first
day (t;s = 3.80, P < 0.01 and t;5 = 5.30, P < 0.001, respec-
tively); and in the 3-back training group, the RTs on the sec-
ond and third day were significantly less than those on the
first day (5 = 2.67, P=0.040 and t;3 = 4.85, P < 0.001, respec-
tively). No other significant results were found (Fig. 3A).
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Figure 3. Training effects in Braille-like dot pattern matching n-back working memory (WM) training tasks (No-pack = 10, Nipack = 10, N2_pack = 10,
N3.pack = 10). A: response time in each WM training group decreased following continuous training. In particular, the response time on the third

day was significantly less than that on the first day. B: d’ =

Z (hit rate) —

Z (false alarm rate), d’s in the 0-back and 1-back WM training groups

remained nearly unchanged following 3 days of training, whereas in the 2-back WM training group, d’ on the first day was significantly less than
that on the second and third days, and d’ on the second day was nearly equal to that on the third day. Furthermore, in the 3-back WM training
group, d’ significantly increased following 3 days of training; d’ on the third day was larger than that on the first and second days, and d’ on the
second day was also larger than that on the first day. These results indicate that WM training with different workloads was very effective. The

means and min-to-max values are shown. *P < 0.05, **P < 0.01.

Then, the d’ values [Z (hit rate) — Z (false alarm rate)] in
each training group across three training sessions were esti-
mated via one-way repeated-measure ANOVA. The results
found that the session effects in the 2-back and 3-back train-
ing groups were significant (F,;5=11.16, P < 0.001 and
F,15=19.47, P < 0.0001, respectively). The post hoc compari-
son (Tukey’s HSD) found that, in the 2-back training group,
the d’ values on the second and third day were significantly
larger than that on the first day (¢;g = 3.51, P < 0.01 and t;g =
4.50, P < 0.001, respectively); in the 3-back training group,
the d’ values on the second and third day were significantly
larger than that on the first day (¢;5 = 3.09, P = 0.017 and ;5 =
6.24, P < 0.0001, respectively) and d’ on the third day was
significantly larger than that on the second day (t;5 = 3.15, P =
0.014). No other significant results were found (Fig. 3B).

To better verify the learning effects resulting from the dif-
ferent workload WM trainings, we ran a 2 (testing: pretest and
posttest) x 4 (training regime: 0-back vs. 1-back vs. 2-back vs.
3-back) repeated-measures ANOVA, with the TAD threshold
as the dependent measure. We observed a significant main
effect of testing (Fy40="55.93, P < 0.001). Importantly, we also
found a marginally significant testing x training regime inter-
action effect (F3 40 =2.65, P = 0.062). A simple interaction anal-
ysis (Tukey’s HSD) indicated that the posttest scores were
lower than the pretest scores in the n-back WM training

Figure 4. Learning effects in the different workload working

groups (f44.4=2.68, P < 0.05; t44.4=2.25, P < 0.05; t44.4=3.55,
P < 0.01; £44.4=5.72, P < 0.0001), the pretest scores among the
different n-back WM training groups were nearly equal, and
the posttest scores among the different n-back WM training
groups were not significantly different [ts32 3-0 backs) = 1.95,
P= 0.22; t63.2 (3-1 backs) ~ 1.99, P= 0.20; t63,2 (3-2 backs) = 1.46, P=
0.47; t632 (2-0 backs) = 0.49, P = 0.96; 632 (21 backs) = 0.53, P =
0.95; £63.2 (1-0 backs) = 0.035, P =1.00] (Fig. 4A). Then, to further
clarify the discrepancy of the generalization effects in the dif-
ferent workload WM training groups, the TAD threshold
improvement rate [(pretest — posttest)/pretest] was estimated
via one-way ANOVA, with the results indicating that different
workload WM training effects were significant (F;35=3.66,
P < 0.05). A post hoc comparison (Tukey’s HSD) further indi-
cated that the TAD threshold improvement rate in the 3-back
training group was higher than that in the 0-back and 1-back
training groups (tz = 2.85, P < 0.05; t3¢ = 2.89, P < 0.05) (Fig.
4B), and the other comparisons were not significant.

To further determine whether subjects with better learn-
ing rates [(3rd d’ — 1st d’)/ist d’; (2nd d’ - 1st d’)/1st d’;
(3rd d’ - 2nd d’)/2nd d'] in the n-back WM training task also
showed a higher learning rate [(pretest — posttest)/pretest] in
the TAD task, we ran 12 linear regressions using SPSS (SPSS
Statistics, v. 22.0; IBM), with the TAD threshold improve-
ment as a function of d’ improvement. The results showed

=

memory (WM) training groups (Nopack = 10, NMipack = 10,
N2.pack = 10, N3pack = 10). A: comparison of pre- and posttest
scores in the different training groups; pretest scores were
significantly higher than posttest scores in the n-back train-
ing groups. B: comparison of the tactile angle discrimination
(TAD) threshold improvement rate in different training
groups; the TAD threshold improvement rate is defined as
(pretest — posttest)/pretest in the TAD task; the TAD thresh-
old improvement rate in the 3-back WM training group was
higher than that in the O-back and 1-back training groups.
The means and standard errors (SEs) are shown. Hollow
circles represent individual points in each group. *P < 0.05,
*#P < 0.01.
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that, in the 0-, 1-, 2-back WM training groups, there was no
significant prediction of d’ improvement (day 1 to day 3, day
1today 2, or day 2 to day 3) to TAD threshold improvement
rate (Fig. 5, A-I); only in the 3-back WM training group, d’
improvements (day 1 to day 3 and day 1 to day 2) did predict
TAD threshold improvements with a significant fit (P = 0.
0014 and P = 0. 0034, respectively) (Fig. 5, J and K), and the
intercepts of the models differed significantly from zero [P =
0.006, 95% confidence interval (CI): 0.068-0.29; P < 0.001,
95% CI: 0.18-0.36, respectively], but the linear model predic-
tion of d’ improvement (day 2 to day 3) to TAD threshold
improvement was not significant (P = 0. 29) (Fig. 5L). These
findings indicate that TAD threshold improvement could
benefit from not only WM training but also continuous
attended sensory input in the 3-back WM training group.
Specifically, after one day of consolidation, the WM capacity
could be improved on the second day, and WM capacity

improvement could predict the TAD threshold improve-
ment; the WM capacity acquired better improvement on the
third day, and WM capacity improvement could still predict
the TAD threshold improvement. These predictions suggest
that the acquired WM capacity improvement had been care-
fully processed and consolidated, which could generalize to
other tasks with similar overlapping functional components
such as updating and maintenance (6, 30).

DISCUSSION

We investigated whether tactile continuous attended sen-
sory input and WM training could improve tactile angle dis-
criminability, as well as how TAD ability could benefit from
different workload WM trainings. Our findings showed that
tactile continuous attended sensory input and Braille-like
dot pattern matching n-back WM training could enhance

0-back WM training group

0.3
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Figure 5. Linear prediction models in the n-back working
memory (WM) training groups (No.pack = 10, Mpack = 10,
N2pack = 10, N3pack = 10). A-I: in the O-, 1-, 2-back WM
training groups, there was no significant prediction of
d’ improvement {day 1to day 3 [(3rd d’ — 1st d’)/1st d’],
day 1to day 2 [(2nd d’ — 1st d’)/1st d'], or day 2 to day 3
[(3rd d’ — 2nd d’)/2nd d')) to tactile angle discrimination
(TAD) threshold improvement rate [(pretest — posttest)/
pretest]. J-L: in the 3-back WM training group, the d’
improvement from day 7 to day 3 predicted the TAD
threshold improvement rate with a significant fit (P <
0.05), and the model intercept differed significantly
from O [P = 0.006, 95% confidence interval (Cl): 0.068—
0.29]; The d’ improvement from day 7to day 2 [(2nd d’ —
1st d')/1st d'] also predicted the TAD threshold improve-
ment rate with a significant fit (P < 0.05), and the model
intercept differed significantly from O (P < 0.001, 95% Cl:
0.18-0.36); the d’ improvement from day 2 to day 3 [(3rd
d" — 2nd d’')/2nd d'] could not predict the TAD threshold
improvement rate and had a nonsignificant fit (P = 0.29).
The light gray background indicates that the linear predic-
tion model is significant (P < 0.05).
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TAD ability (Fig. 4A), that TAD threshold improvement was
the best in 3-back WM training (Fig. 4B), and that the train-
ing effects on the 3-back WM training group could propor-
tionally scale across TAD task performance improvement
(Fig. 5, J and K). These findings suggest that while both con-
tinuous attended sensory input and improved WM capacity
could generalize to TAD ability, improved WM capacity plays
a larger role than continuous attended sensory input in the
generalization of the training effect to the TAD ability. This
suggestion could contribute to a better understanding of the
mechanism of perceptual learning generalization across tac-
tile tasks.

We found that TAD ability could be enhanced following
Braille-like dot pattern matching n-back WM training (Fig.
4A). One straightforward explanation for the results is that
continuous attended Braille-like dot patterns may enhance
spatial acuity in the fingerpad. Although it is unclear
whether the enhancement in tactile spatial acuity is general-
izable to all tactile stimuli, we suggest that tactile pin stimu-
lus training might facilitate tactile angle processing. Since
tactile dot processing might be more fundamental than tac-
tile orientation within S1, tactile pin stimulus training might
benefit tactile orientation representation. Because the tactile
angle consists of two different orientation polylines, the ben-
efit may extend to tactile angle identification, which corre-
sponds to the simple-complicated generalization principle of
reverse hierarch theory (11-13). Furthermore, continuous
attended tactile pinpoint contact may promote some S1-spe-
cific neural functions or increase S1 neural sensitivity (9, 36—
38), which might aid in the formation of tactile angle repre-
sentations processed in WM and lead to learning generaliza-
tions. Alternatively, tactile angle sensory inputs using slowly
adapting afferents might converge on a shared submodality
in S1 with Braille-like dot inputs that would be far more dis-
cernible in a population of slowly adapting afferents than in
a population of rapidly adapting afferents (39, 40). Thus, the
neural changes in the common submodality due to continu-
ous attended Braille-like dot patterns may facilitate percep-
tual learning generalizations (41). In some sense, the
significant intercepts in the linear prediction models might
also indicate that continuous attended sensory input con-
tributes to the generalization of the training effect to the
TAD ability (Fig. 5, J and K).

Furthermore, we found that 3-back WM training resulted
in the greatest improvement in TAD ability among all train-
ing groups (Fig. 4B). One possible explanation for this result
is that improved WM capacity can generalize to TAD ability.
Moreover, the linear prediction models for the 3-back WM
training group further indicate that improved WM capacity
plays a role in the generalization of the training effect to the
TAD ability (Fig. 5, J and K). Specifically, because the n-back
task requires continuous maintenance and updating of
dynamic rehearsal items (30, 42), the higher the workload,
the stronger the maintenance and updating abilities pro-
duced by the training task. Thus, 3-back WM training could
significantly improve WM maintenance and updating abilities
(6, 7, 20), which can be shared to higher-level cognition abil-
ities with TAD tasks. Therefore, we suggest that improved
maintenance and updating abilities generalize to TAD ability.
Alternatively, since the n-back task requires attending the
continuous tactile dot stimuli, the higher the workload, the
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more the attention intensity or cognitive resources required
by the training task (43, 44). Thus, 3-back WM training may
also induce the largest scale perceptual and neuroplastic
changes in S1, which might enhance the signal-to-noise ratio
and processing speed of tactile information and further result
in perceptual learning generalizations (9, 38). In addition, 3-
back WM training may improve central executive efficiency,
prevent distraction, and enhance anti-interference ability (6,
45-48), which might allow for more mature resource deploy-
ment and contribute to TAD ability improvement.

In addition, we found that TAD ability improvements in
the 0-back and 1-back training groups were nearly equal and
that TAD ability improvement in the 2-back training group
was between TAD ability improvements in the 1-back and 3-
back training groups (Fig. 4B). Possible reasons for this
include the fact that TAD ability improvement in the 1-back
training group was most likely due to continuous attended
sensory input, whereas TAD ability improvement in the 2-
back training group was likely due to both continuous
attended sensory input and improved WM capacity.
Specifically, since the 1-back WM task in the present study is
probably too easy to train WM (5, 48), the WM capacity in the
1-back training group could not be enhanced and remained
nearly unchanged, i.e., the ceiling effect, although the RTs in
the training task became faster following training (Fig. 3).
Therefore, we suggest that continuous attended sensory
input may lead to the generalization of the training effect
to the TAD ability in the 1-back training group, similar to
the generalization effect in the O-back training group.
Furthermore, the WM capacity in the 2-back training
group improved on the second day and nearly plateaued
on the third day, whereas the WM capacity in the 3-back
training group was continuously enhanced following
training (Fig. 3B); therefore, in addition to continuous
attended sensory input, improved WM capacity in the 2-
back training group may also result in the generalization
of the training effect to the TAD ability. The generalization
effect, however, was lower in the 2-back training group
than in the 3-back training group. One possible reason for
this is that WM training might be somewhat restricted due
to the task set.

Although both high WM load training and continuous
attended sensory input could improve TAD performance,
high WM load training played a greater role than continuous
attended sensory input (Fig. 4B). Sensory training might
improve the processing/representation of tactile dots (e.g.,
improved information transmission and gain) in S1 (3, 7, 49).
Furthermore, tactile dot representation possibly facilitates
the processing and representation of tactile angles in the
TAD task, potentially leading to learning generalizations
from tactile dots to tactile angles (3, 8). However, perceptual
improvement due to tactile dot exposure may result in a lim-
ited, low-level, and feature-based generalization effect. In
contrast, high WM load training may improve not only the
maintenance and updating ability required in the TAD task
but also tactile dot representation in S1, which might facili-
tate tactile angle representation, integrating the two learning
effects. In addition, high WM load training may modulate
more attention resources to concentrate on the processes of
the TAD task, avoiding interruptions and distractions as
much as possible (6, 46-48). Thus, high WM load training
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favors high-level and top-down learning processing, which
could produce a greater generalization effect than continu-
ous attended sensory input.

This study has some broad implications for our under-
standing of perceptual learning. Perceptual learning general-
ization can result from continuous attended sensory input as
well as cognitive training (such as WM training), with cogni-
tive ability improvement playing a key role and remaining
broadly applicable beyond specific stimuli and tasks. In
addition, the difficulty settings in cognitive training deserve
serious consideration. However, there are some limita-
tions to the current study. At present, we could not deter-
mine which aspects of WM improvement generalize to
perceptual learning, such as maintenance, updating, and
central executive function; moreover, we could not deter-
mine whether there was an interaction between attended
sensory input and cognitive training. Therefore, in future
studies, we will focus on these questions to conduct a thor-
ough investigation.
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