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Eye‑tracking training improves 
the learning and memory 
of children with learning difficulty
Agnes S. Chan1,2*, Tsz‑Lok Lee1,2, Sophia L. Sze1,2, Natalie S. Yang1,2 & Yvonne M. Y. Han3

Children who experience difficulty in learning at mainstream schools usually are provided with 
remediation classes after school to facilitate their learning. The present study aims to evaluate an 
innovative eye‑tracking training as possible alternative remediation. Our previous findings showed 
that children who received eye‑tracking training demonstrated improved attention and inhibitory 
control, and the present randomized controlled study aims to evaluate if eye‑tracking training can 
also enhance the learning and memory of children. Fifty‑three primary school students with learning 
difficulty (including autism spectrum disorder, attention‑deficit/hyperactivity disorder, specific 
learning disorder, specific language impairment and borderline intellectual functioning) were recruited 
and randomly assigned to either the Eye‑tracking Training group or the after‑school remediation class. 
They were assessed on their learning and memory using the Hong Kong List Learning Test before and 
after 8‑month training. Twenty weekly parallel sessions of training, 50 min per session, were provided 
to each group. Children who received the eye‑tracking training, not those in the control group, 
showed a significant improvement in memory as measured by the delayed recall. In addition, the 
Eye‑Tracking Training group showed significantly faster learning than the control group. Also, the two 
groups showed a significant improvement in their reading abilities. In sum, eye‑tracking training may 
be effective training for enhancing the learning and memory of children with learning difficulties.

Some children with learning problems find it harder to learn than their peers, and are referred to as children with 
special educational needs (SEN). Given the adoption of the Integrated Education system in Hong Kong, students 
with SEN learn together with their classmates in ordinary primary schools. To support Integrated Education, the 
ordinary school will provide an after-school program to assist their learning or to supplement the learning they 
obtained in routine classrooms. One common after-school remediation class is to teach students reading and 
writing skills. The teaching contents are primarily focused on learning vocabulary, word recognition, syntactic 
skills, reading comprehension, and writing strategies. For example, students are taught to generate short phrases 
with adjectives and nouns, use common connectives in composition, identify important content words in a 
paragraph. The purpose of the present study is to compare the effect of a conventional after-school remediation 
class with an innovative eye-tracking intervention for primary school students with SEN.

The eye-tracking technique has been developed since the 1950s and involves the use of a device that can 
measure eye movement and gaze positions objectively. This technique has a long history as a research tool and 
recently has been applied for training and intervention for improving cognitive functions and emotional prob-
lems. The rationale of using an eye-tracking system for cognitive training is that eye movement abnormality has 
been proposed to be associated with frontal lobe impairment such as disinhibition, working memory  problems1–4. 
For example, children with attention-deficit/hyperactivity disorder (ADHD) or frontal lobe lesions demonstrated 
higher error rates in saccadic control (an index of inhibitory control)2. The measures of anti-saccade task were 
correlated with measures of inhibitory control, attention, working memory and self-monitoring3. Also, abnormal 
eye movement control has commonly seen in patients with brain disorders, including Alzheimer’s  disease5–7, 
mild cognitive  impairment8–10, Parkinson’s  disease11–13, frontotemporal  dementia14–16, autism spectrum disorders 
(ASD)17–19,  ADHD20–22, and specific learning disorder (SpLD)23–25. Some emerging studies have provided some 
support for the efficacy and potential of eye-tracking-based training as a cognitive  intervention26–40. In particu-
lar, studies reported positive effects on improving attention, memory and executive functions in post-stroke 
 patients29,30, significant improvement in attention and impulsivity in children with  ADHD26,28, improvement 
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in  reading31,38,  comprehension31, executive  function40, visual attention and verbal  memory39 in children with 
dyslexia, reduction in repetitive  behaviors35, and improvement in visual sustained  attention33 and emotion 
 recognition36 in children with ASD.

Our research team has also studied the effect of a computerized eye-tracking training program. In one of our 
studies, 18 children with ADHD were randomly assigned to receive the eye-tracking training or web game play-
ing for 240 minutes within two weeks. It was found that only children who have received eye-tracking training 
showed significant improvements in saccadic eye movement control with shortened saccade latency and higher 
accuracy in anti- and pro-saccade tasks,  respectively41. In contrast, those who played with the web game did 
not show significant changes. Another study revealed significant improvement in various cognitive functions, 
including inhibitory control, fluency of speech, and flexible thinking in children with ADHD after  training42. 
Such positive changes were not observed in the control group that received no such training.

Given the encouraging results of our previous laboratory-based studies, the present study aims to further 
examine the effects of eye-tracking training as an after-school program to enhance the learning and memory of 
children with SEN. It also aims to compare the training effects of the eye-tracking training with the conventional 
after-school remediation classes (i.e., an active control). It is hypothesized that the eye-tracking training will 
improve learning and memory of the children more than those in the remediation class. As the conventional 
remediation class teaches Chinese reading and writing skills, it is hypothesized that children receiving conven-
tional training will demonstrate improvement in reading abilities, but may not in learning and memory. Although 
the eye-tracking training would not teach reading skills as the remediation class, it is hypothesized that the chil-
dren in the Eye-tracking Training group will show as much improvement in the reading skills as the conventional 
class given that eye-tracking training has been shown to improve reading abilities in children with  SEN31,37,38.

Results
Baseline performance. The two groups were matched in term of age (t = 0.41, p = 0.68), gender (χ2 = 0.25, 
p = 0.61), level of education (t = 0.41, p = 0.69), estimated level of general intelligence (t = 0.59, p = 0.56) and diag-
nostic characteristics (χ2 = 5.44, p = 0.26), they also showed comparable level of ability in the measures of learn-
ing, memory and reading abilities, t ranges from − 1.49 to 1.37, ps from 0.14 to 0.95 (Table 1). The Eye-tracking 
Training group (M = 83%, SD = 28%) and the Conventional Training group (M = 71%, SD = 31%) yielded a simi-
lar attendance rate, t = − 1.34, p = 0.19. No adverse side-effects have been reported in both groups.

Table 1.  Demographic characteristics and baseline cognitive performance of the Conventional Training and 
Eye-tracking Training groups. FSIQ Full-scale intelligence quotient, ASD Autism spectrum disorders, ADHD 
Attention-deficit/hyperactivity disorder, SpLD Specific learning disorder, SLI Specific language impairment, 
HKLLT Hong Kong list learning test. a Participants diagnosed with ASD, ADHD, SpLD or SLI include those 
with single diagnosis and those with other comorbidities. b n = 22 in Conventional Training group. c n = 21 and 
25 in Conventional Training and Eye-tracking Training group respectively.

Conventional 
training (n = 24)

Eye-tracking 
training (n = 26)

t/χ2 pM SD M SD

Age (years) 9.00 1.04 8.89 0.87 0.41 0.68

Education (years) 3.42 1.02 3.31 0.88 0.41 0.69

Gender (male/female) 19/5 19/7 0.25 0.61

Estimated FSIQ 90.73 11.87 88.78 11.66 0.59 0.56

Diagnosisa 5.44 0.26

With ASD 4 5

With ADHD 12 6

With SLI 4 4

With SpLD 3 7

With borderline IQ 1 4

Learning and memory

HKLLT trial 1 3.54 2.34 3.50 1.90 0.07 0.95

HKLLT trial 2 5.67 2.84 4.88 2.64 1.01 0.32

HKLLT trial 3 6.33 3.32 5.46 2.58 1.04 0.30

HKLLT learning slope 1.40 0.93 0.98 1.18 1.37 0.18

HKLLT delayed recall 4.33 3.07 3.50 2.32 1.09 0.28

Reading ability

Chinese word reading score 41.63 27.41 32.88 23.81 1.21 0.23

Chinese passage reading  scoreb 125.64 27.37 115.96 34.14 1.07 0.29

Chinese passage reading  timec 93.96 27.23 111.55 47.80  − 1.49 0.14
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Improved learning after eye‑tracking training. To test out the first hypothesis of whether eye-tracking 
training will improve learning and memory more than conventional training, a three-way mixed ANOVA was 
performed with Trials (learning trials 1 to 3 and 10-min delayed recall trial) and Time (pre vs. post) as within-
subject factors and Groups (Conventional Training vs. Eye-tracking Training) as between-subject factor. This 
examines the pre-post change in scores across learning and delayed recall trials between two groups. Although 
the three-way interaction effect was not significant, F(3,46) = 1.29, p = 0.29, the partial eta squared (ηp

2 = 0.08) 
indicated a moderate effect size. The non-significant interaction effect is probably due to our relatively small 
sample size and hence an inadequate power. Besides, further Trials (learning trials 1 to 3 and 10-min delayed 
recall trial) by Time (pre vs post) repeated measures ANOVA was performed separately for each training group 
and the pairwise comparisons with Bonferroni adjustment for post hoc analysis was adopted to examine the 
change in scores after intervention in each group. Table 2 presents the pre-and post-training scores in Learn-
ing Trial 1 to 3 of each group, and Fig. 1 showed the difference scores. Pairwise comparison results showed that 
participants in both training groups did not show any significant change in the first learning trial, t = − 1.60 and 
− 1.61, ps = 0.12, a small effect size (d = 0.3). In Learning Trial 2, both training groups began to demonstrate a sig-
nificant increase in the number of words recalled, t = − 2.64 and − 2.44, p = 0.02, at moderate effect size (d = 0.5). 
At the third learning trial, the Eye-tracking Training group showed an uprising growth in scores and the pre-post 
change in score became more robust, t = − 3.85, p = 0.001, approaching a large effect size (d = 0.75). The standard-
ized mean difference (SMD) indicating the amount of change in the eye-tracking group relative to the amount of 
change in the conventional group was computed for each measure to compare the efficacy of two interventions 
(Table 2). It was revealed that the SMDs for Trial 2 and 3 were positive which suggested a better treatment out-
come associated with eye-tracking training. In addition, a two-way mixed ANOVA was performed on the meas-
ure of learning slope with Time (pre vs. post) as within-subject factor and Groups (Conventional Training vs. 
Eye-tracking Training) as between-subject factor. Although the Time by Groups interaction effect was not sig-

Table 2.  Comparison of the number of words recalled at three learning trials and 10-min delayed recall 
trial, and the learning slope of the Hong Kong List Learning Test (HKLLT) before and after training between 
two groups. SMD = Standardized mean difference, which is computed as [(M_post_experimental − M_pre_
experimental)/((SD_post_experimental + SD_pre_experimental)/2)] − [(M_post_control − M_pre_control)/
((SD_post_control + SD_pre_control)/2)], where a positive value indicates a better treatment outcome of the 
experimental group and vice versa. *p < 0.05; **p < 0.01; ***p < 0.001.

HKLLT measures

Conventional training (n = 24)

t p d

Eye-tracking training (n = 26)

t p d SMD

Pre Post Pre Post

M (SD) M (SD) M (SD) M (SD)

Trial 1 3.54 (2.34) 4.21 (2.36) − 1.60 0.12 0.33 3.50 (1.90) 4.00 (1.96) − 1.61 0.12 0.32  − 0.03

Trial 2 5.67 (2.84) 6.54 (3.18) − 2.64 0.02* 0.54 4.88 (2.64) 6.23 (2.46) − 2.44 0.02* 0.48 0.24

Trial 3 6.33 (3.32) 7.54 (3.56) − 2.42 0.02* 0.49 5.46 (2.58) 7.38 (2.76) − 3.85 0.001** 0.75 0.37

Learning Slope 1.40 (0.93) 1.67 (0.86) − 1.25 0.23 0.25 0.98 (1.18) 1.69 (1.17) − 2.77 0.01* 0.54 0.30

Delayed Recall 4.33 (3.07) 5.50 (3.31) − 2.05 0.05 0.42 3.50 (2.32) 6.00 (3.19) − 5.23  < 0.001*** 1.03 0.54

Figure 1.  The increase in the number of words recalled across three learning trials and a delayed recall trial of 
the Hong Kong List Learning Test after training in two groups. The error bar represents one standard error of 
the mean.
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nificant, F = 1.68, p = 0.20, ηp
2 = 0.03, the post hoc pairwise comparisons with Bonferroni adjustment showed that 

the Eye-tracking Training group demonstrated a significant improvement in learning slope, t = − 2.77, p = 0.01 
(Fig. 1). In contrast, the learning slope of the Conventional Training group was not significant, t = − 1.25, p = 0.23. 
The SMD for learning slope was 0.30, which indicated a better outcome for eye-tracking training (Table 2). It 
suggested that children who have received eye-tracking training were more capable to remember more words 
after repeated learning.

Furthermore, Pearson correlation analyses revealed that children with poorer learning at the baseline dem-
onstrated greater degree of improvement in learning score at later trials (r = − 0.60 and − 0.42, p = 0.001 and 0.03 
for Trial 2 and 3 respectively) but not at the first learning trial (r = − 0.38, p = 0.06) after eye-tracking training. 
The degree of improvement in learning score was reflected by the difference score between pre- and post-
measurements at each learning trial. In contrast, there was no significant association between baseline score 
and degree of improvement at later trials for the Conventional Training group (r = − 0.07 and − 0.27, p = 0.76 
and 0.21 for Trial 2 and 3 respectively).

Improved memory after eye‑tracking training. Following the first hypothesis, further analyses were 
performed to examine if eye-tracking training will improve memory more than conventional training, where 
memory was assessed by the Delayed Recall Trial. Although the result of mixed ANOVA showed a non-significant 
Groups by Time interaction effect, F(1,48)  = 3.25, p = 0.08, it yielded a moderate effect size (ηp

2 = 0.06). Results of 
post hoc pairwise comparisons with Bonferroni adjustment showed that while the Eye-tracking Training group 
demonstrated a significant improvement in delayed recall, t = − 5.23, p < 0.001, the Conventional Training group 
did not show any significant change, t = − 2.05, p = 0.05, at a small effect size (d = 0.42) (Table 2). The extent of 
change in delayed recall score of the Eye-tracking Training group was at a large effect size (i.e., 1.03), suggesting 
a great extent of improvement in memory recall after a delay. This is consistent with the positive value of SMD 
(i.e., 0.54) that eye-tracking training yielded a better treatment outcome than conventional training (Table 2). 
As shown in Fig. 1, the difference score in the Eye-tracking Training group (M = 2.50, SD = 2.44) was twice the 
Conventional Training group (M = 1.17, SD = 2.79) at Delayed Recall. The results suggest that eye-tracking train-
ing, but not the after-school remediation program, improves the memory of children with learning difficulties.

Improved reading abilities after conventional and eye‑tracking training. For the second and 
the third hypotheses, it is anticipated that the Conventional Training group will show significant improvement 
in reading abilities, so as the Eye-tracking Training group. Two-way Groups (Conventional Training vs. Eye-
tracking Training) by Time (pre vs. post) mixed ANOVAs were performed to test out these two hypotheses. The 
pre-post performance in the total score of the Chinese Word Reading Test and Chinese Passage Reading Test, 
and the completion time of Chinese Passage Reading Test were compared between groups. There was no signifi-
cant interaction effect (F ranges from 0.41 to 0.84, ps from 0.37 to 0.52), but a significant main effect of Time (F 
ranges from 4.35 to 93.26, ps from < 0.001 to 0.04), suggesting that both groups showed improvement after the 
training. Post hoc pairwise comparisons with Bonferroni adjustment were performed to examine the change in 
reading scores and time after intervention in each group.

Since the students received remediation on their Chinese reading skills in the remediation class, it was not 
surprising to find that the Conventional Training group showed a significant improvement in the performance of 
Chinese Word Reading Test (t = − 8.20, p < 0.001), and Chinese Passage Reading Test (t = − 2.44, p = 0.02) (Fig. 2a). 
Interestingly, the Eye-tracking Training group also showed a significant increase in the scores of Chinese Word 
Reading Test (t = − 5.80, p < 0.001) and Chinese Passage Reading Test (t = − 3.12, p = 0.005) after the training. 
The time to complete the Chinese Passage Reading Test was significantly shorter in the Conventional Training 
group (t = 3.30, p = 0.004) but not the Eye-tracking Training group (t = 0.85, p = 0.40) (Fig. 2b). The extent of 
improvements in the two reading tests between the two groups was not statistically significant. Therefore, both 
training groups demonstrated significant improvement in reading abilities.

Discussion
This study showed that children who received eye-tracking training, not those who attended remediation class, 
showed improved memory and faster learning. In addition, students with poorer learning scores at the base-
line demonstrated a greater degree of improvement in learning score at later trials after eye-tracking training 
(r = − 0.60 and − 0.42, p = 0.001 and 0.03 for Trial 2 and 3 respectively). This was not observed in students receiv-
ing conventional training. The present result is consistent with a previous study on the eye-tracking training 
effects on learning and memory. That previous study has applied an eye-tracking linkage attention training 
program on stroke  patients29. Forty stroke patients were randomly assigned to receive an eye-tracking training 
or a conventional computerized cognitive training for 30 sessions, 30 minutes per session. After training, both 
eye-tracking and conventional cognitive training demonstrated a significant improvement in total learning and 
a 20-minute delayed recognition of a verbal learning test. These results are consistent with our present findings 
on the positive effects of eye-tracking training on enhancing verbal learning and memory retrieval at a delay in 
individuals with brain dysfunctions. However, the extent of improvements was different between Moon et al’s 
study and the present study. The training-induced increase in delayed recall (p < 0.001) in present study was 
more robust than the improvement in delayed recognition (p = 0.042) in Moon et al.’s study. This may be related 
to the difference in pathological condition and age of participants between two studies (that is adult patients 
with stroke in Moon et al.’s study and children with learning difficulties in present study). It is understood that 
memory tested in a recognition format is supposed to be cognitively less effortful than a free recall format because 
a person is provided with a list of target and non-target words in recognition trial, whereas a person has to recall 
their memory without any cue provided in a free recall format. Thus, the more robust improvement in delayed 
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free recall in present study is very encouraging and convincing. In addition, the present study is consistent with 
our previous findings on children with  ADHD40,41. That is, our previous studies reported better saccadic eye 
movement control and inhibitory control on children with ADHD after training; the present experiment fur-
ther showed the positive effects on learning, memory, and reading abilities on children with learning difficulty. 
Thus, eye-tracking-based training has a positive effect on enhancing cognitive functions including attention, 
inhibitory control, learning, and memory. More importantly, the improvement in learning and memory after 
eye-tracking training is supposed to be specifically related to the eye-tracking component of training, rather than 
simply due to a game or intervention implemented. It is because, based on our previous  study41, only ADHD 
children receiving the eye-tracking training but not those engaging in web game playing in the control group 
demonstrated significant improvement in saccadic latency and accuracy in anti- and pro-saccade tasks. Therefore, 
it is believed that the positive training effects in present study are possibly due to the eye-tracking component. 
However, future studies that compare the effect of eye-tracking training and game-based training on various 
cognitive functions will be warranted.

The present study showed that eye-tracking training was also found to be effective in improving reading skills. 
This result is consistent with another study that reported significantly faster reading speed and shorter fixation 
time during reading after 10-minute visual attention training using eye-tracking  technology37. Similarly, dyslexic 

Figure 2.  (a) The total number of words correctly read in the Chinese Word Reading Test and Chinese Passage 
Reading Test, and (b) the time needed for reading the Chinese passage before and after training. The error bar 
represents one standard error of the mean. Effect size (d) for paired t-tests comparing the pre-post difference in 
each training group is presented. *p < 0.05; **p < 0.01; ***p < 0.001.
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children showed reduced reading time and fixation time after 8-week intervention with training component in 
saccadic  control38. These suggested training on voluntary eye movement might have benefits on reading skills. 
Also, another study reported improved reading accuracy, rate and comprehension in dyslexic children after 
playing action video games via eye-tracking, though such improvements were no different from those playing 
action games without using eye-tracking31. As hypothesized, since eye movement control has been suggested to 
be related to attention, memory, and reading  abilities43–46, training on voluntary control of eye movement could 
enhance memory and reading ability. Since the ability to recall newly formed memory after a delay plays a sig-
nificant role in students’ everyday school learning, better delayed recall suggests that students can acquire new 
knowledge and recall what has been learned for later application. So, the present study has provided preliminary 
support for the efficacy and applicability of the eye-tracking technique in cognitive training as an after-school 
program for children with learning difficulty in mainstream schools.

Despite the encouraging findings, there are some limitations of the present study. First, the present study 
has only examined the immediate effect of eye-tracking training, it is unknown if the positive effects could be 
maintained after the training. Therefore, follow-up studies are warranted to explore the sustainability of train-
ing effects. Second, despite the eye-tracking training-specific improvement in memory function, the underlying 
neural mechanism is still unknown. Therefore, further studies applying neurophysiological measures to explore 
the neural responses may shed some light on this issue. Third, given the relatively small sample size, further 
study to validate the present results in different settings and with a large sample is warranted. It is estimated by 
power analysis that a minimum of 98 children are required in order to achieve a significant three-way interaction 
effect for the learning and delayed recalled trials, and a minimum of 228 children are required for a significant 
two-way interaction effect for the learning slope measure. Fourth, the neurodevelopment and education for 
eight months may have some impact on the improvement in reading skills observed in both groups of training, 
therefore, it is worthwhile to include a waitlist control group in future studies to explore and compare the extent 
of developmental and educational influence with the intervention effects.

Methods
Participants. A total of 53 students with learning difficulties in grades 2 to 5 at two local mainstream pri-
mary schools were recruited through the referral of their school teachers. This sample size was estimated prior 
to the study through power analysis based on our previous  data42 applying the eye-tracking training to improve 
attention and inhibitory control of ADHD children. The mean effect size of pre-post changes after eye-tracking 
training in various cognitive measures was 0.7. With power at 0.8 and alpha value at 0.05, minimally 19 students 
per training group were required. If the attrition rate is 30%, then each group requires about 27 students. The age 
of students ranges from 7 to 10 years (M = 8.99; SD = 0.96). Forty of them are boys and 13 are girls. According to 
the record from the Education Bureau, they have been formally diagnosed with at least one type of neurodevel-
opmental disorders (i.e., ASD, ADHD, SpLD, Specific Language Impairment (SLI), and borderline level of intel-
lectual functioning with IQ score falls in the range of 70 to 79) and/or comorbid with other disorders (Table 1). 
The diagnosis was formulated by a psychiatrist, a pediatrician, or a clinical psychologist at a general hospital or 
Child Assessment Centre or by an educational psychologist at school. All of them have a negative history of head 
injury or epilepsy. This study was conducted according to the guidelines of the World Medical Association Dec-
laration of Helsinki. The research protocol was approved by the Joint Chinese University of Hong Kong—New 
Territories East Cluster Clinical Research Ethics Committee (Reference number: 2020.501-T).

Procedure. All students participated voluntarily with written informed consent obtained from their parents 
before the study. After that, each of them received the baseline assessment to evaluate their level of intelligence, 
learning, memory, and reading abilities using standardized tests and experimental paradigms individually by 
trained research assistants. The assessment was conducted at their school.

After the baseline assessment, the participants were randomly assigned into either the Eye-tracking Training 
group (n = 27) or the Conventional Training group (n = 26) using the random number generators in SPSS. The 
two groups were equivalent in age (t = 0.20, p = 0.85), gender (χ2 = 0.06, p = 0.81), years of education (t = 0.35, 
p = 0.73), estimated level of intelligence (t = 0.49, p = 0.63), diagnostic characteristics (χ2 = 2.55, p = 0.51), learning 
and memory abilities (t ranges from 0.17 to 1.29, ps from 0.20 to 0.87), and reading skills (t ranges from − 0.56 
to 1.24, ps from 0.22 to 0.58). Their intelligence quotient (IQ) was estimated by the Matrix Reasoning and Simi-
larities subtests of the Wechsler Intelligence Scale for Children-Fourth Edition (Hong Kong) (WISC-IV(HK))47 
based on the formula suggested by Aubry and  Bourdin48. Their learning and memory abilities were measured by 
the Hong Kong List Learning Test (HKLLT)49, and their reading abilities were measured by the Chinese Word 
Reading  Test50 and the Chinese Passage Reading  Test51.

Each group of participants underwent 20 weekly sessions of after-school training, 50 minutes per session, 
for 8 months. There were two participants from the Conventional Training group and one participant from the 
Eye-tracking Training group dropped out while training due to the pandemic of COVID-19. The Conventional 
Training (n = 24) and Eye-tracking Training (n = 26) groups remained to be matched on their demographic and 
clinical characteristics, intelligence level, learning, memory and reading abilities, ps from 0.14 to 0.95 (Table 1). 
The details of training are listed below:

Eye‑tracking training. The eye-tracking training program was developed by our research team and operated 
by the Pro-talent Association Ltd. in Hong Kong. It is in Phase II of this clinical trial. The training program 
consisted of six modules and each module had five levels. Participants were required to fixate or trace on a target 
with their eyes for a certain period and to ignore distractions. Each level of training lasts for 5 or 10 minutes. 
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Participants could choose to continue or quit after each attempt. Whenever the participant obtained a score of 
80 or higher, the program would automatically level up.

Conventional training. The Conventional Training was composed of paper-and-pencil and computer tasks that 
focused on training reading and writing skills. The teaching materials were commonly used in Hong Kong. The 
teaching contents were primarily focused on learning Chinese vocabulary, word recognition, syntactic skills, 
reading comprehension, and writing strategies. The teaching materials were presented with multimedia and 
multisensory means to attract and motivate the students to learn, e.g., a training software developed by the Hong 
Kong Specific Learning Difficulties Research Team of the Hong Kong University was a game-like computerized 
training teaching word  recognition52.

At post-training, participants were re-assessed on their intelligence, learning, memory, and reading abilities 
with the same set of tests as adopted at the baseline. The assessments were conducted by trained research assis-
tants who were blinded to the group assignment.

Materials. Hong Kong list learning test (HKLLT). The  HKLLT49 is a verbal memory test that has been devel-
oped and widely adopted in local general hospitals and research fields for more than 20 years. It is a reliable and 
valid assessment of verbal memory abilities associated with different brain pathologies, such as  dementia53, mild 
cognitive  impairment54,  schizophrenia55,  autism56. The three learning trials and the 10-minute delayed recall in 
the HKLLT were administered in present study. Participants have presented verbally a list of 16 two-character 
Chinese words three times and were required to recall verbally as many words as possible. After 10 minutes, they 
were asked to recall the words from memory again. The number of words recalled in each of the three learning 
trials and a learning slope across the learning trials was computed as the measures of learning, and the number 
of words recalled at the delayed recall trial was used as a measure of memory. The possible range of score is 0 
to 16 in each trial, where a higher score means better performance. Besides, the learning slope ranges from − 8 
to 8, where a positive learning slope means an increased rate of learning. The verbal learning test was selected 
to evaluate the learning and memory of the children as it is one of the most common and sensitive tests of 
 memory57,58, and the delayed recall task is the most sensitive index of memory  decline59,60.

Chinese word reading test. The Chinese Word Reading Test is a test for literacy adopted from the Hong Kong 
Test of Specific Learning Difficulties in Reading and Writing for Primary School Students-3rd edition (HKT-
P(III))50. The HKT-P(III) is a locally developed and validated test that is sensitive to identify children with SpLD 
with good convergent validity between composite score and subtests (r ranges from 0.11 to 0.54) and test-retest 
reliability of the Chinese Word Reading Test is high (r = 0.98). It contained a list of 120 Chinese two-character 
words and participants were required to read through them one by one until 30 consecutive mistakes were com-
mitted. The total number of correctly read words was computed as a measure of reading ability. The score can 
range from 0 to 120. A higher score indicates better reading ability.

Chinese passage reading test. The Chinese short passage, an experimental paradigm, was adopted from the 
resources released by the Education  Bureau51, which contained 147 words with the difficulty level equivalent to 
the primary school level. Participants were asked to read through the Chinese passage accurately and smoothly. 
The total number of correctly read words and the time taken to read through the passage were computed as 
measures of reading accuracy and reading speed respectively.

Similarities and matrix reasoning subtests. The Similarities and Matrix Reasoning subtests were selected from 
the WISC-IV(HK)47, which is a locally adapted intelligence scale with good reliability (rs ≥ 0.9) and validity 
(correlation among subtests ranges from 0.72 to 0.92). In the Similarities subtest, the participants were required 
to name the shared characteristics between two verbal concepts. In the Matrix Reasoning subtest, the partici-
pants were required to solve visual-spatial problems through analogical reasoning. The scaled scores of the two 
subtests were used to estimate the full scale IQ of participants based on the formula suggested by Aubry and 
 Bourdin48. This formula yields a reliability of 0.88 and a convergent validity of 0.79.

Data analysis. The between-group difference on demographic and clinical characteristics and cognitive 
measures was analyzed using independent sample t-tests and chi-squared tests. To examine if the eye-tracking 
training will improve learning and memory more than the conventional training, a three-way mixed ANOVA 
were performed with Trials (learning trials 1 to 3 and 10-min delayed recall trial in HKLLT) and Time (pre vs. 
post) as within-subject factors and Groups (Eye-tracking Training vs. Conventional Training) as between-sub-
ject factor. Further Trials by Time repeated measures ANOVA was performed separately for each training group 
and the post hoc pairwise comparisons with Bonferroni adjustment were conducted to examine the changes in 
scores across learning and delayed recall trials in each group. To compare the training effects on reading abili-
ties between two groups, two-way Groups (Conventional Training vs. Eye-tracking Training) by Time (pre vs. 
post) mixed ANOVAs were performed for the reading measures with post hoc pairwise comparisons. Partial 
eta squared (ηp

2), Cohen’s d, and SMD were presented to indicate the effect size. The SMD was computed as 
[(M_post_experimental − M_pre_experimental)/((SD_post_experimental + SD_pre_experimental)/2)] − [(M_
post_control − M_pre_control)/((SD_post_control + SD_pre_control)/2)], where a positive value indicates a 
better treatment outcome of the experimental group and vice versa. All statistical analyses were performed using 
SPSS 25.0 software.



8

Vol:.(1234567890)

Scientific Reports |        (2022) 12:13974  | https://doi.org/10.1038/s41598-022-18286-6

www.nature.com/scientificreports/

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 27 March 2022; Accepted: 9 August 2022

References
 1. Klein, C. H., Raschke, A. & Brandenbusch, A. Development of pro–and antisaccades in children with attention–deficit hyperactivity 

disorder (ADHD) and healthy controls. Psychophysiology 40, 17–28. https:// doi. org/ 10. 1111/ 1469- 8986. 00003 (2003).
 2. Goto, Y. et al. Saccade eye movements as a quantitative measure of frontostriatal network in children with ADHD. Brain Dev. 32, 

347–355. https:// doi. org/ 10. 1016/j. brain dev. 2009. 04. 017 (2010).
 3. Pereira, M. L. G. D. F. et al. Saccadic eye movements associated with executive function decline in mild cognitive impairment and 

Alzheimer’s disease: Biomarkers (non-neuroimaging)/novel biomarkers. Alzheimers Dement. 16, e040036. https:// doi. org/ 10. 1002/ 
alz. 040036 (2020).

 4. Chehrehnegar, N., Shati, M., Esmaeili, M. & Foroughan, M. Executive function deficits in mild cognitive impairment: Evidence 
from saccade tasks. Aging Ment. Health https:// doi. org/ 10. 1080/ 13607 863. 2021. 19134 71 (2021).

 5. Noiret, N. et al. Saccadic eye movements and attentional control in Alzheimer’s disease. Arch. Clin. Neuropsychol. 33, 1–13. https:// 
doi. org/ 10. 1093/ arclin/ acx044 (2018).

 6. Kahana Levy, N., Lavidor, M. & Vakil, E. Prosaccade and antisaccade paradigms in persons with Alzheimer’s disease: A meta-
analytic review. Neuropsychol. Rev. 28, 16–31. https:// doi. org/ 10. 1007/ s11065- 017- 9362-4 (2018).

 7. Opwonya, J. et al. Saccadic eye movement in mild cognitive impairment and Alzheimer’s disease: a systematic review and meta-
analysis. Neuropsychol. Rev. https:// doi. org/ 10. 1007/ s11065- 021- 09495-3 (2021).

 8. Chehrehnegar, N. et al. Behavioral and cognitive markers of mild cognitive impairment: Diagnostic value of saccadic eye move-
ments and Simon task. Aging Clin. Exp. Res. 31, 1591–1600. https:// doi. org/ 10. 1007/ s40520- 019- 01121-w (2019).

 9. Jiang, J. et al. A novel detection tool for mild cognitive impairment patients based on eye movement and electroencephalogram. 
J. Alzheimers Dis. 72, 389–399. https:// doi. org/ 10. 3233/ JAD- 190628 (2019).

 10. Wilcockson, T. D. et al. Abnormalities of saccadic eye movements in dementia due to Alzheimer’s disease and mild cognitive 
impairment. Aging (Albany NY) 11, 5389–5398. https:// doi. org/ 10. 18632/ aging. 102118 (2019).

 11. Ouerfelli-Ethier, J. et al. Anti-saccades predict cognitive functions in older adults and patients with Parkinson’s disease. PLoS ONE 
13, e0207589. https:// doi. org/ 10. 1371/ journ al. pone. 02075 89 (2018).

 12. Wong, O. W. et al. Eye movement parameters and cognitive functions in Parkinson’s disease patients without dementia. Parkinson‑
ism Relat. Disord. 52, 43–48. https:// doi. org/ 10. 1016/j. parkr eldis. 2018. 03. 013 (2018).

 13. Zhang, Y. et al. Oculomotor performances are associated with motor and non-motor symptoms in Parkinson’s disease. Front. 
Neurol. 9, 960. https:// doi. org/ 10. 3389/ fneur. 2018. 00960 (2018).

 14. Hutchings, R. et al. Looking but not seeing: Increased eye fixations in behavioural-variant frontotemporal dementia. Cortex 103, 
71–81. https:// doi. org/ 10. 1016/j. cortex. 2018. 02. 011 (2018).

 15. Lage, C. et al. Distinctive oculomotor behaviors in Alzheimer’s disease and frontotemporal dementia. Front. Aging Neurosci. 12, 
525. https:// doi. org/ 10. 3389/ fnagi. 2020. 603790 (2021).

 16. Russell, L. L. et al. Eye movements in frontotemporal dementia: abnormalities of fixation, saccades and anti-saccades. Alzheimers 
Dement. (NY) 7, e12218. https:// doi. org/ 10. 1002/ trc2. 12218 (2021).

 17. Bast, N. et al. Saccade dysmetria indicates attenuated visual exploration in autism spectrum disorder. J. Child Psychol. Psychiatry 
62, 149–159. https:// doi. org/ 10. 1111/ jcpp. 13267 (2021).

 18. Caldani, S. et al. Oculomotor behavior in children with autism spectrum disorders. Autism 24, 670–679. https:// doi. org/ 10. 1177/ 
13623 61319 882861 (2020).

 19. Mo, S., Liang, L., Bardikoff, N. & Sabbagh, M. A. Shifting visual attention to social and non-social stimuli in autism spectrum 
disorders. Res. Autism Spectr. Disord. 65, 56–64. https:// doi. org/ 10. 1016/j. rasd. 2019. 05. 006 (2019).

 20. Maron, D. N. et al. Oculomotor deficits in attention deficit hyperactivity disorder (ADHD): A systematic review and comprehensive 
meta-analysis. Neurosci. Biobehav. Rev. 131, 1198–1213. https:// doi. org/ 10. 1016/j. neubi orev. 2021. 10. 012 (2021).

 21. Levantini, V. et al. Eyes are the window to the mind: Eye-tracking technology as a novel approach to study clinical characteristics 
of ADHD. Psychiatry Res. 290, 113135. https:// doi. org/ 10. 1016/j. psych res. 2020. 113135 (2020).

 22. Caldani, S. et al. Impairment in attention focus during the Posner cognitive task in children with ADHD: An eye tracker study. 
Front. Pediatr. 8, 484. https:// doi. org/ 10. 3389/ fped. 2020. 00484 (2020).

 23. Premeti, A., Bucci, M. P. & Isel, F. Evidence from ERP and eye movements as markers of language dysfunction in dyslexia. Brain 
Sci. 12, 73. https:// doi. org/ 10. 3390/ brain sci12 010073 (2022).

 24. Razuk, M., Barela, J. A., Peyre, H., Gerard, C. L. & Bucci, M. P. Eye movements and postural control in dyslexic children performing 
different visual tasks. PLoS ONE 13, e0198001. https:// doi. org/ 10. 1371/ journ al. pone. 01980 01 (2018).

 25. Franzen, L., Stark, Z. & Johnson, A. P. Individuals with dyslexia use a different visual sampling strategy to read text. Sci. Rep. 11, 
1–17. https:// doi. org/ 10. 1038/ s41598- 021- 84945-9 (2021).

 26. García-Baos, A. et al. Novel interactive eye-tracking game for training attention in children with attention-deficit/hyperactivity 
disorder. Prim. Care Companion CNS Disord. 21, 26348. https:// doi. org/ 10. 4088/ PCC. 19m02 428 (2019).

 27. Rasti, J., Torabi, A., Sarrami-Foroushani, N., Amiri, G. & Malekifar, N. Design and validation of an eye-tracker-based software to 
improve attention in attention deficit hyperactivity disorder (ADHD): A validation study. J. Res. Rehabil. Sci. 15, 137–143. https:// 
doi. org/ 10. 22122/ JRRS. V1513. 3439 (2020).

 28. Janmohammadi, S., Haghgoo, H. A., Farahbod, M., Overton, P. G. & Pishyareh, E. Effect of a visual tracking intervention on atten-
tion and behavior of children with Attention Deficit Hyperactivity Disorder. J Eye Mov. Res. 12, 6. https:// doi. org/ 10. 16910/ jemr. 
12.8.6 (2019).

 29. Moon, S. J. et al. Effects of an eye-tracking linkage attention training system on cognitive function compared to conventional 
computerized cognitive training system in patients with stroke. Healthcare 10, 456. https:// doi. org/ 10. 3390/ healt hcare 10030 456 
(2022).

 30. He, W. et al. Eye movement technique to improve executive function in patients with stroke: A randomized controlled trial. Front. 
Neurol. 12, 318. https:// doi. org/ 10. 3389/ fneur. 2021. 599850 (2021).

 31. Peters, J. L., Crewther, S. G., Murphy, M. J. & Bavin, E. L. Action video game training improves text reading accuracy, rate and 
comprehension in children with dyslexia: A randomized controlled trial. Sci. Rep. 11, 18584. https:// doi. org/ 10. 1038/ s41598- 021- 
98146-x (2021).

 32. Teo, S. H. J. et al. Brain-computer interface based attention and social cognition training programme for children with ASD and 
co-occurring ADHD: A feasibility trial. Res. Autism Spectr. Disord. 89, 101882. https:// doi. org/ 10. 1016/j. rasd. 2021. 101882 (2021).

 33. Powell, G., Wass, S. V., Erichsen, J. T. & Leekam, S. R. First evidence of the feasibility of gaze-contingent attention training for 
school children with autism. Autism 20, 927–937. https:// doi. org/ 10. 1177/ 13623 61315 617880 (2016).

https://doi.org/10.1111/1469-8986.00003
https://doi.org/10.1016/j.braindev.2009.04.017
https://doi.org/10.1002/alz.040036
https://doi.org/10.1002/alz.040036
https://doi.org/10.1080/13607863.2021.1913471
https://doi.org/10.1093/arclin/acx044
https://doi.org/10.1093/arclin/acx044
https://doi.org/10.1007/s11065-017-9362-4
https://doi.org/10.1007/s11065-021-09495-3
https://doi.org/10.1007/s40520-019-01121-w
https://doi.org/10.3233/JAD-190628
https://doi.org/10.18632/aging.102118
https://doi.org/10.1371/journal.pone.0207589
https://doi.org/10.1016/j.parkreldis.2018.03.013
https://doi.org/10.3389/fneur.2018.00960
https://doi.org/10.1016/j.cortex.2018.02.011
https://doi.org/10.3389/fnagi.2020.603790
https://doi.org/10.1002/trc2.12218
https://doi.org/10.1111/jcpp.13267
https://doi.org/10.1177/1362361319882861
https://doi.org/10.1177/1362361319882861
https://doi.org/10.1016/j.rasd.2019.05.006
https://doi.org/10.1016/j.neubiorev.2021.10.012
https://doi.org/10.1016/j.psychres.2020.113135
https://doi.org/10.3389/fped.2020.00484
https://doi.org/10.3390/brainsci12010073
https://doi.org/10.1371/journal.pone.0198001
https://doi.org/10.1038/s41598-021-84945-9
https://doi.org/10.4088/PCC.19m02428
https://doi.org/10.22122/JRRS.V1513.3439
https://doi.org/10.22122/JRRS.V1513.3439
https://doi.org/10.16910/jemr.12.8.6
https://doi.org/10.16910/jemr.12.8.6
https://doi.org/10.3390/healthcare10030456
https://doi.org/10.3389/fneur.2021.599850
https://doi.org/10.1038/s41598-021-98146-x
https://doi.org/10.1038/s41598-021-98146-x
https://doi.org/10.1016/j.rasd.2021.101882
https://doi.org/10.1177/1362361315617880


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:13974  | https://doi.org/10.1038/s41598-022-18286-6

www.nature.com/scientificreports/

 34. Wang, Q. et al. Promoting social attention in 3-year-olds with ASD through gaze-contingent eye tracking. Autism Res. 13, 61–73. 
https:// doi. org/ 10. 1002/ aur. 2199 (2020).

 35. Arabi, M., Kakhki, A. S., Sohrabi, M., Kouhbanani, S. S. & Nooghabi, M. J. Is visuomotor training an effective intervention for 
children with autism spectrum disorders?. Neuropsychiatr. Dis. Treat. 15, 3089. https:// doi. org/ 10. 2147/ NDT. S2149 91 (2019).

 36. Sosnowski, D. W. et al. Brief report: a novel digital therapeutic that combines applied behaviour analysis with gaze-contingent 
eye tracking to improve emotion recognition in children with autism spectrum disorder. J. Autism Dev. Disord. 52, 2357–2366. 
https:// doi. org/ 10. 1007/ s10803- 021- 05101-w (2021).

 37. Caldani, S., Gerard, C. L., Peyre, H. & Bucci, M. P. Visual attentional training improves reading capabilities in children with dyslexia: 
An eye tracker study during a reading task. Brain Sci. 10, 558. https:// doi. org/ 10. 3390/ brain sci10 080558 (2020).

 38. Bucci, M. P., Carzola, B., Fiucci, G., Potente, C. & Caruso, L. Computer based oculomotor training improves reading abilities in 
dyslexic children: Results from a pilot study. Sports Inj. Med. https:// doi. org/ 10. 29011/ JSIMD- 130. 100030 (2018).

 39. Peyre, H. et al. Computerized oculomotor training in dyslexia: A randomized, crossover clinical trial in pediatric population. 
L’encephale 44, 247–255. https:// doi. org/ 10. 1016/j. encep. 2017. 03. 004 (2017).

 40. Jafarlou, F., Jarollahi, F., Ahadi, M. & Sadeghi-Firoozabadi, V. Effects of oculomotor rehabilitation on the cognitive performance 
of dyslexic children with concurrent eye movement abnormalities. Early Child Dev. Care 192, 665–677. https:// doi. org/ 10. 1080/ 
03004 430. 2020. 17937 59 (2022).

 41. Lee, T. L., Yeung, M. K., Sze, S. L. & Chan, A. S. Computerized eye-tracking training improves the saccadic eye movements of 
children with attention-deficit/hyperactivity disorder. Brain Sci. 10, 1016. https:// doi. org/ 10. 3390/ brain sci10 121016 (2020).

 42. Lee, T. L., Yeung, M. K., Sze, S. L. & Chan, A. S. Eye-tracking training improves inhibitory control in children with attention-deficit/
hyperactivity disorder. Brain Sci. 11, 314. https:// doi. org/ 10. 3390/ brain sci11 030314 (2021).

 43. Hannula, D. E. et al. Worth a glance: Using eye movements to investigate the cognitive neuroscience of memory. Front. Hum. 
Neurosci. 4, 166. https:// doi. org/ 10. 3389/ fnhum. 2010. 00166 (2010).

 44. Rayner, K. The 35th Sir Frederick Bartlett Lecture: Eye movements and attention in reading, scene perception, and visual search. 
Q. J. Exp. Psychol. 62, 1457–1506. https:// doi. org/ 10. 1080/ 17470 21090 28164 61 (2009).

 45. Theeuwes, J., Belopolsky, A. & Olivers, C. N. L. Interactions between working memory, attention and eye movements. Acta Psychol. 
132, 106–114. https:// doi. org/ 10. 1016/j. actpsy. 2009. 01. 005 (2009).

 46. Van der Stigchel, S., Meeter, M. & Theeuwes, J. Eye movement trajectories and what they tell us. Neurosci. Biobehav. Rev. 30, 
666–679. https:// doi. org/ 10. 1016/j. neubi orev. 2005. 12. 001 (2006).

 47. Wechsler, D. Wechsler Intelligence Scale for Children—Fourth Edition, Hong Kong Version. (King-May Psychological Assessment 
Technology Development, 2010).

 48. Aubry, A. & Bourdin, B. Short forms of Wechsler scales assessing the intellectually gifted children using simulation data. Front. 
Psychol. 9, 830. https:// doi. org/ 10. 3389/ fpsyg. 2018. 00830 (2018).

 49. Chan, A. S. Hong Kong List Learning Test 2nd edn. (The Chinese University of Hong Kong, 2006).
 50. Hong Kong Specific Learning Difficulties Research Team. Hong Kong Test of Specific Learning Difficulties in Reading and Writing 

for Primary School Students, 3rd edition (HKT-P(III)). (Hong Kong University, 2015).
 51. Education Bureau. Resource Package on Language Enhancement Strategies. SENSE: Integrated Education and Special Education 

Information Online https:// sense. edb. gov. hk/ en/ types- of- speci al- educa tional- needs/ speech- and- langu age- impai rment/ resou rces/ 
teach ing- resou rces/ 35. html (2008).

 52. Hong Kong Specific Learning Difficulties Research Team. Publications: intervention resources. Hong Kong Specific Learning Dif‑
ficulties Research Team. https:// www. psych ology. hku. hk/ hksld/ index_e. html (2008).

 53. Au, A., Chan, A. S. & Chiu, H. Verbal learning in Alzheimer’s dementia. J. Int. Neuropsychol. Soc. 9, 363–375. https:// doi. org/ 10. 
1017/ S1355 61770 39300 25 (2003).

 54. Yeung, M. K. et al. Reduced frontal activations at high working memory load in mild cognitive impairment: Near-infrared spec-
troscopy. Dement. Geriatr. Cogn. Disord. 42, 278–296. https:// doi. org/ 10. 1159/ 00045 0993 (2016).

 55. Chan, A. S. et al. Memory and organizational strategies in chronic and acute schizophrenic patients. Schizophr. Res. 41, 431–445. 
https:// doi. org/ 10. 1016/ S0920- 9964(99) 00078-X (2000).

 56. Cheung, M. C., Chan, A. S., Sze, S. L., Leung, W. W. & To, C. Y. Verbal memory deficits in relation to organization strategy in high-
and low-functioning autistic children. Res. Autism Spectr. Disord. 4, 764–771. https:// doi. org/ 10. 1016/j. rasd. 2010. 02. 004 (2010).

 57. Tierney, M. C., Yao, C., Kiss, A. & McDowell, I. Neuropsychological tests accurately predict incident Alzheimer disease after 5 and 
10 years. Neurology 64, 1853–1859. https:// doi. org/ 10. 1212/ 01. WNL. 00001 63773. 21794. 0B (2005).

 58. Rabin, L. A. et al. Differential memory test sensitivity for diagnosing amnestic mild cognitive impairment and predicting conver-
sion to Alzheimer’s disease. Aging Neuropsychol. Cogn. 16, 357–376. https:// doi. org/ 10. 1080/ 13825 58090 28252 20 (2009).

 59. Welsh, K., Butters, N., Hughes, J., Mohs, R. & Heyman, A. Detection of abnormal memory decline in mild cases of Alzheimer’s 
disease using CERAD neuropsychological measures. Arch. Neurol. 48, 278–281. https:// doi. org/ 10. 1001/ archn eur. 1991. 00530 
15004 6016 (1991).

 60. Welsh, K., Butters, N., Hughes, J., Mohs, R. & Heyman, A. Detection and staging of dementia in Alzheimer’s disease: Use of the 
neuropsychological measures developed for the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD). Arch. 
Neurol. 49, 448–452. https:// doi. org/ 10. 1001/ archn eur. 1992. 00530 29003 0008 (1992).

Acknowledgements
The authors would like to thank Quin Chan, Christy Cheung, Kenneth Lai, and Camelia Ding for collecting data 
and/or preparation and assisting the group training for this study. Further appreciation is extended to school 
principals and teachers for their recruitment of participants and all forms of support throughout the experiment, 
as well as all participants and parents for their participation in the experiments.

Author contributions
A.S.C., T.L.L. contributed to the conception and the design of the study. S.L.S., T.L.L. and N.S.Y. contributed to 
the acquisition of the data. A.S.C., S.L.S., and Y.M.H. contributed to the analysis and interpretation of the data. 
All authors contributed to the drafting and revising of the manuscript.

Funding
This study was supported by the Lee Hysan Foundation Ltd.

Competing interests 
The first author (ASC) is the founder of Pro-Talent Association Ltd. All other authors have no conflicts of inter-
est to disclose.

https://doi.org/10.1002/aur.2199
https://doi.org/10.2147/NDT.S214991
https://doi.org/10.1007/s10803-021-05101-w
https://doi.org/10.3390/brainsci10080558
https://doi.org/10.29011/JSIMD-130.100030
https://doi.org/10.1016/j.encep.2017.03.004
https://doi.org/10.1080/03004430.2020.1793759
https://doi.org/10.1080/03004430.2020.1793759
https://doi.org/10.3390/brainsci10121016
https://doi.org/10.3390/brainsci11030314
https://doi.org/10.3389/fnhum.2010.00166
https://doi.org/10.1080/17470210902816461
https://doi.org/10.1016/j.actpsy.2009.01.005
https://doi.org/10.1016/j.neubiorev.2005.12.001
https://doi.org/10.3389/fpsyg.2018.00830
https://sense.edb.gov.hk/en/types-of-special-educational-needs/speech-and-language-impairment/resources/teaching-resources/35.html
https://sense.edb.gov.hk/en/types-of-special-educational-needs/speech-and-language-impairment/resources/teaching-resources/35.html
https://www.psychology.hku.hk/hksld/index_e.html
https://doi.org/10.1017/S1355617703930025
https://doi.org/10.1017/S1355617703930025
https://doi.org/10.1159/000450993
https://doi.org/10.1016/S0920-9964(99)00078-X
https://doi.org/10.1016/j.rasd.2010.02.004
https://doi.org/10.1212/01.WNL.0000163773.21794.0B
https://doi.org/10.1080/13825580902825220
https://doi.org/10.1001/archneur.1991.00530150046016
https://doi.org/10.1001/archneur.1991.00530150046016
https://doi.org/10.1001/archneur.1992.00530290030008


10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:13974  | https://doi.org/10.1038/s41598-022-18286-6

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to A.S.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Eye-tracking training improves the learning and memory of children with learning difficulty
	Results
	Baseline performance. 
	Improved learning after eye-tracking training. 
	Improved memory after eye-tracking training. 
	Improved reading abilities after conventional and eye-tracking training. 

	Discussion
	Methods
	Participants. 
	Procedure. 
	Eye-tracking training. 
	Conventional training. 

	Materials. 
	Hong Kong list learning test (HKLLT). 
	Chinese word reading test. 
	Chinese passage reading test. 
	Similarities and matrix reasoning subtests. 

	Data analysis. 

	References
	Acknowledgements


