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¥ <% & English Abstract

The possibilities of cognitive enhancement have won popularity among commons and
academic circles in recent decades. Cognitive enhancement has often been associated with
advances in neuroscientific technologies aimed to improve cognitive and intellectual capacities
of the brain. It focuses on the improvement of cognitive functions, such as attention, reasoning,
memory and executive function.

Traditionally, enhancement of cognitive performance could be achieved through
conventional way such as structured classroom teaching, individual learning, training (ex. abacus,
foreign language, exercise), as well as the use of external information-processing devices.
Contemporary attempts to improve cognitive performance often involve the consumptions of
drugs, such as amphetamine, methylphenidate, and modafinil, or utilization of electrical brain
stimulators.

Throughout the whole life span, the adaptations to the diverse contexts and changing
social environments are very important to individuals. Capabilities of significant changes of
brain and neural system in the complex environments have been referred to as neuroplasticity.
During recent years, the literature on cognitive training has been growing rapidly.
Neuroplasticity can be observed in mind and brain after training intervention, and the scope and
pattern of training effects can be measured to identify the underling mechanism.

In general, this study aims to develop teaching and learning programs to enhance
cognitive performance through the application of educational neuroscience into the optimization,
generalization and integration of instructional techniques. Optimization refers to the
improvement of existing techniques to achieve better results. Generalization refers to the
application of existing techniques to different domains and integration refers to the combination
of several existing techniques to create more effective techniques.

Topic One: Exploring Cognitive Enhancement through Teaching Programs. The design of
new teaching model of neuroanatomy to prevent neurophobia in preclinical medical students.

Topic Two: Exploring Cognitive Enhancement through Learning Programs. Six-month
abacus training improves working memory performance in children: a functional MRI and
behavior study. Exam the effects of short term abacus training on brain structure, activation
pattern and behavior, as a potential learning program to improve working memory.

Keywords: cognitive enhancement, cognitive training, neuroplasticity, teaching programs,
neurophobia, learning programs, abacus training, working memory
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[Chapter 1] Introduction

Current knowledge has enabled interdisciplinary collaboration to explore the correlation between
brain and learning process (Meltzoff et al. 2009, Varma et al. 2008, Goswami et al. 2006). Each
regions of the brain has its own functions which associated to certain task. More complex tasks
often involve different combination of tasks and require the integration of neural activity.
Multiple neural circuits are involved in cognitive processes, such as selective attention,
concentration, symbol processing, pattern recognition, working memory and problem solving
(Colvin et al. 2016). The integration of these cognitive processes will form the basis of academic
abilities, such as critical thinking, reading, writing, higher mathematics, social interactions, long
term planning and decision-making, etc. (Figurel).

At the structural level, brain is often regarded as the integrated network of regions (grey matter)
connected by the neural tracts (white matter). The neural activity associated with certain task
might mainly take place in certain brain areas and be transmitted by the white matter to another
part of the brain. These patterns of activity are called activation pattern. These activation patterns
can be observed by functional magnetic resonance imaging (fMRI) and the functional
connectivity can be observed by using resting state functional magnetic resonance imaging
(rsfMRI).

Academic tasks

Cognitive processes

B e e Neural processes
Spike-timing f‘""‘v 3 ndent
Memory consalidation

Figurel. The generation of higher level academic abilities from basic neural process, adapted
from Colvin (2016). Cognitive processes are emerged from basic neural process and integrated to
solve higher level academic tasks.



Cognitive enhancement

The possibilities of cognitive enhancement have won popularity among commons and academic
circles in recent decades. Cognitive enhancement has often been associated with advances in
neuroscientific technologies aimed to improve cognitive and intellectual capacities of the brain.
It focuses on the improvement of cognitive functions, such as attention, reasoning, memory and
executive function (the ability to monitor direct and coordinate various mental operations).
Critical reflections on the pros and cons are essential in the booming era of cognitive
enhancement.

General intelligence and cognitive performance are often associated with professional
achievement. Cognitive enhancement will make more people able to meet the higher standards
and potentially beneficial for people from wide range of occupational background, such as white
collar worker, students, people who work in high risk, high stress environment, and shift work
occupations which required extended awareness. Advancement in cognitive performance will
improve quality of life and ability to contribute to society (Beddington et al. 2008). Enhanced
cognitive abilities will lead to the emergence of new jobs and development of old occupations.
While the benefits might seem to be individual, in the long run cognitive enhancement will
eventually contribute across society by reducing cost and increasing productivity (Savulescu et al.
2011).

Traditionally, enhancement of cognitive performance could be achieved through conventional
way such as structured classroom teaching, individual learning, training ( ex. abacus, foreign
language, exercise ), as well as the use of external information-processing devices. They are
often well established and culturally acceptable. On the other hand, methods to enhance
cognition through unconventional means may include consumption of nootropic drugs, gene
therapy, or neural implants.

Contemporary attempts to improve cognitive performance often involve the consumptions of
drugs, such as amphetamine, methylphenidate, and modafinil, or utilization of electrical brain
stimulators, such as transcranial direct current stimulation (tDCS), transcranial alternating
current stimulation (tACS), transcranial random noise stimulation (tRNS), and transcranial
pulsed current stimulation (tPCS) (Farah 2015).

There are numbers of obstacles regarding to the development and applications of cognitive
enhancement despite its potential economic and social benefits, such as the current medical
system which regulate interventions for disease treatment. This system is still inadequate to
regulate the application of medical treatments for enhancement purposes. The intervention that is
aimed to correct certain disorder or defect of cognitive domains may be characterized as
therapeutic. On the other hand, enhancement is the intervention that improves the function of the
system rather than repairing specific dysfunction of certain disease. Nevertheless, therapy and
enhancement is often difficult to differentiate practically (Savulescu et al. 2011). Currently, every
drug available on the market that have the potential to improve cognitive performance were
developed and to treat certain pathological condition.
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Furthermore, the applications for cognitive enhancement need to be regular and long term but
there was still not enough evidence regarding the efficacy of the cognitive enhancing drugs to
improve well-being, happiness and achievements in healthy individuals and the drugs might even
pose some risks (Teter et al. 2010). In addition to addiction, there are significant psychiatric,
cardiovascular, and other medical risks of using drugs like modafinil and methylphenidate for
cognitive enhancement. The improvement in one cognitive domain might also lead to the
decrease of the performance in other cognitive domains. Therefore, proper assessment is required
to determine the limits of acceptable risks and tradeoffs, such as government regulation for
addictive drug for memory improvement.

People also argued that enhancements through conventional, cultural or evolutionary process are
ethically not the same as enhancement using technology or medications, because they represent a
new and different methodology (Schermer 2012). There are people who agree with such efforts
and believe that it’s the duty of each individual to enhance themselves. On the other hand, some
people argue that the use of medical technologies for human enhancement may erode important
human values such as dignity (Kass 2002) and solidarity with weaker groups in our society
(Fukuyama 2003). It is difficult to formulate useful guidelines and policy without sufficient
knowledge regarding the safety and efficacy of brain interventions. Therefore, safer and more
efficient cognitive enhancement methods need to be further explored and developed.

Cognitive training

Throughout the whole life span, the adaptations to the diverse contexts and changing social
environments are very important to individuals. Capabilities of significant changes of brain and
neural system in the complex environments have been referred to as neuroplasticity.
Interestingly, scientific findings show that the brain and mind can be plastic by training in older
adults, as well as in young adults.

During recent years, the literature on cognitive training has been growing rapidly.
Neuroplasticity can be observed in mind and brain after training intervention, and the scope and
pattern of training effects can be measured to identify the underling mechanism.

Educational neuroscience

Educational neuroscience is one of the fields that address this issue of cognitive training. It is an
interdisciplinary field that integrates neuroscientific research to educational practice and policy
(Figure2). It studies the mechanisms between education and its associated changes in the brain
and behavior. These changes are not only observable in the behavioral level, but lead to brain
reorganization in the functional, anatomical, cellular, and molecular levels. The changes might
include the change in synaptic strength (Feldman et al 2012), through the growth of new neurons
(Murphy et al 1991, Vulkovic et al 2013), or changes in the neuron themselves (Buonomano et al
1995). They can occur in grey matter as well as white matter. These cumulative changes may
improve the processing speed within regions, communication speed between regions and
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eventually lead to enhancement of cognitive performance.

Application B Interdisciplinary Transiation

Educational Neuroscience

Educational I

Neuroscience

Figure2. Three major themes of educational neuroscience: (a) application of neuroscience
discoveries in the classroom, (b) overlapping and interdisciplinary collaboration of psychology,
neuroscience, and education, and (c) a bridge that translates between education and neuroscience,
adapted from Feiler et al. (2018).

Neuroscience and education can interact directly by considering the brain as an organ with
certain requirements for it to learn and reorganize optimally or indirectly as neuroscience shape
psychological theory and psychology influence educational practices (Feiler et al. 2018).
Successful learning often requires complex processes and attention to multiple domains such as
cognitive, affective (emotion, motivation), social (interpersonal interaction), environmental
(location and condition) as well as metacognitive domains (Young et al. 2014).

Cognitive Load theory

Cognitive Load Theory (CLT) is one of the theories that have been suggested to overcome these
challenges of successful learning. CLT aims to integrate memory systems (sensory, working and
long-term memory) and the cognitive load imposed on working memory (WM) into the learning
process (Sweller 1988). This theory recognized the limited capacity of WM as obstruction to
long term memory formation and focus to improve the learning process by optimizing the
utilization of WM. CLT suggests that there are three types of load imposed on the WM during
the learning process which include intrinsic, extrinsic and germane load (Figure3, 4).

Intrinsic load refers to the load associated with the learning task. The knowledge of the
individual, number of information elements need to be learned and the interaction between those
elements can affect the intrinsic load. Higher number of elements and lower elements
interactivity will increase the intrinsic load on WM. Intrinsic load can be managed by
simplifying the information to be learned or enhancing the expertise of the learners by providing
preparatory training prior to the task.

Extraneous load refers to the load imposed upon the trainee’s WM but not necessary for learning
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the task at hand. This load can emerge from insufficient guidance that caused the learners need to
use their own ineffective methods to learn or find information. It can emerge from the separation
of teaching materials into several places, time (across different lectures) or when the visual or
auditory channel is overloaded. Finally, the distractions or tasks unrelated to the learning process
can also be the source of extraneous load.

Germane load refers to the load imposed by the mental processes necessary for learning to occur,
such as the schemata and automation formation. Germane load can be viewed as the learner’s
level of concentration devoted to learning in addition to the intrinsic load associated with holding
the relevant interacting elements in WM. Germane load is regulated by the individual and when
the extraneous and intrinsic load are too high there will be insufficient WM resources available
for learning. Most importantly, cognitive loads are additive, cognitive performance will be
impaired and learning process will be harmed if the total load exceed the WM capacity.
Therefore, better teaching and learning programs need to be developed to help students to
overcome this problem.

Overload

Decreased extraneous load

Optimized germane load

& £Ee7741

Figure3. Composition of cognitive load imposed to working memory, adapted from Inkster (2018).
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Figure4. Human learning process, adapted from Clark (2008).
Specific Aims of Thesis
In general, this study aims to develop teaching and learning programs to enhance cognitive
performance through the application of educational neuroscience into the optimization,
generalization and integration of instructional techniques. Optimization refers to the
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improvement of existing techniques to achieve better results. Generalization refers to the
application of existing techniques to different domains and integration refers to the combination
of several existing techniques to create more effective techniques.

Aim One: Exploring Cognitive Enhancement through Teaching Programs

1. Topic: The Design of New Teaching Model of Neuroanatomy to Prevent Neurophobia in
Preclinical Medical Students.

2. This study aimed to further explore cognitive enhancement effects through the implementation
of virtual reality technology into the teaching curriculum of neuroanatomy, especially to
overcome neurophobia.

Aim Two: Exploring Cognitive Enhancement through Learning Programs

1. Topic: Six-month abacus training improves working memory performance in children: a
functional MRI and behavior study.

2. Exam the effects of short term abacus training on brain structure, activation pattern and
behavior, as a potential learning program to improve working memory.
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[ Chapter 2] Exploring Cognitive Enhancement through Teaching Programs
The Design of New Teaching Model of Neuroanatomy to Prevent Neurophobia in
Preclinical Medical Students

Abstract

Human anatomy has been regarded as the keystone of medical knowledge for centuries. Cadaver
dissection is the prevailing pedagogy adopted in most medical schools for anatomy learning.
However, with the rise of new computer technology, radiology and digital medical images
provide an alternative perspective to approach human anatomy. Hence, “Can traditional cadaver
dissection be replaced by new computer-based anatomy teaching?”” must be inquired. Here, we
also try to explore the role of virtual reality in anatomy teaching. This study reviews and
analyzes the current literatures in terms of anatomy education worldwide. We aim to look into
the challenges most medical students confront in learning anatomy, and further provide a valid
teaching strategy to diminish the current gap in between basic and clinical anatomy.

Background:

Neurophobia, being described as “a fear of the clinical neurosciences”, is a longstanding problem
among preclinical medical students. The lack of knowledge in the complexity of neuroanatomy
is regarded as one of the most important reasons. Therefore, a new teaching model of
neuroanatomy was developed.

Summary of work:

We combined traditional method and contemporary virtual reality technologies to design this
new teaching model of neuroanatomy, including anatomical atlas sketch, pretest and posttest of
reading brain computed tomography scans, and teaching with dextroscope. During July 2009 and
July 2010, fifty-five medical students in Taipei Medical University Hospital were enrolled in our
study.

Summary of results:

The significant improvement between the mean scores of pretest and posttest was observed.
Questionnaire results revealed that most of the students express strong positive attitude toward
learning in dextroscope, and the teaching model of neuroanatomy. Moreover, they also showed
more confidence on learning neuroanatomy after being taught with dextroscope.

Conclusion:

A carefully designed teaching model of neuroanatomy could possibly help medical students to
overcome neurophobia. Besides, dextroscope is a friendly learning environment of virtual
reality.

Take-home messages:

The traditional method of teaching neuroanatomy could be integrated with new virtual reality
technologies to innovate a curriculum of the future.

Keywords: anatomy education, cadaver, computer, clinical anatomy, virtual reality



Introduction

Anatomy has been the fundamental medical knowledge for centuries since renaissance, but the
teaching of anatomy is facing significant challenges in recent years. A great leap in the
development of digital medical images has provided new ways to see through the structure of the
human body. With the rapid advances in information technology, the role of diagnostic
radiography in anatomy education is expanding [1]. Many reports had pointed out the potential
roles of digital medical images to enhance the teaching and learning of anatomy [1, 2].

However, there is a developing debate on methods of teaching anatomy. The use of cadaver
dissection is still a traditional and important part in the Anatomy course for medical students.
But, could it be totally replaced by computerized anatomy resources, (including diverse software
and websites)?

Rapid evolution of three-dimensional images technologies has made virtual environments (VESs)
possible in recent years. The applications of virtual reality (VR) on health care are diverse,
including surgical planning and simulation, medical education, patient simulator, psychological
assessment, rehabilitation, bronchoscopy, et al [4]. The applications of virtual reality (VR) in
surgery include anatomy education, preoperative planning and simulation, and assessment of
surgical skills.

The results of applications of VR techniques in preoperative planning and simulation are
promising, especially for laparoscopic surgery and neurosurgery [4, 5, 6]. The task performance
in simulator is strongly correlated to daily surgical performance [7]. The implementation of VR
in anatomy education also has great potential, but could it influence the learning of reading skills
of diagnostic images for medical students?

Moreover, the role of virtual reality (VR) in the teaching of anatomy is revolutionary and with
great potential [3, 4]. Since the Visible Human Project (VHP) launched by the US National
Library of Medicine in 1988[11], it allowed the developments of various VR 3-D models. The
most renown is the Visible Human 3D Anatomical Structure Viewer (EPA Lausanne) [12].

3-D visualization of clinical diagnostic images allows a deeper understanding of spatial
relationships between deep structures that hardly can be achieved by other teaching methods [4].
Taking brain neuroanatomy as an example, trainees thus can see the sophisticated and delicate
neural structures by dynamic dissections from various directions with the help of VR.

VR definitely improve the learning of anatomy. But, could the VR techniques influence the
learning of reading skills of radiological anatomy (diagnostic images) for medical students?
Radiological anatomy is totally different from gross anatomy. Medical images are another
representation of gross anatomy, and anatomy knowledge gathered from dissections always
needs being translated into cross-sectional views of clinical images [11]. That is why students
often feel frustrated while reading cross-sectional clinical images (such as, brain computed
tomography scans) at the first moment.

10



Therefore, appropriate learning scaffolds are needed as the bridges of knowledge among those
different representations of anatomy.

The learning of reading brain computed tomography (CT) scans is a critical step in studying
clinical neuroscience, but it seems to be a major obstacle to medical students. The most difficult
parts are lack of the acquaintance of medical terms and 3-D concepts of neuroanatomy.
Therefore, we are developing a new model of teaching clinical neuroanatomy for preclinical
medical students. The teaching model includes sketch of atlas of neuroanatomy, self-directed
learning of reading brain computed tomography (CT) scans, and implement of dextroscope.
We are in the hope to teach gross anatomy in the context of clinical setting.

Sketch is an unique skill commonly used in medicine, and it is especially important in the
training of surgery. Students have to recognize what structures they are going to sketch, and
allocate them in a proper position after knowing the spatial relationship between neural
structures. Sketch could help students to recall the unfamiliar and difficult neuroanatomical
terms, and restructures 3-D concepts of neuroanatomy inside students’ minds.

Dextroscope (Volume Interactions, Ltd., Singapore) is a virtual reality system for preoperative
planning and simulation of surgery. Patient-oriented and fused medical images are presented
stereoscopically and the fused images can be manipulated freely from various dimensions. Some
degree of simulation of bone drilling and brain retraction can be implemented in the dextroscope.
With the help of dextroscope, students can trace vascular and neural structures in dynamic serial
images, and further establish a deep understanding of the spatial relationships between individual
structures.

This new model of teaching clinical neuroanatomy definitely encourage students to learn clinical
neuroanatomy in a more interesting and promising way. However, we also want to see if we
could improve the learning of reading skills of brain computed tomography (CT) scans with the
help of dextroscope ? Part of the aim of our study is to see if VR can improve students’
confidence of reading brain CT scans.

What is Neurophobia?

Neurophobia is described as “the fear of clinical neurosciences”. It is a worldwide phenomenon
among medical students [13].

Neurological diseases are becoming more and more popular. Brain computed tomography (CT)
scans gave become a regular and screening scans for diagnosing neurological problems.
Learning to read brain CT scans is the crucial first step to learn clinical neurosciences.

However, atlas in anatomical textbooks and brain CT images are different representations of
neural structures. Medical Students” memory battery for neuroanatomy is very poor. Students
have difficulty to have far transfer of anatomical knowledge, which was learned years ago.
Therefore, an integrated program is needed to path the ways for the learning of basic and
radiological neuroanatomy. The aim of this study was to evaluate the impact of dextroscope on

11



the learning of radiological neuroanatomy, and to verify that if virtual reality simulator,
dextroscope, could help the learning of reading brain computed tomography scans.

Methods

Sixty-five preclinical medical students in Taipei Medical University Hospital were enrolled in
this study. All of the successive students rotate in the department of neurosurgery for two weeks,
and they are divided into two groups. The implement of dextroscope is used as a treatment for
the students of the group one.

Thirty-five students are in the group one, and the timetable of teaching activities is as the
following. On dayl, and day 2 of the rotation, students are asked to sketch atlas of basal ganglia
and brain stem, and the terms of neuroanatomy structures will be indicated. Then they need to
complete a self-study brain CT scans test (including fifty questions), as the pretest, during the
first week rotation, and their answers will be discussed with teacher on the 8" day. Dextroscope
will be taught for one hour on day 5 and another hour on day 13 of the rotation. The post-test of
brain CT scans is held on day 13 after the teaching of dextroscope finished.

Thirty students are in the group two, and the timetable of teaching activities is as the following.
On dayl, and day 2 of the rotation, students are asked to sketch atlas of basal ganglia and brain
stem, and the terms of neuroanatomy structures will be indicated. Then they need to complete a
self-study brain CT scans test (including 50 questions), as the pretest, during the first week
rotation, and their answers will be discussed with teacher on the 8" day. The post-test of brain
CT scans is held on day 13. Dextroscope will be taught for one hour, as salvage instruction,
only after the post-test of brain CT scans being finished.

Learning attitude questionnaire and self-confidence questionnaire are completed after the
rotation. Degree of satisfaction is divided into five grades.

The fifty questions of pretest of brain CT scans include thirty questions of neuroanatomy and
twenty basic clinical questions. Full score of the fifty questions is one hundred.

The composition of the fifty post-test questions is slightly different from the pretest’s. Seven
advanced clinical questions are added, and they are deployed to indicate the problem-solving
ability of students. Therefore, the fifty post-test questions are composed of twenty-six questions
of neuroanatomy, seventeen basic clinical questions, and seven advanced clinical questions. Full
score of the post-test is also one hundred.
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Results

Table 1. Results of sixty-five students

Mean | SD Rate of correct
Answers
Pre-test 71.29 | 8.4 Full mark : 100
Post-test 89.91 6.3
Clin. A (7tests) 8.46 |242 |60%
Clin. B (17tests) |31.94 |2.74 |94%
Anat. (26tests) 49.24 | 3.47 | 95%

E.S. (Cohen’s D): 2.53 : huge effect size.

Table 2. Results of different groups.

(30 students)

Treatment Pretest Post-test Score
score score Increment
Group one With Dextroscope 71.9 90.0 18.1
(35 students)
Group two Without Dextroscope | 66.8 87.9 21.0
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Discussion

Besides cadavers and dissecting room, there are emerging methods of teaching gross anatomy
with the generalization and advance of computer technology [1, 2, 3, 4]. But, could cadaver
dissection be totally replaced by computerized anatomy resources? Biasutto et al. (2006) argued
that there were no objective and scientific data to prove the superiority of computerized
resources over cadaver dissection, and demonstrated that the best way of teaching anatomy is the
combination of cadaver dissection and computerized materials [2].

There are three major applications of virtual reality (VR) on health care: anatomy education,
simulation of operation, and radiology education.

The application of virtual reality (VR) has led anatomy education into different horizon [3, 4, 5].
Through interactive 3-D graphics, students can explore internal structures in various dimensions.
Anatomical structures are represented in dynamic images, and it allows trainees to trace all kinds
of tissues from multiple viewpoints [4]. Therefore, students can attain a deeper understanding of
spatial relationships between different structures that cannot be achieved by other teaching
methods.

The simulation of operation in virtual reality (VR) environments has been introduced
successfully in recent years, especially in laparoscopic surgery and neurosurgery [4, 5, 6, 8, 9,
10]. With the advances of endovascular techniques and radiosurgery, there are more alternative
methods of treating cerebral aneurysms or skull base tumors. The decrease of open operative
cases is making young neurosurgeons more difficult to develop their surgical skills [8]. VR
technologies provide a no-risk environment for preoperative rehearsal, and it allows residents to
simulate operation preoperatively. Therefore, neurosurgeon can somehow keep experienced in
those rare and complicated surgeries with the implement of VR technologies.

Nonetheless, virtual reality is never like actual surgery. It allows some degree of rehearsal of
bone drilling, brain retraction, and simulation of possible trajectory and probable difficulties
encountered during operation. However, all of these advantages are the initial steps of
performing surgery. In real life, the unpredictability during actual operation is more challenging.
The experience in computerized simulator could not offer similar tactile and emotional training
from the real world experience.

Significant progresses in medical imaging in recent years have enhanced the potential role of
radiology over anatomy education. Since the introduction of Visible Human Project (VHP) by
National Library of Medicine (NLM) in 1988[26], digital diagnostic images can be processed in
various ways. Medical images are restructured in 3D style, and it has made virtual reality
resources available for radiology education. Students now can see the structures in a more
comprehensive way, and spatial relationships between structures could be realized nearly without
any limitation. But, could the VR techniques improve the learning of reading skills of clinical
images, ex. brain CT scans, for trainees?
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The design of our new teaching model for neuroanatomy adopted sketch (the traditional learning
method) and dextroscope (VR technology) to facilitate students’ learning of reading brain CT
scans. From our preliminary results, there are no differences of average marks and improvement
between study and control group. The treatment for this teaching model, dextroscope, seems to
have no role on the learning of reading brain CT scans. However, based on the primitive results
of the learning attitude questionnaire and self-confidence questionnaire, students do feel direct
help and deeper understanding of spatial relationships between structures from the teaching of
dextroscope, and they also show more confidences on the following learning of clinical
neuroscience.

The significant improvement between the mean scores of pretest and posttest was observed.
Questionnaire results revealed that most of the students express strong positive attitude toward
learning in dextroscope, and the teaching model of neuroanatomy. Moreover, they also showed
more confidence on learning neuroanatomy after being taught with dextroscope.

Conclusion

Our new teaching model for neuroanatomy seems to enhance the learning of reading brain CT
scans. A carefully designed teaching model of neuroanatomy could possibly help medical
students to overcome neurophobia. Besides, dextroscope is a friendly learning environment of
virtual reality. Therefore, the traditional method of teaching neuroanatomy could be integrated
with new virtual reality technologies to innovate a curriculum of the future.
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[ Chapter 3] Exploring Cognitive Enhancement through Learning Programs

Six-month abacus training improves working memory performance in children: a
functional MRI and behavior study

Abstract

Abacus experts have demonstrated extraordinary potential of mental calculation. It was reported
that non-experts mainly showed activity in the prefrontal and perisylvian areas, while experts
with long-term training of at least three to five years, showed more activation over premotor and
parietal regions. It has also been reported that abacus-based mental calculation (AMC) training
was able to improve the working memory. Nevertheless, most of previous studies adopted
cross-sectional designs to evaluate the results.

The aims of our study are to evaluate the relatively short term effect of a six-month abacus-based
mental calculation (AMC) training on the functional connectivity network, and to investigate the
possibility of AMC training effect transferring to untrained working memory tasks. A total of 70
human subjects were assigned to abacus (ABA) or control (CON) groups. The ABA group
received 3.5 h AMC training per week for 25 weeks, whereas the control group performed
general reading exercises. The total effective training time was 87.5 hours. This longitudinal
study utilized standardized tests, including functional MRI1 (fMRI), and resting state fMRI. The
validity and scale of this change were evaluated on both the behavioral level and the functional
level under a relatively short-term training curriculum.

The results from post-training abacus (ABA) group showed that there were significant
improvements in working memory index and serial addition reaction time. Functional MRI
results revealed tendency of a shift in the activation when performing mental calculation task
from prefrontal to the parietal regions. Regression analysis of functional connectivity and
working memory index revealed that there was a significant correlation between working
memory index and functional connectivity of left Broca area and left angular gyrus (n = 21, r (19)
=0.429, p = 0.041). The correlation between working memory index and functional connectivity
of left Broca area and left inferior frontal gyrus (proximal) also trended toward significance from
(n=21,r(19) =0.085, p = 0.666) to (n =21, r (19) = 0.386, p = 0.069). These combined results
suggested that six months of AMC training can generalize to improvement on untrained working
memory tests, and a midway paradigm shift (paradigm drift) can be expected along the
fronto-parietal circuitry within the relatively long time required to become an expert.

Compared to the common practice of task repetition, AMC training is a more complex and
interesting method of working memory training with a stronger sense of self-accomplishment
through its step-by-step training curriculum. AMC is not only an arithmetic operation, but it
might also be an appropriate learning tool to improve working memory capabilities by exercising
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visuo-motor and visuo-spatial skills, as partially evidenced by the current study. As a result of
this educational neuroscience study, we might be able to start taking a different perspective on
the traditional Chinese tool for not only calculation but also learning potential in the modern age.

Keywords: abacus, abacus-based mental calculation, functional connectivity, resting state,
working memory, working memory training

Introduction

With a history tracing back various millenniums in different cultures, the abacus is an essential
tool to human civilization growth and development. It is also a significant symbol in Chinese
culture for trade and calculation. Inscription of Chinese abacus on the Representative List of the
Intangible Cultural Heritage of Humanity was announced on December 2013 by UNESCO for its
cultural significance and "training in abacus-based mental arithmetic is thought to improve a
child’s attention span, memory and mental capability." (1).

Abacus experts have demonstrated extraordinary potential of mental calculation (2), and even
beginner youths are often expected to improve in attention and mental focus abilities. Past
imaging studies show a significant difference between experts and non-experts in brain
functional areas when performing mathematical tasks (2-5). Non-experts show activity in the
prefrontal and perisylvian areas, while experts with long-term training show more activation over
premotor and parietal regions.

Most abacus-related studies in the past have cross-sectional designs, comparing abacus experts
with non-experts. However, in the current Chinese social norm, with the availability of more
active or creative extracurricular courses, very few children have the opportunity or willingness
to pursue further abacus training after the initial one to two years, far less than the necessary
training to become an expert. Therefore, we are curious about the effects of short-term abacus
training on functional and behavioral levels. More importantly, how soon can we expect change
after initializing training on the functional level and the behavioral level?

Children in Chinese society are encouraged to study for at least six months to one year to
become acquainted with abacus-based mental calculation (AMC) and express significant
behavioral improvement. The Chinese Abacus Association in Taiwan states that according to past
experience, the greatest level of behavioral improvement is shown after six months to one year.
Irwing et al. suggested in 2008 a general intelligence improvement after receiving only 34 weeks
of abacus training (6). Hu et al. suggested in 2011 potential enhancement on white matter
integrity after abacus training for 3 years (7). Takeuchi et al. showed in 2013 that cognitive
training can have probable effects on intrinsic brain activity and connectivity (8).

Therefore, in this study, we hypothesize potential midway paradigm drift, significant change in
visuo-motor and visuo-spatial regional connectivity, and working memory behavioral
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improvement within a six-month abacus training period. After deploying standardized tests,
functional MRI (fMRI), and resting state MRI (rsMRI), we evaluate the validity and scale of this
change on both the behavioral level and the functional level under a relatively short-term training
curriculum.

Methods

The fMRI scanning experiment of this study was performed in Taipei Wanfang Hospital. The
total number of subjects was 70. The duration of this study was about half a year and two fMRI
scans will be performed in total.

Twenty-seven children in total were excluded from the data analysis due poor quality MR images
(n=27). Atotal of forty-three healthy right-handed children data were analyzed in this study. The
subjects are split into two groups: abacus training (ABA, n=21, 17 females, mean age = 9.61
years) and reading control (CON, n=22, 16 females, mean age = 10.57).

HSEAErT:
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B L B B L AR, K S 20604 ) filf

The total effective training time was &7/ [0
( 25 weeks)

Figure 1. Research procedures.

Two abacus-based mental calculation (AMC) teachers were recruited to provide training for the
ABA group over a six-month period. The group received 3.5 hours of training per week (2 hours
of teacher-student lessons and 1.5 hours of practice homework) for 25 weeks. The CON group
performed general reading exercises for 3.5 hours per week for 25 weeks. The total effective
training time was 87.5 hours.
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Table 1. MRI experiment procedures
FMRI H 4 47 432 20 min
RS-MRI 6 min
Task-fMRI 15 min MC (105 min)
MR (4.5 min)
T1(3D) 7 min
DTI 8 min
fMRI 4 4 4 2%
MC test 10 min
MR test 20 min Purdue (77 1048
Working memory test 15 min RIS

The subjects were examined with fMRI, rs-fMRI functional connectivity (FC), and behavioral
exams before and after the six-month training period. Abacus rating exams for the ABA group
were provided at the end of the training period by the Chinese Abacus Association.

Image acquisition and preprocessing
The subjects were asked to perform a simple serial addition task (SSA) during the fMRI scan.
The task initialized with the presentation of a crosshair of 15 seconds, followed by a control or
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task period of 24 seconds. There were four control and four task blocks in a run. The control
block included ten eight-digit random numbers presented in series with frequency of 0.5 Hz and
subjects were required to gaze at the numbers without calculation. The block was then ended by
a 4-s period of presenting two numbers and the subjects were asked to randomly select one
number by a mouse-click. The task session presented ten random one-digit numbers with the
same frequency and the subjects were instructed to sum the presented digits. At the end of each
task block, the subjects were asked to select by mouse-click the correct sum from a 4-s queue of
two numbers. During the rs-fMRI scan, subjects were instructed to keep their eyes closed,
remain clear-minded, and think of nothing in particular.

Table 2. Experimental design of the task.

W%
Seconds 15 20 -
Control group 15 84 #¢ 4
SSA 15 143z %% 4
CSA  Non 15 21 $% 4
Expert 15 443 ¥ 4

O Dummy + blank: 8 seconds

O 4 cycles = 78 <4 = 312 seconds

The fMRI images were acquired with a 1.5 T MAGNETOM Avanto system (Siemens Healthcare,
Erlangen, Germany) using a T2*-weighted gradient-echo echo-planar imaging (EPI) sequence
(TR/TE/FA = 3000 ms/50 ms/90°). For each subject, 104 volumes of 20 axial slices per volume
were acquired. Resting state acquisitions were performed with the same sequence and parameters
except TR = 2000 ms and total volume = 180.

Functional images analyses were performed by using SPM5 (9) and REST (10). The EPI data
was realigned and spatially normalized into MNI template, then smoothed with a Gaussian
kernel of 6 mm. Functional activations were obtained by modeling the data with GLM and group
results were analyzed using one sample t-test. For rs-fMRI, after preprocessing, FC images
underwent seed-based correlation analysis. Left prefrontal seeds were selected from the results of
a task-related fMRI pilot study (11) (Table 1) including left fronto-insular cortex and left Broca
area (LBA). The correlated results were transformed to approximate Gaussian distribution using
Fisher’s z transformation. Between-group and within-group comparisons were assessed by
two-sample and paired t-tests, respectively. For regression analysis, the ROIs were selected from
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activated prefrontal and parietal clusters within left inferior frontal gyrus (LIFG) and left angular
gyrus (LAG), respectively, as determined using the anatomical automatic labeling (AAL)
template (12).

Behavioral measures.

After each image acquisition, the WISC-IV exam’s working memory subtasks (including digit
span, letter-number sequencing, and arithmetic subtests) were deployed to examine the subjects’
working memory capabilities, and an anxiety score questionnaire was used to evaluate the level

of anxiety the subjects felt towards mathematical processing and towards the MRI examination.

Statistical analysis

Paired two-tailed t-tests were performed to compare the differences of means between pre- and
post-intervention tests. Meanwhile, the effect size is specifically computed by using Cohen’s d
coefficient. Behavioral and functional conectivity correlations were performed using Spearman’s

rank correlation.
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Results

Behavioral results
Table 3. Working memory performance results of the ABA and CON group

Memory Number WM
span sequence Math. Index
ABA, |Pre-
. . 10.38 + 3.07 |9.43+3.88 [9.35+2.68 [125.00+ 23.77
n=21 [intervention
Post-
. . 10.90+ 2.81 |10.33+2.48 [9.95+2.65 (131.35+19.14
intervention
A 0.52 0.90 0.60 6.35
A (%) 5.05 % 9.60 % 6.42 % 5.08 %
P-value 0.2129 0.1811 0.1020 0.0369
Cohen’s d 0.09 0.28 0.23 0.30
CON, | Pre-
. . 10.32+ 3.54 |10.00+£3.01 [8.82+3.20 [126.68 + 22.92
n=22 | intervention
Post-
. . 10.82 + 3.30 [10.50+ 2.50 [9.32+3.15 [129.95 + 21.62
intervention
A 0.50 0.50 0.50 2.91
A (%) 4.85 % 5.00 % 5.67 % 2.30 %
P-value 0.2207 0.4026 0.5807 0.4475
Cohen’s d 0.15 0.18 0.16 0.15

On the 1Q test WISC-IV exam’s working memory subsection, the Abacus group (n = 21)
advanced 6.35 marks (from 125 to 131.35) on working memory index (WMI).
revealed significant change after training (p = 0.0369 < 0.05, Cohen's d = 0.30).
Meanwhile, the control group did not revealed significant change(p = 0.4475, Cohen's d = 0.15),

results

and it advanced only 2.91 marks (126.68 to 129.59) on WMI (Table 1).

Furthermore, the abacus group expressed 1.8 times higher improvement, compared to the control
group, in the word-number sequencing subtest, and it makes a 9.60% increase (9.43 to 10.33,)

while the CON group made a 5.00% improvement (10.00 to 10.50).
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The ABA group also demonstrated greater growth in the arithmetic subtest than the control group.
Additionally, neither group showed significant improvement in the memory span subtest.

ABA group (n = 21) showed more concentrated distribution on box-plot, compared to CON
group. (Fig. 2)

In conclusion, the abacus group showed to have a better working memory performance after
abacus training for six months, and expresses significant improvement on working memory
index (WMI). The abacus group showed a higher post-intervention improvement in the
word-number sequencing subtest, which contributes mostly to the better working memory
performance, compared to the other two subtests.

Pre-intervention Post-intervention

100 1 r

60 o r

WM_Percentile

40 1 F

20 1 r

Abacus Control Abacus Control

Group

Figure 2. WISC-IV exam’s working memory subsection (working memory percentile). In
working memory expression, the ABA group exhibited more concentrated distribution on the
boxplot after 6-month intervention.
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Serial addition
Table 4. Simple Serial Addition (SSA) and Complex Serial Addition (CSA) assessment
results of the ABA and CON group.

SSA SSA CSA CSA
Accuracy | Reaction time Accuracy | Reaction time

ABA, | Pre-
n=21 | intervention

68 % + 23 %1990.56 + 497.83 [62% + 27 % [2096.85 + 544.71

Post-
intervention

79 % *+ 21 %|1618.83 + 447.76 |62% + 26 % |[2034.21 + 556.00

A 10.53 % -371.73 0 % -62.64

A (%) 15.38 % -18.67 % 0 % -2.99 %

P-value 0.1489 0.0082 0.8770 0.5153

Cohen’sd [0.51 0.81 0 0.12
CON, | Pre-

) . 66 % *+ 27 %[1886.94 £ 703.03 |59 % + 27 % |2078.03 = 715.62
n=22 intervention

Post-
intervention

78 % + 19 %|1876.33 £ 566.84 [70 % + 20 % [2275.22 + 406.64

A 12.50 % -10.60 11 % 197.19
A (%) 18.97 % -0.56 % 19.23 % 9.49 %
P-value 0.0873 0.406 0.1828 0.5446
Cohen’sd [0.53 0.02 0.47 0.35

There was major improvement in SSA accuracy in both abacus (p=0.1489; Cohen’s d=0.51) and
control group (p=0.0873; Cohen’s d=0.53) and significant improvement of SSA reaction time in
abacus group (p=0.0082<0.05; Cohen’s d=0.81).

On the other hand, for the control group there was an 19.23% improvement in the CSA accuracy
(p = 0.1828; Cohen’s d=0.47), but also 9.49% increment of the reaction time (p=0.5446; Cohen’s
d=0.35). Furthermore, the abacus group showed an 2.99% improvement in CSA reaction time
(p=0.5153; Cohen’s d=0.12).
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Anxiety score (AS)

Table 5. Anxiety score assessment result of ABA and CON group

AS (Prescan) | AS (Math) | AS (Total)

ABA, [ Pre-

; . 455 + 2.70 3.15+3.08 |7.33+5.22
n=21 intervention

Post-

) . 2.81 + 2.56 252+260 |5.33+3.95

intervention

A -1.74 -0.626 -2

A% -38.24 % -19.87 % -27.27 %

P-value 0.0081 0.3506 0.0513

Cohen’s d 0.68 0.23 0.44
CON, | Pre-

. . 4.26 + 3.07 3.29+2.26 16.83+4.53
n=22 intervention

Post-

. 2.18 + 2.65 3.45+ 3.62 |5.64+5.60

Intervention

A -2.08 0.17 -1.20

A% -48.82 % 5.02 % -17.52 %

P-value 0.0131 0.6170 0.4571

Cohen’s d 0.74 0.05 0.24

Generally, there was a reduction of anxiety score in both abacus and control group which include
all tested prescan, math and total anxiety score, except for the math anxiety score of the control
group.

There were also significant reductions on the prescan anxiety score in both abacus (p=0.0081,
Cohen’s d=0.68) and control group (p=0.0131, Cohen’s d=0.74).
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Neuroimage

fMRI: Pre-training data suggested bilateral prefrontal activation during the SSA task, specifically
activation over bilateral insular cortices were shown. Post-training data showed similar regional
results, and the abacus training group showed increased parietal activation (Table 7). However,
when 2-sample paired t-test was performed to verify this change, no significance was found (Fig.
3).

rs-fMRI-FC: Functional connectivity analysis of the resting state data showed fairly similar
connection network among specific fronto-parietal ROIs. Paired t-test of the ABA group revealed
increased connectivity between left Broca area and inferior parietal lobe after AMC training
intervention (Fig. 4, Table 8).

Table 6. Significant prefrontal activations during BOLD serial addition task in the pilot
study pre-AMC training intervention

Anatomicallocation Statistical values

Region X y z  Clustersize tValue p-Value
Left fronto-insular cortex 30 21 3 78 5.72 <0.001
Left Broca area -39 24 15

Leftinferior frontal gyrus 42 6 30 11 4.34 <0.001

Table 7. Significant activations of the prefrontal-prefrontal- parasylvian network during
BOLD serial addition task in ABA and CON groups before and after AMC training
invention.

Criteria Statistscal value Anatonucal location

Cluster slaw Value P Value » y . Rogion
ABA pve o] 210 « Do) 4 15 0 Right iralar con
L] L] « 0.0 n n o Loft frontoamukar cortes
ABA post 1 « 0001 2 b 0 Right indogsor parietal lobe
50 .61 <« 0.001 L] 9 AT Right iwanlar contex
1 6.2 « 0.001 18 | 15 Leftinterior panetal lobe
CON po “ [} <000 14 15 n” Right invular cortex
| « 0o } I 0 Hilateral medial lrontal gy
13 530 < 0,001 M 45 o Luftinterior paristal lobs
310 « 0,001 ] 21 0 Loft tronto dreular cortex
CON post n el « 0,001 9 12 o Latt Brocs ame
640 < 0001 15 ! 19 Lett tromo-areular cortes
) R L) « o0 1 | N M Right inwmlar cortes

0 A < 0.0m 12 12 ¥ Lattmedial trontal gyrnes

The MNI coordinates and t-values correspond to the local maxima of the voxel clusters. The
statistical threshold was set at p < 0.005 using Alphasim correction (with combination of
threshold of p < 0.001 and minimum cluster size of 12 voxels) for the ABA group
pre-intervention, p < 0.05 using FDR correction for the others.
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Table 8. Significant clusters of the two-sample paired T-test within the ABA group before
and after AMC training intervention

Anatomical location Statistical values
Region x v z  Cluster size tValue  p-Value
Left inferior parietallobule -60 -36 33 124 6.10 <0.001
-60 -30 15 2.45
57 36 21 2.26
Right inferior parietal lobule 63 33 36 38 4.85 <0.001

The functional connectivity seed was placed at the left Broca area (x=-39, y=24, z=15, radius = 5
mm). The MNI coordinates and t-values correspond to the local maxima of the centers of voxel
clusters. The statistical threshold was set at p < 0.05 using AlphaSim correction (with
combination of threshold of p < 0.001 and minimum cluster size of 12 voxels).

ABACUS GROUP CONTROL GROUP

[POST]|

[POST-FDR]

NO SIGNIFICANCE NO SIGNIFICANCE

[PAIRED]|

Figure 3. General pattern of activity during the serial addition task for ABA and CON
groups. (A) Pre-intervention activity is mainly in the prefrontal region. (B) A general increase in
post-intervention activity can be found. (C) When the within group analysis is performed with
FDR correction, a shift in post-intervention activation to the parietal regions is suggested in the
ABA group. However, no significance is found when two-sample paired t-test is performed. The
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statistical threshold was set up at p < 0.05 using AlphaSim correction (with combination of
threshold of p<0.001 and minimum cluster size of 12 voxels) and set at p < 0.05 using FDR
correction.

ABACUS GROUP CONTROL GROUP

PRE

POST

NO SIGNIFICANT CLUSTERS

PAIRED

Figure 4. Resting state functional connectivity findings. The pattern of significant positive
correlations between the Broca area seed (x=-39, y=24, x=15, radius=5 mm) and the
fronto-parietal network is seen in both the ABA and CON groups. Significance in two-sample
paired t-test indicates increased functional connectivity between LBA and bilateral inferior
parietal lobules in the ABA group after AMC training intervention. The statistical threshold was
set up p < 0.05 FWE correction for the within group analyses and using AlphaSim correction
(with combination of threshold p < 0.001 and minimum cluster size of 12 voxels) for the two
sample paired t-test.
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Figure 5. Correlations of functional connectivity and working memory index.

Scatterplots show the relationship between working memory scores and functional connectivity
of left Broca area with two different cortical areas, both for the abacus and control groups.

The vertical axis measures the values of functional connectivity, and the horizontal axis
represents the raw scores of working memory index. Proximal (pre-training and post-training)
represents functional connectivity between left Broca area and left inferior frontal gyrus. Distal
(pre-training and post-training) represents functional connectivity between left Broca area and
left angular gyrus.

(A and C) Functional connectivity of pre-training groups did not correlate with working memory
performance.

(B) In post-training abacus group, correlation between working memory index and functional
connectivity of left Broca area and left inferior frontal gyrus [ n =21, r (19) =0.386, p = 0.069 )
trended toward significance.

(D) There is a significant correlation between working memory index and functional
connectivity of left Broca area and left angular gyrus (n =21, r (19) = 0.429, p = 0.041 ) in
post-training abacus group.
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Table 9. Correlations between functional connectivity and working memory index

WMI, ABA group WMI, CON group

Functional connectivity Coefficient |P-value |Coefficient |P-value
Proximal-Pre training (max) |0.085 0.666 [0.135 0.502
Proximal-Post training (max) [0.386 0.069 0.038 0.849
Distal-Pre training (max) -0.019 0.925 0.281 0.156
Distal-Post training (max) 0.429 0.041 |-0.249 0.201

Functional connectivity of left broca area and left inferior frontal gyrus (proximal).
Functional connectivity of left broca area and left angular gyrus (distal).

In the abacus group there was a significant increase of correlation between working memory
index and post-training functional connectivity of left Broca area and left angular gyrus (distal)
(Table 1). It increased from (n = 21, r (19) = -0.019, p = 0. 925) to (n = 21, r (19) = 0.429, p =
0.041).

The correlation between working memory index and functional connectivity of left Broca area
and left inferior frontal gyrus (proximal) in post-training abacus group also trended toward
significance (Table 1) from (n = 21, r (19) = 0.085, p = 0.666) to (n = 21, r (19) = 0.386, p =
0.069). Comparatively, the control group revealed limited to no change in correlation between
functional connectivity and working memory index after intervention.

Discussion

The goals of our study are as following: (1) to evaluate the relatively short term effect of
six-months abacus-based mental calculation (AMC) training on the functional connectivity
network, and (2) to prove the possibility of AMC training effect transfer to the untrained working
memory task.

In the past decade, several reports of training on AMC have demonstrated distinct brain
activations differences between experts and novices (2-5). All of the abacus-related reports are
cross-sectional designs. On functional MRI results, non-experts show activity in the prefrontal
and perisylvian areas, while experts with long-term training show more activation over premotor
and superior parietal regions.

In recent years, structural and functional connectivity were deployed to study brain intrinsic
integrity in children with 3-year training of the AMC (7,13). Increased integrity in white matter
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tracts were observed over right premotor cortex, corpus callosum, and left occipito-temporal
junction. The findings also suggested long-term abacus training may improve working memory
capacity (7). Resting state MRI (rsMRI) revealed enhanced connectivity between right
supplementary motor area (SMA), and right inferior frontal gyrus (IFG), suggesting more
extensive engagement of visuo-spatial-attention networks in trained subjects while performing
numerical working memory task (13). Multiple cortices on functional MRI were involved,
including IFG, SMA, posterior superior parietal gyrus (PSP), and superior occipital gyrus, and it
implied the long-term abacus training effects could be transferred to the untrained working
memory task.

Most past studies focus on cross-sectional analysis of abacus experts and non-experts, but
neglect the potential midway paradigm shift (paradigm drift) within the relatively long time
required to become an expert. But, how soon can we expect changes after initializing training on
the functional level and the behavioral level? The Chinese Abacus Association in Taiwan states
that in past experience, the initial greatest level of behavioral improvement can be expected in
training periods between six months to one year, implying functional changes may be in place
before physical changes become detectable. Our current study seems to corroborate the
aforementioned the self-evident observation in terms of brain functionality and connectivity.
Stigler's study in 1986 revealed children after one year AMC training could develop the ability of
mental abacus (14). Irwing's report in 2008 suggested a general intelligence improvement after
receiving only 34 weeks of abacus training (6). Therefore, we assume that 6 months is the
minimum period required for the change.

In present study, a uniquely longitudinal study was deployed, and we hypothesized significant
changes in visuo-motor and visuo-spatial regional (fronto-parietal) functional connectivity and
working memory behavioral expression within a six-month abacus training period. The
WISC-IV exam’s working memory subsection was used to examine the trained subjects’ working
memory capabilities, and to evaluate the possibility of transfer of AMC training effect. After
deploying a longitudinal study, utilizing standardized behavioral tests, functional MRI, and
resting state MRI, we evaluate the validity and scale of this potential change on both the
behavioral level and the functional level under a relatively short-term training curriculum.

Elaboration of results

Behaviorally, the ABA group children exhibited significant improvement in working memory
test after training, comparing to no improvement in control group, and showed significantly
decreased reaction time when presented with the serial addition task. Younger subjects showed
stronger advances in digit span and letter-number sequencing, as well as greater overall working
memory competency improvement. Subjects who performed more poorly on pre-intervention
tests experienced significantly stronger improvement in the letter-number sequencing subtest,
arithmetic subtest, and overall working memory placement as a whole. Additionally, the ABA
group children expressed a decrease in anxiety towards arithmetic processing.
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On the functional level, the ABA group expressed stronger activations post-training, and
within-group analysis confirms our hypothesis of a partial paradigm shift (paradigm drift) of
activation zones to the inferior parietal region. Functional connectivity analysis revealed
increased connectivity between the left Broca area (LBA) and the inferior parietal lobe.
Association between behavioral expression and neuroimages showed increased correlation
between LBA-LIFG connectivity and working memory grading after training, and LBA-LAG
connectivity increases greatly in correlation to working memory grading.

Our results demonstrated improvements on both neuroimages and behavioral level could be
observed in a relative short term (6 months) intervention, compared to the necessary training
time to become an expert or experienced practitioner of AMC. Furthermore, the AMC training
effect can be generalized to the untrained task, the WISC-IV exam’s working memory
subsection.

What the nature of AMC training entails?

Traditionally, abacus training was taken as a training of mental calculation, focusing on both
computation speed and accuracy. AMC training in Taiwan is also a step-by-step process and its
learning can be described through three stages of advancement.

Stages of AMC training:

I. The stage of basic abacus operation (1~3 months): Oral formulas and principles of
beads movement were given by instructors, and actual abacus operation was
practiced repeatedly. Thus, the mental model of calculation with an abacus physical
aide is introduced gradually. The operator usually become acquainted with and
experienced with the physical operation within the initial three months.

ii. The stage of beginner mental abacus (6~12 months): “Beginners at mental abacus
calculation move their fingers in the air to aid in moving the mentally imaged
beads.”* Intermediate operators are highly reliant on motor movements of fingers to
aid in mental calculation, and the limitation of motor movements or oral distractions
greatly affect the response accuracy™®. Within timely practice, operators become able
to add and subtract without the instrument, but the size of their mental abacus is
limited™. Children usually reach this stage after about 6-12 months of training.
Paper abacus?

iii. The stage of advanced mental abacus (212 months): As they progress, experienced
operators are able to perform mental calculations by imaginary movements of beads.
The operation is exactly as they would do on a real abacus, involving only visual
representation without physical or motor assistance™. This progress can usually be
seen after one year of training™.

After the student is experienced in the practice of a mental abacus without motor aide, the series
size of computation and number of digits are gradually increased. Eventually, abacus experts
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become capable of executing extraordinary volumes of computation with great accuracy in
compressed time.

Traditionally, AMC training is viewed as a training of mental calculation, focused on
computation speed and accuracy, but a glance at the steps of learning and performance
progression of AMC operators and a modern knowledge of cognitive functions show the training
scheme as focused on two main abilities, the initial a visuo-motor coding scheme for
transforming numbers into images of beads (17), then the visuo-spatial ability focused on
proceduralizing and expanding the operator’s memory span.

Simply put, memory span is increased gradually during the progress of AMC training. Thus,
AMC should be viewed as a unique method of working memory training, and its operation
process involves greatly with visuo-motor and visuo-spatial ability.

Paradigm drift in mental calculation after abacus training

In the local Chinese and Japanese cultural background, speed and accuracy of mental calculation
is crucial to daily life and an important aspect of academic success. The “number sense” greatly
depends on the parietal, prefrontal, and cingulate areas, with the HIPS playing a key part in the
manipulation of quantity (18). Neuroimaging studies revealed the activation of different neural
pathways between untrained children mental calculation and trained experts: the mental
calculation task in children mainly activate prefrontal and perisylvian zones of the left
hemisphere, with differences shown while performing simple and complex calculation; in sharp
contrast, when children are trained in AMC, the activation shifts focus to visuo-motor and
visuo-spatial pathways. This is consistent with our knowledge of how AMC is trained in its steps:
with each cognitive focus, a change in the underlying functional network can be witnessed in the
end results.

With knowledge of the training methods and its end result reflected in neuroimaging, we ask
ourselves: what changes can be expected in the relatively short-term training of six months?
Research show functional differences between three-year experts and untrained subjects,
physical properties can be expected to change after long-term training, and general
improvements are noted in time as short as thirty-four weeks. But the greatest behavioral
improvements are suggested within six months to one year of training, and we proposed the
intrinsic functional circuits should rightfully reflect this change.

Past studies suggest a shift of activation from frontal lobes to parietal lobes was observed with
the gain of arithmetic competence, and intra-parietal shift of activation from HIPS to angular
gyrus were also reported (19). Evidence for developmental change in mental arithmetic revealed
a shift of activations with ages from prefrontal cortex to left inferior parietal lobe. The increased
functional specialization of left inferior parietal cortex in mental arithmetic was accompanied by
decreased dependence on memory and attention resources with development (20).

Our results demonstrated shift in activation region consistent with our expectation along the
fronto-parietal network, but not to the extent of further parietal regions, such as angular gyrus
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and posterior superior parietal cortex, as suggested by studies involving long-term trained
experts. We propose the current and eventual changes to follow a paradigm “drift” along the
circuitry, beginning at the prefrontal sectors and moving gradually to the parietal. An increase in
functional connectivity between LBA and the left inferior parietal gyrus shown in our
resting-state MRI results suggest the circuitry of attention improves after AMC training.

Our results also revealed a midpoint for this eventual shift that may provide deeper
understanding into AMC training’s effect on the learning brain. But, what is the possible
direction of future paradigm shift? PSP was proposed to be recruited for mental abacus (3,4), and
the activations in angular gyrus increased with the gain of arithmetic knowledge (19). Therefore,
we propose two different directions for end-term change: to shift cranially towards the horizontal
intra-parietal sulcus (HIPS) and the posterior superior parietal region, or to shift dorsally towards
the angular gyrus.

Working memory training and transfer

Working memory (WM) is one’s ability to keep limited information in queue and able to be
manipulated over a short period of time. This specific cognitive ability is of crucial importance in
many different cognitive skills or tasks, and improvement of WM capacity has been proven in
several studies (8,21,22,23). WM training-related changes on brain activation were observed in
frontal, parietal cortex and basal ganglia (21,22), and it was even proposed intrinsic brain activity
and connectivity can be altered by cognitive training (8).

Improvement of implicit WM training can always be expected based on the repetitive training
and adjustments of tasks. It is more important to evaluate the potential transfer of WM training to
other non-trained tasks. The generalization of WM training effects to other non-trained tasks has
been difficult (24,25), but there are promising studies demonstrating transfer after WM training
to non-trained tasks can be achievable (22,23,26,27). In the current study, we rediscover a key
element of Chinese culture, evaluate the validity and effectiveness of AMC training as a tool to
augment WM capacity, and verify the possibility of training effect transfer to the untrained
working memory test.

AMC is a relatively complex activity, and requires longer-term training in comparison to
conventional WM training regimes. However, it also involves multiple cortices in its training,
providing a higher transfer potential to untrained tasks, a key factor in the choice of curriculum.
Past WM training regimes are task repetition-focused; in contrast, AMC training implements a
non-task-specific model that is more attractive to young neophyte subjects. It is a natural way of
improving WM capacity, and its effective educational methods have been honed culturally over
time to become a subject of its own.

Of course, despite all its pros, AMC training is far from perfect. It has its share of limitations one
must consider before engaging. Firstly, the number sense, understood in mathematics education
as “an intuitive understanding of numbers, their magnitude, relationships, and how they are

affected by operations,” should be intact before the subject initiates training. In general
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curriculum, this would require children of at least eight years of age receiving public education,
as youths under this age would not have the math cognitive capacity to manipulate numbers at a
level suitable for the AMC model. Secondly, the initiation of AMC training focuses on
reinforcing the number sense of subjects and introducing the abacus model, the latter steps
exercise the visuo-motor and visuo-spatial networks and eventually zooms in on increasing the
memory span with a practiced paradigm. This scheme is a very time-consuming process and
requires a significant amount of attention. When considering AMC as an option for WM training,
the minimum training time length for substantial effect and subject interest should be considered.
Lastly, after an extended time of training, diminishing returns can begin to occur in regards to the
AMC training effect on WM as a result of over-learning. Studies suggest after over-learning, the
abacus operator requires only a limited amount of attention for the calculation task and is
significantly less stimulated by the operation, only exercising a practiced model (15). We advise
the use of AMC training as a WM exercise to be limited to one to two years, when the effects on
WM capacity are most significant and time-efficient. Alternative training regimens of a more
creative nature should be considered after the initial mental abacus model is practiced for a more
interesting approach and greater benefits to the learning subject. These limitations, under closer
examination, are present in most, if not all WM training regimens, but AMC training provides a
more comprehensive and tolerant range.

The effects of training in brain plasticity are undeniable, but the future focus should be for which
training regimens may result in the best transfer effects, and to whom it is most beneficial (23).
AMC training can be considered as an effective method of WM training with a time constraint.
Despite its limitations and time-consuming training regimen, it provides stronger training results
and retains higher transfer potential than conventional WM training. In modern era, with
calculators that can be operated by the simplest of minds, we propose to view the abacus no
longer as a tool for trade or computation, but as a toy to learn through play.

Potential cultural and educational impacts

Abacus training is a culturally unique experience that enters the lives of Chinese children to
varying degrees, and its training effect of speeded mental calculation is considered to be essential
to success in mathematics. Stigler describes in his 1986 document the training took place during
the fourth year of primary school in Taiwan (14), but the practice has fallen out of public
education in recent years, and is currently replaced with a general arithmetic curriculum. Now it
is regarded as an extracurricular activity only pursued by those specifically interested in
mathematics deftness and focus. In review, it should be taken as an interesting and prospective
method of brain-based education which allows the learner to practice arithmetic operation and
also train working memory through activity. With its benefits in mind, educators should review
the viability of AMC training in primary education curriculum.
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Conclusions

Within the relatively short (6 months) training of abacus-based mental calculation, significant
changes were observed in fronto-parietal network and working memory behavioral expression.
Functional connectivity analysis with rsMRI revealed increased connectivity between the left
inferior frontal area and the inferior parietal lobe. Most importantly, the AMC training effect can
be generalized to affect the untrained tasks of the WISC-IV exam’s working memory subsection.
But are these effects persistent in the long run? And furthermore, what is the required amount of
training before one completes the paradigm shift to “transform” into the mental model as that of
experts? And even though the present study shows AMC training effects generalized to untrained
working memory tasks, but there is still a long way to go before the leap is made to complex
cognitive abilities such as reading, arithmetic, or general intelligence. We recommend future
AMC-related studies place focus on the training conditions and target subjects most suitable to
produce lasting effects on the mental scheme. Additionally, the evaluation of transfer effects
should not be to general skill assessments involving multiple complex cognitive abilities but to
specific cognitive traits.

In conclusion, this study offers reappraisal of the abacus, a traditional Chinese tool, and its
training in the modern setting. Compared to the common practice of task repetition, AMC
training is a more complex and interesting method of cognitive training with a stronger sense of
self-accomplishment through its step-by-step training curriculum. Our results also suggested
AMC training may increase learners’ confidence in arithmetic tasks and alleviate anxiety. It has
potentially long-term positive psychological effects in future learning. AMC is not only an
arithmetic operation, but it is also an appropriate tool to improve working memory capabilities
by exercising visuo-motor and visuo-spatial skills. With aid of educational neuroscience, we can
take a new perspective on the traditional Chinese tool for not only calculation but also learning
in the modern age.
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B The Design of New Teaching Model of Neuroanatomy to Prevent Neurophobia in
Preclinical Medical Students.

John Yung-Sung Cheng, MD
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Background:
Neurophobia, being described as “a fear of the clinical neurosciences”, is a longstanding problem among
preclinical medical students. The lack of knowledge in the complexity of neuroanatomy is regarded as one of the

most important reasons. Therefore, a new teaching model of neuroanatomy was developed.

Summary of work:

We combined traditional method and contemporary virtual reality technologies to design this new teaching
model of neuroanatomy, including anatomical atlas sketch, pretest and posttest of reading brain computed
tomography scans, and teaching with dextroscope.

During July 2009 and July 2010, fifty-five medical students in Taipei Medical University Hospital were

enrolled in our study.

Summary of results:

The significant improvement between the mean scores of pretest and posttest was observed.

Questionnaire results revealed that most of the students express strong positive attitude toward learning in

dextroscope, and the teaching model of neuroanatomy. Moreover, they also showed more confidence on learning

neuroanatomy after being taught with dextroscope.

Conclusion:

A carefully designed teaching model of neuroanatomy could possibly help medical students to overcome

neurophobia. Besides, dextroscope is a friendly learning environment of virtual reality.

Take-home messages:

The traditional method of teaching neuroanatomy could be integrated with new virtual reality technologies to

innovate a curriculum of the future.
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Introduction

Anatomy has been the fundamental medical knowledge for centuries since renaissance, but
the teaching of anatomy is facing significant challenges in recent years. A great leap in the
development of digital medical images has provided new ways to see through the structure of the
human body. With the rapid advances in information technology, the role of diagnostic
radiography in anatomy education is expanding [1]. Many reports had pointed out the potential
roles of digital medical images to enhance the teaching and learning of anatomy [1,2].

However, there is a developing debate on methods of teaching anatomy. The use of
cadaver dissection is still a traditional and important part in the Anatomy course for medical
students. But, could it be totally replaced by computerized anatomy resources, (including diverse
software and websites)?

Rapid evolution of three-dimensional images technologies has made virtual environments
(VEs) possible in recent years. The applications of virtual reality (VR) on health care are diverse,
including surgical planning and simulation, medical education, patient simulator, psychological
assessment, rehabilitation, bronchoscopy, et al [4]. The applications of virtual reality (VR) in
surgery include anatomy education, preoperative planning and simulation, and assessment of
surgical skills.

The results of applications of VR techniques in preoperative planning and simulation are
promising, especially for laparoscopic surgery and neurosurgery [4,5,6]. The task performance in
simulator is strongly correlated to daily surgical performance [7]. The implementation of VR in
anatomy education also has great potential, but could it influence the learning of reading skills of
diagnostic images for medical students?

Moreover, the role of virtual reality (VR) in the teaching of anatomy is revolutionary and
with great potential [3,4]. Since the Visible Human Project (VHP) launched by the US National
Library of Medicine in 1988[11], it allowed the developments of various VR 3-D models. The
most renown is the Visible Human 3D Anatomical Structure Viewer (EPA Lausanne) [12].

3-D visualization of clinical diagnostic images allows a deeper understanding of spatial
relationships between deep structures that hardly can be achieved by other teaching methods [4].
Taking brain neuroanatomy as an example, trainees thus can see the sophisticated and delicate
neural structures by dynamic dissections from various directions with the help of VR.

VR definitely improve the learning of anatomy. But, could the VR techniques influence
the learning of reading skills of radiological anatomy (diagnostic images) for medical students?

Radiological anatomy is totally different from gross anatomy. Medical images are another
representation of gross anatomy, and anatomy knowledge gathered from dissections always
needs being translated into cross-sectional views of clinical images [11]. That is why students
often feel frustrated while reading cross-sectional clinical images (such as, brain computed
tomography scans) at the first moment.
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Therefore, appropriate learning scaffolds are needed as the bridges of knowledge among
those different representations of anatomy.

The learning of reading brain computed tomography (CT) scans is a critical step in
studying clinical neuroscience, but it seems to be a major obstacle to medical students. The most
difficult parts are lack of the acquaintance of medical terms and 3-D concepts of neuroanatomy.

Therefore, we are developing a new model of teaching clinical neuroanatomy for
preclinical medical students. The teaching model includes sketch of atlas of neuroanatomy,
self-directed learning of reading brain computed tomography (CT) scans, and implement of
dextroscope. We are in the hope to teach gross anatomy in the context of clinical setting.

Sketch is an unique skill commonly used in medicine, and it is especially important in the
training of surgery. Students have to recognize what structures they are going to sketch, and
allocate them in a proper position after knowing the spatial relationship between neural
structures. Sketch could help students to recall the unfamiliar and difficult neuroanatomical
terms, and restructures 3-D concepts of neuroanatomy inside students’ minds.

Dextroscope (Volume Interactions, Ltd., Singapore) is a virtual reality system for
preoperative planning and simulation of surgery. Patient-oriented and fused medical images are
presented stereoscopically and the fused images can be manipulated freely from various
dimensions. Some degree of simulation of bone drilling and brain retraction can be implemented
in the dextroscope. With the help of dextroscope, students can trace vascular and neural
structures in dynamic serial images, and further establish a deep understanding of the spatial
relationships between individual structures.

This new model of teaching clinical neuroanatomy definitely encourage students to learn
clinical neuroanatomy in a more interesting and promising way. However, we also want to see if
we could improve the learning of reading skills of brain computed tomography (CT) scans with
the help of dextroscope ? Part of the aim of our study is to see if VR can improve students’
confidence of reading brain CT scans.

What is Neurophobia?
Neurophobia 1s described as
phenomenon among medical students[13].
Neurological diseases is becoming more and more popular. Brain computed tomography
(CT) scans gave become a regular and screening scans for diagnosing neurological problems.
Learning to read brain CT scans is the crucial first step to learn clinical neurosciences.

(13

the fear of clinical neurosciences . It is a worldwide

However, atlas in anatomical textbooks and brain CT images are different representations
of neural structures. Medical Students” memory battery for neuroanatomy is very poor. Students
have difficulty to have far transfer of anatomical knowledge, which was learned years ago.

Therefore, an integrated program is needed to path the ways for the learning of basic and
radiological neuroanatomy. The aim of this study was to evaluate the impact of dextroscope on
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the learning of radiological neuroanatomy, and to verify that if virtual reality simulator,
dextroscope, could help the learning of reading brain computed tomography scans.

Methods

Sixty-five preclinical medical students in Taipei Medical University Hospital were enrolled
in this study. All of the successive students rotate in the department of neurosurgery for two
weeks, and they are divided into two groups. The implement of dextroscope is used as a
treatment for the students of the group one.

Thirty-five students are in the group one, and the timetable of teaching activities is as the
following. On dayl, and day 2 of the rotation, students are asked to sketch atlas of basal ganglia
and brain stem, and the terms of neuroanatomy structures will be indicated. Then they need to
complete a self-study brain CT scans test (including fifty questions), as the pretest, during the
first week rotation, and their answers will be discussed with teacher on the 8" day. Dextroscope
will be taught for one hour on day 5 and another hour on day 13 of the rotation. The post-test of
brain CT scans is held on day 13 after the teaching of dextroscope finished.

Thirty students are in the group two, and the timetable of teaching activities is as the
following. On dayl, and day 2 of the rotation, students are asked to sketch atlas of basal ganglia
and brain stem, and the terms of neuroanatomy structures will be indicated. Then they need to
complete a self-study brain CT scans test (including 50 questions), as the pretest, during the first
week rotation, and their answers will be discussed with teacher on the 8" day. The post-test of
brain CT scans is held on day 13. Dextroscope will be taught for one hour, as salvage
instruction, only after the post-test of brain CT scans being finished.

Learning attitude questionnaire and self-confidence questionnaire are completed after the
rotation. Degree of satisfaction is divided into five grades.

The fifty questions of pretest of brain CT scans include thirty questions of neuroanatomy
and twenty basic clinical questions. Full score of the fifty questions is one hundred.

The composition of the fifty post-test questions is slightly different from the pretest’s. Seven
advanced clinical questions are added, and they are deployed to indicate the problem-solving
ability of students. Therefore, the fifty post-test questions are composed of twenty-six questions
of neuroanatomy, seventeen basic clinical questions, and seven advanced clinical questions. Full
score of the post-test is also one hundred.
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Results

Table 1. Results of sixty-five students.

Mean SD Rate of correct
Answers
Pre-test 71.29 8.4 Full mark : 100
Post-test 89.91 6.3
Clin. A (7tests) 8.46 242 60%
Clin. B (17tests) 31.94 2.74 94%
Anat.  (26tests) 49.24 3.47 95%

E.S. (Cohen’s D): 2.53 : huge effect size.

Table 2. Results of different groups.

Treatment Pretest Post-test Score
score score Increment
Group one With Dextroscope 71.9 90.0 18.1
(35 students)
Group two Without Dextroscope 66.8 87.9 21.0
(30 students)

Discussion

Besides cadavers and dissecting room, there are emerging methods of teaching gross
anatomy with the generalization and advance of computer technology [1,2,3,4]. But, could
cadaver dissection be totally replaced by computerized anatomy resources? Biasutto et al. (2006)
argued that there were no objective and scientific data to prove the superiority of computerized
resources over cadaver dissection, and demonstrated that the best way of teaching anatomy is the
combination of cadaver dissection and computerized materials [2].

There are three major applications of virtual reality (VR) on health care: anatomy education,
simulation of operation, and radiology education.

The application of virtual reality (VR) has led anatomy education into different horizon
[3,4,7]. Through interactive 3-D graphics, students can explore internal structures in various
dimensions. Anatomical structures are represented in dynamic images, and it allows trainees to
trace all kinds of tissues from multiple viewpoints [4]. Therefore, students can attain a deeper
understanding of spatial relationships between different structures that cannot be achieved by
other teaching methods.
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The simulation of operation in virtual reality (VR) environments has been introduced
successfully in recent years, especially in laparoscopic surgery and neurosurgery [4,5,6,8,9,10].
With the advances of endovascular techniques and radiosurgery, there are more alternative
methods of treating cerebral aneurysms or skull base tumors. The decrease of open operative
cases is making young neurosurgeons more difficult to develop their surgical skills [8]. VR
technologies provide a no-risk environment for preoperative rehearsal, and it allows residents to
simulate operation preoperatively. Therefore, neurosurgeon can somehow keep experienced in
those rare and complicated surgeries with the implement of VR technologies.

Nonetheless, virtual reality is never like actual surgery. It allows some degree of rehearsal of
bone drilling, brain retraction, and simulation of possible trajectory and probable difficulties
encountered during operation. However, all of this advantages are the initial steps of performing
surgery. In real life, the unpredictability during actual operation is more challenging. The
experience in computerized simulator could not offer similar tactile and emotional training from
the real world experience.

Significant progresses in medical imaging in recent years have enhanced the potential role
of radiology over anatomy education. Since the introduction of Visible Human Project (VHP) by
National Library of Medicine (NLM) in 1988[11], digital diagnostic images can be processed in
various ways. Medical images are restructured in 3D style, and it has made virtual reality
resources available for radiology education. Students now can see the structures in a more
comprehensive way, and spatial relationships between structures could be realized nearly
without any limitation. But, could the VR techniques improve the learning of reading skills of
clinical images, ex. brain CT scans, for trainees?

The design of our new teaching model for neuroanatomy adopted sketch (the traditional
learning method) and dextroscope (VR technology) to facilitate students’ learning of reading
brain CT scans. From our preliminary results, there are no differences of average marks and
improvement between study and control group. The treatment for this teaching model,
dextroscope, seems to have no role on the learning of reading brain CT scans. However, based
on the primitive results of the learning attitude questionnaire and self-confidence questionnaire,
students do feel direct help and deeper understanding of spatial relationships between structures
from the teaching of dextroscope, and they also show more confidences on the following
learning of clinical neuroscience.

The significant improvement between the mean scores of pretest and posttest was observed.
Questionnaire results revealed that most of the students express strong positive attitude toward
learning in dextroscope, and the teaching model of neuroanatomy. Moreover, they also showed
more confidence on learning neuroanatomy after being taught with dextroscope.
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Conclusion

Our new teaching model for neuroanatomy seems to enhance the learning of reading brain
CT scans. A carefully designed teaching model of neuroanatomy could possibly help medical
students to overcome neurophobia. Besides, dextroscope is a friendly learning environment of
virtual reality. Therefore, the traditional method of teaching neuroanatomy could be integrated
with new virtual reality technologies to innovate a curriculum of the future.
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The New Approach of Teaching Anatomy: From Cadaver
Dissection to Virtual Reality

John Y.S. Cheng, Chien-Yu Chen, Chun-Yen Chang

Abstract: Human anatomy has been regarded as the keystone of medical knowledge for centuries. Cadaver
dissection is the prevailing pedagogy adopted in most medical schools for anatomy learning. However, with the rise
of new computer technology, radiology and digital medical images provide an alternative perspective to approach
human anatomy. Hence, “Can traditional cadaver dissection be replaced by new computer-based anatomy
teaching?”must be inquired. Here, we also try to explore the role of virtual reality in anatomy teaching. This study
reviews and analyzes the current literatures in terms of anatomy education worldwide. We aim to look into the
challenges most medical students confront in learning anatomy, and further provide a valid teaching strategy to
diminish the current gap in between basic and clinical anatomy.

Key Words: anatomy education, cadaver, computer, clinical anatomy, virtual reality

(Full text in Chinese: Formosan J Med 2015;19:)
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An SSVEP-Based BCI Using High Duty-Cycle
Visual Flicker

Po-Lei Lee*, Member, IEEE, Chia-Lung Yeh, John Yung-Sung Cheng, Chia-Yen Yang, and Gong-Yau Lan*

Abstract—Steady-state visual-evoked potential (SSVEP)-based
brain—computer interfaces (BCls) have generated significant in-
terest due to their high information transfer rate (ITR). Due to the
amplitude—frequency characteristic of the SSVEP, the flickering
frequency of an SSVEP-based BCI is typically lower than 20 Hz
to achieve a high SNR. However, a visual flicker with a flashing
frequency below the critical flicker-fusion frequency often makes
subjects feel flicker jerky and causes visual discomfort. This study
presents a novel technique using high duty-cycle visual flicker to
decrease user’s visual discomfort. The proposed design uses LEDs
flashing at 13.16 Hz, driven by flickering sequences consisting of
repetitive stimulus cycles with a duration 7 (T = 76 ms). Each
stimulus cycle included an ON state with a duration 7o~ and an
OFF state with a duration Torr (T = Ton + Torr), and the duty
cycle, defined as To /T, varied from 10.5% to 89.5%. This study
also includes a questionnaire survey and analyzes the SSVEPs in-
duced by different duty-cycle flickers. An 89.5% duty-cycle flicker,
reported as a comfortable flicker, was adopted in a phase-tagged
SSVEP system. Six subjects were asked to sequentially input a
sequence of cursor commands with the 25.08-bits/min ITR.

Index Terms—Brain—computer interface (BCI), electroen-
cephalographic (EEG), steady-state visual-evoked potentials
(SSVEPs).

I. INTRODUCTION

RAIN-COMPUTER interfaces (BCIs) enable users to
B communicate with external environments independent of
their peripheral neuromuscular functions. Several brain-imaging
modalities, such as electroencephalography (EEG), magnetoen-
cephalography (MEG), functional magnetic resonance imag-
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ing (fMRI), positron-emission tomography (PET), and near-IR
spectroscopy (NIRS) have been adopted BCIs by measuring
neurophysiological signals or hemodynamic changes [1], [2].
The EEG measures the electric field generated from brain cor-
tex and is chosen as the most common tool, due to its advantages
of low cost, portability, and high temporal resolution. Many pa-
tients with motor disabilities, such as amyotrophic lateral sclero-
sis (ALS), severe cerebral palsy, head trauma, multiple sclerosis,
or muscular dystrophies, are currently using EEG-based BCIs
as a communication channel [3].

Steady-state visual-evoked potential (SSVEP)-based BCIs
have seen wide applications in recent years due to their unique
features of fast-response, high information transfer rate (ITR)
(>25 bits/min [4]), relatively few EEG channels, and mini-
mal user training [5]-[9]. SSVEP-based BClIs are often de-
signed by designating different flickers for distinct frequencies
(frequency-coded SSVEP-based BCI) [7], [10], [11] or distinct
phases (phase-tagged SSVEP-based BCI) [12].

This study develops an SSVEP-based BCI using a high duty-
cycle flicker with alpha-band flashing frequency. Many studies
have investigated alpha-band SSVEPs as a functional index. Keil
et al. [13] used a 10-Hz SSVEP to examine emotional process-
ing resources in the human brain when viewing pleasant and un-
pleasant pictures. Silberstein et al. [14] studied the relationship
between temporal changes in a 13-Hz SSVEP topography and
Wisconsin card sort (WCS) test. They found that the prefrontal,
central, and right parieto-temporal regions showed a pronounced
attenuation in the SSVEP amplitude and an increase in the phase
lag after a change in card sort criteria. Researchers also utilized
the 13-Hz SSVEP to examine EEG topography in low and high
demand of an object working memory task, showing that the
SSVEP amplitude exhibits a load-dependent increase at frontal
and occipito-parietal sites [15]. Ding et al. [16] studied the ef-
fects of attentional modulation by comparing the SSVEP power
in gazing at attended visual stimuli to gazing at unattended
stimuli, and discovered an increasing SSVEP magnitude in the
occipital-frontal network. Thompson et al. [17] used a 13-Hz
SSVEP indicator to target nicotine-induced cortical activations.

Due to the amplitude—frequency characteristic of the SSVEP,
the human SSVEP has larger amplitudes from alpha to low beta
ranges and reaches its maximum amplitude at approximately
13Hz [7], [18]. Flickers with frequencies higher than 31 Hz
typically produce poor SSVEP response and a weaker SNR.
Advanced signal processing (e.g., the Hilbert—-Huang trans-
form) [19] or average over multiple epochs (>60 epochs) [12]
is usually required to enhance the SSVEP for systems with
high flickering frequencies (> 31 Hz). Therefore, most SSVEP-
based BCIs use flickering frequencies lower than 20 Hz for

0018-9294/$26.00 © 2011 IEEE
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[ : “ON” state ( T,y) HE : “OFF” state ( Topp )
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I ___..I
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sequence of I T rrrrrrrrrnra
stimulus
Fig. 1.  Flickering sequence with adjusted duty cycle.

visual flickers to retain a high signal level [7]-[9], [20]. How-
ever, visual stimuli lower than the critical flicker-fusion fre-
quency (~26 Hz in healthy subjects) [21]-[24] will psychophys-
ically make subjects to feel flicker jerky and cause visual dis-
comfort. Accordingly, an SSVEP technique that achieves the
high SSVEP amplitude and is comfortable to view is needed.

II. MATERIALS AND METHODS

A. Visual Stimulation

LEDs (part: LYBSB93W1303R012BP, LedTech Electronics
Co., Taiwan; rise time <50 us; wavelength ranging from 400
to 700 nm), covered with thin white paper diffusers, were used
as visual stimuli. The LEDs were placed 60 cm in front of sub-
jects to induce SSVEPs. Each LED was driven by a flickering
sequence consisting of repetitive stimulus cycles at a 13.16-Hz
flashing frequency. Each stimulus cycle had a duration of T
(T = 76 ms), representing one ON and one OFF cycle with du-
rations Ton and Torr (T'=Ton + Torr). The duty cycle Rq,y
was defined as To divided by the duration of the stimulus cycle
T, i.e., Rquty = Ton/T (see Fig. 1). The LED luminance was
calibrated using a luminance meter (LS-110, Konica Minolta
Photo Imaging Inc., USA) and set at 150 cd/m?.

The experiments in this study include a questionnaire survey,
a flicker investigation study, and a BCI application study. The
questionnaire survey was designed to understand user’s psycho-
logical responses to different duty-cycle flickers; the flicker in-
vestigation study investigated the ability of different duty-cycle
flickers to induce the SSVEP; the BCI application study tested
the feasibility of implementing an SSVEP-based BCI using a
high duty-cycle flicker. The questionnaire survey and the flicker
investigation study included thirteen 13.16-Hz flickers with dif-
ferent duty cycles, which were 10.5%, 18.4%, 26.3%, 34.2%,
42.1%, 50%, 57.9%, 65.8%, 73.7%, 81.6%, and 89.5% (Ton =
R4+ix6)ms, Topp =76 ms — Ton;i=1,2,...,11).

In the BCI application study, six visual flickers, named LED,
to LEDg, were driven by the 13.16-Hz flickering frequency
with 89.5% duty cycle (Tox = 68 ms and Torr = 8 ms). The
ith visual flicker (LED;) was tagged with the phase delay 6;,
where 6; = (i—1) x 60°,i = 1,...,6, so that the phase angles
were equally distributed over a full 360° phase cycle. The phase
delay in an LED was achieved by setting a time delay in its
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Fig. 2. (a) Schematic diagram of the proposed SSVEP-based BCI system.
(b) Six phase-tagged flickering sequences with the 13.16-Hz flashing frequency,
89.5% duty cycle, and 60° phase delay.

flickering sequence:

0;
3600 <L

ti = ey

where 6; is the phase delay assigned to the ith LED, #; is the
requisite time delay for achieving 6;, T = 1/f is the duration
of time block (7' = 76 ms), and f is the flashing frequency set
at 13.16 Hz in this paper. The six LEDs were placed around a
computer monitor in clockwise order [see Fig. 2(a)]. LED; to
LEDg were used to control six cursor functions () : “cursor up,”
= “cursorright,” By : “right click,” |}: “cursor down,” By, : “left
click,” and <: “cursor left”).

Fig. 2(b) shows the six phase-tagged flickering sequences
with 89.5% duty cycle, where the phase delay was set at 60°
(£30° phase margin). Since the flickering sequences were gen-
erated at 13.16 Hz (76-ms duration cycle), the phase delays for
LED; to LEDg were 0°, 60°, 120°, 180°, 240° and 300°, re-
spectively, corresponding to time delays of 0, 12.67, 25.33, 38,
50.67, and 63.33 ms using (1).

The flickering sequences for driving all LEDs were generated
by a microprocessor (dsPIC30F4011, Microchip Technology
Inc., USA), programmed with MPLAB IDE software. The flash
onsets (from OFF states to ON states) in the flickering sequences
served as trigger events for the subsequent averaging process.
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B. Questionnaire Survey

Thirty volunteers (twenty males and ten females) aged 23 to
33 years, with normal or corrected to normal vision, were re-
cruited to participant in the questionnaire survey. Each volunteer
had a corrected Snellen visual acuity of 6/6 or better, with no
history of visual disease.

Thirty volunteers gazed at thirteen 13.16-Hz flickers one-by-
one in a random order, with the 30-s duration for each flicker.
After gazing at each flicker, volunteers were asked to take a
1-min rest and report their psychophysical feeling perception of
visual comfort on a discrete five-point satisfaction scale. The
scales were graded as follows: 1 = unacceptable; 2 = uncom-
fortable; 3 = acceptable; 4 = comfortable; and 5 = delightful.
Psychological feelings about visual comfort with the presented
flicker were recorded for each volunteer. To avoid influencing
their subjective perception, no hint was provided to the volun-
teers that they could be selected to continue participating in the
extended studies. Six of the 30 volunteers (five males and one fe-
male), who reported the top six highest mean satisfaction scores
in the questionnaire survey (i.e., were less sensitive to flicker
jerky), were chosen as subjects for subsequent EEG analysis,
including a flicker investigation study and a BCI application
study.

C. EEG Recordings and Tasks

Each of the six subjects was requested to sit in a comfortable
armchair in a dimly lit room. One EEG bipolar channel was
used: an electrode [Oz(+)] placed at Oz position with respect to
an reference electrode [Oz(—)] placed at the right mastoid. The
ground electrode was placed in the frontal position Fpz. These
EEG electrode placements were based on the international EEG
10-20 systems [25]. Oz EEG signals were amplified, prefiltered
within 0.1-100 Hz (MacLab, BioAmp, ADInstruments, Castle
Hill, Australia) and, then, digitized at 1-kHz (NI-USB 6259E,
National Instruments Inc., USA) for further processing. All sub-
jects gave informed consent and the study procedures were ap-
proved by the Ethics Committee of Institutional Review Board,
Taipei Veterans General Hospital, Taiwan.

The flicker investigation study presented thirteen 13.16 Hz
flickers with duty cycles of 10.5%, 18.4%, 26.3%, 34.2%,
42.1%, 50.0%, 57.9%, 65.8%, 73.7%, 81.6%, and 89.5% to the
six subjects, one after another, in a random order. Each flicker
was presented for 30's, and the EEG signal at the Oz position
was recorded as an EEG recording.

In the BCI application study, subjects were asked to gaze at
LED; (#; = 0°) for 1-min recording to generate a reference
SSVEP, called SSVEP,¢, for subsequent gazed-target identi-
fication. In the BCI application study, all subjects attempted
to control a cursor by producing a sequence of six commands
“fh=Br |[Bp<=" three times. The gazing target was detected
every 1s, and valid cursor commands required subjects to keep
gazing at the same LED for three successive times. Once a valid
input was achieved, a voice feedback informed the subject whose
command was just executed. Fig. 2(a) illustrates the architecture
of the SSVEP-based BCI system in, including a visual stimulus
generator, an EEG bioamplifier, and a PC for signal process-
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ing and cursor control. The aforementioned procedures were
real-time processed on a PC using LabView software (National
Instrument Inc., USA).

D. Signal Processing in the Flicker Investigation Study

The flicker investigation study and the BCI application study
use different signal-processing procedures, since they were de-
signed for distinct purposes. The flicker investigation study used
the Fourier technique to understand the frequency composi-
tions of the SSVEPs induced by different duty-cycle flickers,
while the BCI application study only measured the phase lags
of SSVEPs to actuate a phase-tagged BCIL.

1) Flicker Investigation Study: Each EEG recording (30s)
was first segmented into 1-s EEG segments (30 segments for
each EEG recording) based on trigger events and, then, aver-
aged as an SSVEP. The Fourier spectrum of each SSVEP was
analyzed using the fast Fourier transform (FFT). The amplitudes
of fundamental (13.16 Hz) and first harmonic (26.32 Hz) com-
ponents for each Fourier spectrum were measured as indices
to compare the differences among SSVEPs induced by differ-
ent duty-cycle flickers. To alleviate interindividual variations
in SSVEPs, this study uses a ratio between the amplitudes of
fundamental frequency and first harmonic frequency denoted as
Ry.
2) BCI Application Study: The signal-processing procedure
given in [12] is followed. The EEG signals recorded from the Oz
position were first bandpass filtered with 10-15 Hz (sixth-order,
IIR Butterworth filter) to obtain SSVEP responses and, then,
segmented into 76-ms epochs anchored to the trigger events.
Epochs were averaged to obtain SSVEP,,,.. Note that LED;
was used to estimate the subject-specific phase lag in perform-
ing the cursor control task. The SSVEP,.; induced by LED;
was generated by averaging the epochs in the 1-min recording
before the cursor control task. The latency of the maximum am-
plitude peak in SSVEP, ¢, denoted by t,.¢, was measured for the
following signal processing.

The recognition of user’s gazed target in phase-tagged
SSVEP-based BCI was based on detecting the phase lag between
the SSVEP,,,. and the SSVEP,.;. The procedure for gazed-
target identification involved several steps. First, an epoch-
average process was applied to average across the latest N (N =
13) epochs in the epoch register to obtain an SSVEP,,,. every
1's. Second, since the detection of phase lag can be achieved by
measuring the time shift between SSVEP,,,. and the SSVEP, ¢,
the latency of maximum amplitude peak in SSVEP,,,. is de-
tected and designated as #;,c,k. Third, the time lag 7, between
Iheak and o was calculated, i.e., tg = feak — e Fourth, since
the flickering frequency f (f = 13.16 Hz) and duration cycle
T (T = 76 ms) are known, the phase @4etected between the
SSVEP,,,. and the SSVEP, is

t
Odctected = ?d x 360°. ()

Odetected Was further readjusted within 0° and 360° to obtain the
phase lag 6, by

0d = gdctcctcd +360° x r (3)
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Fig. 3. Overall flow chart for the signal processing of the proposed SSVEP-
based BCI system.

where r is an appropriate integer to confine the phase lag 6
within 0° and 360°. Fifth, the angle distances between 6, and
the expected phase delays (0;, i = 1,...,6) were calculated, i.e.,

D; = /(84 — 6;)*. The ith LED (LED;) with the minimum
angle distance D; was identified as the gazing target [12]. Sixth,
once a same gazed target was detected for three successive times,
the gazed target was recognized as valid and its corresponding
cursor command was activated. Fig. 3 summarizes this process.

This study fulfills the four prerequisite conditions for the
ITR calculation, which are 1) K selections are possible, 2) each
selection has the same probability, 3) the specific accuracy is the
same for each selection, and 4) each undesired selection has the
same probability of selection [26]. The accuracies, command
transfer intervals (CTIs), and ITRs were computed to evaluate
users’ performance. The ITR was computed as [4], [5]

Bits (1-P)
——— =logy, K+ Plog, P+ (1—-P)I —
command o2 + Plog, P+ ( ) log, {(K 1)}

“4)
TR — Bits 60 5)

e — X —_—
command CTI

where K is the total number of visual flickers (K = 6) and P is
the accuracy.
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TABLE I
STATISTICAL RESULTS OF QUESTIONNAIRE SURVEY FROM 30 VOLUNTEERS
ABOUT THE RESPONSES OF VISUAL COMFORT TO DIFFERENT DUTY CYCLES

The duty cycles used Number of participants

in 13.16Hz

Satisfaction scale

stimulation . N
P table comfortable delightful

10.5% 26 (86.67%) 4(13.33%) 0 0 0
18.4% 21(70%) 9 (30%) 0 0 0
26.3% 14 (46.67%) 14 (46.67%) 2(6.67%) 0 0
34.2% 7(23.33%) 17 (56.67%) 6 (20%) 0 0
42.1% 1(3.33%) 19(6333%)  10(33.33%) 0 0
50.0% 1(3.33%) 5(16.67%) 24 (80%) 0 0
57.9% 1(3.33%) 4(13.33%) 24 (80%) 1(3.33%) 0
65.8% 0 4(13.33%) 20 (66.67%) 6(20%) 0
73.7% 0 3(10%) 17(56.67%)  10(33.33%) 0
81.6% 0 0 12 (40%) 15 (50%) 3(10%)
89.5% 0 0 10(26.67%) 17 (63.33%) 3(10%)
4.5

P 47
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Fig. 4.
survey.

Satisfaction scores obtained from 30 volunteers in the questionnaire

III. RESULTS
A. Questionnaire Survey

Table I lists the psychological feelings of self-reported visual
comfort in response to different duty-cycle flickers. More than
80% of the 30 volunteers reported feeling “acceptable” or better
(“‘comfortable” and “delightful””) when viewing LEDs with duty
cycles higher than 50%. For a duty cycle higher than 81.6%, all
volunteers reported “acceptable” or better, and more than 60%
of the volunteers reported feeling “comfortable” or better. For
a flicker with an 89.5% duty cycle, volunteers reported satis-
faction scores of 26.67%, 63.33%, and 10% for “acceptable,”
“comfortable,” and “delightful,” respectively.

The satisfaction scores (mean =+ std.) obtained from the 30
volunteers were 1.13 + 0.35, 1.30 + 0.47, 1.60 £ 0.62, 1.97 +
0.67,2.30 + 0.54, 2.77 £ 0.50, 2.83 £ 0.53, 3.07 £ 0.58, 3.23
+0.63,3.70 £ 0.65, and 3.77 £ 0.63 for 10.5%, 18.4%, 26.3%,
34.2%,42.1%,50.0%, 57.9%, 65.8%, 73.7%, 81.6%, and 89.5%
duty cycles, respectively (see Fig. 4). Examining the satisfaction
score versus visual comfort, the visual comfort was proportion-
ally improved to the increment of the flicker duty cycle (r =
0.99, p < 0.01; linear regression). The 89.5% duty-cycle flicker,
which achieved the highest satisfaction score, was designated
as a comfortable flicker and utilized in the subsequent flicker
investigation and BCI application studies. These questionnaire
results manifests indicate that the use of high duty-cycle flicker
may be a plausible way to improve the visual comfort of
flickers.

65



3354 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 58, NO. 12, DECEMBER 2011
(a) Duty cycle = 10.5% (e) Duty cycle=42.1% (i) Duty cycle=73.7%
;‘6 2;6 ........... e o 6 Py
% :. s -.> | R=0.6057 | % - | | R~0.4676 ? o . IRJ=0.388I [
- AL | ] [ |
g | WUTIWI = - ! Nzl E Wl 1% | :
s | B - 1 AL I |
£ | | . E | | | B t | I I |
[ | S — S | s L | g .| gl= — N ) B - |
(b) Duty cycle = 18.4% ( Duty cycle=50.0% ® Duty cycle=81.6%
e~ G 2 — = 2 [ P — 2. ...... 1
B b ocaabal T R=05006 1B i it RF04843 |2 |\ | g | (RFO1901 |
R WMl | CE oM g (Wi s> | |
£ ||l (= | L 2 (I e g | =
"g.'. [ a8 [ i?E=. : 1 E. Pravecy [
I P — ot ) Sl i L WO | W 1.- [ . SO, ob—
(c) Duty cycle = 26.3% (e Duty cycle=57.9% (k) Duty cycle=89.5%
- G ——————— B IO L e I ‘_\6 __________ o -~ S —
0, i RF05620 | Z I\ 11, R~0.4482 | % iy amal. | R0.1745 :
T || | L I | 5 | ) i I | { ar I. Aol {
I - A RO = (2 N Z
E. [! L | 1y . | | ‘ _E- | M| ‘ E‘ .i i Y
« g | R < -6 - 0 i — 0 _‘;
(@) Duty cycle=34.2% (h) Duty cycle=65.8% 0 Timesec) 1 0 Hz 40
o 6 .......... 2 et NI 6 2
= [ ] ¢ [
Y : : R=0.5449 | % f | | R=0.4347
{ | t |
g bt f ST N |
< g - 0= — < -6 (e
0 Timesee) 1 0 Hz 40 0 Timesee) 1 0 Hz 40
Fig. 5. Temporal waveforms and Fourier spectra of SSVEPs induced by different duty cycles of 13.16-Hz flickers in subject I.
Duty cycle =10.5%  Duty cycle = 18.4% E)uty C}';Ie_ y 1_6.:_5% 3Duty cycl_n = 34._2%
. R=1.8037 > R~=1.87584 E R~1.8075 R=1.8555
2 AT —\ X
I
0 —_ 00— — 0 — 0 - R R 25
0 Hz w0 Hz 00 He iy 4 Hz gy Slope=0.8872
Duty cyele = 42.1% 3Duty cyele = 50.0% !)uty cycle =57.9%  Duty cycle = 65.8% 3 o T e
3 R=1.8901 R=1.9958 E R72.6278 Rr2.9220 > o T pliagret i :i:
= > = = o T 1 1
z [ - = - 1.5 J L = Slope=-0.3879
o= s o- . 0- . — 3 IT_-‘ "il {1 " G |% . } 5 )
0 Hz 40 0 Hz 40 o Hz a0 Hz 40 | i{: o
Jl)ut_v eyele = 73.7% ‘Dut_\' cycle =81.6%  Duty cycle = 89.5% 1
}=2 GRE E £ 9 =477 1] = A 2 i - “
Rr=2.6884 R=5.2960 a1l 0% 10% 20% 30% 40% 50% 60% T0% 80% 90% 100%
= | = I z | Duty Cycles
0 0= (i} -
0 Hz 00 Hz L Hz 4
(a) (b)
Fig. 6. (a) Spectrum of average SSVEPs for the six subjects. (b) Results of Ampy, a5 ’s and Ampy, ,,’s measured over the six subjects.

B. SSVEPs in the Flicker Investigation Study

Fig. 5 shows the temporal waveforms and the Fourier spec-
tra of SSVEPs obtained from gazing at 13.16-Hz flickers with
different duty cycles in subject I. The temporal waveforms of
SSVEPs and their Fourier spectra appear in the left and right pan-
els of Fig. 5(a)—(k), respectively. The amplitudes of fundamen-
tal components (13.16 Hz), called Ampy,,s., were 0.91, 1.02,
1.02, 1.03, 1.12, 1.14, 1.26, 1.35, 1.36, 1.53, and 1.56 pV, and
the amplitudes of first harmonic components (26.32 Hz), called
Ampy,,, were 0.55, 0.51, 0.58, 0.56, 0.52, 0.55, 0.56, 0.58,
0.53, 0.29, and 0.27 pV for flickers with duty cycles of 10.5%,
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18.4%, 26.3%, 34.2%, 42.1%, 50.0%, 57.9%, 65.8%, 73.7%,
81.6%, and 89.5%, respectively. The ratios between Ampy,sc’s
and Ampy,,,’s, 1.e., AmMpy . /Ampy,,se, denoted as Ry, were 0.61,
0.50, 0.56, 0.54, 0.47, 0.48, 0.45, 0.43, 0.39, 0.19, and 0.17 for
10.5%, 18.4%, 26.3%, 34.2%, 42.1%, 50.0%, 57.9%, 65.8%,
73.7%, 81.6%, and 89.5% duty cycles, respectively, showing
an reduction in R; associated with the increase of flicker duty
cycles.

Fig. 6(a) presents the averaged Fourier spectra of SSVEPs (six
subjects pooled) under the conditions of gazing different duty-
cycle flickers. The solid lines show the averaged spectra and
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TABLE II
RESULTS OF AMP}, 550 ’S AND AMP}, ,,.’S MEASURED OVER THE SIX SUBJECTS
The duty cycles used in 13.16 Hz stimulation
10.50% 18.40% 26.30% 34.20% 42.10% 50.00% 57.90% 65.80% 73.70% 81.60%  89.50%
The amplitudes of
fundamental components 0.9130.17 1.03%0.13 1.11£0.15 1.18%0.18 1.23%0.15 1.2740.27 1.35£0.25 1.3710.31 1.46%0.25 1.61%0.36 1.6710.34
(Amprages)
The amplitudes of first
harmonic components  0.6810.20 0.6610.19 0.6610.19 0.69%0.20 0.6910.27 0.64+0.10 0.58%0.14 0.55%0.26 0.59%0.26 0.41+0.12 0.32%0.17
(Amphars)
the dashed lines indicate the averaged spectrum plus/minus the — Flickering ~ [ : “ON"state ( Ty) WM : “OFF” state ( Topp)
standard deviations. Ampyase’s and the Ampp,,’s values over — jometceef
the six subjects (mena = std.) were listed in Table II. Both the
. Epaoch # for 1 3 3 4 o 7 8 9 w | e |
fundamental components and the first harmonic components  ,yerage | | | | | | | | | | | |
were clearly observed under different duty-cycle conditions, Flash onsets of LED1 | Flash onsets of LED2
even when an 89.5% duty cycle (68-ms ON state and 8-ms OFF ! i ioH
1 3 ’ Raw Oz
state) was applied. Fig. 6(b) shQWS the results of Ampk?ase sand B el
Ampy,,,’s measured over the six subjects. Ampy,,s 'S increased
significantly with the increase of the duty cycle (r = 0.8872,
p < 0.01; linear regression), while Ampy,,,’s showed a decreas- s
ing trend in association with the increase of duty cycle (r =  Filtered Oz
. . EEG signal nv
—0.79, p < 0.01; linear regression). The values of Ry were  wim10-1s
0.77 £+ 0.34, 0.65 + 0.23, 0.60 &+ 0.17, 0.58 + 0.15, 0.55 + ™ o i
0.19,0.51 +0.10,0.45 £ 0.15,0.41 +0.19,0.41 £+ 0.20,0.27 + Averaging N\
0.11, and 0.20 £ 0.12 for 10.5%, 18.4%, 26.3%, 34.2%, 42.1%, i —— V2
50.0%, 57.9%, 65.8%, 73.7%, 81.6%, and 89.5% duty cycles, .
Averaging =
0z EEG z
signal H [T
_%‘ 1729ms
C. Gazed-Target Detections in the BCI Application Study .
—_—m
L] Ti SEC 0.076
Fig. 7 shows an example of online signal processing for ex- B
tracting SSVEPgaze for subject I gazing at LED, (phase delay  Fig. 7. Signal processing for extraction of the SSVEP when a subject was

= 60°). Since the identification of gazed target in a phase-tagged
system depends on the detection of 6, between SSVEP,,,,. and
SSVEP;,.¢. The first panel shows the ON—OFF states of the flick-
ering sequence of the LED». The raw Oz EEG signal shown in
the third panel was bandpass filtered within 10-15 Hz to obtain
the SSVEP response (see the fourth panel). The flash onsets
of LED; flickering sequence, marked by red dashed vertical
lines, served as trigger events to segment the SSVEP response
into epochs, based on trigger events (every 0.1s). An epoch-
average process was applied to the latest 13 epochs (epoch
index shown in the second panel) based on trigger events to
obtain SSVEPgaze. The enlarged plot at the bottom shows one
SSVEPgaze with 1., detected at 41 ms. The phase delay 6 is
(41—-29)/76x360° = 56.84°, so that the gazed target is LEDs.
Table III shows the results of gazed-target detection for all
six subjects. The second column lists the results of all gazed-
target detections. Note that a valid command was recognized
only when a same gazed target being detected for three succes-
sive times. The gazed-target detections used for valid command
generations are underlined, while others are left as wrong gazed-
target detections (marked in red). All six subjects completed the
production of command sequence “B; ||Br<=>" three times.
The third column lists the accuracy of gazed-target detection,

staring at target LED> with designed duty cycle (89.5%) of the fixed stimulation
frequency (13.16 Hz).

defined as Ncorrect/Niotal, i Which Negrreer 18 the number of
gazed-target detections used for valid command generations
and the Nioa1 is the number of total gazed-target detections.
The fourth column presents the accuracy of valid command out-
put. The CTI and ITR computed of the six subjects are listed
in seventh and eighth columns, respectively. The mean accu-
racy of gazed-target detection, accuracy of valid command out-
put, CTI, and ITR were 82.08%, 100%, 3.66 s/command, and
25.08 bits/min, respectively.

IV. DISCUSSION

The experiments in this paper used flickers with alpha-band
flickering frequency (13.16 Hz) and high duty cycle (89.5%) to
induce subject’s SSVEPs for BCI control. The questionnaire
survey confirms the visual comfort of these high duty-cycle
flickers. In addition, due to the high SNR in the SSVEPs induced
by alpha-band flickers, these results may provide a feasible way
to design visual flickers in SSVEP-based BClIs that retain both
high SSVEP amplitude and improved visual comfort.
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TABLE III
RESULTS OF PRODUCING STRING “Bj, |ff Bp <==-" THREE TIMES FROM THE SIX SUBJECTS
Accuracy of Accuracy of
Subject . Valid d ed-target valid Total Time
;:ul]:xc Results of gazed-target detections (wrong colored by red) al o::)l:':'"a“ gi:ize(ect:;ﬁe cm‘llan:and (sec)l CTI ITR
(Neorrect! Niota) output
‘
bt | BBBLEBIUB 00D BB B ECOB 200 B0 0B ee>
20d B 0 B &= 83.08%
1 trial B B B, 8 3 0B 1 # 1= BiBBy 1 ¢ o (54/65) 100% 65 3.61 2553
rd
T | BBBISI0OBED00B BB ECEs0 B 0 0B
¢
bl | BBBLOB D000 BB BB, CEE D B3 0By &=
2nd B .3 B> 88.52%
n trial | BLBLB OO 0T T B EBBB B GGG 2 (54/62) 100% 62 344 30.18
rd
T | BuBBLEBIB000B,BBBEEER S000 B3 0B o=
¢
bt | BLBLBLOGTBOBB 0 00B BB, COOB D B0 OB
2nd B 3 B¢ 78.26%
1 trial | BuBLBLEUSUB, B, 8§ 1 TByByByo GG D> (54/69) 100% 69 3.83 20.75
rd
S | BiBBGBOUB 000 B BB OB OB s EEEss | P OB
¢
vt | BBBLOSOB 000 B BB I ECoB 200 B 08B,
. 2nd B0 0By&= 81.82% .
v trial | BLBLB 00T T B> TBBBiB, 3 ECEB, 22 (54/66) 100% 66 3.67 24.18
rd
vy | BBBLEOIT 00 0B BB, EEER, 900 B0 0B
st P
| BBBLOSOOEOBBB cEE 200 B, 8 0B
d
v | 2| BBB OB OB 00 0B BB BB, oo | Bt T S35 100% 61 3.39 31.94
trial Lrr T — R R A (54/61)
rd =l
Ty | BBBLOTOB 000 BB CE D0 B, 0 0By
«
bl | BBBLEOIUB 00 0B BB CEEE 000 AR B S
d
VI f:ial BB B, 330814 4B, B, B B:BiB, ¢&& B, > Lt} g g 75% (54/72) 100% 72 4 17.90
rd =l
v | BBBOB OO, 00 UBBBB, b CEETDD B,0 0By
82.03+5.43%
Average (mean * std.) (324/395) 1000% 65.8314.17 3.6610.23 25.0845.37

The adjustment of duty cycle in a visual flicker actually
changes the proportion of ON and OFF states in the duration
cycle T (T = 76 ms) of the 13.16 Hz flicker. For example, a
duty cycle of 89.5% flicker at 13.16-Hz flickering frequency
has 68 ms in the ON state (7ox = 68 ms) and 8 ms in the OFF
state (Torr = 8ms). According to the questionnaire survey,
setting higher duty cycle in its flickering sequence can improve
visual comfort. No subjects reported visual discomfort when a
13.16-Hz visual flicker with 81.6% duty cycle (Torr < 14 ms)
or higher was applied. Since higher duty cycle causes shorter
duration in the OFF state, the shortening of interstimulus OFF
durations may increase the continuity between adjacent two ON
states.

The visual comfort achieved by high duty-cycle flicker may
be due to visual persistence, which is the phenomenon of short-
period afterimage persistence on the retina [27], [28]. The visual
persistence phenomenon has been widely used in monitor sys-
tems and cinema industries. It is widely believed that an after-
image visual persistence is approximately 1/25 of a second. As
a result, a film system with an interpicture interval of less than
1/25 s can reduce flickering image problem. The alleviation of
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visual flickering problem can be explained by human’s vision
capability in resolving two consecutive pulses. Treutwein and
Rentschler [29] changed the interpulse interval in a double-pulse
discrimination task, in which the stimulus had a leading pulse
and a trailing pulse. According to [29], the critical gap duration,
which was defined as the duration giving a 55.55% probability
of correct resolving the double pulses, was approximately 25 ms
for 68 ms leading pulse duration.

This study uses an 89.5% duty-cycle flicker with the
13.16-Hz flickering frequency for BCI control. The stimulus
onset asynchrony (SOA) was fixed at 76 ms and the higher duty
cycle actually shortened the interstimulus interval (IST) between
two consecutive ON states. Since the ISI at 89.5% duty cycle
was only 8 ms, which was shorter than the critical gap duration
(~25 ms) reported in [29], flicker fusion achieved in an 89.5%
duty-cycle flicker could be used for improving visual comfort.

An interesting finding was the effects on Ampy,s. and
Ampy,,, while changing the duty cycles of 13.16-Hz flickers.
This flicker investigation study revealed that a higher duty cycle
in visual flicker prolonged the ON state and shortened the OFF
state, which in turn enhanced Ampy,,s. and decreased Ampy,,,
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(see Fig. 6). Previous authors examined the electrophysiolog-
ical meanings of the fundamental and first harmonic compo-
nents [30]. They used a 64-channel EEG system to study topo-
graphic distribution of the SSVEP induced by a 12.5-Hz flicker
and suggested that the fundamental component could reflect
broad bottom-up activation of visual cortical areas. In contrast,
higher harmonic components (including first harmonic compo-
nent) are tuned by feedback interactions and are modulated by
subject’s top-down process, such as voluntary attention.

The positive relation between the duty cycle of visual flicker,
and Ampy,,5. could be due to the temporal integration of human
vision (Bloch’s law) [31], [32]. Bloch’s law states that the per-
ceived contrast W is linearly determined as a function of stimulus
contrast (or intensity /) and stimulus duration 7 [31] when the
stimulus duration is below a critical duration (7. = 100 ms):

U=17-t t<t,. (6)

A stimulus duration exceeding the critical duration ¢, will not
increase its perceived contrast and will present no enhancement
on the perceived contrast to a visual stimulus. In this flicker
investigation study, the stimulus durations (duration for the ON
state), which ranged from 8 to 68 ms, were shorter than 100 ms.
Thus, the perceived contrast was increased as the stimulus dura-
tion increased. In addition, since the human VEP is a function of
light luminance and duration [33], longer stimulus duration or
higher luminance will result in a greater VEP response. There-
fore, the enhancement of Ampy.s. could be attributed to the
longer ON duration in high duty-cycle flicker.

Previous research examines the role of the first harmonic com-
ponent in arousal stimulation in human EEG studies [30], [34]
and in animal studies [35]. The first harmonic response may be
altered by the subject’s arousal function [35]. Paying attention to
repetitive visual stimuli can increase the first harmonic response
of the SSVEP [30], [36]. The questionnaire survey in this study
reported uncomfortable perception to low duty-cycle flicker.
The uncomfortable flicker may draw more of subjects’ attention
when they were mandated to gaze at the visual flicker. It may
excite more first harmonic component under the stimulation of
lower duty-cycle flicker. In contrast, a higher duty-cycle flicker
achieves better visual comfort, making it possible to obtain a
smaller amplitude in the first harmonic component.

Unlike other SSVEP-based BCI systems, SSVEP, . in the
proposed phase-tagged system was obtained by an epoch-
average process. Oz EEG signals were segmented into 76-ms
epochs and, then, averaged according to trigger events. Due
to the time-locked and phase-locked characteristics of human
VEP [19], [34], SSVEP-unrelated noise (e.g., alpha rhythm,
beta rhythm, 60-Hz electricity noise, etc.) was suppressed after
the epoch-average process. Therefore, though the alpha-band
SSVEP frequency response overlaps with the frequency ranges
of occipital alpha and beta rhythms, the fundamental and first
harmonic components are still clearly observed in Figs. 5 and
6. The proposed signal-processing procedure can recognize six
different phase-tagged 13.16-Hz flickers.

In this study, the volunteers with the top six highest mean
satisfaction scores in the questionnaire survey were selected to
participate in the following flicker investigation and BCI studies.
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The selection of high satisfaction group rises from the rationale
that volunteers who were less sensitive to flicker jerky might
be more unconscious of perceiving the presented flickers. This
may support the idea of nonconscious perception [21], which
demonstrated that SSVEP responses can be induced even under
nonconscious conditions.

It has been reported that most photosensitive epilepsy patients
are sensitive to flashes with flickering frequencies between 9 and
18 Hz [37]. Though the proposed high duty-cycle flickers could
achieve better visual comfort than flickers with 50% duty cycle,
the influence of high duty-cycle flicker on inducing epileptiform
responses in photosensitive epilepsy patients is still unknown.
The use of 13-Hz flicker with high duty cycle might be still risky
to those photosensitive patients. Further studies are required
to evaluate the risks of high duty-cycle flicker stimulation in
photosensitive epilepsy patients.

At least two other phase-tagged SSVEP-based BCI sys-
tems have been reported. One utilized high-frequency flicker
(31.25Hz; 50% duty cycle) [12], and the other used multi-
ple frequency-phase design (10-15Hz; 16.67-25% duty cy-
cle) [38]. Both the two systems have demonstrated their high ac-
curacy rates and ITRs. In the high-frequency flicker study [12],
the visual comfort was achieved by inducing flicker fusion ef-
fect[39], [40], butlonger response time (1.92 s versus 0.98 s) and
more epoch number (60 epochs versus 13 epochs) were required
compared to the present study. In the multiple frequency-phase
study, Jia et al. [38] achieved high ITR (~60 bits/min) in a sim-
ulated online test, using low duty-cycle flickers in alpha-range
frequencies. However, the main scope of this paper focuses on
achieving better visual comfort by means of high duty-cycle
flicker. Users’ psychological feelings were rated by a question-
naire survey, and the capability of high duty-cycle flicker in
inducing the SSVEP was validated by EEG experiments. This
study has successfully demonstrated the applicability of the high
duty-cycle flicker to implement SSVEP-based BCls.

V. CONCLUSION

This study presents a phase-tagged SSVEP-based BCI system
using high duty-cycle flickers flickering at 13.16 Hz. The feasi-
bility of the proposed system was confirmed by experiments in
which participants controlled four cursor movements (up, right,
down, left) and two button functions (right and left clicks) on
a screen menu. The salient features of the proposed system in-
clude: 1) better visual comfort achieved by the high duty-cycle
flicker, 2) the availability of high duty-cycle flicker in inducing
the SSVEP, and 3) the suppression of SSVEP-unrelated noise by
simply applying an epoch-average process in the phase-tagged
system. All the six subjects, who participated in the flicker in-
vestigation study and the BCI application study were able to
successfully input a sequence of cursor commands with accept-
able accuracy and high ITR. The proposed system may provide
a new visual stimulus design for SSVEP-based BCls. Results
further show that Ampy,.s. and Ampy,, have positive and neg-
ative relationships with an increase in the flicker duty cycle,
respectively. However, future studies involving more subjects
may be required to confirm this phenomenon.
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B The nature of abacus is one kind of working memory training: a functional
MRI and behavior study.

John Yung-Sung Cheng, MD; Chun-Yen Chang, PhD
B[R e 445% : STEM 2014, 12-15™, July, the University of British Columbia in

Vancouver.

Abstract With aid of educational neuroscience, we can take a different perspective
on the traditional Chinese tool for calculation. The aims of our unique longitudinal
study are to evaluate the relatively short term effect of six-months abacus-based
mental calculation (AMC) training on the functional connectivity network, and to
investigate the possibility of AMC training effect transfer to the untrained working
memory task. Abacus experts have demonstrated extraordinary potential of mental
calculation in the past cross-sectional studies. Non-experts show activity in the
prefrontal and perisylvian areas, while experts, with long-term training of at least
three to five years, show more activation over premotor and parietal regions.The
trained children advanced 9.11 percentile on the WISC-IV exam’s working memory
subsection (from 81.19 to 90.30, p = 0.037 < 0.05). Resting state MRI revealed
increased connectivity between the left inferior frontal area and the left inferior
parietal lobe. The combined results suggested six months of AMC training can
generalize to untrained working memory exams, and a midway paradigm shift can be
expected along the fronto-parietal circuitry within the relatively long time required to
become an expert. Compared to the common practice of task repetition, AMC is not
only an arithmetic operation, but an appropriate and interesting tool to improve
working memory capabilities by exercising visuo-motor and visuo-spatial skills.
Keywords: abacus, abacus-based mental calculation, functional connectivity,
resting state, working memory, working memory training
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Goals and objectives

The goals of our study are as following: (1) to evaluate the relatively short
term effect of six-months abacus-based mental calculation (AMC) training on the
functional connectivity network, and (2) to prove the possibility of AMC training
effect transfer to the untrained working memory task.

Theoretical framework

With a history tracing back various millenniums in different cultures, the abacus
is an essential tool to human civilization growth and development. It is also a
significant symbol in Chinese culture for trade and calculation. Inscription of Chinese
abacus on the Representative List of the Intangible Cultural Heritage of Humanity
was announced on December 2013 by UNESCO for its cultural significance and
"training in abacus-based mental arithmetic is thought to improve a child’s attention
span, memory and mental capability.” (1) Abacus experts have demonstrated
extraordinary potential of mental calculation (2), and even beginner youths are often
expected to improve in attention and mental focus abilities. Past imaging studies show
a significant difference between experts and non-experts in brain functional areas
when performing mathematical tasks (2-5). Non-experts show activity in the
prefrontal and perisylvian areas, while experts with long-term training show more
activation over premotor and parietal regions. Most abacus-related studies in the past
have cross-sectional designs, comparing abacus experts with non-experts. However,
in the current Chinese social norm, with the availability of more active or creative
extracurricular courses, very few children have the opportunity or willingness to
pursue further abacus training after the initial one to two years, far less than the
necessary training to become an expert. Therefore, we are curious about the effects of
short-term abacus training on functional and behavioral levels. More importantly, how
soon can we expect change after initializing training on the functional level and the
behavioral level? Children in Chinese society are encouraged to study for at least six
months to one year to become acquainted with abacus-based mental calculation
(AMC) and express significant behavioral improvement. The Chinese Abacus
Association in Taiwan states that in past experience, the greatest level of behavioral
improvement is shown after six months to one year. Irwing et al. suggested in 2008 a
general intelligence improvement after receiving only 34 weeks of abacus training(6).
Hu et al. suggested in 2011 potential enhancement on white matter integrity after
abacus training for 3 years (7). Takeuchi et al. showed in 2013 cognitive training can
have probable effects on intrinsic brain activity and connectivity (8). In this study, we
hypothesize potential midway paradigm drift, significant change in visuo-motor and
visuo-spatial regional connectivity, and working memory behavioral improvement
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within a six-month abacus training period. After deploying standardized tests,
functional MRI (fMRI), and resting state MRI (rsMRI), we evaluate the validity and
scale of this change on both the behavioral level and the functional level under a
relatively short-term training curriculum.
Methodology

A total of forty-three healthy right-handed children participated in this study. The
subjects are split into two groups: abacus training (ABA, n=21, 17 females, mean age
= 9.61 years) and reading control (CON, n=22, 16 females, mean age = 10.57). Two
abacus-based mental calculation (AMC) teachers were recruited to provide training
for the ABA group over a six-month period. The group received 3.5 hours of training
per week (2 hours of teacher-student lessons and 1.5 hours of practice homework) for
25 weeks. The CON group performed general reading exercises for 3.5 hours per
week for 25 weeks. The total effective training time was 87.5 hours. The subjects
were examined with fMRI, rsMRI functional connectivity (FC), and behavioral exams
before and after the six-month training period. Abacus rating exams for the ABA
group were provided at the end of the training period by the Chinese Abacus
Association. The subjects were asked to perform a simple serial addition task (SSA)
during the fMRI scan. The task initialized with the presentation of a plus-sign visual
stimulus of 15 seconds, followed by a control or task period of 24 seconds. The
control block presented ten eight-digit random numbers presented in series with
frequency of 0.5 Hz and subjects were required to gaze at the numbers without
calculation. The task session presented ten random one-digit numbers with the same
frequency and the subjects were instructed to sum the presented digits. At the end of
each task block, the subjects are asked to select by mouse-click the correct sum from a
queue of two numbers. During the rsMRI scan, subjects were instructed to keep their
eyes closed, remain clear-minded, and think of nothing in particular. The fMRI
images were acquired with a 1.5 T MAGNETOM Avanto system (Siemens) using a
T2*-weighted gradient-echo echo-planar imaging (EPI) sequence (TR/TE/FA = 3000
ms/50 ms/90°. For each subject, 104 volumes of 20 axial slices per volume were
acquired. Resting state acquisitions were performed with the same sequence except
TR = 2000 ms and total volume = 180. After each image acquisition, the WISC-1V
exam’s working memory subtasks (including digit span, letter-number sequencing,
and arithmetic subtests) were deployed to examine the subjects’ working memory
capabilities, and an anxiety score questionnaire was used to evaluate the level of
anxiety the subjects felt towards mathematical processing and towards the MRI
examination. Statistical analyses of functional images for regions of significant
change were accomplished using a multi-step process using SPM5 (9) and REST (10).
The EPI data was realigned and spatially normalized into MNI template, then
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smoothed with a Gaussian kernel of 6 mm. Functional activations were obtained by
modeling the data with GLM and group results were analyzed using one sample t-test.
For rsMRI, after preprocessing, FC images underwent seed-based correlation analysis.
Left prefrontal seeds were selected from the results of a task-related fMRI pilot study
(11) (Table 1) including left fronto-insular cortex and left Broca area (LBA.) The
correlated results were transformed to approximate Gaussian distribution using
Fisher’s z transformation. Between-group and within-group comparisons were
assessed by unpaired two-sample and paired two-sample t-tests respectively. For
regression analysis, the ROIs were selected from activated prefrontal and parietal
clusters determined using the anatomical automatic labeling (AAL) template (12),
including left inferior frontal gyrus (LIFG) and left angular gyrus (LAG).

Results

In the serial addition task, ABA group demonstrated significantly stronger
decreased reaction time in comparison to CON group (ABA p = 0.011 < 0.05 and
CON p =0.258, 17.35% and 9.33% decrease respectively). ABA group also expressed
a 15.87% decrease in anxiety to mathematic processing, while CON group expressed
an 8.81% increase.In working memory expression, ABA group (n = 21) showed
significant change (p = 0.037 < 0.05) and advanced 9.11 percentile on the WISC-1V
exam’s working memory subsection (from 81.19 to 90.30), and the effect size is
medium (Cohen's d = 0.43). The CON group (n = 22) revealed no significant change
(p = 0.238) and advanced 4.83 percentile (from 82.68 to 87.51) The ABA group
expressed improvement in the letter-number sequencing subtest, making a 9.60%
increase (9.43 to 10.33,) while the CON group made a 5.00% improvement (10.00 to
10.50.) However, the CON group demonstrated greater growth in the arithmetic
subtest from 8.82 to 9.32, while the ABA group made a slight improvement from 9.43
t0 9.71.

Table 3 - Summary of significant clusters of the two-sample paired T-test within the
ABA group before and after AMC training intervention.

Anatomical location Statistical values
Region X N z Cliister size tValue p-Value
Left inferior parietallobule 60 -36 33 124 6.10 <0.001
60 -30 15 5.45
-7 -3 21 2.26
Right inferior parietal lobule 63 33 36 38 4.85 <0.001

The functional connectivity seed was placed at the left Broca area (x =-39, y =24, z =15,
radius = 5 mm.) The MNI coordinates and t-values correspond to the local maxima of
the centers of voxel clusters. The statistical threshold was set at p < 0.05 using AlphaSim
correction (with combination of threshold of p < 0.001 and minimum cluster size of

12 voxels.)
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Figure 2 - General pattern of activity during the serial
addition task for ABA and CON groups.
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Figure 3 - Resting-state functional connectivity findings.
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The pattern of significant positive correlations between the left
Broca area seed (x = -39, y = 24, x = 15, radius = 5 mm) and the

(A) Pre-intervention activity is mainly in the prefrontal region. fronto-parietal network is seen in both the ABA and CON groups.
(B) A general increase in post-intervention activity can be found. Significance in two-sample paired t-test indicates increased func-
(C) When the with-in group analysis is performed with FDR tional connectivity between LBA and bilateral inferior parietal
correction; a.shift in post intervention.activation'to the paristal lobules in the ABA group after AMC training intervention. The

regions is suggested in the ABA group. However, no significance
is found when two-sample paired t-test is performed. The sta-
tistical threshold was set at at p < 0.05 using AlphaSim correction

statistical threshold was set at p < 0.05 using FWE correction for
the within group analyses and using AlphaSim correction (with

(with combination of threshold of p < 0.001 and minimum cluster combination of threshold of p <0.001 and minimum cluster size
size of 12 voxels,) and set at p < 0.05 using FDR correction. of 12 voxels) for the two-sample paired t-test.
Discussion

In the past decade, several reports of AMC have demonstrated distinct brain
activations differences between experts and novices (2-5). On functional MRI results,
non-experts show activity in the prefrontal and perisylvian areas, while experts with
long-term training show more activation over premotor and superior parietal
regions.In recent years, structural and functional connectivity were deployed to study
brain intrinsic integrity in children with 3-year training of the AMC (7,13). Increased
integrity in white matter tracts were observed over right premotor cortex, corpus
callosum, and left occipito-temporal junction. The findings also suggested long-term
abacus training may improve working memory capacity (7). Resting state MRI
(rsMRI) revealed enhanced connectivity between right supplementary motor area
(SMA), and right inferior frontal gyrus (IFG), suggesting more extensive engagement
of visuo-spatial-attention networks in trained subjects while performing numerical
working memory task (13). Multiple cortices on functional MRI were involved,
including IFG, SMA, posterior superior parietal gyrus (PSP), and superior occipital
gyrus, and it implies the long-term abacus training effects could be transferred to the
untrained working memory task.

Most past studies focus on cross-sectional analysis of abacus experts and
non-experts, but neglect the potential midway paradigm shift (paradigm drift) within
the relatively long time required to become an expert. But, how soon can we expect
changes after initializing training on the functional level and the behavioral level? The
Chinese Abacus Association in Taiwan states that in past experience, the initial
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greatest level of behavioral improvement can be expected in training periods between
six months to one year, implying functional changes may be in place before physical
changes become detectable. Stigler's study in 1986 revealed children after one year
AMC training could develop the ability of mental abacus (14). Irwing's report in 2008
suggested a general intelligence improvement after receiving only 34 weeks of abacus
training (6). Therefore, we assume that 6 months is the minimum period required for
the change.
Paradigm drift in mental calculation after abacus training

In the local Chinese and Japanese cultural background, speed and accuracy of
mental calculation is crucial to daily life and an important aspect of academic success.
The “number sense” greatly depends on the parietal, prefrontal, and cingulate areas,
with the HIPS playing a key part in the manipulation of quantity (18). Neuroimaging
studies revealed the activation of different neural pathways between untrained
children mental calculation and trained experts: the mental calculation task in children
mainly activate prefrontal and perisylvian zones of the left hemisphere, with
differences shown while performing simple and complex calculation; in sharp contrast,
when children are trained in AMC, the activation shifts focus to visuo-motor and
visuo-spatial pathways. This is consistent with our knowledge of how AMC is trained
in its steps: with each cognitive focus, a change in the underlying functional network
can be witnessed in the end results.

With knowledge of the training methods and its end result reflected in
neuroimaging, we ask ourselves: what changes can be expected in the relatively
short-term training of six months? Research show functional differences between
three-year experts and untrained subjects, physical properties can be expected to
change after long-term training, and general improvements are noted in time as short
as thirty-four weeks. But the greatest behavioral improvements are suggested within
six months to one year of training, and we proposed the intrinsic functional circuits
should rightfully reflect this change.

Past studies suggest a shift of activation from frontal lobes to parietal lobes was
observed with the gain of arithmetic competence, and intra-parietal shift of activation
from HIPS to angular gyrus were also reported (19). Evidence for developmental
change in mental arithmetic revealed a shift of activations with ages from prefrontal
cortex to left inferior parietal lobe. The increased functional specialization of left
inferior parietal cortex in mental arithmetic was accompanied by decreased
dependence on memory and attention resources with development (20).

Our results demonstrated shift in activation region consistent with our
expectation along the fronto-parietal network, but not to the extent of further parietal
regions, such as angular gyrus and posterior superior parietal cortex, as suggested by
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studies involving long-term trained experts. We propose the current and eventual
changes to follow a paradigm “drift” along the circuitry, beginning at the prefrontal
sectors and moving gradually to the parietal. An increase in functional connectivity
between LBA and the left inferior parietal gyrus shown in our rsMRI results suggest
the circuitry improves after AMC training.

Our results also revealed a midpoint for this eventual shift that may provide
deeper understanding into AMC training’s effect on the learning brain. But, what is
the possible direction of future paradigm shift? PSP was proposed to be recruited for
mental abacus (3,4), and the activations in angular gyrus increased with the gain of
arithmetic knowledge (19). Therefore, we propose two different directions for
end-term change: to shift cranially towards the horizontal intra-parietal sulcus (HIPS)
and the posterior superior parietal region, or to shift dorsally towards the angular
gyrus.

Working memory training

Working memory (WM) is one’s ability to keep limited information in queue
and able to be manipulated over a short period of time. This specific cognitive ability
is of crucial importance in many different cognitive skills or tasks, and improvement
of WM capacity has been proven in several studies (8,21,22,23). WM training-related
changes on brain activation were observed in frontal, parietal cortex and basal ganglia
(21,22), and it was even proposed intrinsic brain activity and connectivity can be
altered by cognitive training (8).

Improvement of implicit WM training can always be expected based on the
repetitive training and adjustments of tasks. It is more important to evaluate the
potential transfer of WM training to other non-trained tasks. The generalization of
WM training effects to other non-trained tasks has been difficult (24,25), but there are
promising studies demonstrating transfer after WM training to non-trained tasks can
be achievable (22,23,26,27). In the current study, we rediscover a key element of
Chinese culture, evaluate the validity and effectiveness of AMC training as a tool to
augment WM capacity, and verify the possibility of training effect transfer to the
untrained working memory test.

The effects of training in brain plasticity are undeniable, but the future focus
should be for which training regimens may result in the best transfer effects, and to
whom it is most beneficial (23). AMC training can be considered as an effective
method of WM training with a time constraint. Despite its limitations and
time-consuming training regimen, it provides stronger training results and retains
higher transfer potential than conventional WM training. In modern era, with
calculators that can be operated by the simplest of minds, we propose to view the
abacus no longer as a tool for trade or computation, but as a toy to learn through play.
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Conclusions and significance of the study

Within the relatively short (6 months) training of abacus-based mental
calculation, significant changes were observed in fronto-parietal network and working
memory behavioral expression. Functional connectivity analysis with rsMRI revealed
increased connectivity between the left inferior frontal area and the inferior parietal
lobe. Most importantly, the AMC training effect can be general ized to affect the
untrained tasks of the WISC-IV exam’s working memory subsection.

But are these effects persistent in the long run? And furthermore, what is the
required amount of training before one completes the paradigm shift to “transform”
into the mental model as that of experts? And even though the present study shows
AMC training effects generalized to untrained working memory tasks, but there is still
a long way to go before the leap is made to complex cognitive abilities such as
reading, arithmetic, or general intelligence. We recommend future AMC-related
studies place focus on the training conditions and target subjects most suitable to
produce lasting effects on the mental scheme. Additionally, the evaluation of transfer
effects should not be to general skill assessments involving multiple complex
cognitive abilities but to specific cognitive traits.

In conclusion, this study offers reappraisal of the abacus, a traditional Chinese
tool, and its training in the modern setting. Compared to the common practice of task
repetition, AMC training is a more complex and interesting method of cognitive
training with a stronger sense of self-accomplishment through its step-by-step training
curriculum. Our results also suggested AMC training may increase learners’
confidence in arithmetic tasks and alleviate anxiety. It has potentially long-term
positive psychological effects in future learning. AMC is not only an arithmetic
operation, but it is also an appropriate tool to improve working memory capabilities
by exercising visuo-motor and visuo-spatial skills. With aid of educational
neuroscience, we can take a new perspective on the traditional Chinese tool for
calculation in the modern age.
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