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Overview
Cyberlearning researchers and neuroscientists are beginning to explore new methods to
understand connections between classroom practice, neuroscience, and educational
neuroscience. Together, they are investigating questions such as: How can neuroscience impact
learning and teaching in the classroom? How can learning and teaching practices inform
neuroscience models? What exciting opportunities and questions lie ahead at the convergence of
neuroscience and educational research? What ethical and logistical considerations must we keep
in mind while designing a research agenda in this area?
From neuroscience to cyberlearning may seem like a far reach. Why now? Advances in
technology are enabling researchers to explore connections between neuroscience and learning
science in new ways. For example, new methods enable the integration of multiple streams of
data to build on multimodal models of learning, using electroencephalogram EEG and other
physiological data gathered in classrooms (or labs). More portable and affordable neurological
and physiological sensors now make it possible to do brain-based research outside of the lab in
more authentic learning contexts, such as classrooms and gaming environments.
The convergence of neuroscience and cyberlearning could provide new insights into why
particular interventions help some learners but not others. Perspectives from neuroscience can
help refine our understanding about who is helped, how much they are helped, and under what
conditions will the interventions may help. Cyberlearning has a key role to play in educational
research, particularly as tools and methods enable feasible studies “in the wild” of classrooms
and everyday activity. This primer discusses some of the key lessons and issues related to the
convergence of neuroscience and educational research. In the next section, we provide a brief
overview of neuroscience concepts.

Background Concepts
Generally, research on cognitive neuroscience seeks to understand the relationships between
brain structures and functions, such as perception, thinking, and learning. For example, cognitive
neuroscience research can examine the role of the prefrontal cortex in executive functions and
the hippocampus in memory formation. Findings in cognitive neuroscience research often
converge with cognitive psychology research. Cognitive neuroscience and affective
neuroscience research also overlap in the investigation of the relationship between emotional
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and cognitive processes. Affective neuroscience considers the neural mechanisms involved in
emotion. Initially, research on cognitive aspects of learning was separate from research on
emotions, but recently neuroscience has shown how some of the same brain regions are involved
in both emotional processing and cognitive processing. This relationship has implications for the
design and development of learning environments.
In addition, the emerging area of educational neuroscience (sometimes called Mind, Brain,
Education or MBE) links cognitive neuroscience with educational and learning theories. While
some might consider educational neuroscience as a subset that overlaps different fields, others
consider educational neuroscience a distinct collaborative attempt to build tools, methods, and
frameworks across (human cognitive) neuroscience, (cognitive) psychology, and educational
practice “without imposing a knowledge hierarchy” (Howard-Jones, et al., 2016). In the rest of this
section we discuss methods, tools, and concepts that are foundational to neuroscience,
cyberlearning, and/or to their convergence.
Techniques to Measure Neural Activity. Although direct measures of spatial neural activation
and imaging of the brain using fMRI (functional Magnetic Resonance Imaging) or PET (Positron
Emission Toography) are not practical in the classroom, there are portable physiological
measures––such as fNIRS (functional near infrared spectroscopy), EEG (electroencephalogram),
and eye-tracking––that can give an indication of where activity is occurring in the brain. Using
such portable and less expensive tools, researchers have begun to examine the connections
between brain activity and the process of learning in classrooms and everyday settings. In
addition, there are projects that bring students, teachers, or other types of learners to a lab so
that fMRI or PET can be used before and then again after a classroom or other learning
experience.
Attention and Executive Function. Attention and executive function are processes that impact
how learners take in new information and build knowledge. Learners must attend to salient
information, practice the coding of information repeatedly, and recode the information in a variety
of contexts. Executive functions include a set of cognitive processes (including metacognition,
self-regulation, as well as working memory, arousal, problem-solving, shifting activities,
organizing, and self-monitoring) that are fundamental to learners’ ability to process and retain
new information.
Attention has been argued to be a precursor to executive function, while others argue that
executive function is an underlying ability of attention. Cognitive neuroscience studies have
examined attention and executive function-related processes that affect performance. For
example, brain research supports theories about how the stress or anxiety caused by stereotype
threat can hurt performance by putting extra load on a person and reducing their working memory
capacity in that situation (Hofmann, Schmeichel, & Baddeley, 2012; Rydell, McConnell, & Beilock,
2009; Mangels, et al., 2012); we also know that media multitasking negatively affects
performance on a task (Moisala, et al., 2016).
Several different types of instructional activities have been designed to support attention and
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executive functions. Digital and non-digital games as well as curriculum interventions have been
designed to focus on improving executive functions. In addition, many neurogames include
attention and executive function tasks inspired by neuroscience research and are being examined
to determine if they can serve as reliable measures of performance. Cyberlearning technologies
could potentially link non-classroom types of interventions with classroom work to create new
technologies and genres for learning. NSF has sponsored work on executive functions in
educational neuroscience to better understand if multi-factor EF training through a novel-game
based approach leads to better academic achievement especially in math and reading.
Social-Emotional Connections. Cognitive, socio-emotional, and physiological process are part
of all learning processes. Neuroscience has shown that cognitive functions depend on activity
from areas of the brain traditionally thought of as “emotional” areas (e.g., amygdala and
hypothalamus) thus emotional functions are actually part of systems traditionally thought of as
cognitive (Pessoa, 2008). From neuropsychology, Damasio (1999) found in patients suffering
from brain damage in areas associated with emotional processing but who otherwise had
cognitive processing areas intact, performance was compromised on cognitive tasks such as
decision making and learning. In educational neuroscience, Immordino-Yang (2015) examines
how emotional activation can help with learning. Lindquist and colleagues (2012) add evidence to
the need for unifying the cognitive and emotional views and propose a more psychological
constructionist (Lindquist and Barrett, 2008) approach to thinking about emotion. This and related
research may have implications for thinking about affect and emotion in cyberlearning research.
Mirror neurons or mirror systems have been investigated as part of how we connect with others.
The mirror system may play a role in how we learn through observation, it may be important for
empathy, and it may have played a role in the development of our species’ language capabilities
(Rizzolatti, Fogassi, Gallese, 2006). Related research has shown that when we see an individual
who we find likeable in pain, we show an empathic response to his or her pain. However, if we
see someone for whom we feel that the pain might be justified (e.g., as a punishment for unfair
actions), fMRI scans show that we find satisfaction from their pain––men more so than women
(Singer, Seymour, O’Doherty, Stephan, Dolan, & Frith, 2006).
Research from psychology and neuroscience related to mirror systems, Theory of Mind, empathy,
and social cognition might serve to inform the structuring of social interactions between people
and technology that could be relevant to cyberlearning researchers as they design learning
environments. In addition, understanding the default mode network (DMN) of the brain (Raichle,
2015), or as some call it the “resting state” of the brain, and how it relates to learning, learning
environments, and activities in them, is another area that may be important (Howard-Jones, Jay,
Mason, & Jones, 2015; Immordino-Yang, Christodoulou, & Singh, 2012). The DMN is typically not
active during cognitive tasks, but is active during tasks involving episodic memory or
understanding the self in relation to the work in “constructive internal reflection” (Immordino-Yang,
2016). Other research on the DMN shows that it overlaps with areas of the brain that are
responsible for tasks related to social cognition (Mars, Neubert, Noonan, et al., 2012; Li, Mai, &
Liu, 2014; Lieberman, 2013).
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Neuroscience research on social cognition and learning shows us how basic social interactions
are for humans, how social interactions help highlight important features in learning, and how
they seem to be required for learning language in infants (Kuhl, 2011). From this literature we
may gain ideas about how to design cyberlearning systems in ways that will help brain systems
that need social interactions to work. This, in turn, may help improve learning outcomes
(Lieberman, 2013; Lieberman, 2012; Davachi, Mitchell, & Wagner, 2003; Mitchell, Macrae, &
Banaji, 2004). Much work in the learning sciences is guided by the importance of social
interactions (Lave & Wenger, 1991; Vygotsky, 1978) and research findings from neuroscience
that show how “our brains are wired to connect” provide additional evidence for the importance of
social interactions in learning and that learning is a very social endeavor for humans (Lieberman,
2013).
Much research has been done on the emotional response of stress, since it influences learning in
profound ways. Early stressful life situations, such as poverty or trauma to the child or in the
family, can cause delays to the development of executive functions (Barr, 2018). From research
we learn that stress can be toxic and alter brain structures. Animal models suggest stress leads
to excess corticosterone secretion and that leads to neurotoxicity in areas of the brain such as the
hippocampus and prefrontal cortex, two areas involved in memory and executive function
(Carrion & Wong, 2012). The way caring adults (parents, teachers, or others who are invested)
respond can have positive or negative effects. The research on stress and emotion from the
neuroscience perspective should be considered by learning researchers since there may be
important implications for cyberlearning work.

Key Lessons
In this section, we discuss lessons learned from projects that have helped show the benefits of
neuroscientists and learning or education researchers working together.
Computer Games, School Learning, and Neuroscience. Providing evidence of changes in the
brain, McCandliss (2010) reports on results from a randomized control trial where kindergarten
children played Graphogame, a game to help children master the association between a letter
and its corresponding sound. Behind the scenes, algorithms analyzed a child’s performance to
provide lessons that were challenging and engaging but not too difficult to be frustrating.
Repeated measures fMRI showed that in the course of 8 weeks with on average 224 minutes of
gameplay, the “brain circuit of the visual system and the language system” that is necessary for
reading developed more in those who played the game (Brem et al., 2010). Reading researchers
can also see when the reading circuit isn’t developed and new interventions can be developed.
Research by Bers and colleagues is using fMRI to examine the cognitive and neural basis of
computer programming in young children and how it engages the brain regions used in language
learning (fronto-temporal) vs. general problem solving (fronto-parietal) to better understand
effective learning trajectories.
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Spatial Thinking Skills and STEM Achievement. Some evidence links spatial ability with future
STEM attainment. Understanding the mechanism for why spatial skills help in future STEM
attainment could lead to new interventions to help close the gap between those who achieve later
success and those who don’t. For example, an NSF project led by Adam Green is examining
the effects of spatial thinking skills on high school students studying geoscience and whether
spatial training might reduce gender differences. In particular, the project is looking at neural,
behavioral, and educational data from students in a geospatial course designed to improve
spatial thinking with such data from peers in a non-spatially-based advanced STEM course. This
project bridges classroom experiences with neuroscience by doing pre and post course MRIs
(both functional and structural) and serves as one model for doing work that brings together the
classroom and neuroscience.
Embodiment and What it Means to Have an Embodied Learning Experience. Recent
neuroscience research has shown that thinking––even in domains considered very conceptual
and symbolic (e.g., mathematics)––is linked to an embodied understanding through our sensory
motor system (Gallese & Lakoff, 2005; Beilock, 2016). Similar to research showing that emotion
and cognition are linked; for example, imaging studies show how sensory systems such as vision
and touch integrate with each other and with brain systems typically considered to be “cognitive”
(e.g., those involved in conceptual understanding, planning, and imagination; Gallese & Lakoff,
2005). NSF cyberlearning researchers Abrahamson and Lindgren (2014) discuss embodiment
and embodied design in learning activities and environments; see also
Lindgren’s GRASP project.
Virtual Reality and Neuroscience. Cyberlearning and neuroscience are both investigating
virtual reality (VR). Concepts developed in cognitive neuroscience are important to understand
and improve VR technology (Herbelin, Salomon, Serino, & Blanke, 2016). Some people call VR
an embodied technology for the ability it has to give the user an experience of “presence” in a
non-physical world. Since VR can manipulate perception and engagement, VR may lead to
different ways of learning. Findings from neuroscience and learning are likely to inform one
another and lead to a more convergent understanding of learner perception in VR.
Multimodal Research. Portable measures of brain activity such as fNIRS or EEG, and eye
tracking, have led to studies of the mind-body connection through multimodal analysis as well as
neurogaming research and development. Multimodal analysis uses data detected from different
modalities (e.g., face, voice, posture, text) and physiological measures to create a more nuanced
picture of the effects of different environmental stimuli and activities on the learner. By examining
the time course of changes in activation across different streams of data from physiological
sensors and data from logs of clicks that are generated in games or other digital environments,
researchers can better understand the information processing occurring in the brain. The data
may converge to relay a coherent image of a learner’s state, or indicate discrepancies that may
not be apparent. Emerging neurocognitive measures are being developed for working memory
capacity, the role of the frontal lobe in tasks, and cognitive load using EEG, pupillometry, eye
tracking, and fNRIS (Meiri, et al., 2012; Klinger, 2010; Antonenko, Paas, Grabner, & Van Gog,
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2010).
An especially relevant area for cyberlearning is multimodal analysis of user data in human
computer interaction studies associated with the development of affective computing interfaces,
which seek to use information about a user’s emotional state to better tailor a response.
Predictions of emotional states can be made through various modality measures and multimodal
analysis. With the increasing affordability and portability of EEG, researchers can now use
patterns of brain activity as a modality measure in response to specific stimuli or events using
event-related potentials (ERPs), which may lead to more accurate assessments of an individual’s
emotional state. Theoretical understanding of the response of the brain during feedback-based
learning is now mature enough to begin looking at these ERPs in real-world learning situations.
Researchers are also using multimodal analysis to study collaborative learning and socioemotional experiences through changes in gaze, gesture, and posture (Worsley, 2017).
Multimodal research, generally, could help cyberlearning researchers better understand what is
happening in learners during different individual and collaborative tasks and in different
environments. A recent review by Lane & D’Mello (2019) discusses physiological monitoring and
intelligent learning environments.

Issues
In 1997, the gap between education and neuroscience was said to be too wide to bridge (Bruer,
1997). In 2008, Varma and colleagues discussed scientific concerns around methods, data,
theory, and philosophy as well as more pragmatic concerns about costs, timing, locus of control,
and pay-offs as differences and opportunities. Twenty years after the discussion of the “too wide”
of gap, there are still discussions about differences and very real scientific and pragmatic
concerns, but the literature suggests that the gap is narrowing. There has been a real “initial
attempt to locate educational neuroscience within the learning sciences” even if it is still very
nascent (Bruer, 2016).
In a recent debate, Bowers (2016), Gabrieli (2016), and Howard-Jones and colleagues (2016)
exchanged their perspectives on the promise of educational neuroscience to inform
education. Bowers (2016) initially argued that neuroscience (cognitive neuroscience) would not
be useful to improving teaching in the classroom or for the development of interventions for those
with learning difficulties. He states that neuroscience does not add anything to the enterprise
above what psychology already does, and goes further to claim that some things neuroscience
tells us are “trivial” (e.g., the importance of sleep in the learning process and that a child who lives
in fear will have a hard time learning). Gabrieli counters that educational neuroscience is better
conceived as a basic science that seeks to inform education topics, such as the relationship
between brain development and learning differences, rather than being focused on practical
applications to improve classroom teaching more immediately. Gabrieli maintains that research in
educational neuroscience should not be evaluated based on immediate practical results. On the
other hand, understanding the relationship between cognitive systems and emotional systems
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during the learning process––and designing environments to support those processes––seems
like important convergent work for neuroscience and other educational research.
A bridge between neuroscience and education is starting to occur, but still in early stages.
Tommerdahl (2010) suggested a way for thinking about a bridge between neuroscience and
education and proposed a model to link neuroscience, cognitive neuroscience, psychological
theories, educational theory, and the classroom. She proposed that a translation has to be done
through those five levels to have rigorous, high quality methods for the classroom that work well
in the classroom. Schwartz, Blair, and Tsang (2012) discuss two ways for bridging between
education and neuroscience. One way, the most prevalent way, is when the neuroscientist looks
for potential applications of their work in education; the second way is when educational
researchers take theoretical problems to neuroscience and work convergently with
neuroscientists to see if they can solve these together. Like Tommerdahl, Schwartz and
colleagues also suggest that the different levels, from neuroscience to the classroom, need to
explain the same phenomenon and make links between the different levels. Both papers argue
for the importance of this convergence.
“Neuromyths” that are perpetuated by popular culture add to common misunderstandings about
the brain and learning. Commercial “brain-based” products promising improved knowledge and
cognition (often in an easy, fun manner) with no evidence behind their claims take advantage of
neuromyths. Some common examples of such myths include thinking that individuals only use
10% of their brain, individuals are “left-brained” or “right-brained”, or that listening to music by
Mozart will increase intelligence. One approach to linking education and neuroscience has been
to give teachers and practitioners a better understanding of neuroscience so they can determine
what findings from neuroscience research are scientifically rigorous and may be most applicable
to their classroom practice (Dubinsky, 2010).
If practitioners, parents, and administrators have a better understanding of how the brain works,
they can help resist the “brain enhancing” products that have been inaccurately labeled as
“backed by brain sciences” by marketing departments (Pasquinelli, 2012). Many of these
products have not had rigorous testing and may or may not work. There are potential products
that could help people learn or help them focus their executive function abilities. Eventually,
research from neuroimaging could help create educational interventions for reading and
mathematics (e.g., Boets et al, 2013; Hoeft, et al, 2011; Schlagger & McCandliss, 2007) but
effective off-the-shelf products do not yet exist. However, there is a need to make sure that we
make changes based on evidence and understand if they work in classrooms and what they bring
to the learning process. In this, teachers and learning scientists should be an integral part of the
process. Cyberlearning research opens the door for studying the promise and efficacy of applying
new neuroscience technologies and methods in real world learning situations, including
classrooms and informal settings.
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Projects
Examples of NSF Cyberlearning projects that overlap with topics discussed in this primer.

Neuroscience
•

The cognitive and neural mechanisms of computer programming in young children:
storytelling or solving puzzles?

Multimodal Data/Environments
•
•
•
•
•

EAGER: Leveraging Behavioral and Physiological Feedback in the Design of AffectSensitive Distance Learning
EXP: Paper Mechatronics: Advancing Engineering Education Through Computationally
Enhanced Children's Papercrafts
EAGER: Developing Teaching Assistant Expertise with a Sensor-Based Learning System
EAGER: Mobile City Science: Youth Mapping Community Learning Opportunities
EXP: Linking Eye Movements with Visual Attention to Enhance Cyberlearning

Other related projects:
•

•

•

•

Collaborative Research: Revealing the Invisible: Data-Intensive Research Using Cognitive,
Psychological, and Physiological Measures to Optimize STEM Learning uses neuro-imaging
to measure student engagement and learning (NSF grants 1417967, 1417456, 1418122)
GRASP (GestuRe Augmented Simulations for supporting exPlanations) is an NSF-funded
collaboration between the University of Illinois at Urbana-Champaign and Concord
Consortium that aims to understand the role that gestures play in reasoning about critical
concepts in science.
SL-CN: Contributions of Executive Function Subdomains to Math and Reading Cognition in
the Classroom examines how executive functions contribute to academic performance and
whether weak EFs can be enhanced with cognitive training.
Cognitive and Neural Indicators of School-based Improvements in Spatial Problem
Solving (NSF 1420481) and Neural and Cognitive Strengthening of Conceptual Knowledge
and Reasoning in Classroom-based Spatial Education (NSF 1661065) examine the link
between spatial ability and future STEM attainment and how spatial training may reduce
gender differences.
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Resources
CIRCL Webinar: Neuroscience and Cyberlearning: A Convergence Conversation
NSF
•
•
•

Cognitive Neuroscience Program
Science of Learning Program
Understanding the Brain

Journals
•
•
•

Mind, Brain, and Education
.Social, Cognitive, Affective Neuroscience (SCAN)
Trends in Neuroscience and Education

Associations
•
•
•
•
•

American Educational Research Association (AERA) Special Interest Group on Brain,
Neuroscience and Education
British Educational Research Association (BERA) Special Interest Group on Neuroscience &
Education
Cognitive Neuroscience Society (CNS)
International Mind, Brain and Education Society (IMBES)
Learning & the Brain Conference
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