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Introduction

Students in medical school face challenges such as the huge
amount of information they need to learn and emotionally
challenging situations they are confronted with such as illness,
suffering, and patient treatment dilemmas, which cause them
feelings of uncertainty about possessing insufficient knowl-
edge and skills [1].

During the last decades, an extensive body of research
aimed at improving learning in medical settings, has been ac-
cumulated. In particular, numerous psychology and education
reports have targeted strategies to improve retention of factual
information, for instance, retrieval practice, linking ideas with
concrete examples, concept maps, and use of audiovisual mne-
monics [2, 3]. Other aspects addressed include the use of testing
as an active element of learning which appears more effective
than studying repeatedly, active methods of repetition such as
free recall when trying to remember information learned, and
retrieval of information at different time points for better reten-
tion of information [4]. Other authors stressed the importance
of developing study techniques by taking into consideration the
content intended to study and how it is learned. Particularly,
these authors recommended studying in different locations;
working in groups; defining simple outlines of a stick man to
demonstrate various signs and symptoms of disease, a

technique referred to as “stick men”; mind maps (as a revision
technique); and flash cards and post-it-notes [5]. In addition,
different types of learning for medical students have been iden-
tified, namely “deep style” dealing with understanding con-
cepts with a strong interest in ideas; “strategic style” involv-
ing students’ motivation to achieve the highest possible
scores through good time management and study organiza-
tion; and “surface apathetic style” putting emphasis on rote
memorization and lack of understanding which is only
intended to cope minimally with the course of study [6].
Moreover, several studies have been directed to determine
factors that influence the choice of a particular learning
style with the goal of improving the learning experience
of medical students [7–10]. With respect to the learning
environment, some reports have considered factors such
as workload, sleep deprivation, clerical and administrative
responsibilities, information management, available sup-
port, and the role of teachers and mentors [11].

Nevertheless, the relevant issue of whether the teaching en-
vironment (curriculum, learning techniques, teaching methods,
learning technologies, etc.) needs to be adapted to the neurobi-
ology of the individual brain has been discussed only by few
authors [12]. In what follows, we revive this important debate
as it may certainly impact assessment of learning and novel
learning technologies in medical school. We base our discus-
sion on representative studies targeting the neural mechanisms
of learning and music education as prospective examples of the
applicability of neurodidactics. Specifically, we discuss the role
of neurodidactics or educational neuroscience in improving
learning strategies for medical students. The debate whether
neuroscience can contribute to the successes of education
has been ongoing for decades. Undoubtedly, learning
takes place in the brain and the effects of learning are
mediated by the process of neural plasticity. These pro-
cesses are shaped by internal and external characteristics
that need to be integrated in current training of educators.
This paper is a perspective or commentary; empirical
work has to be supported in this field.
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The Prospect of Neurodidactics in Learning
Improvement

Neurodidactics is based on the notion that learning is a dy-
namic process determined by the state of the developing brain,
which can be potentially modified according to a specific need
or learning goal [13–19]. Neurodidactics argues that strategies
and methods used to organize teaching environments (curric-
ulum, learning techniques, teaching methods, etc.) should be
based on neurobiology principles, for instance, changes in the
environment that supports modulation of brain plasticity asso-
ciated with learning improvement [20, 21]. Since there is a
neurobiological basis for learning, it is reasonable to consider
such knowledge in improving learning strategies and so adapt
the medical curriculum to these conditions [1, 12]. We high-
light research studies that exemplify different ways in which
neurodidactics could directly or indirectly support improve-
ment of learning strategies.

Improvement of Memory

Previous studies have shown that monitoring brain activity
during a study session is useful to predict how well people
will remember information subsequently [22]. Functional
magnetic resonance imaging (fMRI) studies focusing on
improvement of long-term memory due to retrieval of
information during a learning period have shown engage-
ment of brain regions such as the anterior hippocampus,
lateral temporal cortices, and the medial prefrontal cortex
(PFC) [23].

Electroencephalographic (EEG) brain activity has been
useful to assess the progression of learning in tasks such as
typing. Particularly, it was observed that power changes in
various EEG rhythms corresponded to different stages and
difficulty levels of the learning process. Noteworthy, a de-
crease in beta and gamma power corresponded to features of
binding and memory encoding [24].

Memory retrieval, which is often visualized as an on/
off process with a trigger or reminder to reactivate a past
experience or specific information, has been shown to be
concomitant with theta oscillations that have also been
proposed as its neural signature [25].

Studies in aging populations support that resting network
activity and connectivity patterns underlie enhancement of
memory in older adults for meaningful associations [26]. It
has also been shown that working memory (WM)-related
brain activity is greater in older than in younger adults, while
such cortical over-recruitment in advanced old age has been
attributed to a compensatory mechanism [27]. Focusing on
training-induced memory enhancement, it has been reported
that younger adults show increased activity during memory
encoding in occipito-parietal and frontal brain regions. In

contrast, older adults did not show such an increase with the
exception of those who did benefited from the training [28].

Improvement of Attention

By means of the relationship between EEG brain signals and
attention levels during learning, some authors provided recov-
ery methods to help students restore attention and so improve
their learning efficacy. In particular, napping as a recovery
method showed superior efficacy in comparison to playing
mobile games or watching videos [29]. Interestingly, fMRI
studies showed that behavioral reduction of distractor effects
during a visual categorization task gives place to decreased
responses at the middle frontal gyrus [30].

Biomarkers of Learning

fMRI studies performed on experienced physicians who
learned to choose between two treatments in a series of virtual
patient encounters revealed differential brain activation in the
dorsolateral prefrontal cortex and the inferior parietal lobule
between high and low performers. It was concluded that such
differences could serve as a biomarker to identify efficient
learners on novel decision tasks and in medical or other con-
texts [31]. fMRI studies addressing brain patterns of reading
comprehension strategies, for instance, re-read, paraphrase,
and self-explain, revealed activation in executive control and
comprehension brain areas while learning from a text was
associated with activation in the anterior prefrontal cortex
(aPFC). It was speculated that a prospective role of the
aPFC is facilitation of the integration of new knowledge from
texts with prior knowledge [32].

Neurophysiological markers of learning are widely recog-
nized. However, more recently, it has been possible to study
more detailed mechanisms non-invasively in humans.
Depotentiation (DP) is a crucial mechanism for the tuning of
memory traces once LTP (long-term potentiation) has been
induced via learning, artificial procedures, or other interven-
tions. Thus, DP is an important process to consider when
therapeutic interventions, such as psychotherapy, are admin-
istered. Noteworthy, recent transcranial magnetic stimulation
(TMS) studies reported that the ratio LTP/DP might be a valu-
able marker for potential distortions of persistence versus de-
letion of memory traces represented by LTP-like plasticity
[33].

Focusing on motor learning, the occurrence of changes in
the cerebellum, the striatum, and motor cortices in the first
stage has been reported, while further training leads to slower
reorganization of the primary motor cortex (M1) [34].
Moreover, studies have shown that training of a motor se-
quence task results in increased activation of the M1 over
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different time periods [35]. In other words, different stages of
motor learning might have different neurophysiological
correlates.

Learning in the Classroom

Simultaneous EEG recording from students in the classroom
enabled real-time inference of student engagement by means
of attentional measures evoked by a video stimulus [36].
Recent studies also targeted assessment of reasoning in
clinical students by analyzing the relationship between
EEG features related to students’ performance and gaze
[37]. Likewise, some authors were able to estimate the level
of student’s visual attention in the classroom by monitoring
EEG spectral changes [38]. EEG studies have also been
directed to extract information about the effect of real ver-
sus virtual learning environments. While it was reported
that more positive emotions were triggered in a real envi-
ronment, the level of student engagement was approximate-
ly the same in both scenarios [39]. Moreover, a study mon-
itoring brain activity of high school students over a period
of 6 months revealed synchronization of brain oscillations
when students were more engaged during class. Thus,
brain-to-brain synchronization was assumed to reflect a
sense of likeness and compatibility between teacher and
students and between students [40].

Neurodidactics in Music Education

One example of the success fu l app l i ca t ion of
neurodidactics research is within the field of music edu-
cation. In particular, EEG brain activation patterns during
a melodic pitch discrimination task showed differences
between musicians and non-musicians. Participants were
divided into three groups: non-musicians, amateurs (de-
fined as regularly playing or singing but without any for-
mal training), and professional musicians with special
training and knowledge in the analysis of harmonies and
chords. A left-hemisphere dominance for the majority of
professional musicians and right hemisphere lateralization
for amateurs and non-musicians were reported. The dif-
ferences in hemisphere dominance were attributed to dif-
ferences in cognitive strategies between formally trained
musicians and those without formal mental representa-
tions for the same information [41].

Musicians are a valuable “model” for effective learners
who deliver in a very exact and precise manner. Formal train-
ing permits interval representation of music using covert
speech, resulting in activation of the left frontal lobe whereas
non-musicians are limited to a general understanding of the
music, with no real representation annexed to the actual

processing of what they hear [41]. Importantly, training with
actual applied, directed, and practical curriculum (such as that
received by amateurs) led to similar brain patterns as that
visualized for professionally trained musicians, with bilateral
lobe activation registered after training [41, 42]. Thus, it is
suggested that teaching methods influence learning goals
and information attained.

Notoriously, it has also been documented that neuroscien-
tific models of music processing have been useful to define
the concepts of curriculum design in the music school
[43–45].

Discussion

The above-mentioned studies exemplify the prospect of
neurodidactics not only in revealing brain developmental dif-
ferences in relation to learning but also in defining brain bio-
markers that could complement or outperform behavioral
measures directed to assess the effectiveness of learning strat-
egies. As already pointed out by some authors, such knowl-
edge could be useful in supporting improvement of existing
learning strategies to achieve maximal results, adapting an
effective strategy in one domain for application in a different
domain, and taking one or more complementary techniques
and combining them into a more comprehensive learning
strategy [46].

Due to that neurodidactics is based on research studies to
accomplish its goals, some limitations need to be taken into
account: (1) the majority of research studies are performed
under laboratory conditions by using simple stimuli, while a
real educational environment is complex and unpredictable;
(2) meaningful results extracted from brain measures com-
monly require a high number of event-related responses or
trials, which makes relevant to develop adaptive algorithms,
internet platforms, and hardware that enable extraction of
brain patterns in real-time continuous data; (3) simultaneous
recording of brain and behavioral and physiological signals
from different subjects in a realistic environment generates
large amounts of data that would certainly be suitable for
modern big data analytic approaches.

The use of technology in medical school for the facilitation
of learning, improving motor skills, enhancing perceptual
abilities, and practicing uncommon events has gained consid-
erable popularity in recent years. In particular, podcasts,
videos, mobile devices with apps, video games, simulators
(virtual reality), and wearable devices are being considered
relevant in addressing some of the learning challenges faced
by medical students [47]. However, it has also been stressed
that factors such as how to objectively measure their effective-
ness and how its actual adoption changes students’ learning
habits and capabilities need to be taken into account [48]. In
this respect, one of the key features of neurodidactics is the
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proposal of optimizing learning effectiveness in a personal-
ized or customized fashion, e.g., by taking into consideration
the fact that humans learn differently and present structural
and functional brain differences.

A crucial skill in the study of medicine is timely retrieval of
information. Due to that medical students are frequently
confronted with emotional challenging situations, such re-
trieval of information has to be trained for scenarios of stress
and sub-optimal wellbeing, which could certainly be ad-
dressed by applying neurodidactics approaches.

As medical students progress towards their studies, their
focus switches from theoretical principles to clinical work
and patient care. At this stage, not only rapid retrieval of spe-
cific information but also motor memory skills are required.
Noteworthy, neuroscience studies have shown that motor
memory is susceptible to be improved via learning strategies
as exemplified by music learning. In the upcoming years, it is
expected that neuroscience-based technologies boosting sen-
sorimotor processing, motor memory, and alertness will be
instrumental in optimizing physicians skills to perform spe-
cialized medical procedures with higher degree of expertise.

Among emerging approaches for learning improvement is
the so-called neurofeedback, which uses real-time monitoring
of brain oscillatory activity to regulate brain states [49]. In
light of the principles of neural plasticity, repeated sessions
of neurofeedback have the potential to normalize brain activ-
ity patterns with a corresponding learning effect [50]. It is
expected that such learning approach will be able to inform
the educational needs of medical students.

The applicability of fMRI for education and learning pur-
poses is expected to increase in the upcoming years as a result
of the awareness of different areas of opportunity and efforts
to resolve current technical issues, for instance, by using mul-
timodal neuroimaging approaches in combination with novel
approaches to estimate causal relationships between brain ac-
tivity and behavioral learning associations [51].

Notwithstanding all recent advances in neuroscience and
neurotechnology, we stress that the real applicability of
neurodidactics in medical education will only be plausible
with the openness and committed participation of medical
educators, practitioners, and students working together with
scientists from other disciplines to consolidate an evidence-
based science of learning that targets the needs of (medical)
students.

The marriage of neuroscience knowledge and education
has long been avoided. Educators and teachers often derive
from “cultural schools” and seem to resist the fundamental
idea that learning is a brain-based process in which the knowl-
edge of how the brain processes is useful and indeed crucial
for students’ success. On the other hand, neuroscientists are
often not trained as teachers or educators. The mentioned re-
search studies demonstrate a rather direct approach, i.e., neu-
roscientific testing in relation to an education-relevant

question (retrieval, memory, attention, etc.). Certain settings
relevant to education are matched with neurotechnology
methods and correlations can be made. However, recent stud-
ies show important effects of giving teachers or educators
neuroscience knowledge relevant to teaching and learning
and thereby indirectly improving the success and wellbeing
of students and teachers: “Findings suggest how neuroscience
holds the potential to support teachers development of theo-
retical coherence in their understanding of learning and peda-
gogy” [52]. The effects of teaching students’wellbeing, based
on a combination of neuroscience-based facts, have been sug-
gested to enhance cognitive and learning benefit in a recent
study [53]. Without any doubt, neuroscience knowledge can
improve learning and education. Unfortunately, over a long
time, the intersection between neuroscience and education has
not been nurtured [54]. However, the examples and literature
demonstrate that the use of neuroscience for (medical) educa-
tion has been and can be further developed at different levels,
i.e., direct application by modification of brain function and
indirect application by insight improvement. The need for
empirical studies cannot be over emphasized.
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