Critical thinking
The brain is the organ that allows us to think. This confronts us with a
philosophical challenge that has been accompanying human civilization
for more than 2,500 years: How can the brain help us understand how
the brain helps us understand?
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Executive summary

One of the most striking characteristics of the XX and XXI centuries is the “exponential growth” of knowledge generated in
any discipline, which is available to most of the world’s citizens.
As it is no longer possible to comprehend all the information available, in relation to disciplines or even subdisciplines,
education should promote the acquisition of learning abilities related to modes of thought rather than solely the
accumulation or memorization of, in many cases, information that may be only infrequently useful.
One mode of thought, reflective thinking or critical thinking, is a metacognitive process—a set of habituated intellectual
resources put purposefully into action—that enables a deeper understanding of new information. It also provides a secure
foundation for more effective problem-solving, decision-making, and appropriate argumentation of ideas and opinions.
The global output of teaching critical thinking is adding new competences to everyone’s basic capacities for greater
cognitive development and freedom.

“… Nothing better for the mental development of the child and the adolescent than to teach them superior
ways of learning that complement, continue, rectify and elevate the spontaneous ways. Originality is a
precious heritage that the pedagogue must not only guard, but lead, in the domain of values, to its maximum
expression. And with superior ways of learning, culture and originality grow in parallel. To teach superior ways
of learning is to add to the native powers, new powers for greater independence of the spirit in all its
manifestations. It is teaching to move only upwards…Teaching to observe well, to think well, to feel good, to
express oneself well and to act well is what, in sum, every pedagogical doctrine, new or old, revolutionary or
conservative, of now and forever, is materialized.” (Clemente Estable, 1947[1]).
Introduction and historical background
The brain is the organ that allows us to think. This confronts us with a philosophical challenge that has been accompanying
human civilization for more than 2,500 years: How can the brain help us to understand how the brain enables us to understand?[2]
Ancient Greek philosophers have already questioned themselves about the source of knowledge and cognitive functions and
hypothesized about the fundamental role of the brain, in opposition to the heart or even the air or fire[3-6]. The Socratic
method, involving the introspective scrutiny of thought guided by questioning, paved the long-lasting way to contemporary
approaches and conceptions about “good thinking,” also called “reflective thinking,”[7] and more recently, “critical thinking”[8].
As in any area of knowledge, most of the accumulated content—which is vast and always evolving—is nowadays accessible
to everyone who has access to the internet. Thus, it can be argued that educational efforts should concentrate on improving
the next generation’s modes of thinking. It is desirable to promote engagement with knowledge rather than transmitting the
requirement of accumulating data—usually disposable information—through mastery or memorization[9].
Critical thinking is a fundamental pillar in every field of learning within disciplines as diverse as science, technology,
engineering, and mathematics as well as the humanities including literature, history, art, and philosophy[5,9,10].
No matter the discipline, critical thinking pursues some end or purpose, such as answering a question, deciding, solving a
problem, devising a plan, or carrying out a project to face present and future challenges[11]. Hence, it is also applicable to
everyday life and is desirable for a plural society with citizenship literacy and scientific competence for participation in diverse
situations, including dilemmas of scientific tenor[7,12].
In spite of the explicit valuing of critical thinking, and iterative efforts to promote its effective incorporation in the curricula at
different levels of education of science, humanities, and education itself, difficulties for deeper grasping of critical thinking and
challenges for its fruitful integration in educational curricula persist[13,14]. Such difficulty is in part caused by a lack of consensus
regarding a definition of critical thinking.
Defining critical thinking

Critical thinking is a mental process[11] like creative thinking, intuition, and emotional reasoning, all of which are important to
the psychological life of an individual[10]. It pertains to a family of forms of higher order thinking, including problem-solving,
creative thinking, and decision-making[15]. However, there is not a single or direct definition of critical thinking, probably
reflecting the emphasis made on different features or aspects by several authors from diverse disciplines as education,
philosophy, and neurosciences[ 7,10,16-18].
Some of the distinguishing features of critical thinking and critical thinkers are ([7, 11, 12, 16, 19, 20]; see Figure 1):

Figure 1. Diagram of the principal features of critical
thinking, including some of the necessary cognitive
functions and intellectual resources. The arrows indicate
the main mechanisms of modulation: top-down,
involving the effect of upper on lower level intellectual
resources (for example, the effect of metacognition on
motivation that in turn affects perception), and bottomup (such as the influence of self-analysis and
habituation on self-regulation and metacognition).

Critical thinkers pursue some end or purpose such as answering a question, making a decision, solving a problem, devising
a plan, or carrying out a project to cope with present or future challenges.
Accordingly, critical thinking is purposively put into action and driven by.
As a result of this top-down influence, critical thinking is an attitude which does not occur spontaneously.
Critical thinking also involves the knowledge, acquisition, and improvement of a spectrum of intellectual resources such
as:
– methods of logical inquiry;
– information literacy to gather significant information about the problem and the context for embracing comprehensive
background knowledge;
– operational knowledge of processing skills for generation of concepts and beliefs: analysis, evaluation, inference,
reflective judgment.
To accomplish these intellectual resources, critical thinkers need to put into action the most basic cognitive functions such
as perception, motor coordination and action, sensory-motor coordination, language perception and production, memory,
and decision-making.
Critical thinkers apply these procedures and methods in a systematic and reasonable way.
As a result, critical thinking is not an immediate cognitive event but a process.

The main outcome of critical thinking is a reflective, ordered, causal flow of ideas.
Critical thinkers self-analyze and self-assess the mode of thinking.
Consequently, critical thinking is a metacognitive process.
Self-evaluation launches a bottom-up process for modulation and improvement of critical thinking, enabling greater
adaptability to different situations.
Thus, critical thinking also requires training and habituation.
As a global outcome, critical thinking, as a metacognitive process, also refines self-regulation (i.e., the ability to
understand and control our learning environments)[20].

In sum, critical thinking is a purposeful, intellectually demanding, disciplined, plastic, and trainable mode of thinking in which
motivation, self-analysis, and self-regulation play key roles. Several of these aspects were stressed by Santiago Ramón y
Cajal (see Figure 2A). Cajal—founder of modern neuroscience and Nobel Prize of Medicine in 1906—hypothesized about the
role of brain plasticity, metanalysis habituation, and self-regulation for the acquisition of knowledge about objects or
problems: “When one thinks about the curious property that man possesses of changing and refining his mental activity in
relation to a profoundly meditated object or problem, one cannot but suspect that the brain, thanks to its plasticity, evolves
anatomically and dynamically, adapting progressively to the subject. This adequate and specific organization acquired by
the nerve cells eventually produces what I would call professional talent or adaptation, and has its own will, that is, the
energetic resolution to adapt our understanding to the nature of the matter.”[20]

Figure 2. Left: Portrait of Santiago Ramón y Cajal. Oil painted by the Spanish Postimpressionist painter Joaquín Sorolla in
1906, the year Cajal received the Nobel Prize in Medicine [21] . Right: Microphotography of an original preparation of Cajal
showing a pyramidal neuron of the human brain cortex. Staining: Golgi staining. Original handwritten label: Pyramid. Boy [22] .

Neural basis of critical thinking

Figure 3. Mapping of cognitive functions. The
diagram superposed on the lateral view of the
human brain indicates the location of
distributed neural assemblies activated in
relation to cognitive functions. Note that the
indicated cognitive functions are involved in
the same or successive phases of critical
thinking. (Modified from ref. [26] ).

The cognitive functions and intellectual resources involved in critical thinking are emergent properties of the human brain’s
structure and function which depend on the activity of its building blocks, the neurons (see Figure 2B). Neurons are specialized
cells which are almost equal in number to nonneuronal cells in human brains. Of the total amount of 86 billon neurons, 19%
form the cerebral cortex and 78% the cerebellum[23]. Neurons are interconnected and intercommunicate through specialized
junctions called synapses, of which there are about 0,15 quadrillion in the cerebral cortex[24] and more than 3 trillion in the
cerebellar cortex (considering the total number of Purkinje cells and the total amount of synapses/Purkinje cell[25]). These
stellar numbers help us imagine the density of the entangled brain web. This web is not fully active at any time. Instead,
distributed groups of neurons or “distributed neural assemblies” are more active at certain topographies when particular
cognitive functions are taking place[26]. Considering the spectrum of cognitive functions involved in the process of critical
thinking, it will increase activation in much of the brain cortex (see Figure 3).
Teaching critical thinking
“It is not enough to know how we learn, we must know how to teach.” (Tracey Tokuhama-Espinosa, 2010[27]).
Teachers have the invaluable potential power of fostering knowledge in the next generations of students and citizens.
However, this power is expressed when teachers, instead of teaching what they know—and hence limiting students’
knowledge to their own—teach students to think critically and so open up the possibility that students’ knowledge will
expand beyond the borders of the teachers’ own knowledge[28]. Thus, it is important to be aware that—similar to electrical
circuits and Ohm’s law—the wealth and depth of students’ knowledge that is achieved or expressed depends not only on the
energy or effort that students put in the task but also their own (internal) resistance as well as teachers’ (external) resistance.
This metaphor exemplifies that the expected outcomes of education may be better achieved if teachers are familiar with the
foundations of critical thinking, better appreciate its worth, and themselves become proficient at thinking critically,
particularly in relation to their professional activity.
Now more than ever it is possible for teachers to build a framework to improve the teaching and learning of critical thinking
in the classroom[29] thanks to a wealth of information and guidelines resulting from contributions of diverse disciplines since
the renewed interest in critical thinking and its promotion in education pioneered by Dewey[7] at the dawn of the 20th
century. According to Boisvert (1999[28]), up to the 1980s, education focused on the abilities of critical thinking as goals to
achieve.
Since then, a growing movement of critical thinking has been characterized by iterative attempts to define critical thinking, as
well as by instructing teachers about this process and how to teach it. In parallel, several tools for assessment have been
created[11, 30, 31, 32, 33].
Nevertheless, the long-lasting aim has not been achieved. In trying to envisage more fruitful strategies, it is worth noting the

difficulty of transmitting critical thinking as just a skill that can be trained without considering the context. On the contrary,
the domain of knowledge and the development of critical thinking should be considered in parallel as related intellectual
resources—as pointed out by Willimham[33]. It is worth pointing out that, parallel to the critical thinking movement, there has
been an increasing simultaneous interest in the neural bases of critical thinking, leading to the emergence[5,34 ]of “educational
neuroscience”[35] and “brain, mind and education”[36]. These interdisciplinary fields have been elucidating the fundamental
mechanisms involved in critical thinking as well as the role of factors that impact on this ability. This, along with the tight
collaboration between scientists and teachers, is forging a new (Machado) path or bridge over the “gulf” between these
fields[35].
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