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Abstract

Introduction and objective: The purpose of our review was to systematize the knowledge
regarding the impact of education on cortical volume and thickness along with assessment of
the risk and progress of Alzheimer's disease. We considered the problem among children as
well as adults, depending on their level of education and particularized the role of cognitive
reserve as a protection from brain damage. Furthermore, we investigate the issue of neuronal
tolerance in Alzheimer’s disease.

Review methods: The article is a review of 22 original papers, cohort studies and meta-
analyses concerning the impact of education on cortical volume and thickness along with the
risk and progress of Alzheimer’s disease.

Abbreviated description of the state of knowledge: Studies have shown that education is
associated with an increase in intelligence, which determines the dynamics of brain cortex
changes among children. In adults, the thickness of individual brain areas - primarily the
temporal and frontal poles - enhances with the increase of their education level. The dynamics
of changes in cortical measurements are correlated with education both in healthy adults and
in patients with Alzheimer’s disease. A healthy lifestyle, common for those with higher
education, has a positive impact on cortical thickness and lowers the risk of developing

Alzeihmer’s disease. Moreover, education comes with better neuronal tolerance for



accumulated proteins, yet few studies take notice of more dynamic progress of the disease
among adults with higher education.

Summary: Research has confirmed the impact of education on cortical volume and thickness.
The risk and progress of Alzheimer’s disease are also reflected in the patient’s level of

education nevertheless the literature is ambiguous regarding this issue.
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Introduction and objective

The cerebral cortex, due to its complex structure and a wide range of functions, has
become the subject of research and interest for many scholars. A particularly significant
aspect of these studies is determining the influence of education on its anatomy. Equally
important is addressing the issue of neurodegenerative diseases, including Alzheimer's disease,
and their role in disrupting the normal structure and function of the brain. The purpose of this
review article is to systematize the knowledge concerning the impact of education on brain
cortex measurements such as volume and thickness together with the risk and progress of
Alzheimer’s disease.

The cerebral cortex is a superficial layer of gray matter, formed by the cell bodies of
neurons. It belongs to the telencephalon and forms the cerebral hemispheres, covering the
surface of gyri and sulci. It is divided into the palaeocortex, the archicortex, and the neocortex.
The neocortex, with the highest degree of development, constitutes the majority, accounting
for over 90%. It consists of 6 layers composed of billions of pyramidal and non-pyramidal
cells. The palacocortex and archicortex show a lower degree of development, differing in
structure, containing only 3 layers. They can be found within the limbic system and
rhinencephalon. The two deepest sulci of the cortex, the central and lateral sulcus, determine
the division of the cortex into lobes: frontal, temporal, parietal, and occipital. The functional
division of the brain cortex distinguishes it into motor, sensory, visual, auditory, taste,

olfactory, and associative cortex, each characteristic of a specific brain region [1]. The



volume of the cerebral cortex is about 643 c¢cm?® in men and about 597 ¢cm?® in women [2].
Its thickness varies between 1.6 and 4 mm and differs in the areas of individual gyri and sulci.
The surface area equals about 1000 cm? per hemisphere [3].

Both the new cortex, especially in associative areas, and the archicortex in the
limbic system participate in cognitive processes, learning, and memory. Education influences
the brain at the synaptic level. Integrating external stimuli and forming new neural
connections are the basis of the learning process, and the repeated circulation of impulses in
new connections ensures the memorization of new information [4].

Disorders in the structure and function of the cerebral cortex can occur due to
neurodegenerative diseases. They lead to progressive damage and loss of neuron populations.
Most of them are associated with the excessive accumulation of proteins with abnormal
conformation, which may persist for many years before the onset of the first clinical
symptoms. Among them, amyloidoses, tauopathies, synucleinopathies, and TDP-43
proteinopathies are distinguished. Within one disease entity, there may be the accumulation of
several types of proteins, as in the case of Alzheimer's disease, where both extracellular -
amyloid deposits and intracellular aggregates of tau protein are observed [5]. Amyloid
plaques shape within the new cortex, while tau protein tangles initially occupy the area of the
entorhinal cortex and hippocampus and, with disease progression, spread to the neocortex's
associative areas. The TDP-43 protein is also increasingly recognized in pathological deposits.
Alzheimer's disease is the most common cause of dementia and is considered a global public
health priority. In addition to episodic memory loss, patients develop cognitive and motor
disturbances and difficulties in performing basic activities. This disease leads to dependence,

disability, and even death [6].

Review methods

In our review, a total of 22 original papers, cohort studies, and meta-analyses were
utilized to investigate the indirect and direct impact of education on the volume and thickness
of the cerebral cortex (13) as well as on the risk and progression of Alzheimer's disease (9).
The following databases were used: PubMed, Web of Science, Google Scholar,
Scopus. The following keywords were used: intelligence, education, volume, thickness,

cerebral cortex, Alzheimer's disease, nutrition, alcoholism.



The time frame considered for the studies was 1995-2023 (studies older than 8 years
were predominantly used in the section concerning the negative influence of education on the

course of Alzheimer's disease, as emphasized in the conclusions).

Description of state of knowledge

Impact of Education on Intelligence

To determine how education affects the volume and density of the brain's cortex, it
is crucial to define how education shapes intelligence. Cognitive ability (or intelligence) [7] is
precisely the foundation for potential changes in brain structure, making an understanding of
its role a key aspect in analyzing the impact of education on the brain. It is through this
correlation that conclusions can be drawn about how education influences (or doesn't
influence) the thickness of the brain's cortex.

Based on a long-term cohort study, a positive correlation between education and
intelligence has been demonstrated [8]. While the correlation is not large, it is statistically
significant, amounting to approximately 1-5 IQ points for each additional year of education.
Several potential explanations for this relationship have been proposed. One possibility is that
education helps develop cognitive skills, such as memory, attention, and problem-solving.
These skills are crucial for success in various areas of life, including work, interpersonal
relationships, and health. Another possibility is that education aids in acquiring knowledge,
which may improve performance in intelligence tests. Finally, education may also play a role
in the socialization process, assisting individuals in developing skills and attitudes essential

for success in society [9].

The relationship between education and cerebral cortex volume

Research on the association between intelligence and the volume of the brain cortex
is one of the key areas in neurobiological studies. Shaw et al. made a study aiming to explore
the relationship between intelligence and the development of the brain cortex in children and
adolescents was published in the journal Nature. The study revealed that the thickness of the
brain cortex in childhood is not significantly linked to the level of intelligence. Participants
were categorized into three groups (highly intelligent - IQ 121-149, very intelligent - IQ 109-

120, and average intelligence - IQ 83-108) based on tests assessing verbal, non-verbal, and



reasoning skills (according to the Wechsler intelligence scale). Subsequently, they underwent
MRI examinations. It was demonstrated that highly intelligent children and adolescents
exhibited more dynamic changes in the thickness of the brain cortex during development.
They experienced a phase of accelerated and prolonged cortical growth, followed by equally
intense processes of thinning, compared to less intelligent children. However, intelligence did
not directly impact the thickness of the brain cortex [10].

In adults, studies have shown that education indeed influences cortical thickness. An
example of such research, allowing us to draw such conclusions, is the study conducted by
Jason Steffener. Using magnetic resonance imaging, he measured the cortical thickness in 391
healthy individuals aged 19-80. His research showed that there are regions of the brain cortex
whose thickness correlates with the education level of the participants. These regions include
the left hemisphere's superior temporal gyrus and insula, as well as the right hemisphere's
superior, middle, and inferior temporal gyrus, part of the operculum, and triangular part of the
inferior frontal gyrus, superior frontal gyrus, frontal pole, and temporal pole. The study also
revealed that differences in cortical thickness over the years varied depending on the
education level. Individuals with low education levels experienced a significant decline in
cortical thickness early in life, which gradually equalized and became insignificant later in life.
Similar effects were observed in the group with moderate education levels. Highly educated
individuals, on the other hand, had smaller differences in cortical thickness early in life but
experienced greater declines in cortical thickness in later years compared to other groups [11].

Furthermore, a study involving 60 Italian and Hong Kong citizens showed that
individuals proficient in at least two languages have a thicker brain cortex than monolingual
individuals, despite having undergone the same number of years of education. This
underscores the significant importance of language learning in the course of education [12].

The most likely explanation for the correlation between education and the thickness
of the brain cortex is the increase, under the influence of education, in cognitive and brain
reserves. Cognitive reserve refers to the brain's ability to maintain normal cognitive functions
despite age-related changes or brain damage, while brain reserve pertains to the physical
resilience of the brain to damage or diseases. It is assumed that education provides cognitive
stimulation and intellectual challenges that can aid in building neural connections (resulting in
increased cortical thickness) and enhance brain plasticity [13].

It is worth expanding the research perspective on the impact of education on the
thickness of the cerebral cortex, taking into account intermediate aspects. An intriguing

phenomenon suggests that individuals with higher levels of education are generally more



physically active than less educated individuals (partly due to healthier attitudes and a larger
budget for physical activities) [14]. Simultaneously, there are studies indicating that physical
activity may be linked to the thickness of the brain cortex. A study conducted in 2016 by
Korean scientists, involving 1842 participants who underwent MRI examinations to measure
cortical thickness, and completed a questionnaire assessing their physical activity,
demonstrated that longer exercise duration (>1 hour/day), but not intensity or frequency, was
associated with increased average cortical thickness, particularly in the frontal area. Another
noteworthy conclusion from this analysis, confirming previous study results, is that more
educated individuals had a thicker cortex compared to similarly physically active less
educated individuals [15].

Other significant factors that may influence the varying thickness of the brain cortex
in individuals with different education levels are dietary habits. Based on a study involving a
whopping 780,000 participants, it was shown that more educated individuals are less likely to
develop alcoholism [16], which may contribute to a thicker brain cortex in these individuals.
Chronic alcohol consumption can lead to a significant bilateral decrease in cortical thickness,
especially in the regions of the temporal and insular gyri as well as precentral and dorsolateral
prefrontal gyri [17]. Moreover, an analysis of the dietary habits of the population of London
observed that more educated individuals tend to follow a healthier and more diverse diet,
characterized by higher fiber, fruit, vegetable, and fish consumption, as well as a more
balanced and varied intake of nutrients. Conversely, a low level of education is generally
associated with a diet rich in carbohydrates, sweets, red meat, higher calorie intake, and larger
average portion sizes [18]. At the same time, Chinese scientists wrote a paper based on the
analysis of cortical thickness in 51,665 individuals from 60 different cohort studies worldwide,
indicating, among other things, that increased fat consumption in the diet leads to a bilateral
decrease in the thickness of the superior frontal gyrus and the posterior part of the middle
frontal gyrus, while increased consumption of fresh fruits causes thickening of the insular
cortex [19].

The latest studies on the impact of education on the human brain, involving 1731
Koreans, provided specific numerical data on how education increases the thickness of the
brain cortex, and notably, the thickness of the white matter and the total intracranial volume.
An additional year of education (accounting for the influence of gender and age of the study
participants) is associated with an increase in the volume of the brain cortex by 1.41-1.67 ml,

white matter by 1.28-1.39 ml, and the total intracranial volume by 4.39 ml [20].



The impact of education on the risk and course of Alzheimer's disease

Education has been recognized as playing a significant role in the risk and
progression of Alzheimer's disease (AD). Studies have shown that individuals with higher
levels of education are less susceptible to developing AD and experience a slower decline in
cognitive function compared to those with lower levels of education. This is evidenced by the
analysis of 54,162 participants (17,008 of whom had AD, while the rest constituted the
control group) in a study conducted by British scientists, which revealed that an additional
increase in intelligence by 10-15 IQ points (equivalent to about 3.6 years of education)
reduces the risk of developing AD by approximately 36% [21]. In 2001, an article published
in the American Journal of Alzheimer's Disease and Other Dementias provided evidence that
individuals with more years of education who developed AD had a slower rate of cognitive
decline. Interestingly, each additional year of education also increased the likelihood of AD
symptoms occurring earlier (by approximately 1.4 months earlier) [22].

There are several possible explanations for this relationship. One possible
explanation for this protective effect is the cognitive reserve (mentioned earlier), which refers
to the brain's ability to compensate for damage or pathology by utilizing alternative neural
networks. It has been proven that individuals with higher levels of education have greater
cognitive reserve, allowing them to better cope with progressive cognitive impairment
associated with AD [23]. The protective function of education during the course of AD is also
supported by a study showing that individuals with higher education levels had significantly
more deposited amyloid AP compared to those with lower education levels, despite
comparable levels of cognitive function decline [24]. Another observation supporting this
relationship is that with an increase in education, there is an increased tolerance of the cortical
neurons to the neurotoxic accumulation of intracellular, twisted tau proteins [25]. More
educated individuals also lead healthier lifestyles [26], adhere more strictly to healthy eating
habits, and use fewer substances, leading to better maintenance of brain structure and,
consequently, cognitive function in old age, making them less susceptible to AD [27].

Despite the positive correlations between education and a milder course of
Alzheimer's disease, there are also studies (significantly older) showing a more dynamic
development of AD in better-educated individuals, indicating an ambiguous impact of
education on the course of AD. Among 494 clinically diagnosed Alzheimer's patients in

Chicago, those with higher education levels exhibited a more rapid decline in cognitive



function. Participants in the study were subjected to tests, including episodic memory, verbal
fluency, recognition ability, and overall mental state, at least twice at 6-month intervals.
Despite better initial results in these tests, individuals with longer periods of education
showed a slightly accelerated loss of cognitive function at later stages of the disease,
compared to those with shorter periods of education [28]. A study conducted on 156 patients
using the MMSE test also demonstrated greater disease progression in better-educated
individuals. The MMSE test assessed cognitive abilities on a scale from 0 to 30 points and
was conducted among participants at least twice, with annual intervals. Individuals with
moderate education experienced an average annual decline of 1.2 MMSE points, while those
with higher education experienced an average decline of 1.3 MMSE points. Additionally, it
was shown that among participants with an initial MMSE score of 15 points, the disease
progression was 44% faster in those with higher education compared to individuals with

below-average education [29, 30].

Summary

In summary, research confirms the impact of education on the volume of the
cerebral cortex, both through shaping intelligence, developing skills, creating new neuronal
connections, and the inclination towards a healthy lifestyle. Changes in the cerebral cortex are
evident throughout the development of exceptionally intelligent children. Also, individuals
with higher education levels show regions of the brain cortex where thickness is greater, but
with advancing age, they experience higher declines compared to those with lower education
levels. The increase in brain volume and cortex thickness is likely associated with an
increased cognitive and brain reserve, which ensures the maintenance of mental efficiency
and protects the brain from damage and diseases. Consequently, a positive impact of
education on a milder course of Alzheimer's disease and lower risk of onset has been
demonstrated. However, in some (significantly older) studies, a more dynamic loss of
cognitive abilities in individuals with higher education was observed. The ambiguous
influence of education on the course of Alzheimer's disease remains a subject for further

research on this topic.
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