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ORIGINAL ARTICLE

BRAIN ANATOMY-HISTORY

What nowadays scientist know about the brain could 
be considered work of  generations of  neuroanatomists, 
neurosurgeons, physicians and other personalities who 
influenced the medical world by their legacy.

According to the evolution of  knowledge about 
the brain, we can classify our history in 5 major periods 
of  time: Ancient times, Renaissance, Classicism, 
Modernism and Contemporary Period.

Ancient time was marked by Hippocrates (1) (460-
379 B.C) who was the first who stated that the brain is 
responsible interpreting the outside world, is the seat 
of  intelligence, and thought epilepsy is a disturbance of  
the brain. Erasistratus of  Chios (2) (280 B.C.) noted the 
divisions of  the brain. Aulus Celsus (3) (25 B.C – 50 
A.D) was a great encyclopedist whose scientific work 
had a great influence over time in surgery. His work 
“De Medicina” was the first written and printed Latin 
medical textbook. Galen from Pergam (4) (190-200 A.D) 
performed vivisections and anatomical demonstrations, 
he proved hegemonic theory of  the brain and elaborated 
the theory about the cerebral ventricles as the modulators 
of  conscious awareness filled with “pneuma”.

Renaissance brought great changes in the history 
of  surgery, primary due to the possibility of  making 
daily human dissections. Leonardo da Vinci (1452-1519) 
(Figure 1) was the first who elaborated the diagram of  
the cranium nerves, optic chiasms, brachial plexus and 
the first one who reproduced the ventricular system by 
injecting hot wax directly into the brain of  an ox (5) .
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Figure 1: Leonardo da Vinci, Self-portrait, circa 1512. Source: 

Barnett, R. (2019). 

Leonardo da Vinci. The Lancet, 393(10179), 1409–1410.
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C. Varolio (6) (1573) who named the pons and 
the first who examine the brain from its base up. It is 
known that, Franciscus Sylvius (7) (1641) described 
fissure on the lateral surface of  the brain, while the 
association of  Sylvius’s name with the cerebral aqueduct 
is still problematic. Th. Willis (8) (1621-1675) described 
the striate nucleus, the internal capsule, the cerebellar 
peduncles and claimed that pain receptors are found in 
the meninges and not in the brain itself.  

Classic period is the great period of  the scientific 
conquests in neuroscience. This included the discoveries 
of  Broca (9) (1824-1880) who discussed about the cortical 
localization of  speech centre and published the work on 
the “great limbic lobe”. Eduard Hitzig (10) (1838- 1907) 
and Gustav T. Fritsch (1838-1927) discovered cortical 
motor area of  dog using electrical stimulation. Richard 
Caton (11) (1875) discovered the electrical waves of  
cerebral cortex that nowadays lead to the establishment 
of  electroencephalography. Max von Frey (12) (1896) 
tested the somatosensory system and discovered discrete 
tegumentary pain points when examining it with fine 
needles. Wilhelm von Waldeyer (13) (1891) coined the 
term “neuron” and Charles Sherrington (14) (1897) 
coined the term “synapse”. Santiago Ramon y Cajal (15) 
(1889) described the dendritic spines as true cellular 
components and made numberless contributions to 
neuroscience (Figure 2). 

Modern period is marked not only by the 
discoveries of  major functionality insights regarding the 
nerve cell but also by the lives of  the greatest fathers of  
neurosurgery. There should be mentioned Oskar Vogt 
(16) and Cecile Vogt (1902) who played a key-role in 
brain research and established one of  the largest and 
most modern centers of  their times. 

Ivan Pavlov (17) (1903) mentioned the term 
“conditioned reflex”. Alois Alzheimer (18) (1906) 
described the senile dementia. Korbinian Brodmann 
(19) described the cortical areas, being the pioneers 
of  brain mapping (1909). Wilder Penfield (20) 
(1891-1976) expanded brain surgery's methods and 
techniques, introducing the notion regarding the cortical 
homunculus. Victor Horsley (21) (1857- 1916) was the 
first who successfully removed a pituitary adenoma using 
a transcranial approach. (Figure 3). 

Among the founders of  the modern neurosurgery 
should be mentioned 5 important personalities. Harvey 
Cushing (22) (1869-1939) (Figure 4) was the father of  
American neurosurgery, one of  the most recognized 
neurosurgeons in history, the one who established many 
of  the current used techniques and who described 
Cushing Syndrome.

Figure 2. Santiago Ramón y Cajal, Neurons in 5-7 layers in infant 

visual cortex. Source: Andres-Barquin, P. J. Ramón y Cajal: a century after the 

publication of  his masterpiece. Endeavour 25, 13–17 (2001).

Figure 3. Pioneering neurosurgeon Sir Victor Horsley (1857 - 1916). 

Source: Tan, T. C. & Black, P. M. L. Sir Victor Horsley (1857-1916): pioneer of  

neurological surgery. Neurosurgery 50, (2002).

Figure 4. Harvey Cushing. Source: Doyle, N. M., Doyle, J. F. & 

Walter, E. J. The life and work of  Harvey Cushing 1869–1939: A pioneer of  

neurosurgery. J. Intensive Care Soc. 18, 157–158 (2017).

Figure 5. Fedor Krause – the father of  German neurosurgery. Source: 

Laios, K. et al. Fedor Krause (1857-1937) and His Innovations in Neurosurgery. 

Surg. Innov. 26, 633–635 (2019).
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Walter E. Dandy (23) (1886-1946) was the first 
neurosurgeon who performed clipping of  an intracranial 
aneurysm (1937), the one who described brain endoscopy 
and performed total excision of  acoustic tumors. Fedor 
Krause (24) (1857-1937) (Figure 5) - father of  German 
neurosurgery, being the first surgeon who operated 
cerebral angiomas and who successfully approached the 
fourth ventricle for tumor resection. Clovis Vincent (25) 
(1879-1947) with Thierry de Martel (1875-1940) were the 
founders of  French neurosurgery.

In terms of  Imagistics, Conrad Roentgen (26) (1895) 
discovered X-rays and paved the way for novel means of  
investigating the skull. Ernest Speigel and Henry Wycis 
(1947) were the first to use stereotactic surgery (27).

Contemporary period started with the introduction 
of  CT (28) in the medical practice (1971 - Godfrey 
N. Hounsfield, 1972 – commercially available) and 
continued further with the use of  microscope fMRI 
and neuronavigation. M. E. Phelps and his colleagues 
developed the first PET scanner (29) (1975). Raymond 
Damadian (30) (1977) built the first MRI scanner by 
hand and achieved the first MRI scan of  a healthy and 
cancerous human bodies. Gazi Yaşargil (31) is one of  the 
fathers of  micro neurosurgery, treating brain tumors with 
instruments of  his own design. Important advances in this 
period included the introduction of  surgical microscope, 
real time scanning, Doppler blood flow, Pulsed Doppler, 
Color flow imaging, etc.
BRAIN ANATOMY AND FUNCTION

Brain structure involves the surface or cerebral 
cortex which is easily visible after craniotomy and 
some other deep structures essential for metabolism, 
movement, five senses. Based on the most prominent 
sulci and fissures, brain cortex could be divided in 4 
lobes: frontal, temporal, parietal and occipital lobe, each 
of  them with specific function, yet interconnected and 
working conceptually as a whole.

Frontal lobe is the largest lobe of  the brain, anterior 
to the central sulcus, consisted of  a medial, lateral, polar 
and orbital part. Frontal cortex includes prefrontal cortex 
involved in long-term memory and the processing of  
internal states - motivation (35), personality (33), social 
behavior and emotional regulation (34). 

The ontogenic gradient of  myelination starts from 
the primary sensory and motor areas to the associative 
areas, thus the prefrontal cortex is the last part to be 
myelinated, simultaneously executive functions are 
matured lately (36). Also, it includes Broca’s area which 
is involved in language production and comprehension 
(37). 

Broca aphasia is a non-fluent aphasia which is 
remarkable for partially losing the capacity to produce 
both spoken and written. In addition, frontal cortex 
includes the primary motor area and premotor area that 
are involved in movement control, etc.

Parietal lobe contains an anterior part which 
includes the primary sensory cortex (S1) responsible 
for interpreting the simple somatosensory (38) signals – 
touch, pressure, temperature, pain, etc. The posterior part 
is one of  the main 3 associative areas in the brain (along 
with PFC and temporal cortex) and plays an important 
role in sensorimotor integration, spatial navigation, 
working memory, early motor planning (39). An infarct 
at this level will cause 3 major symptoms consisting the 
“Bálint’s syndrome”: oculomotor apraxia, ataxia and 
simultagnosia - inability to perceive more than one object 
at a time highlighting the important role of  this area in 
building the representation of  the surrounding space and 
orientation into it (40).

Temporal lobe is subdivided into superior, middle 
and inferior parts and hosts hippocampus and amygdala. 
Temporal lobe process information into memories, 
language and emotions. The connection between middle 
temporal lobe, hippocampus and parahippocampal areas 
plays an important role in declarative memory (episodic/
events memory and semantic/facts memory) (41,44,45). 
Also, the Papez circuit (Figure 6) initially thought to 
be involved in emotional expression, today it is well-
known to be involved in learning and episodic memory 
(48). Increasing age with a decrease in blood perfusion 
of  its components (e.g mammillary bodies, anterior 
thalamus) have been associated with Alzheimer’s Disease 
(49,50). Besides, temporal cortex includes the primary, 
secondary auditory cortices and Wernicke’s area. The 
role of  the last one is debatable today, scientist reaching 
to the conclusion that WA is involved in phonological 
representation (identification of  each phonemes of  each 
stimulus with the memorization of  them) and retrieving 
an associated word concept (42). Amygdala is the most 
involved in fear processing, avoidance behaviour and 
emotional responses, being the structure where neutral 
stimuli and aversive unconditioned stimuli emerge to 
form the conditioned fear (51,52,53).

Occipital  lobe is the smallest lobe of  the brain, 
situated posteriorly to the others. Occipital cortex 
is responsible for visuospatial perception, color 
identification, distance estimation, face recognition. 
Bilateral infarction of  the occipital lobe leads to Anton’s 
Syndrome manifested by visual anosognosia – denial of  
loss of  vision, with cortical blindness and confabulation 

Figure 6. Papez Circuit. Source: Weininger, J. et al. Papez’s forgotten 

tract: 80 years of  unreconciled findings concerning the thalamocingulate tract. 

Front. Neuroanat. 13, 1–11 (2019).
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(43). Visual ventral stream between occipital and temporal 
lobe play an important role in core object recognition – the 
ability to rapidly label the images around humans which 
involves the detection and classification of  thousands of  
objects basing on a big sets of  images that were integrated 
into the neural circuits via past experiences (46,47).

Besides the principal lobes and cerebral cortex, there 
are a bunch of  other important brain structures that are not 
discussed here, but will be the main themes of  other reviews 
in the future. In this list should be included: ventricles, 
brainstem, thalamus and hypothalamus, pituitary and pineal 
gland, cerebellum, reticular network.

NEURONS FUNCTION – CEREBRAL ACTIVITY

The normal human brain contains about 20 billion 
(1013) neurons, which give birth to a very complex network 
containing of  164 trillion synapses (54). These synapses are 
further sustained by a 40-130 billions of  glial cells (astrocytes, 
oligodendrocytes, and microglia) with 

Glia-Neuron ratio less than 1 rather than 10:1 as it 
was thought in the past (55). Today, some of  the glial cells, 
especially the astrocytes which were considered for a long 
time just a sustaining part of  the neuronal network are 
thought to have an important role in demarcating 

gray matter regions in functional areas and controlling 
the thresholds of  these areas (56).

This great number of  neurons, glial cells and synapses 
give us the specific human behavior. While animals with 
smaller brains are primary adapted to feed themselves, attack 
the prey and survive, human intelligence is established on 
the brain capacity to process and integrate a huge amount 
of  information in a minimum of  time via several complex 
sensorial and motor systems. Thus, human brain capacity 
is determined by efficient spatial organization of  neuronal 
system and by a-low-time transfer of  information via the 
interconnected fibers (57). According to PET data association 
areas in human brain with higher aerobic glycolysis are 
less myelinated than the sensory and motor areas which 
suggests that association areas are more intensively active 
than the other, favoring the conceptual process in humans 
to the sensorial or motor processes in other animals (58).
An example of  this integrative function of  human brain 
is found in the prefrontal cortex which is responsible for 
selecting a weaker but relevant task-response, for a stronger 
but irrelevant task-response (59).

It is good to mention that these functions as brain 
complex processes are interconnected based on a complex 
neural network, which only in this form could serve for 
solving humans’ daily tasks. According to literature specific 
information tends to segregate into small network within a 
specific region of  the brain that some authors (60) called 
it resting-state network RSN. To understand how brain 
functions is important to acknowledge that these RSNs are 
connected to each other through a central backbone called 
“rich club” an information integrator, which plays the role 
of  a global efficient workspace (61).

About the organization of  neurons, these distributed 
in layers on a horizontal scale, but also in columns in a 

in a vertical scale. Adjacent neurons from the same 
column are interconnected vertically, but also share their 
extrinsic connectivity and tuning patterns acting as basic 
units in cognitive processing (62). Further, information is 
transmitted by a sequence of  rhythmic action potentials 
along the dendrites, cell body and axon. Human cortical 
brain uses synchronous spike events propagation between 
different groups of  neurons found within the six-layered 
neocortex as the primary efficient transmission practice (63). 
An increase in stimuli rate leads to an increase in intensity of  
firing, till the limiting frequency of  transmission is achieved 
and synapse becomes saturated or could no longer transmit 
the presynaptic information (64).

BRAIN MAPPING
Brodmann areas were originally defined and numbered 

by the German anatomist Korbinian Brodmann based on 
the cytoarchitectural organization of  neurons he observed in 
the cerebral cortex using the Nissl method of  cell staining. 
Brodmann published his maps of  cortical areas in humans, 
monkeys, and other species in 1909 (Figure 7), along with 
many other findings and observations regarding the general 
cell types and laminar organization of  the mammalian cortex 
(65).

Similar, but more detailed cortical map was published 
by Constantin von Economo (66) (Austrian psychiatrist and 
neurologist of  Romanian origin) and Georg N. Koskinas 
in 1925. Many Broadmann areas have been associated with 
brain functions (67). 

For example, Brodmann areas 3, 1 and 2 are the 
primary somatosensory cortex, area 4 is the primary motor 
cortex, area 17 is the primary visual area, and areas 41 and 42 
correspond closely to primary auditory cortex. 

Higher order functions of  the association cortical areas 
are also consistently localized to the same Brodmann areas 
by functional imaging and other methods.

However, building the brain map just on the anatomical 
landmarks exhibited on neuroimaging is not a reliable 
source because neuroanatomy and cortical functions are 
just partially associated. The real localization of  brain areas 
with their wholly functional patterns representation requires 
high-resolution MRI that enables the visualization of  the 
differences between intracortical myelin density and some 
myeloarchitectonic features specific for certain brain area 
(Cajal-Retzius stripes) (68).

In a number of  cases, brain areas are organized into 
topographic maps, where adjoining bits of  the cortex 
correspond to adjoining parts of  the body. A simple example 
of  this type of  correspondence is the primary motor cortex 
or primary somatosensory cortex – representing the motor, 
respectively, sensory homunculus (69).

In 2016, a new map based on brain scans data 
collected by the Human Connectome Project was released 
by Matthew F. Glaser and David C. Van Essen. (Figure 8) 
These scientists created the map using a semi-automated 
analysis of  high-quality neuroimaging that included 180 
areas, representation of  cortical thickness, myelin tracts and 
functional connectivity (70). This task was realized using 
tfMRI, architectural modalities of  cortical thickness, T1w/
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/T2w myelin maps, and resting-state-based visuotopic 
maps. To build the representation of  an area, they selected 
multiple modality maps, drew an initial trajectory of  a 
specific border, and then adjusted using the others modalities 
maps71. The results were validated according to an average 
correspondence of  the localization of  brain areas, yet the 
brain regions differ between people. Other scientists built 
the human Brainnetome Atlas (72), a pioneering-work which 
aims to identify the areas of  the entire brain. This atlas 
contains around 210 cortical and 36 subcortical subregions. 
This mapping provides biologically plausible brain fine-
grained parcellation revealing some subdivisions never 
discussed before.

An impediment in building the brain map could be the 
association (73) between regional brain activity and transient 
emotional states. Esslen et al (74) presents that there are a 
few brain structures that are both involved in brain cognition

 such as temporal cortex – involved in 
memory but also happiness and sadness or anterior 

cingulate cortex – involved in attention 
but also in depression and emotional regulations. 

Thus, literature presents that a better brain computational 
organization is obtained when analyzing non-emotional tasks 
such as motility than emotion-involving tasks such as speech.

Moreover, studies (75,76) have reported that not only 
that emotional word processing is

prioritized to neutral words when persons are aware 
of  these words, but also that there are specific parts of  the 
brain – in addition to the usual language centers - that report 
increase of  the neuronal activity in case of  emotional words 
such as dorsomedial prefrontal cortex and anterior cingulate 
cortex. However, this situation is somehow avoided when 
analyzing the motility which is less emotional related.

Brain mapping is far more impactful than we have ever 
thought before. By comparing patterns between normal 
and abnormal brains, scientist today could have a better 
management of  the evolution of  the disorders. Such an 
example is the management of  Alzheimer’s Disease (77) 
when by providing special information about the extent and 
trajectory of  the disease. The most studied parts in AD may 
be considered to be hippocampus and entorhinal

cortex, however there are still other different brain 
parts like temporal, posterior cingulate and precuneal cortex 
which report progressively atrophy as the disease advances.

MODERN BRAIN INVESTIGATIONS

Brain investigations include a wide range of  methods 
that are used in diagnosis and treatment of  brain diseases. 
The development of  these technologies have led over time 
to considerable achievements in neurosurgery, neurology, 
psychiatry and other areas related to cerebral domain.

CT (Computed Tomography) plays an important 
role in nowadays practice especially in the treatment and 
investigations of  trauma and SAH patients. From its origins 
in 1972, Nobel award ceremony in 1979 (Hounsfield with 
Cormack), CT suffered a long-way of  developments - 
from the slow-scan time and artefact-problem caused by 
movement or breathing in spiral scanner CT to large areas 
gathered by a single shot and faster acquisition in multislice 
CT (78). While the spiral scanners use only one single row of  
detectors to pick up the x ray, multislice scanners use 8 active 
rows of  detectors.

DSA (Digital Subtraction Angiography) is an 
emerging technology (79), widely use in the diagnostic 
of  arterial diseases and injuries, by combining digital data 
collection and computer

processing to obtain vascular images. With DSA 
doctors could analyse the patency of  the vessels, find arterial 
insufficiency. The disadvantage may be the invasive nature.

MRI (Magnetic Resonance Imaging) provides 
3 types of  data: cortical regions (T1/T2 flair), structural 
connectivity (Diffusion Tensor MRI) and functional 
connectivity (resting- state fMRI). While T1/T2 flair are 
used on a daily basis in neurosurgery, the other 2 types of  
MRI are used more for building the neural networks within 
the brain (DT MRI) or in brain mapping. DT MRI (80) could 
detect the developmental or aging pathologies in CNS that 
influence the neural architecture by analysing the abnormal 
distribution of  water within the tissue

fMRI (functional Magnetic Resonance Imaging) 
bases its functionality on the analysis of  oxygen (81) 
consumption and metabolic activity. fMRI brings life to the 
anatomic structures, evaluating the basal and higher functions 
in different neurological diseases and also the behaviour of  
cerebral structures under drug administration. Other types 

Figure 7. Mapping of  the brain areas depicted by Korbinian Brodmann in 

1909. Source: Liu, Y. et al. What Strikes the Strings of  Your Heart? - Multi-Label 

Dimensionality Reduction for Music Emotion Analysis via Brain Imaging. IEEE 

Trans. Auton. Ment. Dev. 7, 176–188 (2015).

Figure 8. New brain map released in 2016 using multi modal parcellation. 

Source: Glasser, M. The Human Connectome Project: Progress and Prospects. 

Cerebrum Dana Forum Brain Sci. 2016, 1–16 (2016).
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of  investigations that could be performed are: PET, 
DTI, TMS.

PET (Positron Emission Tomography) is an 
investigations focused on the detection of  photons 
elimination released when radionuclides produce positrons 
that suffer annihilation with electrons. PET could detect the 
malignancy in brain before the appearance of  macroscopic 
alterations visible with CT or MRI, based on the analysis of  
abnormal brain metabolic activity (82).

DTI (Diffusion Tensor Imaging) (Figure 9) analyses 
the microstructure (83) of  white matter tracks by the 
diffusion pattern of  water molecules. 

Thus, the image captured are furthered displayed in 
a MRI projection and certain injuries could be localized at 
axonal level. However, this brain investigation seems to have 
the disadvantage for not being so accurate in mild lesions, 
not being able to distinguish very clearly between the lesions 
and normal brain structure. Another important aspect is 
that DTI analyses not just the interested tracks but also the 
surrounding tracks which may be unaffected thus leading to 
false negative results.

TMS (Transcranial Magnetic Stimulation) is an 
important investigation (84) in a way that by stimulating 
one scalp region, this brain area found under the scalp 
could further lead to motor-evoked potential (MEP) 
on electromyography, examining the corticospinal tract 
functionality. Contrary to TMS, rTMS (repetitive TMS) can 
increase or decrease the excitability of  the cortical neurons 
playing an important role in the treatment of  neurological 
and psychiatric disorders.

BRAIN NEUROPLASTICITY AND 
NEURORECOVERY

Neuroplasticity can be defined as the ability of  the brain 
to adapt and modify its structure according to experience and 
significant stimuli. Understanding this process could mark 
a major step for clinicians and researchers willing to treat 
several neurodegenerative and neurological disorders. In our 
review, we were looking on the factors that influence this 
ability, describing the direct impact on the cortical sensory 
areas, and how neuroplasticity could lead to brain recovery.

One important factor in neuroplasticity is age, 
specifically the critical periods, defined as the periods of  
time when specific sensitive functions develop promptly. 
In case of  vision, Wiesel and Hubel (85) reported that 
occlusion of  one eye in the first hours of  infants could lead 
to contralateral eye dominance in children. Regarding the 
other senses, language is accurately analysed today in terms 
of  critical periods. Even though, the language process is not 
developed as a whole at once, it is important to mention that 
researches marked specific periods of  time when aspects 
of  language are developed. Vocabulary (86), for example, is 
developed throughout life, while syntax and phonology at 
the age at which the baby is exposed to the verbal stimuli. 
Moreover, babies experience something called perceptual 
shift, a process that occurs between 6 and 12 months. By 
this process, the neural representations of  specific and used 
sounds are strengthened, while non-important surrounding 

stimuli are neglected.

Critical periods have been encountered also in olfaction 
(87). Even though are few studies in this area, one important 
(88) done in 2007 mentioned that the first 3 hours after 
birth may be essential for developing olfactory memory. 
The study suggests that infants may memorise the trace of  
the stimulus for 3 days. Also, there are reported in literature 
some important aspects about the relationship between 
mothers and babies based on olfaction critical periods in the 
first hours of  life.

Neuroplasticity equilibrium in brain is based on 
excitatory and inhibitory processes (89).

Studies reported that an alteration of  these processes 
cause a various of  disabilities in learning, memory and 
cognition. Such an example could be the over-activation of  
GABAergic receptors (90) during daily phases which are 
responsible for the inhibition of  

neuroplasticity, found also in neurological degenerative 
disease. Administration of  GABAergic solutions in 
accordance with the maximum activation CNS during day 
could lead to destabilisation of  learning. Other situation in 
which GABAergic reactions are involved in the reactivation 
of  monocular dominance in adults when one eye is deprived 
of  the vision, situation that is usually seen only in infants.

Regarding the importance of  excitatory synapses in 
neuroplasticity, studies have reported that antagonists of  
NMDA receptor lead to schizophrenia (91), especially by 
affecting the memory and cognition. A major reduction 
of  synaptophysin (92) in pyramidal neurones of  prefrontal 
cortex could lead to a disruption of  the normal synaptic 
transmission, an important pathological aspect in 
schizophrenia.

Traumatic brain lesions could lead to numerous cortical 
impairments affecting the good functioning of  the entire 
body. However, based on specific studies today it is well-
known that neuroplasticity plays one of  the most important 
roles in recovering (93,94). Such example has been reported 
in the literature for the motor impairment in case of  animals 
and humans, when repeated tasks drives neuromodulation 
and synaptogenesis to stimulate functional recovery (95). 
Brain recovery is dependent on the time phase of  the 
intervention. Studies (96,97) reported that early interventions 

Figure 9. Four brain segments are tracked using tractography. Source: 

Ramayya, A. G., Glasser, M. F. & Rilling, J. K. A DTI investigation of  neural 

substrates supporting tool use. Cereb. Cortex 20, 507–516 (2010).
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Studies (96,97) reported that early interventions may 
be better than the latter, however, the efficiency of  these 
intervention depends on the induced spreading of  new 
dendrites and axons.

Therapy-induced neuroplasticity (98)  is  an  important  
approach  towards  treating brain

injured patients, because it allows to evaluate whether 
any behavioural change is caused by the therapy. Such 
a situation could be encountered in post-stroke aphasic 
patients, who need not only to recover from the stroke but 
also to be reintegrated into society as the majority of  those 
who suffered from this are under 65 years. Constraint-induced 
aphasia therapy (99) is just an example of  the bunch of  the 
therapies that exist today and that have been demonstrated 
to gain significant improvements over time. The main aspect 
of  this therapy represents the constraints

– aphasic patients often tend to use non-verbal 
communication, which in CIAT is maximally silenced in 
favour of  verbal communication by using language games 
with specific rules that may hinder usage of  verbal commands 
(100).

Moreover, brain stimulation should be realized in 
accordance with the personality of  the person. Thus, 
music (101) or dance (102) could be alternative options, for 
enhancing the correlations between several neural network 
with rehabilitative potential.

NEUROGENESIS

Neurogenesis is the process (103) by which nervous 
cells are formed from the neural stem cells in all species of  
animals. Neurogenesis is most active during the embryonic 
period of  life, however it continues over time in several places 
in body. The central nervous system is derived from the 
neural tube, that will later generate neurons when a certain 
number of  nerve cells is achieved. Neurons do not form 
neural circuits after the development of  axons and dendrites. 
Otherwise, infant neurons have to migrate long distances to 
their final destinations and then develop neural circuitry.

Comparing different species of  animals, it seems like 
that the mechanisms of  cerebral cortex expansion based on 
a protracted neurogenesis, while the deposit of  neurons is 
amplified (104).

The rate of  neurogenesis depends on several factors 
such as molecular and genetic components. Many of  them are 
related to Notch signaling pathway (105,106). Neurogenesis 
varies in time from species to species; literature reporting that 
brain neurogenesis occurs also at birth (107) and postnatally 
- subventricular zone (SVZ) of  the lateral ventricles (108) 
and the dentate gyrus of  the hippocampus (114). New-born 
neurons could be found also in the olfactory bulb where their 
life-span seems to be influenced by the olfactory sensory 
inputs, studies suggesting that deprivation of  olfaction lead 
to a decrease in this new-born cells (115). These new-born 
neurons are originated from the astrocytes of  the SVZ, 
then transformed into neuroblasts and finally into neurons 
which migrate towards the olfactory bulb. In case of  CNS 
lesions, neural stem cells from subventricular zone migrate 
in the affected areas and are metamorphosed into astrocytes 

which exhibit a protection role (110). Moreover, SVZ 
sustains the development of  oligodendrocyte, making it a 
center for directional migration (112). Besides this traditional 
areas, literature presents also more other sites such as the 
neocortex, piriform cortex, striatum, amygdala, medial 
preoptic area which exhibit adult neurogenesis (113).

From the proliferative stage of  neurogenesis, 
human brain goes further to the differentiated divisions, 
one important key-role being played by the epigenetic 
modifications as DNA methylation (111). This differentiation 
can be seen as a fate restriction-based mechanism – firstly 
spatial limitation, then temporal limitation (109).

The role of  adult neurogenesis is widely-discussed. 
Neurogenesis found in hypothalamus seems to have several 
important roles. Neurogenesis in the arcuate nucleus and 
median eminence seems to play a role in metabolism and 
weight regulation, while formation of  new neurons in 
ventromedial and arcuate nuclei may have an important 
role in sexual activity (116). Neurogenesis in the other parts 
of  the brain such as hippocampus have an important role 
in spatial memory, working memory and learning (117). 
Other cognitive functions such as behavioral inhibition - the 
process during which animals are halting whatever they are 
doing in order to reassess a situation in response to a threat – 
seems to be affected as a result of  the disruption of  normal 
cell proliferation in the hippocampus. The lesioned-animals 
show more defensive responses to potentially threats even 
though these are not real at all (118).

Regarding the involvement of  neurogenesis in 
Alzheimer’s disease (121), decrease of  neurons density was 
remarked in patients, especially in the regions CA1 and CA3 
(122).

Transplantation of  neural stem cells to the hippocampus 
improves memory in patient with AD, when coupled with 
production of  growth factors such as IGF-1119 – molecule 
with important anti-inflammatory, anti-apoptotic and 
synapse formation properties. The importance of  IGF-1 
in neurogenesis was also highlighted in treatment of  spinal 
cord injury patients, when associated with treadmill training 
better results were exhibited in the IGF-1 group than in the 
traditional treatment group (120). Besides the impact in AD, 
altered neurogenesis in the islands of  Calleja – aggregation 
of  granular cells in the ventral striatum – could lead to 
schizophrenia. The mechanism involves dysfunction of  D3 
receptors and high accumulation of  dopaminergic molecules 
in striatum (123).

FUTURE/ARTIFICIAL INTELLIGENCE

In simple terms, artificial intelligence (AI) (124) refers 
to systems or machines that mimic human intelligence, 
to perform various activities and which can be iteratively 
improved based on the information they collect. AI refers 
more to processes and functionalities for extraordinary data 
thinking and analysis than to a particular format or function. 
Even with increased technological investments, in medicine, 
AI will not replace humans, but rather make contributions 
to human health-care delivery (125). AI has different aspects 
and applications such as machine learning, deep learning, 
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natural language processing, physical robots, robotic 
process automation (126).

Machine learning refers to a complex system of  
processes that predicts the result based on a data set 
consisted by millions of  data points (127). Comparative to 
the classical statistical modelling, machine learning works 
with huge mass of  data, modern efficient algorithms and 
greater computational power. A big volume of  data fits 
better with deep learning or neural 

networks which is a complex form of  machine learning 
working as an artificial representation of  brain structure and 
functionality (128).

Artificial neural networks (ANN) are composed by 
nodes, which are widely distributed 

and interconnected. Each network has 3 characteristics: 
node character, network topology and networks rules, which 
refers to how signals are processed into the node, how 
nodes are structured and how the weights of  inputs are 
adjusted to obtain a minimum of  error (129). After being 
multiplied by connection weight or coefficients, the inputs 
are accumulated and transferred via a transfer function to 
obtain the desired result (130). Thus, the inputs are firstly 
captures by the superficial layers of  data processing which 
send information further to deep nodes of  the network via 
feedforward (131) or feedbacks regulations, while between 
these the input and output layers are found one or more 
hidden strata responsible for data synthesis.

Fixing the coefficients is an important step in order 
to reduce the error between the outputs and the targets of  
the network. This is realized by training the ANNs through 
a mass of  known input-target pairs with the aim to find a 
general rule of  processing the data (132).

Information which come into the artificial brain 
could easily be classified as labeled or unlabeled. Labeled 
information is usually an association of  two items such as the 
picture with its tag and is part of  a great process – supervised 
learning. The other learning paradigm involves unsupervised 
learning, which means that unlabeled information is deeply 
processed based on mathematical annotations of  similarities 
and labeled them into different categories. Computers are 
looking for similar sequences which are comprised into 
ethograms – examples: mating, feeding, sleeping(133).

Recently, scientist tried to improve ANNs by adding 
artificial re-enforcement learning, process based on the 
rewarding system. Combining these two produced great 
results especially in video games, poker, chess and multiplayer 
contests (134). However, it seems that for brains, information 
processing is easier than to computers and is realized via 
some simple “proto concepts”(135) that are inherently 
encoded in humans and guide the progressive acquisition of  
complex concepts.

One specific application of  AI is natural language 
processing (NLP) that refer to the ability of  computers 
to comprehend human language. NLP include speech 
recognition, text analysis, translation and other processes 
that need to transform language into a data form (136). 

In healthcare, NLP can produce, understand clinical 
documentation, prepare reports and conduct conversational 
AI, especially in chronic disease such as circulatory diseases, 

neoplasms and metabolic diseases where clinical 
notes – letters, clinical narratives dominate over structured 
notes(137).

In the next years, experts indicate massive interest and 
investment in AI, especially in medicine where is estimated 
an investment of  $6.6 billion by 2021 (138). Ultimately, all of  
these findings take on a science fiction aspect with possible 
application in medicine and improvement of  the quality of  
life based on the rapid establishment of  diagnosis and better 
treatment management.

CONCLUSIONS

All these cumulated data about the structural and 
functional aspects of  the brain shows that this specific 
complex organ has no limits at all. On the basis of  cerebral 
activity and functionality of  the whole body lays an ordered, 
well-established and equilibrated neuronal activity. Negative 
factors that are the primary causes of  diseases are smoking, 
stress, alcohol and sugar. Healthy alimentation, alkaline 
water, fresh air, resting sleep are favorable factors that help 
human live full-filled lives.

Abbreviations:

RSN – resting-state nework; 
tfMRI - Task-based functional magnetic resonance 

imaging; 
AD – Alzheimer’s Disease; 
SAH – subarachnoid hemorrhage; 
WA - Wernicke's area; 
DSA - Digital Subtraction Angiograph; 
PET - Positron Emission Tomography;
 DTI - Diffusion Tensor Imaging; 
TMS - transcranial magnetic stimulation; 
MEP - motor-evoked potential; 
CIAT - Constraint-induced aphasia therapy; 
NLP - natural language processing; 
AI – Artificial Intelligence; 
ANN - Artificial neural networks;

Disclaimer: No conflict of  interest; all the authors 
have an equal contribution; Original paper. Financial self-
supported. 



_____________________________

A.V. Ciurea et al   11

REFERENCES

1.	 Breitenfeld, T., Jurasic, M. J., & Breitenfeld, D. Hippocrates: The 
forefather of neurology.
Neurological Sciences, (2014); 35(9), 1349–1352.
2.	 Stefanou, M. I.: The footprints of neuroscience in Alexandria 
during the 3rd-century BC: Herophilus and Erasistratus. Journal of Medical 
Biography, (2018); 0(0), 1–9.
3.	 Talamonti, G., D’Aliberti, G., & Cenzato, M. (2019). Aulus Corne-
lius Celsus and the Head Injuries. World Neurosurgery.
4.	 Adams, Z. M., & Fins, J. J.: Penfield’s ceiling: Seeing brain injury 
through Galens eyes.
Neurology, (2017). 89(8), 854–858.
5.	 Pevsner, J.: Review Leonardo da Vinci’s studies of the brain. The 
Lancet, (2019); 393(10179), 1465–1472
6.	 Tubbs, R. S., Loukas, M., Shoja, M. M., Apaydin, N., Ardalan, M. 
R., Shokouhi, G., & Oakes, W. J.: Costanzo Varolio (Constantius Varolius 
1543–1575) And The Pons Varolli. Neurosurgery, (2008); 62(3), 734–737
7.	 Parent, A.: Franciscus Sylvius on Clinical Teaching, Iatrochemis-
try and Brain Anatomy. Canadian Journal of Neurological Sciences / Journal 
Canadien Des Sciences Neurologiques, (2016); 43(04), 596–603
8.	 Arráez Aybar, L.-A., Navia-Álvarez, P., Fuentes-Redondo, T., & 
Bueno-López, J.-
L.: Thomas Willis, a pioneer in translational research in anatomy (on 
the 350th anniversary of Cerebri anatome). Journal of Anatomy, (2015); 
226(3), 289–300.
9.	 Pessoa, L., & Hof, P. R.: From Paul Broca’s great limbic lobe to 
the limbic system. Journal of Comparative Neurology, (2015); 523(17), 
2495–2500.
10.	 Hagner, M.: The Electrical Excitability of the Brain: Toward the 
Emergence of an Experiment. Journal of the History of the Neurosciences, 
(2012); 21(3), 237–249
11.	 Ormerod, W.: Richard Caton (1842–1926): pioneer electrophysi-
ologist and cardiologist.
Journal of Medical Biography, (2006); 14(1), 30–35.
12.	 Pearce, J. M. S. Von Frey’s pain spots. Journal of Neurology, Neu-
rosurgery & Psychiatry, (2006); 77(12), 1317–1317.
13.	 Fodstad, H. The Neuron Theory. Stereotactic and Functional 
Neurosurgery, (2001); 77(1-4), 20–24
14.	 Bennett, M. R.: The early history of the synapse: from Plato to 
Sherrington. Brain Research Bulletin, (1999); 50(2), 95–118.
15.	 Jones, E. G. Neuroanatomy: Cajal and after Cajal. Brain Research 
Reviews, (2007); 55(2), 248–255.
16.	 Rubin, R. P. The Vogt family: Creators of diverse paths for women 
in biological research.
Journal of Medical Biography, (2017); 25(4), 252–260.
17.	 Paré, W. P. Pavlov as a psychophysiological scientist. Brain Re-
search Bulletin, (1990); 24(5), 643–649
18.	  Toodayan, N. Professor Alois Alzheimer (1864 – 1915): Lest we 
forget. Journal of Clinical Neuroscience, (2016); 31, 47–55.
19.	 Zilles, K. Brodmann: a pioneer of human brain mapping—his 
impact on concepts of cortical organization. Brain, (2018); 141(11), 
3262–3278.
20.	 Schott, G. D.: Penfield’s homunculus: a note on cerebral cartog-
raphy. Journal of Neurology, Neurosurgery & Psychiatry, (1993); 56(4), 
329–333. 
21.	 Pascual, J. M., Prieto, R., & Mazzarello, P. Sir Victor Horsley: 
pioneer craniopharyngioma surgeon. Journal of Neurosurgery, (2015); 
123(1), 39–51.
22.	 Doyle, N. M., Doyle, J. F., & Walter, E. J. The life and work of 
Harvey Cushing 1869– 1939: A pioneer of neurosurgery. Journal of the 
Intensive Care Society, (2016); 18(2), 157–158.
23.	 Corsello, A., Di Dalmazi, G., Pani, F., Chalan, P., Salvatori, R., & 
Caturegli, P. Walter E. Dandy: his contributions to pituitary surgery in the 
context of the overall Johns Hopkins Hospital experience. Pituitary, (2017); 
20(6), 683–691
24.	 Costea, C. F., Turliuc, D. M., Sava, A., Dumitrescu, G. F., Cucu, A. 
I., Patraşcanu, E., Trandafir, D., Turliuc, Ş. Fedor Krause (1857-1937): the 
father of German neurosurgery. Romanian Neurosurgery, (2016); 30(2), 
241–247.
25.	 Brunon, J. Aux origines de la neurochirurgie française. Neuro-
chirurgie. 2016; 62(3), 119–127.
26.	 Riesz, P. B. The life of Wilhelm Conrad Roentgen. American Jour-
nal of Roentgenology.
1995; 165(6), 1533–1537.
27.	 Solberg, T. D., Siddon, R. L., & Kavanagh, B. (2012). Historical De-
velopment of Stereotactic Ablative Radiotherapy. Medical Radiology, 9–35.
28.	 Wesolowski, J. R., & Lev, M. H. CT: History, Technology, and Clini-
cal Aspects. Seminars in Ultrasound, CT and MRI. 2005; 26(6), 376–379.
29.	 Singhal, T., Okun, M., Portnow, L., & Vaillancourt, D.: The history 

of cerebral PET scanning: From physiology to cutting-edge technology. 
Neurology. 2013; 81(14), 1275– 1275.
30.	 Macchia, R. J., Termine, J. E., & Buchen, C. D. Raymond V. Da-
madian, M.D.: Magnetic Resonance Imaging and the Controversy of the 
2003 Nobel Prize in Physiology or Medicine. The Journal of Urology. 2007; 
178(3), 783–785.
31.	 Tew, J. M. M. Gazi Yasargil: Neurosurgery’s Man of the Century. 
Neurosurgery. 1999; 45(5), 1010–1014.
32.	 Roberts, D. W., Strohbehn, J. W., Hatch, J. F., Murray, W., & Ketten-
berger, H. A frameless stereotaxic integration of computerized tomographic 
imaging and the operating microscope. Journal of Neurosurgery. 1986; 
65(4), 545–549.
33.	 Chayer, C., & Freedman, M. Frontal lobe functions. Current Neu-
rology and Neuroscience Reports. 2001; 1(6), 547–552
34.	 Dixon, M. L., Thiruchselvam, R., Todd, R., & Christoff, K. Emotion 
and the prefrontal cortex: An integrative review. Psychological Bulletin. 
2017; 143(10), 1033–1081.
35.	 Miller, E. K., & Cohen, J. D. An Integrative Theory of Prefrontal 
Cortex Function.
Annual Review of Neuroscience. 2001; 24(1), 167–202.
36.	 Fuster, J. M. Frontal lobes. Current Opinion in Neurobiology. 
1993; 3(2), 160–165.
37.	 Skipper, J. I., Goldin-Meadow, S., Nusbaum, H. C., & Small, S. L. 
Speech-associated gestures, Broca’s area, and the human mirror system. 
Brain and Language. 2007; 101(3), 260–277.
38.	 Maravita, A., & Romano, D. The parietal lobe and tool use. The 
Parietal Lobe, Handbook of Clinical Neurology. 2018; (1st ed., Vol. 151), 
481–498.
39.	 Whitlock, J. R. Posterior parietal cortex. Current Biology. 2017; 
27(14), R691–R695.
40.	 Amalnath, Sd., Kumar, S., Deepanjali, S., & Dutta, T. Balint syn-
drome. Annals of Indian Academy of Neurology. 2014; 17(1), 10.
41.	 Bayley, P. J., & Squire, L. R. The medial temporal lobe and declar-
ative memory.
International Congress Series. 2003; 1250, 245–259.
42.	 Binder, J. R. Current Controversies on Wernicke’s Area and its 
Role in Language.
Current Neurology and Neuroscience Report. 2017; 17(8).
43.	 Maddula, M., Lutton, S., & Keegan, B. Anton’s syndrome due to 
cerebrovascular disease: a case report. Journal of Medical Case Reports. 
2009; 3(1), 9028.
44.	 Lech, R. K., & Suchan, B. The medial temporal lobe : Memory and 
beyond. Behavioural Brain Research. 2013; 254, 45–49.
45.	 Khan, Z. U., Martín-Montañez, E., & Baxter, M. G. Visual percep-
tion and memory systems: from cortex to medial temporal lobe. Cellular 
and Molecular Life Sciences, 2011; 68(10), 1737–1754.
46.	 Cauchoix, M., Crouzet, S. M., Fize, D., & Serre, T. Fast ventral 
stream neural activity enables rapid visual categorization. NeuroImage. 
2016; 125, 280–290.
47.	 DiCarlo, J. J., Zoccolan, D., & Rust, N. C. How Does the Brain Solve 
Visual Object Recognition? Neuron. 2012; 73(3), 415–434.
48.	 Schallmo, M.-P., Kassel, M. T., Weisenbach, S. L., Walker, S. J., 
Guidotti-Breting, L. M., Rao, J. A., et al. A new semantic list learning task to 
probe functioning of the Papez circuit. Journal of Clinical and Experimental 
Neuropsychology. 2015; 37(8), 816–833.
49.	 Rivera-Rivera, L. A., Schubert, T., Turski, P., Johnson, K. M., 
Berman, S. E., Rowley, H. A., et al. Changes in intracranial venous blood flow 
and pulsatility in
Alzheimer’s disease: A 4D flow MRI study. Journal of Cerebral Blood Flow & 
Metabolism. 2016; 37(6), 2149–2158.
50.	 Alosco, M. L., & Hayes, S. M. Structural brain alterations in heart 
failure: a review of the literature and implications for risk of Alzheimer’s 
disease. Heart Failure Reviews, 2015; 20(5), 561–571.
51.	 Sah, P., Faber, E. S. L., Lopez De Armentia, M., & Power, J. The 
Amygdaloid Complex: Anatomy and Physiology. Physiological Reviews. 
2003; 83(3), 803–834.
52.	 Ressler, K. J. Amygdala Activity, Fear, and Anxiety: Modulation by 
Stress. Biological Psychiatry. 2010; 67(12), 1117–1119.
53.	 Gallagher, M., & Chiba, A. A. The amygdala and emotion. Current 
Opinion in Neurobiology. 1996; 6(2), 221–227.
54.	 Tang, Y., Nyengaard, J. R., De Groot, D. M. G., & Gundersen, H. J. G. 
Total regional and global number of synapses in the human brain neocor-
tex. Synapse. 2001; 41(3), 258– 273.
55.	 Von Bartheld, C. S., Bahney, J., & Herculano-Houzel, S. The search 
for true numbers of neurons and glial cells in the human brain: A review 
of 150 years of cell counting. Journal of Comparative Neurology. 2016; 
524(18), 3865–3895.
56.	 Nedergaard, M., Ransom, B., & Goldman, S. A. New roles for 
astrocytes: Redefining the functional architecture of the brain. Trends in 
Neurosciences. 2003; 26(10), 523–530.



_____________________________
12     Research and Clinical Medicine, 2020, Volume IV, Issue I

57.	 Hofman, M. A. Evolution of the human brain: when bigger is 
better. Frontiers in Neuroanatomy. 2014; 8.
58.	 Glasser, M. F., Goyal, M. S., Preuss, T. M., Raichle, M. E., & Van 
Essen, D. C. (2014). Trends and properties of human cerebral cortex: Cor-
relations with cortical myelin content. NeuroImage, 93, 165–175.
59.	 Miller, E. K. The prefontral cortex and cognitive control. Nature 
Reviews Neuroscience. 2000; 1(1), 59–65.
60.	 Van den Heuvel, M., Mandl, R., & Hulshoff Pol, H. Normalized Cut 
Group Clustering of Resting-State fMRI Data. PLoS ONE. 2008; 3(4), e2001.
61.	 Colizza, V., Flammini, A., Serrano, M. A., & Vespignani, A. Detect-
ing rich-club ordering in complex networks. Nature Physics. 2006; 2(2), 
110–115.
62.	 Rakic, P. (2007). The radial edifice of cortical architecture: From 
neuronal silhouettes to genetic engineering. Brain Research Reviews, 
55(2), 204–219.
63.	 He, Z. (2019). Cellular and Network Mechanisms for Temporal 
Signal Propagation in a Cortical Network Model. Frontiers in Computation-
al Neuroscience, 13.
64.	 Gerstner, W., Kreiter, A. K., Markram, H., & Herz, A. V. M. (1997). 
Neural codes: Firing rates and beyond. Proceedings of the National Acade-
my of Sciences, 94(24), 12740– 12741.
65.	 Zilles, K., & Amunts, K. (2010). Centenary of Brodmann’s map — 
conception and fate.
Nature Reviews Neuroscience, 11(2), 139–145.
66.	 Kaya, Y., Uysal, H., Akkoyunlu, G., & Sarikcioglu, L. (2015). Con-
stantin von Economo (1876–1931) and his legacy to neuroscience. Child’s 
Nervous System, 32(2), 217–220
67.	 Geyer, S., Weiss, M., Reimann, K., Lohmann, G., & Turner, R. 
(2011). Microstructural Parcellation of the Human Cerebral Cortex – From 
Brodmann’s Post-Mortem Map to in vivo Mapping with High-Field Magnet-
ic Resonance Imaging. Frontiers in Human Neuroscience, 5, 1-7.
68.	 Amunts, K., & Zilles, K. (2015). Primer Architectonic Mapping of 
the Human Brain beyond Brodmann. Neuron, 88(6), 1086–1107.
69.	 Roux, F.-E., Djidjeli, I., & Durand, J.-B. (2018). Functional archi-
tecture of the somatosensory homunculus detected by electrostimulation. 
The Journal of Physiology, 596(5), 941–956.
70.	 Van Essen D. C., Glasser, M. (2016). The Human Connectome 
Project: Progress and Prospects. Cerebrum: The Dana Forum on Brain 
Science, 1–16.
71.	 Essen, D. C. Van, & Glasser, M. F. (2018). Review Parcellating Ce-
rebral Cortex : How Invasive Animal Studies Inform Noninvasive Mapmak-
ing in Humans. Neuron, 99(4), 640–663.
72.	 Fan, L., Li, H., Zhuo, J., Zhang, Y., Wang, J., Chen, L., et al. (2016). 
The Human Brainnetome Atlas: A New Brain Atlas Based on Connectional 
Architecture. Cerebral Cortex, 26(8), 3508–3526.
73.	 George, M.S., Ketter, T.A., Parekh, P.I., Horwitz, B., Herscovitch, P., 
Post, R.M., Brain activity during transient sadness and happiness in healthy 
women. (1995). American Journal of Psychiatry, 152(3), 341–351.
74.	 Esslen, M., Pascual-Marqui, R. ., Hell, D., Kochi, K., & Lehmann, D. 
(2004). Brain areas and time course of emotional processing. NeuroImage, 
21(4), 1189–1203.
75.	 Straube, T., Sauer, A., & Miltner, W. H. R. (2011). Brain activa-
tion during direct and indirect processing of positive and negative words. 
Behavioural Brain Research, 222(1), 66–72.
76.	 Hoffmann, M., Mothes-Lasch, M., Miltner, W. H. R., & Straube, T. 
(2014). Brain activation to briefly presented emotional words: Effects of 
stimulus awareness. Human Brain Mapping, 36(2), 655–665.
77.	 Apostolova, L. G., & Thompson, P. M. (2007). Brain mapping as a 
tool to study neurodegeneration. Neurotherapeutics, 4(3), 387–400.
78.	 Goldman, L. W. (2007). Principles of CT and CT Technology. 
Journal of Nuclear Medicine Technology, 35(3), 115–128.
79.	 Wang, L., & Zhang, G. (2012). Use of digital subtraction angiog-
raphy for assessment of digital replantation. Journal of Zhejiang University 
SCIENCE B, 13(3), 209–212.
80.	 Alexander, A. L., Lee, J. E., Lazar, M., & Field, A. S. (2007). Diffu-
sion tensor imaging of the brain. Neurotherapeutics, 4(3), 316–329.
81.	 Yousaf, T., Dervenoulas, G., & Politis, M. (2018). Advances in MRI 
Methodology.
International Review of Neurobiology (1st ed., Vol. 141).
82.	 Kapoor, V., McCook, B. M., & Torok, F. S. (2004). An Introduction 
to PET-CT Imaging.
RadioGraphics, 24(2), 523–543.
83.	 Mori, S., & Zhang, J. (2006). Principles of Diffusion Tensor Im-
aging and Its Applications to Basic Neuroscience Research. Neuron, 51(5), 
527–539.
84.	 Klomjai, W., Katz, R., & Lackmy-Vallée, A. (2015). Basic principles 
of transcranial magnetic stimulation (TMS) and repetitive TMS (rTMS). 
Annals of Physical and Rehabilitation Medicine, 58(4), 208–213.
85.	 Carlson, M., Hubel, D. H., & Wiesel, T. N. (1986). Effects of mon-
ocular exposure to oriented lines on monkey striate cortex. Developmental 

Brain Research, 25(1), 71–81
86.	 White, E. J., Hutka, S. A., Williams, L. J., & Moreno, S. (2013). 
Learning, neural plasticity and sensitive periods: implications for language 
acquisition, music training and transfer across the lifespan. Frontiers in 
Systems Neuroscience, 7.
87.	 Kennedy, W. P., Lewis, C. P., Stow, J., & Sobol, S. E. (2016). A Criti-
cal Period in Postnatal Neuroplasticity of Olfaction. JAMA Otolaryngology–
Head & Neck Surgery, 142(2), 127.
88.	 Romantshik, O., Porter, R., Tillmann, V., & Varendi, H. (2007). 
Preliminary evidence of a sensitive period for olfactory learning by human 
newborns. Acta Paediatrica, 96(3), 372–376.
89.	 Baroncelli, L., Braschi, C., Spolidoro, M., Begenisic, T., Maffei, L., & 
Sale, A. (2011). Brain Plasticity and Disease: A Matter of Inhibition. Neural 
Plasticity, 1–11.
90.	 Heller, H. C., Ruby, N. F., Rolls, A., Makam, M., & Colas, D. (2014). 
Adaptive and pathological inhibition of neuroplasticity associated with 
circadian rhythms and sleep. Behavioral Neuroscience, 128(3), 273–282.
91.	 Balu, D. T. (2016). The NMDA Receptor and Schizophrenia. 
Advances in Pharmacology, 351–382.
92.	 Glantz, L. A. (1997). Reduction of Synaptophysin Immunoreac-
tivity in the Prefrontal Cortex of Subjects With Schizophrenia. Archives of 
General Psychiatry, 54(10), 943.
93.	 Shah, P. P., Szaflarski, J. P., Allendorfer, J., & Hamilton, R. H. 
(2013). Induction of neuroplasticity and recovery in post-stroke aphasia by 
non-invasive brain stimulation. Frontiers in Human Neuroscience, 7.
94.	 Sharma, N., Classen, J., & Cohen, L. G. (2013). Neural plasticity 
and its contribution to functional recovery. Neurological Rehabilitation (1st 
ed., Vol. 110).
95.	 Clayton, E., Kinley-Cooper, S. K., Weber, R. A., & Adkins, D. L. 
(2016). Brain stimulation: Neuromodulation as a potential treatment for 
motor recovery following traumatic brain injury. Brain Research, 1640, 
130–138.
96.	 Paolucci, S., Antonucci, G., Grasso, M. G., Morelli, D., Troisi, E., 
Coiro, P., & Bragoni,
M. (2000). Early versus delayed inpatient stroke rehabilitation: A matched 
comparison conducted in Italy. Archives of Physical Medicine and Rehabili-
tation, 81(6), 695–700.
97.	 Coleman, E. R., Moudgal, R., Lang, K., Hyacinth, H. I., Awosika, 
O. O., Kissela, B. M., & Feng, W. (2017). Early Rehabilitation After Stroke: a 
Narrative Review. Current Atherosclerosis Reports, 19(12).
98.	 Berthier, M. L., & Pulvermüller, F. (2011). Neuroscience insights 
improve neurorehabilitation of poststroke aphasia. Nature Publishing 
Group, 7(2), 86–97.
99.	 Pulvermuller F, Neininger B, Elbert T, Mohr B, Rockstroh B, 
Koebbel P, et al. Constraint-induced therapy of chronic aphasia after stroke. 
Stroke. 2001; 32(7): 1621– 1626.
100.	 Zhang, J., Yu, J., Bao, Y., Xie, Q., Xu, Y., Zhang, J., & Wang, P. (2017). 
Constraint- induced aphasia therapy in post-stroke aphasia rehabilitation: 
A systematic review and meta-analysis of randomized controlled trials. 
PLOS ONE, 12(8), e0183349.
101.	 Leonardi, S., Cacciola, A., De Luca, R., Aragona, B., Andronaco, 
V., Milardi, D., et al (2017). The role of music therapy in rehabilitation: 
improving aphasia and beyond. International Journal of Neuroscience, 
128(1), 90–99.
102.	 Patterson, K. K., Wong, J. S., Prout, E. C., & Brooks, D. (2018). 
Dance for the rehabilitation of balance and gait in adults with neurological 
conditions other than Parkinson’s disease: A systematic review. Heliyon, 
4(3), e00584.
103.	 Darnell, D., & Gilbert, S. F. (2016). Neuroembryology. Wiley 
Interdisciplinary Reviews: Developmental Biology, 6(1), e215
104.	 Poluch, S., & Juliano, S. L. (2013). Fine-Tuning of Neurogenesis is 
Essential for the Evolutionary Expansion of the Cerebral Cortex. Cerebral 
Cortex, 25(2), 346–364.
105.	 Zhang, R., Engler, A., & Taylor, V. (2017). Notch: an interactive 
player in neurogenesis and disease. Cell and Tissue Research, 371(1), 
73–89.
106.	 Ho, D. M., Artavanis-Tsakonas, S., & Louvi, A. (2019). The Notch 
pathway in CNS homeostasis and neurodegeneration. Wiley Interdisciplin-
ary Reviews: Developmental Biology, (April), 1–16.
107.	 Noctor, S. C., Scholnicoff, N. J., & Juliano, S. L. (1997). Histogene-
sis of ferret somatosensory cortex. The Journal of Comparative Neurology, 
387(2), 179–193.
108.	 Zhao, C., Deng, W., & Gage, F. H. (2008). Mechanisms and Func-
tional Implications of Adult Neurogenesis. Cell, 132(4), 645–660.
109.	 Stricker, S. H., & Götz, M. (2018). DNA-Methylation: Master or 
Slave of Neural Fate Decisions? Frontiers in Neuroscience, 12.
110.	 Bohrer, C., & Schachtrup, C. (2016). ID(ealizing) control of adult 
subventricular zone neural stem/precursor cell differentiation for CNS 
regeneration. Neurogenesis, 3(1), 1–9.
111.	 Paridaen, J. T., & Huttner, W. B. (2014). Neurogenesis during 



_____________________________

A.V. Ciurea et al   13

during development of the vertebrate central nervous system. EMBO 
Reports, 15(4), 351–364.
112.	 Doetsch, F. (2003). A niche for adult neural stem cells. Current 
Opinion in Genetics & Development, 13(5), 543–550.
113.	 Lieberwirth, C., Pan, Y., Liu, Y., Zhang, Z., & Wang, Z. (2016). Hip-
pocampal adult neurogenesis: Its regulation and potential role in spatial 
learning and memory. Brain Research, 1644, 127–140.
114.	 Christian, K. M., Ming, G., & Song, H. (2019). Adult neurogenesis 
and the dentate gyrus: predicting function from form. Behavioural Brain 
Research, 112346.
115.	 Lledo, P.-M., & Valley, M. (2016). Adult Olfactory Bulb Neurogen-
esis. Cold Spring Harbor Perspectives in Biology, 8(8), a018945.
116.	 Yoo S, Blackshaw S. Regulation and function of neurogenesis in 
the adult mammalian hypothalamus. Prog Neurobiol. 2018;170:53–66.
117.	 Abrous, D. N., & Wojtowicz, J. M. (2015). Interaction between 
Neurogenesis and Hippocampal Memory System: New Vistas. Cold Spring 
Harbor Perspectives in Biology, 7(6), a018952.
118.	 Cameron, H. A., & Glover, L. R. (2015). Adult Neurogenesis: 
Beyond Learning and Memory. Annual Review of Psychology, 66(1), 53–81.
119.	 McGinley, L. M., Sims, E., Lunn, J. S., Kashlan, O. N., Chen, K. S., 
Bruno, E. S., et al (2016). Human Cortical Neural Stem Cells Expressing 
Insulin-Like Growth Factor-I: A Novel Cellular Therapy for Alzheimer’s 
Disease. STEM CELLS Translational Medicine, 5(3), 379–391.
120.	 Hwang, D. H., Park, H. H., Shin, H. Y., Cui, Y., & Kim, B. G. (2018). 
Insulin-like Growth Factor-1 Receptor Dictates Beneficial Effects of Tread-
mill Training by Regulating Survival and Migration of Neural Stem Cell 
Grafts in the Injured Spinal Cord. Experimental Neurobiology, 27(6), 489.
121.	 Li, J., Han, Y., Li, M., & Nie, C. (2019). Curcumin Promotes Prolif-
eration of Adult Neural Stem Cells and the Birth of Neurons in Alzheimer’s 
Disease Mice via Notch Signaling Pathway. Cellular Reprogramming, 21(3), 
152–161.
122.	 Padurariu, M., Ciobica, A., Mavroudis, I., Fotiou, D., Baloyannis, S. 
(2012). Hippocampal neuronal loss in the CA1 and CA3 areas of Alzhei-
mer's disease patients. Psychiatria Danubina. 24. 152-8.
123.	 Inta, D., Meyer-Lindenberg, A., & Gass, P. (2010). Alterations in 
Postnatal Neurogenesis and Dopamine Dysregulation in Schizophrenia: A 
Hypothesis. Schizophrenia Bulletin, 37(4), 674–680.
124.	 Hamet, P., & Tremblay, J. (2017). Artificial intelligence in medi-
cine. Metabolism, 69, S36–S40.

125.	 Jiang F, Jiang Y, Zhi H, et al. Artificial intelligence in healthcare: 
past, present and future. Stroke Vasc Neurol. 2017;2(4):230–243.
126.	 Davenport, T., & Kalakota, R. (2019). The potential for artificial 
intelligence in healthcare. Future Healthcare Journal, 6(2), 94–98.
127.	 Nichols, J. A., Herbert Chan, H. W., & Baker, M. A. B. (2018). 
Machine learning: applications of artificial intelligence to imaging and 
diagnosis. Biophysical Reviews.
128.	 Meskó, B., Hetényi, G., & Győrffy, Z. (2018). Will artificial intelli-
gence solve the human resource crisis in healthcare? BMC Health Services 
Research, 18(1).
129.	 Zou J, Han Y, So SS. Overview of artificial neural networks. Meth-
ods Mol Biol. 2008; 458:15–23.
130.	 Agatonovic-Kustrin, S., & Beresford, R. (2000). Basic concepts of 
artificial neural network (ANN) modeling and its application in pharma-
ceutical research. Journal of Pharmaceutical and Biomedical Analysis, 
22(5), 717–727.
131.	 Huang, S. H., & Endsley, M. R. (1997). Providing understanding 
of the behavior of feedforward neural networks. IEEE Transactions on 
Systems, Man and Cybernetics, Part B (Cybernetics), 27(3), 465–474.
132.	 Bertolaccini, L., Solli, P., Pardolesi, A., & Pasini, A. (2017). An 
overview of the use of artificial neural networks in lung cancer research. 
Journal of Thoracic Disease, 9(4), 924–931.
133.	 Gris, K. V., Coutu, J.-P., & Gris, D. (2017). Supervised and Unsu-
pervised Learning Technology in the Study of Rodent Behavior. Frontiers in 
Behavioral Neuroscience, 11.
134.	 Botvinick, M., Ritter, S., Wang, J. X., Kurth-Nelson, Z., Blundell, C., 
& Hassabis, D. (2019). Reinforcement Learning, Fast and Slow. Trends in 
Cognitive Sciences, 23(5), 408–422.
135.	 Ullman, S. (2019). Using neuroscience to develop artificial intel-
ligence. Science, 363(6428), 692–693.
136.	 Chary, M., Parikh, S., Manini, A., Boyer, E., & Radeous, M. (2018). 
A Review of Natural Language Processing in Medical Education. Western 
Journal of Emergency Medicine, 20(1), 78–86.
137.	 Sheikhalishahi, S., Miotto, R., Dudley, J. T., Lavelli, A., Rinaldi, F., & 
Osmani, V. (2019). Natural language processing of clinical notes on chronic 
diseases: Systematic review. Journal of Medical Internet Research, 21(5), 
1–18.
138.	 Ahuja AS. The impact of artificial intelligence in medicine on the 
future role of the physician. PeerJ. 2019; 7: e7702.


