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A B S T R A C T

Recent advances in knowledge relating to the organization of neural circuitry in the human brain have increased
understanding of disorders involving brain circuit asymmetry. These asymmetries, which can be measured and
identified utilizing EEG and LORETA analysis techniques, may be a factor in mental disorders.

New treatments involving non-invasive brain stimulation (NIBS), including trans-cranial magnetic stimula-
tion, direct current stimulation and vagal nerve stimulation, have emerged in recent years. We propose that EEG
identification of circuit asymmetry geometries can direct non-invasive brain stimulation more specifically for
treatments of mental disorders. We describe as a narrative review new NIBS therapies that have been developed
and delivered, and suggest that they are proving effective in certain patient groups. A brief narrative of influence
of classical and operant conditioning of neurofeedback on EEG coherence, phase, abnormalities and Loreta’s
significance is provided. We also discuss the role of Heart rate variability and biofeedback in influencing EEG co-
relates. Clinical evidence is at an early stage, but the basic science evidence and early case studies suggest that
this may be a promising new modality for treating mental disorders and merits further research.

1. Introduction

In 2010 the National Institute of Mental Health launched its
Research Domain Criteria (RDoC) in response to the recognition that
clinical diagnostic categories in psychiatry fail to align with findings in
neuroscience and thus slow the development of new treatments tar-
geted to underlying pathophysiological mechanisms (Insel, 2010). The
RDoC approach conceptualizes psychiatric disorders as due to faulty
brain circuits which can be identified via the tools of neuroscience,
yielding biosignatures to guide clinical management.

This current paper aims to deliver a narrative review to help con-
tribute to this innovative, neuroscience-based approach to improving
outcomes in psychiatric disorders by reviewing key lines of current
evidence regarding neuronal connectivity and cortical asymmetry to

develop the clinical approach we described as EEG guided neuroplastic
restructuring into a conceptual proposal of direct relevance to clinical
treatment.

Evidence from animal studies suggests that some cortical systems
can undergo plastic reorganization. Modulation of afferent input to the
cortical areas represents at least one factor that determines the type of
reorganization observed (Merzenich et al., 1984; Merzenich and
deCharms, 1996). The human brain is a complex network. It consists of
spatially distributed, but functionally linked regions that continuously
share information with each other (vanden Heuvel and Sporns, 2011).
It is generally accepted that to better understand the functioning of a
network, one must know its elements and their interconnections
(Sporns, 2014a). Thus the characterization of brain connectivity is ne-
cessary to increase the understanding of how functional brain states
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emerge from their underlying structural substrate and how neurons and
neural networks process information. Moreover, this approach can
provide new mechanistic insights to understand the correspondence
between structural disruption and the consequent changes in brain
functioning (Sporns et al., 2005).

Normal brain function depends on the optimal performance of the
integrated components of both long and short-term connectivity of
neurons through out the brain (Catani et al., 2013; Park and Friston,
2013). The requirement for the brain to process both immediate and
segregated short-term information (millisecond time frame) while also
integrating this information into a coherent global model over a life-
time presents a complex problem for neuroplastic systems (Buzsaki,
2006).

Brain connectivity refers to a pattern of anatomical links (“anato-
mical connectivity”), of statistical dependencies (“functional con-
nectivity”) or of causal interactions (“effective connectivity”) between
distinct units within a nervous system. The units correspond to in-
dividual neurons, neuronal populations, or anatomically segregated
brain regions. The connectivity pattern is formed by structural links
such as synapses or fibre pathways, or it represents statistical or causal
relationships measured as cross-correlations, coherence, or information
flow. Neural activity, and by extension neural codes, are constrained by
connectivity. Brain connectivity is thus crucial to elucidating how
neurons and neural networks process information (Sporns, 2007). The
dynamics of brain connectivity involve the development of complex
network connection systems that can both maintain an appropriate
level of integrity of synaptic connection and at the same time express
neuroplastic properties in response to the constant change of environ-
mental stimulus (Beck, 2013a,b; Bowyer, 2016). These network con-
nection systems are categorized as Structural, Functional and Effective
Connectivity (Friston et al., 1993; Greenblatt et al., 2012; Sakkalis,
2011) and are summarized in Table 1.

The discovery of neural organizational features such as functional
MRI resting-state (RS-fMRI) networks (Damoiseaux et al., 2006) and
functional hubs (Zalesky et al., 2011) has been instrumental in dee-
pening our understanding of both normal and abnormal brain function
including the concept of asymmetric cortical activity (Beck, 2013a).
These asymmetries, which can also be measured and identified utilizing
EEG and LORETA analysis techniques, may be a factor in mental dis-
orders. EEG identification of circuit asymmetry geometries can be uti-
lized to direct non-invasive brain stimulation more specifically for
treatments of mental disorders.

1.1. Resting state networks

It was noted more than a decade ago that spontaneous Blood-
oxygen-level dependent (BOLD) contrast imaging signal fluctuations
are temporally correlated (or coherent) between brain regions of si-
milar functionality (Biswal et al., 1995; Fox and Raichle, 2006). RS-
fMRI allows the measurement of functional brain connectivity as ex-
pressed by synchronization of neural activity across different brain re-
gions (Biswal et al., 1995; Friston et al., 1993). A mounting number of
studies (Biswal et al., 1995; Damoiseaux et al., 2006) investigating
spontaneous neural activity within resting brains identified

synchronous fluctuations within anatomically separated regions. The
view that coherencies in resting fluctuations represent functional
resting-state networks linked to underlying neuronal modulations is
consistent with the appearance of these coherencies within cortical gray
matter areas of known functional relevance (Damoiseaux et al., 2006).

Moreover, support for a possible neuronal basis of resting-state fMRI
signals comes from the observation that most of the resting-state pat-
terns tend to occur between brain regions that overlap in both function
and neuroanatomy (Biswal et al., 1995; Damoiseaux et al., 2006; van
den Heuvel et al., 2008). Taken together, more and more studies are in
support of a neuronal basis of the resting-state fMRI signal. The resting
state can be used to determine several components of cortical asym-
metry such as coherence analysis, and several metric ratios that are
useful clinically.

1.2. Network analysis

Recently, new advances in resting state (RS) analysis techniques
have shown the possibility of examining the overall structure of the
brain network with high levels of spatial detail, using graph analytical
methods, thus providing new valuable insights in how the human brain
operates. Graph theory provides a theoretical framework in which the
topology of complex networks can be examined, and can reveal im-
portant information about both the local and global organization of
functional brain networks (Bullmore and Sporns, 2009). The graph
model of the brain is an abstract structure used to represent pair-wise
relations between interregional ensembles of neuronal elements, re-
ferred to as nodes (or hubs). These pair-wise relations, or links, can be
either of functional origin and represent coherent physiological activity
between neuronal ensembles, or they can be of a structural origin and
represent anatomical connections formed by white-matter fibre tracts
(Zalesky et al., 2011).

Occasionally, neuroplastic activity and the resultant changes in
connectivity lead to asymmetric functional levels in cortical projection
networks. This lowers the threshold for asymmetrical dysfunction, a
critical level of imbalance of activity or arousal levels between one
cortical hemisphere and the other, which can then result in a type of
functional disconnect syndrome (Leisman and Ashkenazi, 1980; Stroka
et al., 1973). The critical level at which this functional disconnect first
becomes symptomatic from a clinical perspective seems to be in-
dividually specific. The symptomatic presentation of functional dis-
connection syndrome often manifests as a reflection of the area where
the disconnection occurs but the symptom presentation may be com-
plicated when diaschisis produces symptoms which may cause confu-
sion as to the actual source of the disconnect. Diaschisis is a neurolo-
gical term indicating a sharp modulation (inhibition/excitation) in
activity at a site that is distant from a site of injury but is anatomically
connected with it through fiber tracts. For example, prefrontal injury
has been shown to lead to abrupt decreases in blood flow to the con-
tralateral cerebellum and vice versa. Diaschisis can extend beyond focal
lesions and include the possibility that disrupted molecular signaling
pathways can interrupt long-distance guidance of neural circuit re-
finement.

Functional disconnection has been demonstrated in a range of

Table 1
Modes of Connectivity in the human brain.

Structural Connectivity (Fiber pathways) Structural connectivity is based on detection of the fiber tracts that physically connect the regions of the brain. These are the
anatomical network maps that indicate possible pathways that the signals can travel on in the brain (Le Bihan et al., 2001;
Wedeena et al., 2008).

Functional Connectivity (Statistical
Correlations)

Functional connectivity identifies activity in brain regions that have similar frequency, phase and/or amplitude of correlated
activity. These areas may be involved in the resting state (i.e. task independent) or higher order information processing (i.e. task
dependent) that is required for sensory responses, motor responses and intellectual or emotional processing (Towle et al., 2007).

Effective Connectivity (Information Flow) Effective connectivity uses the functional connectivity information and then determines the direct or indirect influence that one
neural system may have over another, more specifically the direction of the dynamic information flow in the brain (Bowyer,
2016; Cabral et al., 2014; Horwitz, 2003).
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psychiatric conditions including attention deficit disorder and attention
deficit hyperactivity disorder (Melillo and Leisman, 2004), autism
(Leisman and Melillo, 2009), and depression (Henriques and Davidson,
1991). It could also present as asymmetric control of the autonomic
nervous system, immune system dysfunction, and asymmetric mod-
ulation of sensory perception while impacting on cognitive, learning,
and emotional processes (Davidson and Hugdahl, 1995). The dis-
connection can be hypo-functional or hyper-functional in nature
(Table 2).

There is some evidence that many of the most common psychiatric
conditions may involve some form of identifiable brain network and/or
processing dysfunction, including schizophrenia, autism spectrum dis-
orders, depression and obsessive compulsive disorder (OCD) (Insel,
2010; Zalesky et al., 2011; Cocchi et al., 2012; Fornito et al., 2012).

The availability of non-invasive techniques has prompted neu-
roscientists to characterize the wiring diagram of the human brain
(Sporns, 2005). These efforts have led to a number of multi-centric
projects aiming at depicting the “human connectome”. The main one is
the Human Connectome Project (HCP) (http://www.
humanconnectomeproject.org/), led by Washington University,
University of Minnesota, and Oxford University (the WU- Minn HCP
consortium). The aim of this and other similar projects is to compre-
hensively map the human brain circuitry in a target number of 1200
healthy adults using resting-state fMRI, diffusion imaging, task-related
fMRI, magnetoencephalography and electroencephalography (MEG/
EEG). In addition, behavioral data will be related to brain circuits to
characterize individual differences in cognition, perception, and per-
sonality. Studies of the human connectome have provided a means to
delineate subtypes of psychiatric disorders based upon neurobiology, to
characterize the neural basis of specific symptoms, and to monitor the
brain’s response to treatment, as well as defining neural markers of
illness (Filippi et al., 2013; Fornito et al., 2015; Scale et al., 2015).

The size and the attention received by these initiatives result from
the realization that examining the brain as an integrative network of
anatomically and functionally interacting brain regions can provide
new insights about large-scale neuronal communication. It provides a
platform to examine how cerebral connectivity and information in-
tegration relates to human behavior and how this organization may be
altered in several diseases (Bullmore and Sporns, 2009) (Fig. 1).

Indeed, it is becoming increasingly recognized that many behavioral
manifestations of neurological and psychiatric diseases are not solely
the result of abnormality in one isolated region but represent alterations
in brain networks and connectivity (Beck, 2007; Fox et al., 2013). Thus,
the improved characterization of brain networks can have an enormous
relevance in discovering the basis of common disorders of the brain,
response to recovery from brain injury, individual differences, herit-
ability, normal development and aging.

While relying primarily on DTI and fMRI, a broad range of neu-
roimaging network analysis approaches to study brain connectivity
have been proposed. In the last few years, novel techniques and analysis
methods have enabled the examination of whole brain connectivity
patterns, enabling the in-vivo examination of functional and anatomical
connectivity on a whole-brain scale.

The six main anatomical modules included: the posterior cingulate,
the bilateral precuneus, the bilateral paracentral lobule, the unilateral

cuneus, the bilateral isthmus of the cingulate gyrus, the bilateral su-
perior temporal sulcus (Modified from Hagmann et al. (2008).

2. An overview of cortical asymmetry

The fact that the human brain functions in an asymmetric manner
has been well established in the literature (Geschwind and Levitsky,
1968; LeMay and Culebras, 1972; Galaburda et al., 1978; Falk et al.,
1991; Steinmetz et al., 1991). However, the exact relationship between
this asymmetric design and the functional control exerted by each
hemisphere remains controversial. A wide variety of systems may be
influenced by aberrant cortical asymmetry (Table 3).

3. Development of cortical imbalances through asymmetry

Afferent stimulation is gated through the brainstem and thalamus,
both of which are asymmetric structures, and indirectly modulated by
their respective ipsilateral cortices (Savic et al., 1994). Imbalances may
develop between the activation of one hemisphere and the other with a
number of different etiological pathways including aberrant patterns of
activation or arousal (Obrut, 1994), acute or chronic ablative lesions
(Kreisel et al., 2006; Murase et al., 2004; Leipert et al., 2000), asym-
metric afferentation excesses or deficits (Merzenich et al., 1983), inter
or intra hemispheric transmission imbalances (Brown et al., 1994;
Bastings et al., 2002), circulation deficits, diffuse axonal injury (con-
cussion), asymmetric neurotransmitter concentrations (Xu et al., 2005;
Hachinski et al., 1992) or asymmetric metabolic dysfunction. Neuro-
plastic changes may be maladaptive in cases of asymmetric cortical
stimulation or inhibition resulting in a chronic state of disequilibrium in
lateralized cortical systems. For example in stroke survivors ablative

Table 2
Key differences between the disconnection and hyperconnection syndromes.

Disconnection Syndrome Hyper-connection Syndrome

Hypo-connection or disconnection results in a slow inefficient transfer of information,
which results in incomplete or slow thought formation diminishing the relevance of
the systems’ output to the environmental input received.

Hyper-connection causes the same neuronal pathways to be excited or inhibited over
and over again which reduces the ability of the system to respond flexibly to altered
states of activity. This results in a functional projection system that becomes
functionally deficient, inflexible, debilitated, and incapable of reacting to
environmental stimuli effectively.

Fig. 1. Hagmann functional modules developed from Graph theory analysis. The six main
anatomical modules included: the posterior cingulate, the bilateral precuneus, the bi-
lateral paracentral lobule, the unilateral cuneus, the bilateral isthmus of the cingulate
gyrus, the bilateral superior temporal sulcus (Modified from Hagmann et al. (2008)).
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Table 3
Functional Effects of Cortical Asymmetry.

Cortical Asymmetry and Cardiac
Function

Functional hemispheric asymmetries have also been shown to exist with respect to
cortical control of cardiovascular function.

Lane and Jennings (1995), Lane et al. (1992)

The research suggests that asymmetries in brain function can influence the heart
through ipsilateral pathways. It is quite clear from the literature in this area that
stimulation or inhibition at various levels on the right side of the neuraxis results in
greater changes in heart rate, while increased sympathetic tone on the left side of the
neuraxis results in a lowered ventricular fibrillation threshold. This occurs because
parasympathetic mechanisms are dominant in the atria, while sympathetic
mechanisms are dominant in the ventricles.

Neurotransmitter Asymmetry Neurotransmitter asymmetries in the cortex have been discovered. Quite consistent
results have been reported in a number of studies that have suggested that
noradrenergic innervation, the biological substrate of arousal shows a clear right
hemispheric asymmetry.

Harrison (2015), Pearlson and Robinson (1981),
Neveu et al. (1991), Hachinski et al. (1992)

Several studies have also shown strong indications that the neurotransmitter serotonin
shows a right hemispheric dominance which may occur from birth as an inborn
feature of cortical function.

Tekes et al. (1988), Demeter et al. (1989), Arato
et al. (1991), Frecska et al. (1990)

The role of gating signals, such as acetylcholine, in the enhancement of cortical
plasticity (may also play a role in the development of asymmetric activation).

Bakin and Weinberger (1996), Cruikshank and
Weinberger (1996)

Hormonal Regulation and Cortical
Asymmetry

Cortical asymmetries have been documented with respect to hormonal regulation. Herrero et al. (2010), Wittling and Roschmann
(1993)

Cortisol secretion has been associated with the right hemisphere with predominance
of control demonstrated in this hemisphere during emotionally-related situations.

Wittling and Schweiger (1993)

Various studies have shown that right hemispheric chemical dominance was
associated with up-regulation of the hypothalamic-mediated isoprenoid pathway and
was more prevalent among individuals with various metabolic and immune disorders
including a high body mass index, various lung diseases including asthma and chronic
bronchitis, increased levels of lipid peroxidation products, decreased free radical
scavenging enzymes, inflammatory bowel disease, systemic lupus erythematosus
(SLE), osteoarthritis, and spondylosis. Left hemispheric chemical dominance was
associated with a down-regulated isoprenoid pathway and was more prevalent among
individuals with low body mass index, osteoporosis, and bulimia.

Wittling and Roschmann (1993)

Emotional Regulation and
Cortical Asymmetry

A number of functional MRI studies have indicated that cortical asymmetries may
exist when different emotional states are activated. The left frontal cortex appears to
be activated during the expression or experience of positive emotional states, whereas
the right frontal cortex seems to be activated during the expression or experience of
negative emotional states.

Grimshaw and Carmel (2014), Davidson (1988),
Davidson and Tomarken (1989), Leventhal and
Tomarken (1986)

The severity of symptoms in depression has been linked to the activation levels in the
left frontal cortex. Those patients with left frontal cortex lesions with sparing of the
right frontal cortex showed the most severe depressive symptoms.

Silberman and Weingartner (1986), Robinson et al.
(1984)

Immune regulation and Cortical
Asymmetry

Cortical asymmetry has also been shown to be important in immune regulatory
functions. Natural killer cell activity was significantly increased in human females
with extreme left frontal cortical activation when compared to females with extreme
right cortical frontal activation. The level of hemispheric activation in these women
was determined by electroencephalographic (EEG) determinants of regional alpha
power density. This measurement has been shown to be inversely related to emotional
or cognitive brain activation.

Sumner et al. (2011), Kang et al. (1991), Davidson
(1988)

A variety of animal studies have also provided direct evidence of the relationship
between cerebral asymmetry and immune system function. Partial ablation of the left
frontoparietal cortex in mice, which results functionally in relative right cortical
activation, resulted in decreased immune responses and partial right cortical ablation,
which would result functionally in a left cortical activation showed no change or a
reduced immune response.

Barneoud et al. (1987), Neveu (1988), Renoux et al.
(1983), Neveu et al. (1986)

Other studies have shown that the development of the lymphoid organs including the
spleen and thymus occurs with left cortical lesions, whereas increased development of
the spleen and thymus occurs with right cortical lesions and activation of T cells is
significantly diminished in lesions involving the left cortex and elevated with lesions
of the right cortex.

Renoux et al. (1983), Renoux and Biziere (1986),
Barneoud et al. (1988)

These findings indicate that T-cell-mediated immunity is modulated asymmetrically
by both hemispheres with each hemisphere acting in opposition to the other.
Increased activity of the left cortex seems to enhance the responsiveness of a variety of
T-cell-dependent immune parameters, whereas increased right cortical activity seems
to be immunosuppressive.
On the other hand, B-cell activity was found not to be affected by cortical activation
asymmetry.

LaHoste et al. (1989), Neveu et al. (1988)

Summarizing, it appears from the findings of the above studies that changes in
hemispheric activation because of either ablation of cortical areas or modulation in
physiological activation levels result in changes in immunological response activity.
Both hemispheres seem to be active in the modulation of immune response, with the
left hemisphere enhancing cellular immune responses and the right inhibiting those
responses. In addition, some evidence does suggest that the involvement of the right
hemisphere may not act directly on immune components but may modulate the
activity of the left hemisphere which does act directly to regulate immune function.

Renoux et al. (1983)
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injury to areas of cortex may result not only in disruption of functional
activities related to the site of the injury but also in a lack of inhibitory
projections to the contra-lateral hemisphere (Bozzali et al., 2012). This
sets into motion the chronic state of over excitation in the contra-lateral
hemisphere (Liepert et al, 2000; Murase et al., 2004). The chronic
disinhibition of the contra-lesional cortical area may result in a vicious
cycle in which the lesioned area experiences a chronic increased in-
hibition due to the over excitation of the contra-lesional site which in
turn inhibits the lesioned site to even greater degree.

4. Measuring cortical function

The human brain contains a vast network of connected pathways
that communicate through synchronized electric brain activity along
fibre tracts of variable lengths and speed. Synchronized activity within
these neuronal networks can be detected by magnoencephalography
(MEG) and electroencephalography (EEG) (Pfurtschellera and Lopes da
Silva, 1999) then imaged using a variety of formats including topo-
graphic and network connectivity analysis (Zalesky et al., 2011). Con-
nectivity analyses of the brain are performed to map out the commu-
nication networks needed for the brain to function (Bowyer, 2016).

To measure the complex patterns of brain activity tools are needed
with the appropriate temporal and spatial resolution. This task is not as
simple as it sounds because “appropriate resolution” varies with dif-
ferent types of analysis and utility expectation of the information. The
measurement tool must measure the particular activity we are inter-
ested in without interfering with it to any great extent.

Neurons function through the production of two fundamentally
different activities involving analogue (local field potentials) and digital
(action potentials) components (Buzsaki, 2006). Both of these activities
are continuously changing over time and involve multiple frequencies
and amplitudes. Therefore the perfect measurement tool would be able
to provide a time-frequency analysis algorithm that would provide a
perfect picture of all changes in all frequencies continuously over time
in whatever spatial dimension we choose to explore. All of the current
methods of measuring brain function involve a compromise between
the desired temporal and spatial resolution necessary for complete
analysis. The desired temporal resolution is in the order of the opera-
tion speed of the neuron system is in the millisecond time frame. The
desired spatial resolution varies between molecular interactions to
global brain activity depending on the processes being investigated. No
current method exists that can continually and instantaneously monitor
between global activity and molecular spatial scales (Buzsaki, 2006).
Obviously, the methods available at this time differ in their spatial and
temporal resolution, and none of them achieve the highest resolution in
both domains. For example what fMRI gains in spatial resolution it loses
in temporal resolution and visa versa for EEG. Quantitative electro-
encephalography (qEEG) has been shown to be a valid instrument in the
evaluation of a variety of components of cognitive function (Thatcher
et al., 2003, 2005). Computer-assisted EEG analysis and interpretation
offers multiple advantages over visual inspection of raw EEG tracings,
including the ability to derive measures, perform data transforms, and
identify subtle shifts in the types and patterns of EEG activity. Com-
monly used EEG metrics are summarized in Table 4.

Utilization of the EEG as a tool to measure brain function must take
into account that the scalp-measured frequency of the electrical energy
generated by groups of cortical neurons varies with:

i) The number of cortical neurons (i.e., as neurons are lost, the am-
plitude and therefore power of electrical energy recorded at the
scalp diminishes);

ii) The integrity of the thalamocortical circuits in which they partici-
pate (i.e., injury to and/or dysfunction of those circuits results in a
shift to slower frequencies recorded at scalp electrodes);

iii) The influence of ‘bottom-up’ activation from the reticular system
(i.e., with increases in reticular activating system activity, shifts

toward higher frequencies are observed, whereas decreases in the
activity of this system shifts cortical activity towards lower fre-
quencies).

Another way to measure cortical function is represented by MRI.
Mapping functional connectivity across the whole brain has revealed
several large-scale neural networks whose activity is relatively confined
when participants are in a resting state (i.e., not engaged in an active
task) (Bullmore and Sporns, 2009; Yeo et al., 2011). A growing body of
literature suggests that the topology of functional networks identified
with resting state fMRI (RS-fMRI) is correlated with patterns of neural
activity observed during the execution of various tasks (Biswal et al.,
1995; Greicius et al., 2003; Fox et al., 2006), suggesting that large-scale
neural networks isolated in a state of rest may represent a fundamental
property of brain organization (Fornito and Bullmore, 2010). In this
context, the use of graph theory has facilitated the characterization of
complex structures and dynamics supporting the optimal integration of
activity across widespread neural populations (Scale et al., 2015). In
essence, a graph is a mathematical representation of pair-wise relations
between distinct objects. Graphs encompass nodes, or vertices, and
lines defined as edges that connect them (Sporns et al., 2007; van den
Heuvel and Sporns, 2011). Combined with neuroimaging data, models
of the brain as a graph, or network, and the application of algorithms
assessing different properties of such a network, are emerging as a
powerful tool for understanding the modus operandi of the brain
(Rubinov and Sporns, 2010; Sporns, 2014a,b).

5. Balancing the brain: conceptual understanding

In recent years it has become clear that various forms of non-in-
vasive brain stimulation (NIBS), such as trans-cranial magnetic stimu-
lation (TMS), trans-cranial electrical stimulation (tES), and peripheral
sensory stimulation can modify ongoing brain activity (Scale et al.,
2015). This has led to a dramatic increase in both research and clinical
applications of various forms of non-invasive brain stimulation, with
the goal of improving asymmetry and hence abnormal brain function in
various conditions (Koch et al., 2011; Hummel et al., 2005; Hummel
and Cohen, 2006; Passard et al., 2007; Floel, 2014; Liew et al., 2014).
The rationale for the use of NIBS has been that if behavioral changes
arising from a clinical condition occur due to altered activity within a
given brain network, normalizing this activity with NIBS should lead to
improved brain function and behavioral response (Scale et al., 2015).
Such a rationale has motivated studies utilizing NIBS across a range of
clinical conditions, including, but not limited to, stroke (Grefkes and
Fink, 2014), schizophrenia (Frantseva et al., 2014), depression
(Fitzgerald et al., 2010; Fox et al., 2013), and obsessive-compulsive
disorder (Fitzgerald et al., 2010).

Our understanding of how local changes in brain activity can in-
fluence distant, but functionally related, brain regions has improved in
parallel with advances in various forms of brain imaging and brain
stimulation methods. For example, stroke patients with local brain le-
sions often have cognitive impairments that cannot be directly related
to the site of damage (Verdon et al., 2010). Further, many of the most
common psychiatric and neurological conditions, including depression,
obsessive-compulsive disorder and schizophrenia, are associated with
impaired integration of functionally-related neural networks (Insel,
2010; Menon, 2011; Filippi et al., 2013; Fornito et al., 2015).

The development and maintenance of functional projection systems
of the neuraxis is dependent on the central integrative state of the
neurons supporting the projection fibres of the system. The central in-
tegrative state of a neuron is the total integrated input received by the
neuron at any given moment and the probability that the neuron will
produce an action potential based on the state of polarization and the
firing requirements of the neuron to produce an action potential at one
or more of its axons. This is dependent to a large degree on the afferent
input and efferent output transmitted by the system. Changes in cortical
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activation can result from changes or attenuation of afferent informa-
tion arriving in the cortex from peripheral or subcortical structures. The
changes resulting from attenuation of the afferent input that are man-
ifested both morphologically and functionally in the cortex seem to also
occur at all levels within the projection system involved (Merzenich
et al., 1984). For instance changes in cortical somatotopic maps in cats
also show acute and chronic changes at the level of the spinal cord,
dorsal columns and the thalamus following nerve trans-section
(Dostrovsky and Millar, 1976; Millar et al., 1976). Similar findings have
also been found in monkeys (Merzenich et al., 1981; Merzenich et al.,
1983, 1984).

There is extensive evidence that alterations in motor activities
which involve both afferent and efferent projection systems can induce
structural and functional plasticity within the cortex, basal ganglia,
cerebellum and spinal cord in humans (Classen et al., 1998; De Zeeuw
and Yeo, 2005; Graybiel, 2005; Kelley et al., 2003). It has been de-
monstrated that novel movement performance induces changes in
cortical synaptic number, strength, and topography of cortical maps in
the projection systems and neural assemblies involved in the perfor-
mance of the movements (Montfils et al., 2005). Another study high-
lights the possibility of using peripheral sensory stimulation to induce
long lasting modulation of cortical activation and cortical motor output
(Ridding et al., 2001). Cortical representation of cranial nerves has also
been shown to modulate with alterations in afferent input. Hamdy et al.
(1998) reported an increase in excitation levels in the pharynx cortical
representation maps following short term (10 min) stimulation of the
pharynx. These changes lasted 30 min following the cessation of the
initial stimulus. In a similar study, Ridding et al. (2000) showed that
repetitive mixed nerve stimulation of the ulnar nerve increased the
excitability of the cortical projections to the hand muscles of the same
hand lasting at least 15 min longer than the stimulus. The rapid de-
velopment of these plastic changes suggests that the mechanism in-
volves unmasking or disinhibition of pre-existing weak (horizontal)
projections (Boroojerdi et al., 2001).

6. Balancing the brain: EEG targeted neuroplastic restructuring

In recent years, brain connectivity research has shifted the focus of
neurology and psychiatry from the study of local neural dysfunction to
the study of altered activity of widespread neural networks (Bassett and
Bullmore, 2009; Fornito and Bullmore, 2010; Bullmore and Sporns,
2012; Fornito et al., 2015). Such a paradigm shift calls for the devel-
opment of new treatment methods that focus on specific pathologies
associated with particular changes in the function of brain networks.
EEG guided neuroplastic restructuring enables the development and
clinical application of targeted system-level interventions, as opposed
to approaches that lack functional specificity and which are often ac-
companied by significant side-effects, such as some of the presently
available pharmacological interventions (Lambert and Castle, 2003).
Although conventional pharmacological interventions are in many

cases very effective at reducing symptoms of the disorder, some patients
do not gain the expected benefit from this approach. NIBS offers a novel
approach for reducing symptoms and restoring related brain activity.
Indeed it is reasonable to assume that the interaction between NIBS and
pharmacological interventions may reduce the effective dosage of the
latter. Future clinical investigations should focus on evaluating the ef-
ficacy of pharmacological versus NIBS, and whether these treatments
can be complementary in nature (Scale et al., 2015).

The generalized application of non-invasive stimulation, such as
transcranial magnetic stimulation (TMS) or transcranial direct current
stimulation (tDCS), has demonstrated some evidence of efficacy in the
treatment of epilepsy (Terra et al., 2013; DeGiorgio and Krahl, 2013)
stroke (DiLazzaro et al., 2013), attention deficit hyperactivity disorder
(Helfrich et al., 2012), tinnitus (Vanneste et al., 2013), headache
(Jurgens and Leone, 2013), aphasia (Shah et al., 2013), traumatic brain
injury (Bonnì et al., 2013), schizophrenia (Hasan et al., 2013), Hun-
tington’s disease (Berardelli and Suppa, 2013), pain (Andrade et al.,
2013), major depressive disorder, Tourette’s syndrome, dystonia, post-
traumatic stress disorder(PTSD) and obsessive-compulsive disorder
(Lozano and Lipsman, 2013).

The current status of the evidence into non-invasive brain stimula-
tion from a clinical perspective has been reviewed (Tracy and David,
2015). The strongest evidence base is for repetitive TMS in depression
although findings in randomised controlled trials are not consistent. A
systematic review and meta-analysis of rTMS in treatment resistant
depression (TRD) concluded that the treatment provides significant
benefits in short-term treatment studies. However, the relatively low
response and remission rates, the short durations of treatment, and the
relative lack of systematic follow-up studies suggest that further studies
are needed before rTMS can be considered as a first-line monotherapy
treatment for TRD (Lam et al., 2008). TMS is still not recommended in
the UK by the National Institute for Health and Clinical Excellence, but
has been recommended by the FDA in the US since 2008 and is also
used widely in Europe.

A recent meta-analysis has found that transcranial direct current
stimulation (tDCS) was an effective treatment for acute depressive
episodes compared to sham treatment and as effective as antidepressant
medication in primary care and also as effective as TMS. However the
effectiveness was negatively related to the level of treatment resistance
in depression (Brunoni et al., 2016).

At present most other NIBS interventions are at the stage of in-
novations with theoretical evidence in basic science research and some
case series evidence in open trials. There is a need for rigorous research
assessment, although the research methodology is challenging because
of the difficulty in blinding the treatment procedures and the estab-
lishment of a representative control population. Neuromodulation
therapies have also tended to be used for patients resistant to other
conventional treatments and not as a first line treatment strategy.
Nevertheless, the recent review by Tracy and David (2015) suggests
that there is potential for the development of significant new treatments

Table 4
Common EEG Metrics.

Spectral Analysis A measure of the frequency composition of the EEG over a given period
Absolute amplitude A measure of μV2/cycle/second within a frequency range or at each electrode
Coherence A frequency-specific quantitative measure for the similarity of two different signals i.e. between scalp electrodes. Applied

to electroencephalographic (EEG) measures, coherence can be interpreted as a quantitative measure of the degree of
functional connectivity between distinct brain regions (French and Beaumont, 1984; Yuvaraj et al., 2015). Previous studies
have applied coherence to the examination of functional changes associated with the performance of a perceptual or
cognitive task, and a coherence measure obtained from spectral EEG analysis is thought to be a useful technique in the
assessment of cognitive function and an indicator of neural network connectivity and dynamics (Thatcher et al., 2005;
Busk and Galbraith, 1975; Shaw et al., 1977; Gasser et al., 1987)

Phase relationships in the timing of activity between two channels and symmetry between homologous pairs of electrodes
Low resolution brain electromagnetic tomography

(LORETA)
LORETA is another functional imaging method based on electrophysiological and neuroanatomical constraints. LORETA
and its variants have been employed by many studies seeking to analyse spectral components of EEG activation (Pascual-
Marqui et al., 2002). LORETA also promises to be a useful method for the localization of neural generators in the study of
long-distance neural synchronization and in identifying asymmetries in cortical function (Pascual-Marqui et al., 1999).

R.W. Beck et al. Neuroscience and Biobehavioral Reviews 83 (2017) 21–31

26



involving neuromodulation techniques. There is also potential to eval-
uate the interaction between NIBS, psychological therapies and phar-
macotherapy.

In addition to its clinical utility, emerging evidence suggests that
peripheral afferent stimulation can also be used to optimize human
performance in healthy individuals (Meinzer et al., 2014; Ferreri and
Rossini, 2013), potentially by altering cortical plasticity (Ferreri and
Rossini, 2013). Interventions that are known to result in targeted cor-
tical neuroplastic change and which we suggest may therefore have
clinical utility across a range of disorders are summarized in Table 5.

7. Neurofeedback and learning theories

Brain activity assessed by electroencephalography (EEG) has been
demonstrated to respond to conditioning techniques.

Classical conditioning of learning procedure is when a biologically
potent stimulus is paired with a previously neutral stimulus (Pavlov,
1927).

The first studies of the influence of classical conditioning on the
brain using EEGs was in 1963 by Clemente and colleagues (Clemente
et al., 1963) who demonstrated in cats that the EEG synchronization
and behavioral manifestations of sleep could be conditioned with a tone
(conditioned stimulus) and basal forebrain stimulation (unconditioned
stimulus), where the conditioned stimulus eventually resulted in sleep
preparatory behavior (Sherlin et al., 2011). This was further studied
(Milstein, 1965) to demonstrate that the EEG is subject to learning
principles. There are still unresolved questions as to whether the EEG
results seen should be considered classical conditioning or simply re-
flect sensitization.

However classical conditioning does not explain all changes of be-
havior or the emergence of new behaviors. To address this gap the “law
of effect” of Thorndike was put out which stated, responses that

produce a satisfying effect in a particular situation become more likely
to occur again in that situation and responses that produce a dis-
comforting effect become less likely to occur again in that situation.
This was further improved on by Skinner to deliver the rules of Operant
conditioning.

Operant conditioning is a procedure that influences the response
frequency by providing specific stimuli immediately after a sponta-
neous response by animals including humans (Reynolds, 1975) and has
been recognized to be a core mechanism (Sakurai, 2014) in biofeedback
(Schwartz and Andrasik, 2016). Recent research models inspecting the
extension of the biofeedback mechanism to neural feedback have
shown research models of neural operant conditioning in animal ex-
periments and demonstrated that it is possible to change the firing
frequency and synchronous firing of local neuronal populations in a
short time period (Sakurai and Song, 2016). There has been demon-
stration that the neuronal populations activity changes dramatically in
response to rewards within a short time period. However these are
dependent on multiple issues such as neuron’s firing rate, inter neuron
synchrony and chosen reward method. A further limitation is changes
generated are only in the conditioned local neuronal population. Fur-
ther there is no evidence on the duration the change is retained for.
Sustainability of new learning remains a challenge (Sakurai and
Takahashi, 2013).

8. Heart rate variability biofeedback and cortical asymmetry

Heart rate variability (HRV) bio feedback has been shown as useful
tool to manage stress in various populations. HRV is regulated by neural
input from both the parasympathetic and sympathetic divisions of the
autonomic nervous system.

Emotional regulation and processing are considered to be influ-
enced by asymmetries between homologous frontal sites in the alpha

Table 5
Common Modalities Utilised in Neuroplastic Restructuring.

Modality Application Neuroplastic Effects

Unilateral Interferential Current (IF) Electrical stimulation of wrist extensor and flexor muscles Produce an activation pattern in the contralateral primary motor
cortex, primary somatosensory cortex and pre motor cortex,
ipsilateral cerebellum, bilateral secondary somatosensory cortex,
the supplementary motor area and anterior cingulate cortex.

Novel cerebellar/vestibular stimulation
in the form of Skilled Movement
Performance

motor training utilizing discrete movements across different
joints (i.e., hand, finger, legs) (Donoghue and Wise, 1982; Keller,
1993; Schieber, 2001). The coordinated activation of these
assemblies then encodes complex, multi-joint movements such as
reaching (Graziano, 2006).

Induction of structural, biochemical and functional adaptation
(“plasticity”) within several motor areas, including basal ganglia
(Conner et al., 2003; Graybiel, 2005; Kelley et al., 2003),
cerebellum (De Zeeuw and Yeo, 2005; Kliem and Wichmann, 2004;
Martino Cinnera et al., 2016), and red nucleus (Hermer-Vazquez
et al., 2004). Increases in protein synthesis, synaptogenesis, and
map reorganization within motor cortex represent a set of
coordinated neuronal changes that drive the acquisition and
performance of skilled movement.

Focused breathing We use breathing techniques in this study to increase blood
oxygenation and stimulation in various areas of the brain.

Brain activation during volitional control of breathing occurs in the
frontal, cortex in Brodmann areas 4 and 6 and in the parietal lobe
bilaterally in gyrus post-centralis and in the temporal lobe mainly
in Brodmann area 22 (Smejkal et al., 2000).

Unilateral superficial vibration Conscious awareness of tactile stimulation (vibration) applied to
the body surface

The left posterior parietal cortex processes information from
contralateral space while the right posterior parietal cortex
processes information from both spatial hemi-fields (Mesulam,
1981; Nobre and Plunkett 1997).

Listening therapy Mozart strings and piano compositions in a specific ear to
stimulate brain activity. (Schellenberg and Hallam, 2005).

Both The left and right hemispheres engaged in melodic perception
(pitch contour) and timbre. However, some specific abilities,
within these broad functions, in melodic perception, appear to
have reverse hemispheric dominance (Peretz and Morais, 1980;
Peretz et al., 1994) Broca’s and insular areas in the left hemisphere,
Poline and Mazoyer, 1994) Primary auditory areas (Liegeois-
Chauvel et al., 1991), via the superior temporal gyrus, which is an
auditory association area (Poline and Mazoyer, 1994; Zatorre
et al., 1992)

Trans-Cranial Direct Current (tDCS)
Application

Electrode application to the scalp and targeted positions based
on the 10/20 electrode placement system.

A wide variety of cortical and deep brain areas can be effected.
Depending on the stimulation parameters, cortical excitability can
be reduced (inhibited) or enhanced (facilitated) (Nitsche and
Paulus 2000, 2001).
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band (Davidson, 1998, 2004). Negative emotions are associated with
greater right frontal alpha asymmetry while the opposite is true for
greater left frontal asymmetries (Davidson, 1998, 2004). The parietal
cortex asymmetries, with relatively greater right alpha band activity,
are often thought to be stable over time and predictive for depression,
but inconsistent findings with parietal area suggest that such a factor as
arousal should be also taken into account in producing asymmetry in
this region (Kentgen et al., 2000). A recent study looking at the effect of
HRV biofeedback on EEG alpha symmetry as identified above has es-
tablished a good association of demonstrating a reduction of frontal
EEG asymmetry (F7/F8) and a shift towards greater alpha activity in
left parietal– occipital region (O1/O2; P3/P4) linked to decreased
clinical symptoms after biofeedback training (Dziembowska et al.,
2016) This thus raises some interesting areas to further explore.

EEG and LORETA analysis together with detailed neurological ex-
amination and clinical history can be used to determine locations of
dysfunction in the brain. Applying non-invasive techniques to correct
cortical dysfunction centers on the understanding of neuroanatomy,
neurophysiology, the application of the concepts of central integrative
state and neuroplasticity. We propose the potential clinical utility of a
number of non-invasive techniques that can be focused on identified
areas of dysfunction to stimulate or inhibit specific afferent projection
systems such as unique motor activities, specific application of sound
and visual stimuli, proprioceptive stimulation, vestibular stimulation
and a technique that directly modifies synaptic activity, trans-cranial
direct current (tDCs) as innovative and effective approaches to the re-
establishment of normal functional activity in these areas of dysfunc-
tion. We have several international multi-clinic projects in progress
applying these techniques in a clinical setting and we expect to be
following up this concept paper with the clinical results of these clinical
trials in the near future.

9. Conclusion

Our aim was to describe and discuss the how neuromodulation can
help in cortical asymmetry from a theoretical and contextual point of
view. We are looking to propose a novel clinical approach with a clear
understanding of the background evidence available to critically ap-
praise it using the methodology of a narrative review.

There is significant evidence that the brain often works in an
asymmetric fashion in order to produce accurate and efficient proces-
sing and integration of information. It also appears clear that if these
asymmetric processes become unbalanced they can result in unwanted
thoughts, actions and behaviors. The recognition and correction of
these aberrant cortical asymmetries in clinical practice offers the great
hope of improving the treatment of the neurological and psychiatric
disorders that arise as a result of these dysfunctional states.

We have proposed an innovative neuroplastic restructuring ap-
proach to the treatment of these disorders utilizing EEG imaging which
targets dysfunctional cortical areas utilizing a variety of different per-
ipheral stimulation techniques. This is a conceptually novel approach
that does not hinge on traditional diagnostic categories but rather fo-
cuses on identifying aberrant cortical activity for targeting treatment.
The treatment techniques proposed include unilateral interferential
current, unilateral joint mobilisation, unilateral superficial vibration,
novel cerebellar/vestibular stimulation, focused breathing, and lis-
tening therapy.

The treatment of most psychiatric and neurological conditions is
complex, expensive and frequently requires multimodal interventional
strategies. Furthermore, a large proportion of patients fail to respond to
current treatments. We present a novel clinical approach for the
treatment of psychiatric and neurological disorders that is consistent
with current neuroscientific evidence, non-invasive, testable and
therefore represents an important potential contribution to the under-
standing and treatment of mental disorders. Several international multi-
clinic projects are in progress applying these techniques in a clinical

setting and the clinical results of these clinical trials will be published in
the near future.
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