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Abstract: Electroencephalography (EEG) is a non-invasive diagnostic technique for recording brain
electric activity. The EEG source localization has been an area of research widely explored during
the last decades because it provides helpful information about brain physiology and abnormalities.
Source localization consists in solving the so-called EEG inverse problem. Over the years, one of
the most employed method for solving it has been LORETA (Low Resolution Electromagnetic
Tomography). In particular, in this review, we focused on the findings about the LORETA family
algorithms applied to high-density EEGs (HD-EEGs), used for improving the low spatial resolution
deriving from the traditional EEG systems. The results were classified according to their clinical
application and some aspects arisen from the analyzed papers were discussed. Finally, suggestions
were provided for future improvement. In this way, the combination of LORETA with HD-EEGs
could become an even more valuable tool for noninvasive clinical evaluation in the field of
applied neuroscience.
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1. Introduction

Brain imaging refers to several techniques which map the structure and functions of the brain,
used for investigations in cognitive neuroscience and for clinical applications. These techniques
include, among others, positron emission tomography (PET), single photon emission computer
tomography (SPECT), functional magnetic resonance imaging (fMRI), magnetoencephalography
(MEG) and electroencephalography. Imaging techniques differ according to several factors, such as
spatial and temporal resolution, invasiveness and cost [1]. In particular, EEG is a non-invasive
diagnostic tool which records the electrical signals, generated by neurons, from electrodes placed on
the head surface. For its non-invasiveness and its relatively low cost, over the years EEG has become
a powerful instrument successfully employed in different fields, such as neurosurgery, neurology,
and cognitive science. Because of its excellent temporal resolution, EEG is well-suited to analyze
the dynamics of brain functions; on the other hand, EEG has a modest spatial resolution. Recently,
high-density montages have been employed for recording the EEGs, in order to cope with this
limitation. The estimation of the localization of the sources generating the electric signals is a key
issue for diagnosing pathological conditions in the brain. The reconstruction of the distribution of the
current density starting from the EEG measurements is termed as EEG inverse problem [2]. During the
last two decades, LORETA (Low Resolution Electromagnetic Tomography) has been one of the most
employed algorithm for the brain source localization, turning out to be a promising tool in several
clinical fields. The objective of our work is to provide a review of the findings about this methodology,
classifying them according to their clinical application. In particular, we focused on the LORETA
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method applied to high-density EEGs, used for improving the low spatial resolution deriving from the
traditional EEG systems.

2. EEG

Electroencephalography (EEG) is a technique used for recording the brain electrical activity from
electrodes placed on the scalp. It was introduced by Hans Berger, who recorded the first human EEG
in 1929, and described for the first time the alpha and beta waves [3]. EEG measures the potentials
generated by large populations of neurons in the brain. The electrical activity can be spontaneous
or a consequence of the presentation of a stimulus or the execution of any task. In order to generate
a measurable EEG, a large number of simultaneously active neurons are needed. The electric potentials
generated by neurons can be represented by dipoles. The EEG signal recorded by a single electrode
does not arise only from the electrical activity of the regions underlying it—in fact, it detects the
contribution of all sources, due to the conductivity of the scalp and the tissues. Consequently, the use
of a realistic head model is fundamental to making EEG analysis more accurate [4]. EEG provides a
very high temporal resolution, in the order of milliseconds; otherwise, its spatial resolution is modest.

EEG pre-processing is a very important step in EEG signal analysis. The EEG is affected by
unwanted components, called artifacts, which can have a physiological origin (eye artifacts, muscle
artifacts) or derive from instrumentation (movement of cables, material used as a conductive gel
between the electrodes and the scalp). Then, after the signal acquisition, the various types of artifacts
have to be identified and removed by means of rejection methods based on automatic or visual
detection [5]. Another crucial issue concerns the reference electrode. As is known, the EEG consists
of a relative measurement, not an absolute one, because it detects the potential differences between
two points. The properties of the reference, determined by its physical position or by the calculation
method, affects the EEG measurements [6,7]. When a large number of electrodes is employed, it would
be advisable to use the average reference, according to which the signal of each electrode, acquired in
physical reference, is referred to a virtual value resulting from the average of the signals coming from
all the electrodes [8].

The two following subsections describe the most commonly used systems for the electrode
arrangement on the scalp.

2.1. Low-Density EEG

For years, the position of the electrodes on the head surface was set according to the International
10-20 System [9]. Electrode placement is based on four reference points on the head surface: the nasion,
the inion, and the left and right preauricular points. “10-20" refers to the distance between adjacent
electrodes, that is 10% or 20% of the length inion-nasion and left-right preauricular points. The use of
percentages instead of fixed distances allows to preserve the correspondence between the electrodes
and the underlying brain areas whatever the size of the head [10]. Each location site is associated with
letters and numbers. Fp, F, C, P and O denote the fronto polar, frontal, central, parietal and occipital
areas, respectively. Even numbers indicate the right hemisphere, odd numbers the left one, and “z”
identifies the midline (Figure 1). The maximum electrodes number is 21.

2.2. High-Density EEG

Over the years, the sampling of the scalp potential has been a matter broadly discussed by many
researchers [11]. A correct spatial sampling, in fact, is essential to avoid aliasing and mislocalization of
the sources [12]. In 1985, Chatran et al. proposed the 10-10 system, which is made up of 81 electrodes [13].
It was obtained adding 60 supplementary electrodes to the 21 of the 10-20 system (Figure 2a). After some
modifications it became the standard of the American Clinical Neurophysiology Society and the
International Federation of Clinical Neurophysiology. Later, the results of several studies showed
that the interelectrode distance should be between 1 cm and 3 ¢cm, which implies the use of at least
100 electrodes [14-19]. Therefore, a farther extension of the 10-10 system was introduced, the so-called
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10-5 system, which consists of 345 electrode locations [20] (Figure 2b). However, today the EEG
acquisition system on the market include no more than 256 electrodes.

A B Nasion
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e—7
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Figure 1. Electrode location on the scalp according to the 10-20 system [10]. On the (A): lateral view of
the skull. On the (B): superior view of the skull.
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Figure 2. (a) Electrode positions in the 10-10 system; light blue circles denote the 10-20 electrode positions.
(b) Electrode positions in the 10-5 system; dots indicate the positions added to the 10-10 system.

3. EEG Source Localization

The localization of the active brain sources is a very important matter concerning the EEG.
This issue is termed as EEG inverse problem. The activation of a configuration of known brain
sources generates a well-defined electric and magnetic field. Therefore, it is possible to predict
the potential differences recorded on the scalp from the current densities of the sources. This is
the so-called forward problem, which provides a unique solution. On the other hand, the inverse
problem is an ill-posed problem: it does not produce a unique solution because more than one
combination of simultaneously active sources can generate the same electric field on the head surface.
Therefore, in order to estimate the locations of the sources from the potential differences on the scalp,
some biophysical and mathematical constraints must be imposed [21]. Regardless of the method
employed, over the years the improvement in source localization accuracy using HD-EEG systems has
been proved by several studies [22-24]. Moreover, analyzing simulated EEG data, it was shown that
the accuracy in source localization was better when the sensors were distributed on the whole head
surface (not only the superior head regions) [25].
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The algorithms for solving the EEG inverse problem can be classified in two main
groups—parametric and non parametric methods [26]. The parametric methods assume that the
EEG signals arise from a small number of point sources, whose location and orientation are unknown:
in this case the number of dipoles is chosen a priori (Equivalent Current Dipole approach). Over the
years, these kind of algorithms are being replaced by the introduction of the non parametric methods,
which assume that several sources with fixed positions are distributed across the brain volume
(Distributed Source Models approach). Among the latter methods, the minimum norm estimate was
the first one which produced an instantaneous, distributed, discrete, linear solution, but it showed a
misplacement of deep source onto the outermost cortex [27]. The issue of large localization errors was
solved with the introduction of LORETA [28].

3.1. Low Resolution Electromagnetic Tomography (LORETA)

LORETA, introduced in 1994, represented an innovative method in the field of high temporal
resolution neuroimaging, since it allowed a three-dimensional reconstruction of the brain electrical activity
distribution and proposed a linear solution to the inverse problem, valid from the neurophysiological
point of view [28]. The brain volume is divided in a three-dimensional grid, made up of 2394 voxels at
7 mm spatial resolution. LORETA uses a three-shell spherical head model registered to the Talairach
human brain atlas [29]. Each source has a fixed position on a grid point (voxel) and is defined by a current
density vector with unknown components. The intensity and direction of the electrical activity at each
point determine the electromagnetic field measured on the scalp. The solution space is restricted to
grey matter and hippocampus. From a physiological point of view, the solution takes into consideration
that neighboring neurons have a higher probability of being simultaneously active. Hence, the model
assumes that nearby points have a certain probability of being synchronized (in terms of orientation and
intensity) as compared with points distant from each other. Among the possible infinite reconstructions
of the active generators, starting from a set of data recorded on the scalp, LORETA chooses the smoothest.
Mathematically, this is performed by using a discrete spatial Laplacian operator. As a consequence,
LORETA has a relatively low spatial resolution since produces blurred images, maintaining the location
of the maximal activity, but with a certain amount of dispersion. Nevertheless, its average localization
error is only one grid unit. Compared to other methods for solving the inverse problem, LORETA has
shown a greater accuracy in localizing deep neuronal sources [30].

The general inverse problem can be expressed as [31]

m]in Fw 1)

with
Fw = | @ — KJ||* +aJTW] ©)

where @ € RNEY! s the vector of the electric potential differences measured at N electrodes with
respect to a single common reference electrode; K € RNe*(3Nv) s the lead field matrix corresponding
to N, voxels; ] € RGN js the current density; « > 0 is the Tikhonov regularization parameter [32].
It is assumed that the EEG measurements and the lead field are average reference transformed.

The solution is

Jw=Tw® 3)

where Ty is the pseudoinverse, given by
Ty = WK (KW 'KT + aH)* (4)

The matrix H is the average reference operator. For LORETA, the matrix W denotes the squared
spatial discrete Laplacian operator.
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3.2. Standardized Low Resolution Electromagnetic Tomography (SLORETA)

A few years later, the authors of LORETA proposed a new method, called sSLORETA, based on the
noise normalized current density approach [33]. This method no longer uses the Laplacian operator
and is based on the standardization of the current density [34]. In particular, the current density
estimation is obtained using the minimum norm solution and is standardized by means of its variance.
In this case, unlike the Dale method [33], the variance considers not only the noise caused by the EEG
measurements but also the biological noise deriving from the actual sources. So, the electric potential
variance is

Se = KSjKT + SgNoise (5)

where S¢™V"* is the variance of the noisy measurements and Sy is the variance of the current density.

According to the Bayesian point of view, the actual source variance, that is the current density variance
(prior), is equal to the identity matrix. Therefore, the variance of the estimated current density can be
written as

S; = TST" = T(KK” +aH)T" = K" [KK” + aH| 'K (6)

Finally, sSLORETA is given by the estimates of standardized current density power:
700 = Jo [Sflo o @)

where [Sj], is the vth 3 x 3 diagonal matrix in [S;]. For sLORETA, the brain volume consists of
6239 voxels at 5 mm spatial resolution. The simulations showed that sSLORETA has zero localization
error in ideal (no-noise) conditions and the lowest localization error as compared with the minimum
norm and the Dale methods in the presence of measurement and biological noise [34].

3.3. Exact Low Resolution Electromagnetic Tomography (eLORETA)

The need to farther reduce the localization error led to the formulation of the eLORETA algorithm.
eLORETA introduced a weight matrix which takes the deeper sources into account in a more adequate
way [35]. The eLORETA solution is computed by Equation (4), where the weight matrix W has the
following expression:

W, = [KI(KW'KT + aH) TK,]!/? 8)

The matrix W, € R*>*3 is the vth diagonal subblock of W.

eLORETA is a genuine inverse solution with zero localization error in the presence of measurement
and structured biological noise. It also shows a better capacity of suppressing less significant sources
and produces less blurred images in comparison to SLORETA [36].

4. LORETA Analysis

The next subsections are organized as follows: the first one includes the papers which investigated
the brain functions in healthy subjects; from the second one onward, the papers are grouped according
to the brain disorder which affects the participants involved in the research.

4.1. Event-Related Potentials

Event-Related Potentials (ERPs) are electrical signals time locked to sensory, motor or cognitive
stimuli, which reflect the timing of the information processing in the brain. ERP waveforms (components),
described on the basis of their amplitude and latency, provide useful information about sensory, cognitive
and emotional processes both in healthy and brain-injured subjects. In this section we focused on the
results about the localization of ERP neuronal sources in healthy subjects.

In the study reported in Reference [37], ten healthy subjects performed a visual task,
which consisted in discriminating between a perspective drawing of an object existing in the 3D
world (possible object) and perspective drawing of an object which can not exist in the 3D world
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(impossible object). The EEG were recorded by 72 channels. A significant difference between possible
and impossible conditions in current density was found in the right inferior fusiform gyrus, suggesting
that this region is involved in cognitive processes of discrimination between spatially possible and
impossible objects.

The word repetition effects on the implicit memory were investigated in Reference [38].
Thirteen healthy subjects underwent a lexical decision task, in which word and non-word (speech
sounds without meaning in Korean) were visualized on a computer monitor. Some of the words
were repeated after 1-5 intervening words. The ERP elicited during the task were recorded by 128
electrodes and the ERP sources were reconstructed by LORETA, using a realistic head model based on
individual MRI. The statistical analysis revealed that the sources produced by old words (i.e., repeated
words) showed a significant current density reduction, in comparison to the new words, in the left
inferior frontal gyrus, suggesting that the activity of the left inferior frontal area is associated with word
repetition effects. The study in Reference [39] focused on the anticipatory neural responses to heat
stimuli and the modulation of brain activity caused by the expectation of pain. Before receiving laser
heat stimuli at three different intensities (low, medium or high), fifteen healthy subjects visualized a cue
word that predicted the heat intensity (certain expectation) or not (uncertain expectation). The source
reconstruction, starting from 61-channel EEGs, showed that the uncertain condition, compared to
the certain condition, produced a greater activation in the left dorsolateral prefrontal cortex (DLPFC),
posterior cingulate cortex, left (contralateral) inferior parietal cortex and right superior frontal gyrus
(SFG), which are associated with attentional function (including somatosensory and pain functions).
Conversely, there was an increased activity for the certain condition (relative to the uncertain condition)
in the left inferior frontal and inferior temporal cortex, and right anterior prefrontal cortex, involved in
prospective memory functions.

Lamm explored the N2 ERP component, associated with cognitive control, in two works. In the
first one [40], seventeen children executed a go/no-go task with two different stimuli deriving from non-
affectively (neutral) charged pictures and affectively charged pictures. The LORETA reconstruction,
performed on 64-channel EEGs, showed that the DLPFC, a region related to cognitive control, was more
active in the affectively charged picture condition as compared to the neutral picture condition. In the
second study [41], the author explored the behavioral inhibition (BI) in 106 seven-years old children.
In this case, children performed a go/no-go task presenting only neutral pictures. The analysis of the
estimated sources, starting from 64-channel EEGs, revealed that Bl produced a greater activity in the
DLPEFC and the dorsal anterior cingulate cortex (dorsal ACC).

Meyer and colleagues studied the brain activity involved in semantic processing [42]. The source
localization of responses to stimuli, represented by semantically congruent and incongruent
audiovisual speech and body actions, was computed starting from 128-channel EEGs of eleven subjects.
The analysis of results revealed that the sources, reconstructed for different time windows, were located
in the occipital /posterior temporal area in the early activation (before 120 ms after stimulus). From 180
to 420 ms, the activation involved different regions simultaneously, including the inferior frontal,
superior temporal, parasaggital and superior parietal areas. This outcome was consistent with models
which place parallel processing of complex action sequences in frontal, temporal and parietal areas.
Late activity (after 460 ms) was mainly concentrated in the inferior-frontal areas.

Tremblay and Vannasing studied the differences between the development of the parvocellular
(P) and magnocellular (M) visual system of 33 healthy preterm and 41 fullterm infants [43].
More specifically, the participants underwent visual stimuli for investigating the visual evoked
potentials, in particular the N1 and P1 components. The EEG were recorded by 128 electrodes
at 12 months of age. In response to stimuli which stimulated preferentially the M system, a greater
activity was detected in the dorso-parietal region in fullterm infants, corresponding to a mature M
pathways response, as compared to preterm babies. On the contrary, there was no difference in brain
sources between the groups for the P system. These outcome suggested a normal development of
the P pathway in the preterms, whereas the the M system was not yet mature at 12 months of age.
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The study explained in Reference [44] explored the age and gender differences obtained from three
ERP components: the mismatch negativity (MMN), the P300 and the N400. 27 young adults and
18 elderly underwent an oddball task and HD-EEG were acquired by 256 electrodes. There was a
statistically significant age-related difference in lantencies and amplitude of the MMN and the P300.
From the source reconstruction done by sSLORETA, in the case of P300 emerged that the maximum
current density is in the frontal lobe for the young subjects whereas it is in the temporal lobe for the
elderly group. There was also a decreased activity with aging. As for the gender analysis, in the
young group the MMN and the P300 component maximum current density is similar for both gender,
even if it is located in the frontal lobe in female and in the temporal lobe in male. Finally, as for
the N400 component, females have almost the half maximum intensity as compared to age matched
males. Tsolaki and colleagues explored neural activation during emotion processing [45]. The study
involved 22 adult females, 11 young and 11 elderly. Images of facial expressions of fear and anger
were presented to the participants while a 256-channel system was recording their EEG. The analysis
of the N170 ERP component revealed a significantly higher amplitude in the elderly for both emotions,
especially at the occipito-temporal sites. The brain source localization, conducted using sSLORETA,
showed that during the N170 component, for both emotions, the maximum current density of the
difference wave between the young and the elderly subjects is located in the same brain region, that is
the limbic area. These findings indicated a deficit in the limbic area due to aging during the emotional
processing. Table 1 summarizes the main features of each above-mentioned study.

Table 1. Overview of the included papers about event-related potentials (ERPs).

Event-Related Potentials

ERP Method Number of EEG

Author Head Model
Component LORETA sLORETA eLORETA Electrodes
Shigemura (2004) [37] 0-500 ms v 72 template
Kim (2006) [38] 200-500 ms v 128 individual
Brown (2008) [39] P2 v 61 template
Lamm (2012) [40] N2 v 64 template
Lamm (2014) [41] N2 v 64 template
Meyer (2013) [42] N400 v 128 template
Tremblay (2014) [43] N1, P1 v 128 template
Tsolaki (2015) [44] MMN, P300, N400 v 256 template
Tsolaki (2017) [45] N170 v 256 template

4.2. Epilepsy

Epilepsy is a neurological disorder caused by abnormal electrical activity of brain cells and
characterized by recurrent seizures. Epilepsy can be classified into two main categories—focal (partial)
or generalized. In the first one, seizures derived from alterations in a limited brain area; in the second
one, both hemispheres are involved [46]. From the physiological point of view, epilepsy is associated
with increased neuronal synchronization. Therefore, the brain areas showing a rising activity may
have ictogenic property.

In the event of drug resistant focal epilepsy, the resective surgery is a valid therapeutic option.
In this case, the accurate localization of the epileptogenic zone to be removed is a crucial issue. Recently,
high-density EEG have improved the noninvasive evaluation of epilepsy. In Reference [47], the authors
reviewed the findings about LORETA in epilepsy until 2015. All the papers included in this section
were not cited in the above-mentioned review.

Several recent studies confirmed the benefits of employing high-density EEG systems. Wang et al.
studied the generators of the interictal spikes [48]. From the analysis of 7 patients, the authors proved
that using a high-density montage with 76 electrodes, the epileptogenic zones generating seizures were
localized more accurately than a 31-electrode EEG system. The localization error was defined as the
shortest distance between the LORETA maximum source strength and the resected zones. Moreover,
they investigated how the head modeling affected the high-density source localization. They compared
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a realistic boundary element method head model and a three-shell spherical head model. The results
showed that the first one provided a statistically significant lower localization error. These findings
were confirmed by the surgical resection outcome. In Reference [49] the authors considered four
electrode configurations (32, 64, 96 and 128) for studying five epileptic pediatric patients. The outcome
showed that the localization error of the epileptogenic foci decreased when the number of electrodes
increased. In particular, the most significant improvement was observed when going from 32 to 64
electrodes. The study explained in Reference [50] investigated the attention impairment in temporal
lobe epilepsy (TLE). Ten patients and ten healthy subjects underwent an oddball paradigm while a
128-channel system was acquiring their EEG. The source reconstruction of the P3b component was
performed by LORETA using a head model based on individual MRIs for each subject. The analysis
of results revealed a statistically significant lower current density for TLE patients in the temporal
areas and, to a lesser extent, in the frontal regions, as compared to controls, in both auditory and
visual oddball paradigms. The temporal and frontal areas are involved in attentional processes, so TLE
might cause a dysfunction of the attention system, as these results suggest. Birot and colleagues [51]
based their research on the study of the interictal epileptiform discharges. Thirty-eight patients
with pharmacoresistant focal epilepsy were selected. They underwent high-density EEG (128 or
256 electrodes) and intracranial recordings. The authors compared the localization accuracy of the
irritative zones deriving from three different head models: a Locally Spherical Model with Anatomical
Constraints (LSMAC), a Boundary Element Model and a Finite Element Model, all of them obtained
from the individual MRI of the patients. Thirty-two subjects underwent surgical resection of the
supposed epileptogenic zones. For the 23 patients with a post-operative positive outcome (Engel class
I and II), at least in the 74% of cases the source maxima were within the resected zone. Moreover,
the authors computed the distance between the source estimated by LORETA and the irritative zone
defined by the intracranial recordings. The results showed that the position of source maxima is very
similar for all head model (in 10% of cases the maximum is at the exact same position). A statistical test
confirmed that there was not a statistical significant difference between the distributions of distance
across the head model. So this study proved that the choice of one of the above-mentioned head model
does not significantly affect presurgical evaluation and clinical decision making. In Reference [52],
the authors considered forty-three patients with TLE, who underwent resective surgeries. In order
to acquire the EEG signals a 256-channel montage was used. The authors analyzed the localization
accuracy of the epileptogenic zone evaluated by means of LORETA and other noninvasive methods
(MRI, PET, cEEG, and semiology). The evaluation was carried out by comparing results with resections
that eliminated or significantly reduced seizures. The outcome obtained with LORETA showed the best
sensitivity and specificity. The study also revealed that the probability of postoperative seizure freedom
when the interictal epileptic discharges arose from one single source was significantly better than the
case of multiple sources. Moreover, it was more likely that patients were seizure freedom after surgery
when the localized sources were within the resected zones as compared to sources outside resection
(94.1% vs. 33.3%). These findings suggested that source localization of the epileptogenic zone by
LORETA could be a good instrument for presurgical planning. Akdeniz [53] studied 15 patients with
drug-resistant focal epilepsy by means of 64 electrodes. As the above-mentioned papers, the author
used individual head model obtained from MRI images. 9 patients of 15 showed lesions on MRI; for the
other 6, intracranial recordings were also performed for the presurgical evaluation. The epileptogenic
zone localized by LORETA agreed with the resected area for 13 patients, who were seizure-free after
surgery. For the remaining two patients, an epileptogenic zone next to the resected area was found,
denoting that the epileptogenic zone had not been resected completely. This outcome was supported by
the fact that both subjects had seizures, although fewer, even after surgery. Fifteen patients affected by
intractable focal epilepsy took part in the study proposed in Reference [54]. The recordings were made
using 256 electrodes, except for one patient for whom 128 electrodes were used. The analysis of results
was based on the concordance of the interictal and ictal source localization and the surgical outcome,
using individual head model (LSMAC). Starting from the 8 patients who underwent resection surgery,
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the seizure onset zone was correctly localized in 5 of 6 patients who turned out to be seizure-free
after surgery. For the sixth one (128 electrodes) the localized ictal source was outside the resected
zone. This could suggest the need of a greater number of electrodes for achieving a correct localization.
As for the comparison between interictal and ictal localization, they were sublobar concordant in 9 of 14
patients and agreed with MRI scans. For additional 4 patients there was partially concordance because
the interictal analysis showed more than one solution: in these cases the ictal source corresponded
with one of the detected interictal source. In total there was concordance in 93% of cases. Kuo et al. [55]
examined 84 seizures in 12 patients with medically resistant epilepsy. Their aim was the localization
of the seizure onset zone by means of SLORETA starting from 256-channel EEG. The accuracy of
results were tested by comparing them according to one or more of the following clinical criteria:
epileptogenic lesions assessed from MRI imaging, seizure onset detected in intracranial EEG and
successful surgical outcomes. For the source localization from HD-EEG individual head modeling
were used, whereas the others source analysis were carried out with the atlas head model. The number
of seizure onsets localized was 56 out of 84. For the lateralization measure, the results from HD-EEG
were more accurate than results from the 19-channel 10-20 EEG (100% vs. 50%). This trend was also
confirmed for the sublobar concordance (90% vs. 40%). Finally, the seizure localization resulting from
HD-EEG with ictal onset was better than that deriving from the clinical interpretation of the interictal
spikes (IIS). Table 2 summarizes the main features of each above-mentioned study.

Table 2. Overview of the included papers about epilepsy.

Epilepsy
Author Method Number of EEG Head Model
LORETA sLORETA eLORETA Electrodes

Bocquillon (2009) [50] v 128 individual
Wang (2011) [48] v 76, subset: 31 individual
Birot (2014) [51] v 256, 128 individual
Sohrabpour (2015) [49] v 128, subset: 96, 64, 32 individual
Feng (2016) [52] v 256 template

Akdeniz (2016) [53] v 64 individual
Nemtsas (2017) [54] v 256,128 individual
Kuo (2018) [55] v 256 individual

4.3. Alzeheimer’s Disease

Alzheimer’s Disease (AD) is a neurodegenerative disorder which is the most common cause of
dementia. The first stage of the disease, called Mild Cognitive Impairment (MCI), is a transition state
between normal aging and dementia. However, the MCI symptoms, above all memory problems,
do not alter the everyday life significantly. As the disease advances, people experienced severe
language impairment, disorientation, behavioral changes and loss of their motor skills. Because of
these symptoms, people are no more able to take care of themselves. An early diagnosis is essential
but extremely hard because the first stage condition is often mistaken for normal aging. Most of the
studies about LORETA and AD considered low density montage EEG. The few works carried out on
high-density EEG are reported below.

The study conducted in Reference [56] explored the effect of cognitive and physical training on
the deterioration of brain processes. Seventy MCI patients were divided into five equally populated
groups: long lasting memory (LLM), physical training (PT), cognitive training (CT), active control
(AC) and passive control (PC). LLM performed physical and cognitive exercises, PT underwent only
physical training, CT carried out only cognitive tasks, AC group watched a documentary and answered
a questionnaire, and PC were not involved in any activity. The EEG were recorded before and after
the completion of the procedure (8 weeks), using 57 electrodes. eLORETA computed the active source
reconstruction for delta, theta, alpha, beta 1 and beta 2 bands. In order to perform the statistical
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analysis, the statistical nonparametric mapping method was employed, implemented in an eLORETA
software package. From the comparison between the reconstructed sources before and after the
procedure within each group arose that there were statistically significant differences only for the LLM
group, for all frequency bands except for the alpha band. In particular, the cortical activity decreased
in precuneus extending in the posterior cingulate cortex. As for delta and theta decrease, it can be
considered as a positive outcome on brain neuroplasticity, which could decelerate the neurodegeneration
processes. Therefore, results showed that combined physical and cognitive training maintains or
improves cognitive functions.

The analysis of the ERP components could be a useful tool for an early diagnosis of AD.
In Reference [57], the authors examined two ERP components, the MMN and the P300, for detecting
the cognitive decline. The study involved three groups of subjects: 21 healthy elderly, 21 mild cognitive
impairment, and 21 mild AD. The EEG were recorded by a 256-channel system during the execution of
the 2-tone oddball task. The localization of active sources, performed by sLORETA, revealed that the
highest difference in the amplitude between controls and MCI and controls and AD for both MMN
and P300 is similar in MCI and AD and is in the same Brodmann area (BA 11) in the frontal lobe,
independently of the stage of the disease. This research was the first one which explored MMN and
P300 using LORETA applied to HD-EEG for studying Alzheimer’s disease. Gu and colleagues [58]
carried out a study which combined ERP and sLORETA, too. Their study dealt with amnestic mild
cognitive impairment (aMCI), which can be divided into two groups: single domain aMCI (sd-aMCI)
and multiple-domain aMCI (md-aMCI). They considered 85 subjects: 46 healthy elderly controls and 39
aMCI (26 sd-aMCI and 13 md-aMCI patients). 64-channel EEG were recorded while the subjects were
performing two tasks related to visuospatial working memory (VSWM task) and executive function
(Go/Nogo tasks). Two ERP components were considered and analysed: N200 and P300. As for VSWM
task, the results revealed no significant differences in source activation between sd-aMCI and controls
during P300 time range. However, the P300 amplitude in md-aMCI decreased as compared to sd-aMCI
patients. Moreover, for md-aMCI there was a hypoactivation in the right middle frontal gyrus (BA 8)
during P300 time range, compared to sd-aMCI. These outcome confirmed that md-aMCI showed more
serious deficits in updating operation of working memory, compared to sd-aMCI patients. SLORETA
source reconstruction also detected a hypoactivation for md-aMCI in the right medial frontal gyrus
(BA 9) compared to controls, and in the right SFG (BA 10) compared to sd-aMCI, in both Nogo and
Go task during N200 time range. Finally, md-aMCI showed less activation in the right SFG (BA 8)
compared to sd-aMCI in Go task during P300 time range.

In [59], the authors explored the alteration of networks in AD. Differently from the majority
of previous study EEG were recorded in an open eyes state. A 64-channel system was employed
for detecting the EEG from 21 AD patients and 26 controls. Using eLORETA, the power spectrum
was computed for each subject, for the total band and for each of the classic five frequency bands.
The only significant difference was the increase in power for theta band. Then, starting from the
reconstructed sources, a functional connectivity analysis was conducted over 40 regions of interest
(ROISs) for theta band, computing the phase locking factor between each pair of ROIs. Results showed
that the small-worldness of networks decreased in AD and was positively correlated with MMSE
language sub-score, suggesting that modifications in AD networks topology are mostly associated
with language deficits. It was also found that the reduction of the small-worldness was a consequence
of increased path lengths, mainly localized to the temporal lobes. Moreover, the authors investigated
the relationship between functional and effective connectivity: the results suggested that changes in
functional connectivity derived from a reduced effective connectivity between the temporal lobes
and other anatomical regions of the brain. Table 3 summarizes the main features of each above-
mentioned study.
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4.4. Depression

Major depressive disorder (MDD) is a mental disorder characterized by a lasting feeling of sadness
or a lack of interest in outside stimuli. It has a recurrent nature, so people experience, on average, five to
nine major depressive episodes in their lifetime. If not correctly treated, depression can significantly
affect the quality of life. Over the years, LORETA has been widely employed for detecting alterations
in the brain activity of MDD subjects. As for HD-EEG, the papers examined are the following.

Table 3. Overview of the included papers about Alzheimer’s disease.

Alzheimer’s Disease

Author Method Number of EEG  paad Model
LORETA sLORETA eLORETA Electrodes
Styliadis (2015) [56] v 57 template
Tsolaki (2017) [57] v 256 template
Gu (2019) [58] v 64 template
Tait (2019) [59] v 64 template

In Reference [60], Pizzagalli and colleagues studied the activity within the rostral anterior
cingulate cortex, a region involved in action regulation. They considered 17 subjects with high
BDI (Beck Depression Inventory) scores and 17 subjects with low BDI scores (controls). A 128-channel
system recorded the EEG in resting state (with both eyes open and closed) before the execution of
the Eriksen Flanker task. LORETA reconstructed the cortical current density distribution of the theta
(6.5-8 Hz) and gamma (36.5-44 Hz) bands. Results showed that high BDI subjects had significantly
lower accuracy after incorrect than correct trials, and a statistically significant reduction of the pre-task
gamma current density within the affective (rostral) but not cognitive (dorsal) ACC subdivision,
as compared to low BDI. Therefore, the lower activity within the ACC in depressed subjects may
cause abnormal responses to errors. Conversely, for low BDI subjects, pre-task gamma within the
affective ACC subdivision was a predictor of the post-error adjustments effect. In Reference [61],
the authors focused on depression in adolescence. Female adolescents, 36 healthy controls (HC)
and 23 MDD, were enrolled and executed the facial recognition task: four basic emotional facial
expressions (happy, sad, fearful, angry) were presented in different intensity, ranging from 10% (low
intensity) to 100% (high intensity). In addition, EEG were recorded in resting state by 128 electrodes,
not simultaneously with the emotion identification. The cortical current density was estimated by
LORETA, for the theta (6.5-8.0 Hz) and low alpha (8.5-10 Hz) bands in the DLPFC, a region related
to the emotion processes biases in MDD. The results revealed that MDD subjects exhibited a greater
accuracy in the identification of sad faces and worse accuracy in the identification of happy faces,
especially low-intensity happy faces, as compared to HC. There were no significant differences between
groups for both fearful and angry expression. Moreover, LORETA analysis showed greater theta and
alpha current density in MDD versus HC, particularly in the left DLPFC. Finally, it was also found
that greater left DLPFC theta and alpha activity was correlated with a reduced accuracy for happy
emotion identification. The same author examined depressed female adolescents in Reference [62],
too. Thirty HC and twenty-two MDD subjects completed the self-referential encoding task while ERP
were recorded with a 128-channel system. The above-mentioned task included 80 trials consisting
of 40 positive and 40 negative words. In order to analyse the cognitive-affective processes related
to self-referential processing, P1, P2 and late positive potential responses to positive and negative
words were examined. It was also estimated the cortical current density by LORETA. Results showed
that depressed subjects endorsed, recalled, and recognised more negative words and fewer positive
words, as compared to the healthy group. Moreover, MDD showed greater P1 amplitudes following
negative words, which is associated with a more negative self-view and greater self-criticism. As for
the late LPD, a greater amplitude following negative versus positive words in depressed group was
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observed too; conversely, the healthy females displayed the opposite trend. For both P1 and LPP,
LORETA showed less current density to negative words in the inferior frontal gyrus in MDD versus HC.
In addition to the inferior frontal gyrus, for P1, reduced activity was detected in the depressed group
within the anterior cingulate and medial temporal gyrus, whereas for LPP in the middle temporal
gyrus. The referred-to group differences were all statistically significant. These findings indicated
that the P1 and LPP reflect self-referential processing biases in female adolescents with depression.
Whitton and colleagues [63] examined 26 patients with remitted major depressive disorder (rMDD)
and 34 control subjects with no history of depression. ERPs were recorded during the execution of a
probabilistic reward task by means of a 128-channel system. The objective was to study the reward
learning systems in rMMD subjects. The source localization was carried out by LORETA for eight
ROlIs, defined from two meta-analysis of reward-related fMRI studies. Results showed a decrease in
reward-related ERP amplitudes and a reduced reward-related activation in the ACC and the pregenual
ACC for rMMD group, as compared to controls. These outcome implied that the reward learning
deficits detected in acute MDD persisted into full remission and that these impairments could derive
from abnormalities in the neural processes involved in reward feedback monitoring. In Reference [64],
the authors investigated the resting state functional connectivity in 65 subjects with MDD compared to
79 healthy controls; moreover, 30 rMDD subjects were considered for a secondary analysis. The cortical
activity was reconstructed by the eLORETA method applied to 128-channel EEGs. The functional
connectivity was computed by the lagged phase synchronization parameter, using a tool implemented
in the eLORETA software. The analysis was conducted considering ROIs belonging to the default
mode network (DMN) and the frontoparietal network (FPN) for several frequency bands. A statistical
analysis was used for investigating the group differences in within- and between-network connectivity.
Significant differences were found between the HC and MDD groups within-DMN connectivity
in the beta 2 band (18.5-21 Hz) and between the DMN and FPN connectivity in the beta 1 band
(12.5-18). In addition, results revealed that both indices of connectivity were lower in tMDD group as
compared to MDD, whereas the rMDD and HC did not differ. These findings showed that depression
is characterized by greater within-DMN and DMN-FPN phase synchronization in the high-frequency
band, which normalizes to some extent in remitted subjects but is associated with a more recurrent
depressive illness course. Table 4 summarizes the main features of each above-mentioned study.

Table 4. Overview of the included papers about depression.

Depression
Method
Author Number of EEG Head Model
LORETA sLORETA eLORETA Electrodes
Pizzagalli (2006) [60] v 128 template
Auerbach (2015) [61] v 128 template
Auerbach (2015) [62] v 128 template
Whitton (2016) [63] v 128 template
Whitton (2018) [64] v 128 template

4.5. Stroke

Stroke is defined by the World Health Organization as a clinical syndrome, with a vascular origin,
consisting of rapidly developing clinical signs of focal or global disturbance of cerebral function lasting
more than 24 h or leading to death. The papers in literature about LORETA and stroke are few. As for
HD-EEG, just three works were found.

The study proposed in Reference [65] explored the closed-open eyes alpha reactivity phenomenon
from 64-channel EEGs of 32 healthy subjects and a patient with acute ischemic stroke. The comparison
between open eyes and closed eyes conditions in healthy subjects revealed that there was a statistical
significant higher activation in the bilateral posterior cortical regions, where the primary visual cortex
is located. In some cases, lower activations were also found in the anterior and thalamic regions.
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As for the stroke patient, there was a significant decrease in reactivity in the damaged hemisphere,
as compared to normal subjects. It was also detected a reactivity reduction in the undamaged
hemisphere. The research in Reference [66] involved 10 stroke patients with a coordination impairment
of the upper limb and 5 healthy controls. The participants executed an upper extremity reaching
task while a 64-channel system was acquiring their EEG. The objective was the estimation of the
cortical activity related to both movement preparation and motor execution. The source localization
was carried out by LORETA and the contralesional/lesional activation ratio (CTLR) for both groups
was computed and compared. CTLR is the ratio of activation in the right or non-lesion hemisphere
versus left or lesioned hemisphere. The results showed that the CTLR for the primary motor cortices
was significantly higher for stroke as compared to the controls in the planning phase, but not in
the execution phase. In the stroke group, the CTLR was significantly higher in the planning than
execution phase in the Brodmann area 4, whereas for the controls the CTLR for both phases were
similar. As it is expected, these findings revealed that stroke patients have an abnormally high brain
activity, specifically in the contralesional hemisphere. In fact, because of damage in the cortical network,
a greater effort was needed to execute the motor task for stroke patients. In Reference [67], 160-channel
EEGs from 10 adults with chronic, hemiparetic stroke and 8 adults without neurological injury were
examined during the execution of a motor task for exploring the mechanisms underlying the so-called
“flexion synergy”. An individual head model was created from MRI and used for reconstructing the
cortical activity by means of LORETA. In controls group, the cortical activity was mainly observed
in the hemisphere contralateral to the arm being examined, regardless of the shoulder abduction
load. In stroke patients, contralesional cortical activity quickly and progressively rose in premotor
and primary motor cortices as shoulder abduction loading, and the synergy expression increased
too. Conversely, the subjects without neurological injury showed a decreased cortical activity in these
regions as shoulder abduction loading increased. These findings can be interpreted as an adaptive
strategy of recruiting contralesional motor resources for preserving low-level function at the cost of
fine motor control. Table 5 summarizes the main features of each above-mentioned study.

Table 5. Overview of the included papers about stroke.

Stroke
Method
Author Number of EEG Head Model
LORETA sLORETA eLORETA Electrodes
Cuspineda (2009) [65] v 64 individual
Fang (2015) [66] v 64 template
Mcpherson (2018) [67] v 160 individual

4.6. Schizophrenia

Schizophrenia is a chronic mental disorder characterized by psychotic behaviors, deficits of normal
responses to emotions and cognitive impairment. ERPs have been widely employed for investigating
schizophrenia. In particular, the studies we reviewed analyzed the MMN and the P300 components.

In Reference [68], the authors investigated the source localization of the MMN, produced by
an auditory deviant stimulus. A 128-channel system was used for recording the EEGs from 14
schizophrenic patients and 14 controls. The MMN source reconstruction by LORETA was performed
after matching the electrode positions with individual MRI. The statistical parametric mapping revealed
a significant decrease of MMN current density for patients group in the left superior temporal gyrus
and the left inferior parietal lobule. A similar study (individual head model, 128 electrodes) was
conducted in Reference [69], but in this case the P300 component was examined. The statistical analysis
showed a P300 current density reduction for schizophrenic patients in the left medial temporal area
and in the left inferior parietal area, whereas in the left prefrontal and right orbitofrontal the current
density increased. It was also found that current density in the left parietotemporal area was negatively
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correlated with the Positive and Negative Syndrome Scale (PANSS) total scores, a scale which measures
the symptom severity of schizophrenia. Wang and colleagues [70] explored the P300 component, too.
Thirteen patients and twenty controls were enrolled and performed the auditory oddball paradigm.
A high-density system made up of 128 electrodes was employed for recording the EEGs. The source
reconstruction estimated by LORETA showed that the neural generators in healthy subjects extended
over the cortex, including bilateral frontal, parietal and temporal lobes. LORETA analysis also revealed
a statistically significant reduction in the P300 current density in patients group as compared to controls.
In particular, the aforementioned decrease was detected in the left fronto-temporal cortex, as reported
in previous studies. A few years later, the same author conducted a study with the same method but,
unlike his previous research, drug-naive first episode schizophrenia patients were considered, using
just 64 electrodes for recording the EEGs [71]. The source distribution in controls was consistent with
the outcome of Wang’s previous study. As for the comparison between the two groups, there was
a statistically significant reduced P300 current density in the patient group especially over the left
insula, left superior temporal gyrus and left postcentral gyrus. Moreover, the P300 current density
over the above-mentioned brain regions showed an inverse correlation with the patients’ total PANSS
scores. Table 6 summarizes the main features of each above-mentioned study.

Table 6. Overview of the included papers about schizophrenia.

Schizophrenia
Method
Author Number of EEG Head Model
LORETA sLORETA eLORETA Electrodes
Park (2002) [68] v 128 individual
Pae (2003) [69] v 128 individual
Wang (2003) [70] v 128 template
Wang (2010) [71] v 64 template

5. Discussion and Conclusions

The identification of brain active sources from noninvasive measurements has been a widely
explored matter and led to the development of several EEG source localization techniques over
the past decades. Generally speaking, first of all the source reconstruction is deeply affected by
EEGs pre-processing stage, which includes artifacts removal, reference electrode issue, EEGs epoch
duration [72].

In our work, we reviewed the research which employed the methods belonging to the LORETA
family combined with HD-EEGs. The analysis of the included papers reveals some aspects to be
discussed. As for the clinical application, LORETA algorithms have been used especially in epilepsy,
resulting in a valid method for the localization of the epileptogenic zones. In the case of epilepsy,
the findings were confirmed by other brain imaging techniques and positive clinical outcomes [48-55].
Conversely, the works not related to epilepsy provided results which were consistent with the previous
findings but not corroborated by other brain imaging techniques. As for the methodology, many
works show a peculiarity: although at the time of writing it was proved that both sSLORETA and
eLORETA outperformed LORETA, the most used algorithm was LORETA. So, it could be interesting
to carry out new studies for verifying if the use of either SLORETA or eLORETA improves farther the
localization accuracy. The head model used for the investigation represents another crucial issue in
source reconstruction. Using a realistic head model for each subject based on personal MRI images is
a recommended choice for improving the localization accuracy. In all reviewed papers about epilepsy,
except for Reference [52], an individual head model was employed. As for the remaining papers, the
individual head model was utilized just in a few cases. Moreover, for the included works, the number
of electrodes of the EEG recording systems vary from 57 to 256. More detailed studies could be useful
to figure out what is the ideal number of sensors relating to the clinical objective. Tables 1-6 showed
the method, the number of electrodes and the head model employed for each paper.
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From the above discussion, arises that combining LORETA with HD-EEGs has provided
promising results, especially in the treatment of epilepsy. Farther investigations are needed in order to
enhance the localization accuracy and validate the results deriving from source reconstruction. Finally,
coping with the above-mentioned limitations, LORETA applied to HD-EEGs could become an even
more valuable tool for noninvasive clinical evaluation in the field of applied neuroscience.
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