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Abstract

Slow biphasic complexes (SBC) were found in the electroencephalogram (EEG) of patients with inflammations of
the brain. We have developed an automated method to identify them and proved that they represent a sensitive
marker of the severity of encephalitis. Here we focus on another property of SBCs, i.e., the localization of their
sources. We present two encephalitic patients, showing lesions in the magnetic resonance images, which are
either spread in the brain or focused on the left hemisphere, respectively. Applying a source localization algorithm
to the identified SBCs, we found either a diffused or a left-focused distribution, respectively. This result further
suggests a relation between neuroinflammation and appearance of SBCs, indicating that their distribution reflects
in part the localization of brain lesions. This promising result extends the information that can be extracted from
EEG, promoting the reduction of expensive or invasive measurements in encephalitic patients.
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INTRODUCTION

Encephalitis is an inflammatory process of the cerebral parenchyma associated with neurological
dysfunctions'!, which requires prompt diagnosis and intervention"’. It is caused mainly by infectious
diseases or immune disorders, cancer, and vascular problems™. It can have different progressions (acute,
subacute, or chronic) and patients frequently report neurological sequelae™. The incidence of infectious
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encephalitis is estimated at 1.5-7 cases per 100,000 inhabitants/year in the world™, and 10.09 cases per
100,000 in Italian infants'. Encephalitis is a serious problem requiring hospitalization and giving a
significant economic burden on societym.

In more than 50% of cases the etiological cause is unknown and patients are admitted with non-specific
symptoms at the time of presentation"”. However, the main manifestations are brain suffering and/or
altered state of consciousness, possibly in addition to fever, focal neurological deficits, epileptic seizures,
abnormalities in the electroencephalogram (EEG) or neuroimaging, and cerebrospinal fluid (CSF)
pleiocytosis. After a rapid evaluation of basic vital functions, serological and instrumental tests, empirical
urgent therapy is usually adopted for symptomatic patients, in association with antiviral, antibiotic, and
steroid drugsm. Prognosis is difficult to evaluate, mainly due to the multiple possible aetiologies (for
example, in the case of herpes simplex encephalitis, which is the most common one, mortality in the range

of 5%-20% was documented for patients treated with antiviral, 70% in those who did not receive treatment)'”.

The EEG has a fundamental role in the diagnostic framework. Different aetiologies of encephalitis were
found to be associated with specific EEG patterns: for instance, triphasic waves are pathognomonic of
hepatic encephalopathy” and lateralized periodic discharges or periodic lateralized epileptiform discharges
are found in herpetic encephalopathy™'. Moreover, stage II of subacute sclerosing panencephalitis is
characterized by bilaterally symmetrical and synchronous generalized, stereotyped high amplitude delta
waves, called Radermacker or “R” complexes['z]. Here we are interested in a specific EEG element, called
slow biphasic complex (SBC), described as identical in the first part to the “R” complex even if it has
different spatial and temporal properties”. SBC has been described as associated with the inflammatory
processes of the central nervous system[mﬂ. We have recently proposed an automated method to identify
SBCs in an EEG trace, opening the possibility of quantifying them and investigating their origin. In
particular, we have demonstrated that the number and amplitude of complexes reflect the severity of the
inflammation in pediatric encephalitic patients"*. Moreover, we have proposed to integrate information

from different features of SBC to improve the diagnosis"

Herein, we focus on the relation between the location of SBCs and brain lesions found in magnetic
resonance images (MRI). Methods for EEG source detection are applied to the identified SBCs to
localize the brain areas producing them. This could be a promising tool to investigate the topography of
inflammatory activity[”]. We report the application of this method in two specific cases.

CASE REPORT

We applied our processing to the EEG recorded from two patients also considered in a previous paper'
(to which the reader can refer for details on EEG recordings), for which MRIs were also available. For each
patient, we considered EEG data recorded close to the day in which the MRI was acquired. The two patients
were very different, the first showing diffused lesions due to acute disseminated encephalomyelitis (ADEM)
and the second with inflammatory processes, caused by infectious etiology, focused in one hemisphere. In
this section, we first introduce the processing methods; then the two cases are discussed.

]

Methods

An algorithm we introduced before was applied to identify the SBCs""". Then, a method for source
localization was used to identify the brain areas involved in the production of the complexes. These
locations were compared to those of lesions identified in the MRIs by an expert neuro-radiologist.

Identification of slow biphasic complexes
SBCs were identified by the method described in a previous paper[“]. In brief, each EEG trace was
processed with a set of match filters, each comparing the signal with a scaled version of a prototype
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biphasic waveform. The identified complexes were then automatically reviewed, excluding outliers and
waveforms showing repetitive firings, as some waveforms could have a shape similar to that of an SBC, but
they could not satisfy some properties indicated in previous publications[“’”’w].

Source localization

Source localization in EEG refers to the detection of the sources inside the brain that generate the electrical
activity acquired on the scalp. When the available electrodes are in a small number (as in our cases, in
which either 12 or 18 channels were available for the two cases, respectively), the source detection may
have low accuracy”™”, but can provide useful information on the brain areas that are most involved in the
inflammatory activity.

From the mathematical point of view, the dipoles inside the brain that produce a scalp potential that best
fits the original data are sought. The problem can be written as follows:

M=GD +n (1)

where each row of the matrix M contains a measured EEG, G is the Lead-Field matrix that describes
the response of the activation of N different dipoles, whose level of activity (collected in D) should be
estimated, and n is an additive noise, assumed spatially and temporally white. Different methods have been
proposed in the literature to solve this problem"**". In this study, the minimum norm estimation (MNE)
was used"™”. It searches for the solution with minimum power, by minimizing the following regularized

functional
UD)=lIM-GDII*+all DII’ (2)

where ¢ is a regularization parameter to constrain the power of the solution (chosen in this study to be
equal to the mean of the eigenvalues of G'G divided by 2,500; however the estimation was stable to a
variation of & by an order of magnitude). It brings to the following solution to recover the sources:

Dy = (G'G+al)'G'M (3)
where I is the identity matrix of dimension N x N.

Localization of sources of SBCs

The waveforms of interest are concentrated in a low-frequency band. After visual inspection of the
portions containing SBCs, each EEG trace was then band-pass filtered between 0.5 and 5 Hz (Chebychev
filter of order 6 of type I), and the common-mode was removed. This filter provided clean EEG traces,
focusing the source detection mostly on the waveforms of interest. Half second long windows centered
on the identified SBCs were concatenated to generate the rows of matrix M in equation (1). Then, MNE
(FieldTrip implementation') provided a discrete brain model made of equivalent current dipole sources,
containing the mean activation over time for each source location. The same procedure was applied to EEG
data with the same duration obtained concatenating windows not including SBCs, to estimate the average
background activity. The difference between the medians of dipole intensities during SBC onsets and in the
background was then investigated (checking significant differences with the Wilcoxon rank-sum test for
equal medians, with significance level P = 0.001).

First case

A 4-year-old subject was considered. At the time of the presentation, the patient presented with fever,
headache, lower back pain, and somnolence. The symptoms, after a temporary regression with nonsteroidal
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In the average, 0.77 SBC per second were identified
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Figure 1. Coronal, axial, and sagittal magnetic resonance images sections of the brain for the first case. The lesions are highlighted with
red arrows (radiological convention) (A); a portion of electroencephalogram (filtered between 0.5 and 5 Hz) with an indication of the
identified slow biphasic complexes (SBC) in red color (B); the normalized mean power of the difference between the intensities of the
sources of the signal during SBCs activation and background (neurological convention) (C)

anti-inflammatory drugs, deteriorated in the following days leading to confusion, plaintive, and drowsiness
and patient was hospitalized. Empirical therapy was administered with antibiotics, antiviral, and steroid
therapy. Lumbar puncture was performed which demonstrated an elevated CSF pressure, but laboratory
tests (i.e., physical chemical test and cell counting) were negative. Blood chemistry tests showed a mild
increase in white cells and high inflammation indexes.

The EEG performed at the onset showed a severe widespread brain suffering from SBCs on the frontal
areas. The first brain MRI showed an ADEM-compatible result, with cortico-subcortical lesions prevalently
observable in the frontal lobe (bigger on the left), medial temporal cortex, and basal ganglia.

We processed an EEG trace acquired the day before the MRI registration. The results are shown in Figure 1.
The MRI is shown on the left with an indication of the main lesions. A portion of EEG is shown in the
center, with the identified SBCs super-imposed in red color. The localization of SBC sources (emerging
from the background) is shown on the right. The intensity of dipole sources during SBC activity resulted
significantly different from the background (higher, actually) in 99% of cases. An important increase in
intensity can be appreciated for the dipoles in the frontal area and the parietal-occipital lobe. The activity is
quite spread across the two hemispheres.

During hospitalization, there was a slow improvement in clinical and instrumental examinations. The
patient after a month was dismissed from the hospital with ADEM diagnosis and a schedule of follow-up.

Second case

A 10-year-old subject was considered. In the beginning, the child was diagnosed with a rubella type rash
that after 5 days evolved presenting neurological symptoms with photophobia and drowsiness alternating
with psychomotor agitation. The results of serology and bacteriological tests showed a slight increase in
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Figure 2. Coronal, axial, and sagittal magnetic resonance images sections of the brain for the second case. The lesions are highlighted
with red arrows (radiological convention) (A); a portion of electroencephalogram (filtered between 0.5 and 5 Hz) with an indication of
identified slow biphasic complexes (SBC) (B); the normalized mean power of the difference between the intensities of the sources of the
signal during SBCs activation and background (neurological convention) (C)

inflammatory parameters, in particular of lymphocytes. The examination of the CSF extracted by a lumbar
puncture reported increased cellularity. Due to the worsening condition, the child was transferred to our
tertiary children’s center to be admitted to the intensive care unit. The adopted empirical therapy consisted
of a triad of drugs formed by the antibiotic, steroid, and antiviral drugs (as in the previous case), with the
addition of antifungal therapy.

The EEG traces initially showed a very slow widespread electrical activity that after a few days has been
focused on the left hemisphere, in particular on the frontal areas. The MRI, acquired after the admission
of the patient in the intensive care unit, showed lesions in particular in the flair sequence in the areas
parasagittal frontal and mesial - insular temporal in the left hemisphere.

We processed an EEG trace acquired two days before the MRI registration. The results are shown in Figure 2.
The MRI is shown on the left, a portion of EEG in the center, and the localization of SBC sources (emerging
from background) on the right. Also, in this case, the intensity of dipole sources during SBC activity
was significantly higher than the background in 99% of cases. An important increase in intensity can be
appreciated for the dipoles in frontal area (mainly on the left) and a superficial portion of the occipital lobe.
Most activity is found in the left hemisphere.

Afterward, the clinical situation improved, but the child showed a deficit in the right side of the body. She
was dismissed with a diagnosis of encephalitis during rubella infection.

DISCUSSION

In the literature, several studies recognized the possibility to identify the etiological causes of different
pathologies based on the EEG"”***!. This allows us to advance diagnostic hypotheses and to outline
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predictive factors, establishing different outcomes. Early EEG alterations suggest a negative prognosis,

supporting the use of aggressive anti-inflammatory neuroprotection therapies**”.

SBCs have been observed in patients with brain inflammations"*"****. We have developed an automated
processing method to identify SBCs and we have shown in previous studies a good correlation between
their onset and the severity of encephalitis*'". Here we have focused on the distribution of the sources of
SBCs and their relation with the lesions identified in MRIs.

Two different cases are discussed. In the first, lesions were widespread in the brain, whereas in the second
they were more focused on the left hemisphere. Sources of SBCs were also found more widespread in the
first case and predominantly on the left hemisphere in the second, indicating that the localization of SBC
sources can provide some insights on the location of the lesions.

However, we should notice that SBC sources were identified quite superficial, mostly in frontal location
and not exactly in the sites of the lesions. Notice that the low-frequency activity investigated in this study
(predominantly in the delta range and increased in our patients, due to brain suffering from encephalitis)
is larger in the frontal lobe, even during periods in which SBCs are not present. However, the sources of
SBCs are significantly larger than those producing background activities, indicating that the predominant
identification of SBC sources in the frontal lobe is not a bias.

Possibly, our results could be biased by both the source localization algorithm and the surface EEG
technique in general, which emphasizes cortical contributions. Indeed, the activity of cortical neurons is
recorded with a larger amplitude than that of deeper sources (possibly, even appearing under the noise level
or covered by the synchronous cortical activity of areas also affected by the inflammation). Consider also
that a small number of electrodes was used in our clinical recordings, hampering the identification of deep
sources™. Moreover, lesions affect the activity of cortical neurons connected to the inflamed ones: these
connected neurons could also be far apart from the lesions. Thus, it could be possible to observe altered
activity not only in a contiguous area, but also distant from the lesions, i.e., produced by cortical neurons
in connection with the focal area of inflammation, but located far apart (reflecting a well-known difference
between anatomical and functional correlates in the brain). Notice also that, if the area of inflammation
is located in the white matter, it affects only axons and action potentials propagating along them are less
visible from EEG than post-synaptic potentials. However, as mentioned above, even if the exact locations
of the lesions are not easy to be identified, our results suggest that the spread of the lesions and a possible
asymmetry can be found (indeed, in the first case, the identified SBC sources are widespread and, in the
second case, SBC sources are predominantly found in the same hemisphere in which lesions are located).

Further work is suggested to deepen the promising results found in this pilot study on a few patients. In
particular, using a high-density system for EEG acquisition could allow us to better locate the sources of
SBCs, to be correlated with MRI results”®”. Moreover, the use of functional MRI in synchronous with EEG
registration”"’ could help in investigating better SBC sources.

As EEG acquisition is cheaper and faster than MRI recording, the possible confirmation of the relation
between SBC sources location and lesions could have relevance in the clinical practice. Specifically, EEG
could support the follow-up of the patient, e.g., with daily monitoring of the effect of the treatment on
the possible reduction of the lesions. This method, if confirmed in an extended study, could support the
clinician in rapid diagnosis, allowing the fast implementation of specific therapy to improve the prognosis
and simple monitoring of the progress of the patient.
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