®

Check for
updates

Traumatic Brain Injury
and Electroencephalogram Findings

Renato Anghinah and Jéssica Natuline lanof

History

The discovery of electroencephalography (EEG) in 1929 by
the German psychiatrist Hans Berger was a historical
advancement that provided a new neurological and psychiat-
ric diagnostic tool at the time, mainly considering the lack of
all the exams that are available in daily practice today, such
as computed tomography (CT) and magnetic resonance
imaging (MRI), without which the preparation of neurologi-
cal diagnoses and the planning of neurosurgical operating
procedures would not be acceptable [1]. Based on the dis-
covery of Caton and Beck, Danilevsky, Prawdicz-Neminsky,
and others that there was a spontaneous (intrinsic) brain elec-
trical current that could be recorded, Berger made the first
EEG recording (electrocorticogram) on July 6, 1924, during
a neurosurgical operation on a 17-year-old boy. He reported
this in 1929, being the first to use the terms alpha and beta
[1]. The discovery of electroencephalography was a land-
mark for the advancement of neuroscience neurological and
neurosurgical practice every day, especially for patients with
seizures. At a time when lumbar puncture, pneumoencepha-
lography, and ventriculography were the only diagnostic
tools to detect and locate “sick sites” in the brain, the EEG
revolutionized daily neurological and neurosurgical proce-
dures and exceeded a period of approximately 40 years
(1930-1970) until the advent of computed tomography [2].
Its importance, currently, may not be as great as it was before,
but it still has its place in the diagnosis of seizures, brain
tumors, degenerative brain disorders, and other diseases.
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Introduction

In traumatic brain injury (TBI) patients, diagnosis and treat-
ment are essential for acute patient care and long-term reha-
bilitation. Cognitive dysfunction (memory impairment,
attention, and information processing skill) [3], somatic
problems (headache, fatigue, sexual dysfunction, and sleep
disorders), mood swings (depression, aggression, emotional
liability, and anxiety), and post-traumatic personality
changes (self-centered behavior, reduced social awareness,
and disinhibited behavior) are some of the several conse-
quences that may occur after TBIL.

Electroencephalography (EEG) is important for clinical
assessment of consciousness to support diagnosis and prog-
nosis [4, 5]. The electrical activity of brain tissue may have
good prognostic value after brain injury. EEG can provide an
objective and quantitative measure of the severity of brain
injury [6], when performed from 15 days to 4 years after
TBI. In addition, EEG can detect early seizure activity and
give information about sleep patterns during polysomnogra-
phy, since sleep disturbances (insomnia, hypersomnia, and
altered sleep-wake cycles [7-9]) are common after TBI. The
neural mechanisms that contribute to sleep disturbances are
multiple — the degree of damage to sleep-wake regulation
centers, such as ascending reticular formation and associated
pathways or neurotransmitter systems — and may affect sleep
[10, 11]. Also, anxiety and depression often occur after TBI,
and increased depression is associated with poor sleep qual-
ity [12, 13].

Most cognitive disorders have a primary diagnosis that is
clinically based, but the EEG plays a role in evaluation, clas-
sification, and follow-up of some of these disorders. The
EEG is a widely accepted method for evaluating cortical
information processing and neurophysiologic changes that
occur during unconsciousness and the different states of con-
scious awareness [14]. In addition, it is now possible to
increase EEG sensitivity through the use of digital EEG
(dEEG) and the mathematical procedures implemented in
quantitative EEG (qEEG).
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Clinical electrophysiologic techniques are frequently
used in the evaluation of cerebral function following TBI
[15]. These tools enables noninvasive recording of the elec-
trical or magnetic activity of the brain. Conventional EEG is
the prototypic clinical electrophysiological assessment and
was the first neurodiagnostic tool to allow characterization of
disturbances in cerebral physiology produced by TBI [16,
17]. The digital recording of cerebral function is acquired
from 21 electrodes arranged on the scalp, according to the
International 10-20 System, and generates waveform trac-
ings suitable for visual inspection by a qualified electroen-
cephalographer [18, 19].

The electroencephalogram (EEG) records the electrical
potential difference between brain electrical activities
recorded between two electrodes [20]. EEG records the aver-
age membrane potential of apical dendrites of cortical pyra-
midal neurons, which tends to oscillate. It detects the
synchronous occurrence of dendritic synaptic potentials —
excitatory and inhibitory postsynaptic [21].

The physiological basis of these oscillations is a manifes-
tation of both intrinsic properties of neurons (ionic conduc-
tances) and network interactions (connectivity). Different
frequency oscillations are guided principally by cortico-
cortical connections and thalamocortical connections to
varying degrees depending on the specific oscillation. EEG
oscillations exist in a broad range of frequencies from below
1 Hz to several hundred hertz. The physiology is best under-
stood for several “classic” frequency bands including delta
(0.5-4 Hz), theta (4-7 Hz), alpha (8-13 Hz), beta (14—
30 Hz), and gamma (30-100 Hz). These frequency ranges
[22] represent different oscillatory phenomena with unique
underlying physiological mechanisms, cortical topographies,
and functions. Different combinations of frequency bands in
different quantities represent different states of the brain —
attentive wakefulness, drowsiness, and stages of sleep.

EEQG clinical assessment usually involves a visual inspec-
tion of the electrical activity of the brain in a variety of brain
states and the evaluation of the topography and amount of
appropriate oscillatory activity of the state, as well as exami-
nation for the presence of pathological potentials. For the
detection of epileptiform activity, the human eye actually
exceeds computerized waveform analysis despite decades of
attempts to automate EEG interpretation [23]. But when it
comes to the evaluation of topography and the amount of
oscillating activity and what constitutes a normal or abnor-
mal distribution of this activity, visual inspection fails con-
siderably, and the use of computerized algorithms is needed.

For example, to obtain a quantitative evaluation of the
amount of oscillatory activity at any and all frequencies in a
specific region of the brain, the qEEG frequency analysis
transforms the original EEG data over a period of time into a
representation of its frequency content, generating a continu-
ous EEG “force spectrum.”

Utility of EEG

EEGs enhance conventional medical approaches to imaging
the structure and function of the brain. EEG as a neuroimag-
ing modality holds several advantages over more conven-
tional medical approaches. Nowadays, computed tomography
(CT) and MRI are the current “gold standards” for imaging
assessment of neurophysiological trauma. They have an
excellent spatial resolution for easily identifying lesions; but
both approaches require very large and expensive equip-
ment, special facilities for their use, and dedicated techni-
cians for operation and are not available everywhere. CT
uses small doses of radiation, which can carry potential risks
for long-term side effects if patients are scanned frequently
and MRI uses an extremely strong magnetic field, and needs
a careful operating room. Also, it has a lot of limitations — its
use has contraindication of medical devices, implants, and
any foreign ferrous metal objects in the patient’s body.
Equipment used for EEG is more portable and cheaper and
requires no special facilities. These characteristics lead to
field ability and a broader operational effectiveness [24].

The data derived from EEG are also essentially distinct as
compared to CT and MRI data. In particular, while CT and
MRI have excellent spatial resolution, the resulting images
(which may take several minutes to acquire) are temporally
static and thus provide no direct measurement of functional,
ongoing brain activity. Even the best current methods of
“functional MRI” are limited to multiple seconds for the
acquisition of whole-brain images. In contrast, EEG is
extremely high-resolution in the time domain (EEG can be
sub-millisecond) and, as described above, is a direct mea-
surement of neuronal activity. This enables a great number of
analyses, which capitalize on direct responses to stimuli,
cognitive responses, interrelatedness of continuous signals,
and the oscillation of both discrete and cross-regional net-
works of brain areas [20].

EEG in TBI

Electrical activity is a relatively sensitive index of the patho-
physiological response of the brain to the immediate and sec-
ondary damage of the TBI, and that is why it is intimately
related to the outcome of the patient’s situation [25].

Glasgow Coma Scale, duration of loss of consciousness,
and duration of post-traumatic amnesia (PTA) are considered
important clinical predictors of the severity and long-term
prognosis of brain damage. However, these assessments are
often unknown or unregistered. Therefore, there is a need to
develop an objective and quantitative measure of the severity
of brain injury using the EEG tests [26].
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Immediately after TBI, EEG initially shows epileptiform
activity [27], followed by suppressed cortical activity —
which can last from seconds to about 1 min [28]. Many
patients return to normal within 1 h, while others continue to
have focal or generalized EEG slowing — that can last from
weeks to months. The posterior alpha frequency is on aver-
age 0.7 Hz lower and gradually returns to baseline frequency
over a period of time ranging from weeks to a few months
[29]. The theta/alpha ratio increases after mild TBI and tends
to return to normal within weeks to months [30].

In general, high-frequency EEG (beta and gamma)
rhythms are produced by cortical generators, whereas lower-
frequency rhythms (delta) are the product of corticothalamic
synchrony and may be more prominent when the choro-
thalamic connections are interrupted [31].

EEG abnormalities are more common than clinical symp-
toms in the early months after mild TBI. Later, after the
injury, there is little correspondence between EEG and clini-
cal signs, symptoms, results of images, or psychometric tests
[29].

Quantitative EEG (qEEG) also shows immediate reduc-
tion in mean alpha frequency and increase in slow theta
activity. These changes usually take weeks to months to
resolve. Improvement is associated with symptom reduction
[29]. Theta/beta ratio is increased. Compared to healthy con-
trols, there are more slow waves in patients with mild TBI
[32].

Mild TBI

Electroencephalography (EEG) was the first clinical neuro-
diagnostic assessment that revealed abnormal brain function
following traumatic brain injury [17, 33, 34]. EEG may be
more sensitive than clinical neurological examination to
detect brain injury. After mild traumatic TBI (mTBI), most
patients (86%) with an abnormal neurological examination
had an abnormal EEG. But only 23% of abnormal EEGs
were accompanied by an abnormal neurological examination
[35]. EEG changes are not uniform in all individuals, due to
differences in the severity of head injury. Some people have
a clinically normal EEG as early as 15 min after concussion
[36].

EEG abnormalities are more frequent in patients with
durations of unconsciousness lasting more than 2 min (56%)
than in patients with briefer periods of unconsciousness
(17%) [37].

It is important to emphasize that there are no clear EEG or
qEEG features unique to mild traumatic brain injury.

e Acute EEG changes

e Immediately after mTBI, there is epileptiform activity
(high-amplitude sharp waves or high-frequency dis-
charges), followed by diffuse suppression of cortical

activity that usually last for 1-2 min, then there is a dif-
fuse slowing of the EEG, and brain activity returns to the
normal baseline within 10 min to 1 h [27, 38, 39]. qEEG
often shows immediate reduction in mean alpha fre-
quency [40], with increased theta [41, 42], increased delta
[43], or increased theta/alpha ratio [44, 45].

e Subacute EEG changes

o Weeks to months after mTBI, there is a 1-2 Hz increase
in the frequency of the posterior alpha rhythm — it repre-
sents a return to the original baseline from the post-
traumatic slowing [29, 35]. The majority of the acute
EEG abnormalities resolve by 3 months — 90% resolve
within 1 year of the head trauma [29].

e Chronic EEG changes

e Lewine et al. (2007) studied a group of 30 patients with
persistent psychiatric, somatic, or cognitive complaints
(lasting >1 year) that was developed within the first few
weeks of mTBI. The magnetoencephalography (MEG)
revealed epileptiform abnormalities in 16% and slow-
wave abnormalities in 63% [46]. They found a higher
power in the delta band (1.5-5 Hz) and a lower power in
the alpha band (8.5-12 Hz) in postconcussive syndrome
patients compared with matched controls.

Improving EEG Analysis

Digital EEG (dEEG) is not recorded on paper, like the con-
ventional EEG. The collected data is presented in video
monitor and its storage is in digital format, which allows
flexibility in the analysis. The qEEG represents the mathe-
matical processing of the digital EEG. Often, it is not possi-
ble through visual analysis to recognize changes in the
electroencephalographic record. In addition, despite the
presence of neurological disorders, the visual analysis of the
EEG tracing may be normal. The use of the qEEG allows a
more in-depth analysis of the base activity, slow or fast focal
activities, subtle asymmetries, waves, and spicules [47].

The routine EEG (up to 32 electrodes) has a high temporal
resolution (on the order of milliseconds) but poor spatial reso-
lution. This limits the use of conventional EEG in mapping
and distributing brain electrical activity spatially [48]. One
way to improve spatial resolution is through the use of a larger
number of electrodes. The low-resolution brain electromag-
netic tomography (LORETA) method helps to solve the
inverse EEG problem — problem in calculating the distribution
of currents for a given electrical potential — since the electrical
activity found in the exam is distributed in a CT scan image
that corresponds to an average brain of the population. The
functional images of LORETA represent the electrical activity
in each voxel as power of the spectral density [49].

LORETA is a mathematical algorithm that estimates the
sources of EEG recorded on the scalp [50] and is widely used
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in EEG studies. New improved versions of LORETA have
been developed — standardized low-resolution brain electro-
magnetic tomography (SLORETA) and exact low-resolution
brain electromagnetic tomography (eLORETA). sLORETA
[51] and eLORETA [52] have the same low spatial resolu-
tion, with zero localization error, but the eLORETA provides
better localization of the signal source in the presence of
noise [53].

Leon-Carrion et al. (2008) performed a study with 16
patients with TBI, among them 7 subjects had minimally
conscious state, and 9 had severe neurocognitive disorders.
The presence of slow waves was twice as large in the first
group. They also found differences in LORETA in relation to
the theta frequency in the middle occipital cortex [54].

The study of Tomkins et al. (2011) included 37 patients,
of whom 19 suffered from post-traumatic epilepsy. They
found, through sSLORETA, that TBI patients had slower delta
waves than controls, regardless of whether or not they had
post-trauma epilepsy [55].

Corradini and Persinger (2013) noted, through the use of
SLORETA, a decrease in parahippocampal electrical activity
and in regions adjacent to the temporal lobe in individuals
with mild TBI [56].

The study of Ledwidge and Molfese (2016) used
sLORETA to compare athletes with concussion and con-
trol athletes and found that those with concussion had
higher electrical current density in the lower parietal gyrus
than controls. These findings support the hypothesis that
individuals with a past concussion recruited compensatory
neural resources to meet the demands of executive func-
tioning [57].

The study of Ianof et al. (2017) compared 19 patients with
diffuse axonal injury (DAI) —type of TBI that results from
acceleration/deceleration or rotational injuries to the brain —
and 17 healthy adults submitted to high-resolution EEG with
128 channels. Cortical sources of EEG rhythms were esti-
mated by exact low-resolution electromagnetic tomography
(eLORETA) analysis. The mean alpha frequency peak was
10.23 Hz (+0.90 SE) for the control participants and 9.73 Hz
(x£1.02 SE) for the DAI group. No statistically significant dif-
ference was found between the control and DAI groups
(Mann-Whitney U test, p > 0.125). In comparison to the con-
trol, the DAI group had increased theta activity in the limbic,
occipital, sublobar, and temporal areas [58].

Post-traumatic Epilepsy: An Overview

Epilepsy is a disorder of the brain characterized by a predis-
position to generate epileptic seizures with neurobiological,
cognitive, psychological, and social consequences [59]. It
can also be defined as unprovoked recurrent seizures that
occur 24 h apart, at least [60].

Seizures are a frequent consequence of TBI, and its inci-
dence is of 15-22% in TBI patients [61]. Post-traumatic epi-
lepsy (PTE) and post-traumatic seizures (PTS) are terms
used to describe seizures that occur after head trauma that
are believed to be causally related to the trauma itself [62].
PTS are seizures that occur in the first week after TBI and are
considered to be provoked by head injury. PTE is defined as
one or more unprovoked seizures that occur at least a week
after TBI [63].

The occurrence of seizures after head injury is a lifelong
complication of TBI and has been demonstrated to worsen
functional outcome significantly [64].

Seizures begin, in approximately half of PTE cases,
within the first year and in 80%, within the first 2 years. One
population-based study estimated that 86% of patients with
one seizure, occurring at least 1 week after TBI, had a second
seizure within 2 years [65].

There has been significant focus on computed tomogra-
phy, EEG, and MRI after TBI to evaluate risk of PTE. Angeleri
et al. (1999) performed a 12-month prospective study evalu-
ating clinical progress, EEG, and computed tomography at
four scheduled intervals. Some of the patients in this study
also underwent MRI. Their study showed correlation of PTE
with early seizures, frontal or temporal lesions on acute com-
puted tomography, development of an EEG focus 1 month
after TBI, and cortical MRI hyperintense areas [66]. It is rec-
ommended to obtain neuroimaging and EEG after PTS.

EEG and Sleep

Electrophysiologic changes in sleep may be present in both
the acute and chronic stages of TBI and vary according to the
severity of the injury. Cognitive dysfunctions may be caused
by sleep disturbances and may aggravate impairment in
patients with TBI. Sleep disturbances can include hypersom-
nia, insomnia, altered sleep-wake cycles, periodic limb
movements during sleep, disorders of rapid eye movement
during sleep, and respiratory disorders of fast sleep in the
movement of the eyes, such as obstructive sleep apnea or
central apnea. In patients with obstructive sleep apnea, there
is a greater impairment of neurocognitive function, mostly
memory and sustained attention, than patients who do not
present disordered breathing during sleep [67].

After the acute stage of TBI, sleep disorders are common
[67]. Mild TBI patients may show longer sleep latency and
lower sleep efficiency. Also they have a lower delta power (but
higher alpha and beta power) during non-REM (NREM) sleep
[68, 69]. This EEG pattern of fast frequencies intruding into
deep NREM sleep has been described in insomnia patients
and may represent a deficit in turning off arousal [70].

After severe TBI, EEG patterns in the acute stage may
have prognostic implications. A retrospective study of 64
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adults with severe TBI admitted to the intensive care unit
revealed that sleep features seen on continuous EEG moni-
toring were associated with significantly better functional
outcomes [71].

In patients with TBI, sleep architecture findings are incon-
sistent and may include no change at all, increase of slow
wave, and changes in rapid eye movement (REM) during
sleep — decreased REM sleep, increased REM sleep during
the second half of the night, no change in the REM sleep, or
decreased onset latency of REM sleep. The sleep-wake regu-
lation centers and associated pathways are damaged in the
TBI, and these damages are the cause of disturbances of the
sleep architecture. Sleep disturbances lead to fatigue that
may be associated with mental retardation and slower pro-
cessing of information [72]. Sleep disorders also contribute
to anxiety and depression. Patients with TBI may have dis-
rupted circadian regulation of melatonin synthesis, including
lower levels of melatonin production at night [12].

Chronic changes in sleep architecture have also been
described after TBI. A review of 105 polysomnograms
(PSG) in patients with severe TBI identified lack of deep
sleep and increased sleep fragmentation in those more
severely affected [73]. PSG 6 months after TBI revealed con-
solidated NREM sleep and a trend toward a higher amount of
delta power compared with controls [74].

Reduced sleep quality induces depression. Early diagno-
sis is important, and treatment may involve modafinil, mela-
tonin light therapy, lifestyle modifications, and improving
alertness and mood [67].

Due to the association between TBI and sleep distur-
bances, it is important to analyze the qEEG during sleep.
There seems to be an interference of sleep disturbances with
rehabilitation contributing to long-term disability [75-77].

Conclusion

Quantitative EEG is promising as a diagnostic assessment
for TBI and postconcussive symptoms. Further scientific
studies are needed to provide a better understanding of the
pathophysiology and elucidate how EEG can aid in the care
of patients who have sustained a TBI.
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