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Abstract 

Epilepsy is a highly prevalent condition and affects about 50-65 million people worldwide with great impact on health and quality of life, 
including medical and social aspects. Electroencephalography (EEG) represents the main diagnostic approach to evaluate patients with 
epilepsy. EEG techniques have achieved significant improvement over the years and keep evolving to meet increasing demands such as higher 
accuracy, innovation and better quality and technique to enable improved diagnosis and treatment of epilepsy and other conditions. We use 
this paper to discuss current techniques and future opportunities for advancement of different types of EEG and various aspects of its use, along 
with avenues for improving EEG related engineering and technology. We wish to enumerate various aspects of EEG hardware and capturing 
techniques to discuss opportunities for improvement, along with detailing the utility of software advances including quantitative EEG and 
EEG analyses. We also aim to discuss neurostimulation and its role in advancing the management of epilepsy. Finally, we also discuss the use 
of EEG in non-epilepsy conditions. We aim to showcase current capabilities and expand on these to describe opportunities for advancement 
in diagnosis and management using EEG for a variety of indications. Our paper seeks to detail various aspects of EEG advancement that can 
improve overall patient care and research.
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Introduction

Epilepsy is a highly prevalent condition and affects about 50 
million people worldwide, based on World Health Organization 
(WHO) estimates [1]. The medical and socioeconomic burdens 
on patients and their families are tremendous and the annual 
financial impact is in the billions [1]. Management of epilepsy 
is multifaceted and involves multidisciplinary efforts from 
physicians and other medical professionals, policy makers, 
patients and their families. Electroencephalography (EEG) 
forms the mainstay of diagnostic evaluation for patients 
with suspected or known epilepsy. EEG studies are primarily 

performed to capture seizures and associated abnormalities, 
confirm or exclude a diagnosis of epilepsy, define the type of 
epilepsy, localize the parts of the brain affected by epilepsy, 
determine their numerical burden and offer guidance in 
determining the optimal treatment or combination of 
treatments. Non epileptic conditions like sleep or movement 
disorders or dementia have also benefited from use of EEG for 
purposes of research and patient care. Extensive research has 
been performed and is ongoing to enable better quality and 
efficacy of EEG analyses for patients. 

Hardware considerations include improving data capture by 
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EEG electrodes along with increasing electrode placement 
accuracy, while limiting tissue damage and decay of the 
electrodes for longer durations of use. Software considerations 
include better automated detection of seizures, artifact 
reduction, quantitative analyses and other aspects including 
higher quality and volume of data storage. 

Intracranial EEG (IEEG) involves recording EEG from within 
the brain tissue using surface or implanted depth electrodes 
to better delineate the seizure network to determine the best 
choice of treatment. Video EEG (VEEG) includes continuous 
EEG monitoring with video surveillance to capture seizures 
to determine physical attributes associated with them and 
is performed in inpatient and ICU settings. Ambulatory 
(AEEG) and implanted EEG involves electrodes placed over or 
under the scalp to capture chronic EEG recordings to study 
patient. Seizure forecasting involves the use of techniques, 
including artificial intelligence (AI), to predict the probability 
and timing of future seizures in patients. Neurostimulators 
include electrical devices that are implanted within the body 
to help with diagnosis and treatment of epilepsy and include 
vagal nerve stimulation (VNS), responsive neurostimulation 
(RNS) and deep brain stimulation (DBS). Our paper seeks to 
highlight the various aspects and targets for these techniques 
and compare some of their capabilities to ensure correct 
choice and complementary usage to improve the value of EEG 
in patient care and research. EEG has also been studied for its 
utility in other conditions like dementia, psychiatric disorders, 
etc. as a research and support tool. We describe current 
capabilities as well as explore opportunities to improve 
various aspects of EEG, thus expanding the scope of EEG use 
within epilepsy and other conditions. 

Methods

Our paper focuses on engineering aspects of EEG to identify 
targets for improvement in EEG capture and analyses to 
improve patient care and research capabilities. PubMed was 
used as the initial source of our research analyses. We used 
the relevant keywords and search terms and looked for high 
impact studies or papers that drew significant attention 
or detailed insightful opportunities or advancements in 
the field of EEG capture and related diagnostics. Papers 
of interest were identified as high impact based on their 
significance of findings, quality of research, citation scores 
and overall relevance to our line of investigation and the 
field of neurodiagnostics as a whole. We focused our efforts 
on identifying technical papers and studies that sought 
to improve the engineering technology behind EEG as a 
whole to showcase hardware related capabilities and future 
opportunities for EEG technology. We targeted studies and 
papers detailing EEG capture, signals analysis and AI, along 
with neurostimulation and non-epilepsy conditions, based 
on their relevance and utility in the field of neurodiagnostics. 
VNS and DBS do not use EEG technology for their diagnostic 
and therapeutic algorithms, and we accordingly did not focus 
on them in our neurostimulation section, as it was outside 

the scope of this paper. We aimed to discuss EEG use for 
clinical care and research in various non-epilepsy conditions 
in our final section but realize that the list is too vast and 
our description, while exhaustive, is not complete by any 
means. Research papers and studies were selected based 
on their significance and relevance to the field, along with 
their innovation and impact on daily use in clinical care and 
research. Citation scores were not the only factors used in 
selection of papers or studies of interest. We did not perform 
any statistical analyses of our own as we were focused on 
the innovation, utility and opportunities afforded by various 
technologies. We, however, did pay significant attention to 
the statistical methods employed in the various studies used 
in our papers of interest to show the strength of their findings. 
The statements about future directions include insight from 
the papers we believed to be relevant, along with our personal 
opinions as well. 

Discussion 

Scalp EEG / routine EEGS

Scalp or Routine EEG involves placing electrodes on the 
outside of the head, over the scalp, to record electrical activity 
from the brain. It remains the preliminary and most basic 
investigation to look for the presence of abnormalities to 
confirm a diagnosis of epilepsy. Routine EEGs are generally 
performed for 20-30 minutes and show a diagnostic yield 
of 60% for detected abnormalities on a single study [2]. 
This can rise to a 92% detection rate after 4 consecutive 
studies [2]. Maneuvers like prolonging duration of study up 
to 40-60 minutes, sleep deprivation, photic stimulation and 
hyperventilation, in addition to early performance of the 
study within 48-72 hours of seizure occurrence, are all used to 
improve the diagnostic accuracy and yield of scalp EEGs [3]. 

While video EEG (VEEG) does have higher diagnostic yield 
than routine scalp EEGs; the cost, availability and disruptions 
to patients’ lives by VEEG, makes scalp EEG an easier and 
more commonly performed option [3]. Ease of performance, 
low cost, ease of interpretation by most neurologists, short 
duration, and relatively good diagnostic yield with specificity 
make scalp EEG an excellent first option for initial evaluation 
and triage of patients with suspected epilepsy. Shorter 
duration of study makes it a great option for investigating 
seizures in patients with cognitive impairment or dementia, 
due to difficulties with prolonged monitoring and inability to 
maintain good electrode placement for longer durations. 

Routine EEGs are of great value in research studies that require 
multiple studies to be performed in a consecutive manner with 
intervals of days or weeks due to their ease of performance 
and limited utilization of resources. Combining them with EEG 
analyses enables insightful utilization in research and allows 
researchers to study the effects of interventions on EEG. These 
principles have been used to study consecutive routine EEGs 
with advanced electrographic analyses in patients treated 
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with medications like cannabidiol to determine effects of 
treatment and identify better candidates for these treatments 
[4]. Similar studies have been conducted to measure the effects 
of anti-seizure medications (ASMs) on the EEG to develop 
digital biomarkers to enable better analyses of treatment 
responsiveness [5]. Some studies have shown that routine EEGs 
performed with limited electrode montages have significant 
utility in diagnosing recurrent seizures (status epilepticus) in 
inpatient and emergent settings. This finding is of great value 
as it would greatly save time, cost and manpower, in addition 
to limiting the need and use of VEEG on an emergent basis to 
confirm the presence of ongoing seizures [6]. 

Routine EEGs are often performed in the setting of brain 
death to confirm the diagnosis and enable transplantation 
and other terminal life decisions [7]. These routine EEGs are 
often performed in a specific manner and involve fewer 
electrodes and specific electrographic requirements to meet 
criteria supporting brain death. While newer ancillary tests like 
cerebral perfusion scans are now performed at many centers, 
the utility of Routine EEGs in brain death exams cannot be 
discounted entirely [7]. Routine EEGs are also of great value in 
neonatal and pediatric settings, but with limited utility due to 
the challenges of interpretation of pediatric EEG and the need 
to be read by highly trained neurologists [8,9]. Despite this, 
they continue to hold great value in the pediatric EEG world. 

Routine EEGs thus have excellent utility in overall diagnosis 
for epilepsy but are showing increasing importance as 
research tools and are expected to become more commonly 
used for research analyses, especially in conjunction with 
quantitative EEG analyses and computational methods such 
as artifact reduction (described ahead). The use of routine 
EEGs with modifications like fewer electrodes or variable 
placement of electrodes also multiplies their use manifold, 
with some of these principles inspiring the development of 
bedside portable EEG devices and ambulatory technologies, 
and offering use in conditions like intraoperative monitoring 
of cerebral activity (described ahead). We expect that portable 
EEG devices will be used more frequently in emergent and ICU 
settings, especially during overnight evaluations, to minimize 
the need for EEG technologists to remain in the hospital 
and enable rapid and simple bedside evaluation to rule out 
ongoing seizures in comatose and critically ill patients.

Video EEG (VEEG) in the epilepsy monitoring units (EMU) 
and intensive care units (ICU)

VEEG remains the gold standard of epilepsy diagnostics due 
to its ability to capture events and seizures with associated 
electrographic and clinical changes [10]. VEEG is usually able 
to capture the event of interest within 48-72 hours in 85-87% 
of patient evaluations and achieve the required diagnostic 
goals [10,11]. Capturing an event on VEEG enables the treating 
neurologist to determine the type of seizure, location of seizure 
onset and spread zones, potential choice of medication, 
eligibility and need for surgical or other treatments, along 

with correctly understanding the clinical changes that occur 
with a seizure. Prolonged duration of VEEG automatically 
improves diagnostic yield in comparison to routine EEGs due 
to higher chances of event capture and makes it a superior 
test [3]. Patients can be monitored in near natural situations 
which helps the physician simulate a real-world environment 
in many cases and also offer additional provocations like sleep 
deprivation, photic stimulation, hyperventilation and the use 
of seizure provoking medications to increase the probability 
of capturing a seizure [10]. 

The addition of video to EEG has greatly enhanced its 
diagnostic utility and capabilities in epilepsy management [3]. 
Video monitoring enables the physician to capture obvious 
clinical seizures or physical manifestations of seizures which 
confirm the diagnosis, assist with localization and lateralization 
of the seizure onset zone and identify other signs of the seizure 
that would have otherwise been unrecognized. Differentiating 
between epileptic and nonepileptic seizures without video 
can sometimes be very challenging and lateralization can 
be made easier with the use of video rather than eyewitness 
accounts to increase accuracy – 55% vs 21% based on some 
studies [12]. Frontal lobe seizures are very challenging to 
diagnose and localize or lateralize and can often remain poorly 
detected on EEG or mistaken for nonepileptic spells, with 
improved chances of diagnosis only due to the use of video 
[13]. Semiological features like aphasia or nose rubbing can be 
greatly effective in localization and lateralization on video EEG 
and greatly improve diagnostic accuracy [14,15]. Video use 
in VEEG greatly enhances diagnostic accuracy in identifying 
different seizure types from different parts of the brain and 
is often reflected in greater diagnostic accuracy seen with 
higher levels of experience in more practiced neurologists and 
epileptologists, compared to trainees and junior doctors [16]. 
We also note higher diagnostic accuracy for more clinically 
obvious seizures like convulsions over dyscognitive or more 
subtle seizures [16]. EMUs now add muscle activity monitors 
to enable better confirmation of convulsive seizures and aid 
in the diagnostics of muscular conditions like myoclonus that 
can mimic seizures – a development that greatly reflects on 
the engineering improvements that enable better studies of 
muscle movements to improve diagnostic accuracy in the 
EMU [17,18]. 

Seizures are often associated with cardiorespiratory 
dysfunction that can be life threatening and elevates the risks 
associated with VEEG monitoring. The most common cause of 
death in epilepsy patients, with an incidence of 2.2 per 1000 
patients, is sudden unexplained death in epilepsy - SUDEP 
[19]. Postulated mechanisms include cardiac arrhythmias, 
central apnea, neurogenic induced pulmonary edema, and 
asphyxia. Clinical evidence of ictal or postictal apneas and 
cardiac arrhythmias is supportive of these hypotheses [20]. 

The most common cardiac consequence of seizures is sinus 
tachycardia, seen in up to 80% of seizures [21]. Many different 
cardiac patterns have been described as ictal and postictal 
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arrhythmias and contribute to varying degrees of morbidity 
and mortality. Rare deaths have been reported in EMUs due 
to ictal arrhythmias causing recorded SUDEP on VEEG [21]. 
The reason for lowered incidence of cases of SUDEP in EMUs 
has been due to the use of continuous telemetry with cardiac 
and pulse oximetry monitoring, along with the presence of 
resuscitative equipment in EMUs to enable rapid response 
to treat such events. Lessons learnt from cardiac monitoring 
in such patients have been extrapolated to enable better 
detection of fatal arrhythmic events during seizures and 
improve prediction and response times, and to also develop 
newer technologies to better monitor patients being evaluated 
for seizures in ambulatory settings (described ahead). 

Neonatal ICU EEG monitoring is challenging due to 
the difficulties in maintaining electrode placement and 
bypassing the artifacts produced by multimodal monitoring 
on EEG in children. Many hardware and EEG software-
based improvements have been adapted from adult VEEG 
monitoring to enable precise and accurate VEEG monitoring 
in neonates and children, reflecting the scope and 
opportunities for bioengineering to expand EEG access to 
this previously technically challenging group of patients [9]. 
These advancements have greatly improved abilities for EEG 
capture in pediatric patients resulting in improved outcomes 
in seizure diagnostics and treatments over the years [9].

Future advances are expected to include greater support 
from AI and automated seizure detections. Some studies 
have already tried to convert relevant power spectra in EEG 
into sound waves to enable rapid recognition of seizures at 
the bedside by non-neurologists to enable ease of seizure 
identification in critical care settings when time is of the essence 
in recognizing seizures and neurologists may not always be 
available at the bedside to enable rapid seizure identification 
[22]. Similar innovations are expected to improve the utility of 
VEEG and increase their yield at the bedside along with cost-
saving and resource-saving improvements in technology. 

Hardware related improvements in EEG capture

EEG remains the same technique it was when first described 
at inception. Changing from paper to digital EEG is often 
felt to be the first leap in improving hardware capabilities 
for EEG, resulting in spatial compression and lessening 
physical demands for EEG storage. That being said, various 
electromechanical and chemical techniques have been 
employed to improve quality and diagnostic yield of EEG 
over the years. These techniques have shown the efficiency 
of bioengineering at developing better materials and 
electromechanical interfaces to enable better quality EEG 
detection. 

EEG capture involves the use of surface electrodes with or 
without conducting gels on the skin to enable signal capture. 
Long term use of pre-gelled electrodes is hindered by many 

concerns, including bulkiness, skin irritation, along with 
poor robustness from gel dehydration [23]. While short term 
EEG recordings may show good efficacy with the use of gels 
(Figure 1), longer term monitoring involves dealing with 
complications related to the effects of perspiration, movement, 
electrode decay and has driven experts towards developing 
dry electrodes that are more resistant to long-term electrode 
placement [23,24]. These conducive and conformatory dry 
electrodes achieve low impedance and remove the need for 
conductive gel. 

The use of such electrodes improves compatibility and 
enables long-term skin contact. They allow for efficient and 
unobtrusive monitoring of brain activity and can also be 
used for other types of biomonitoring (heart, muscle, etc.). 
These dry electrodes also operate with lower tensile strain 
and reduce the probability of skin irritation and breakdown/
injury. Some newer electrodes have 3-dimensional 
conductive arrays enabling removal of extra contacts on the 
skin, expediting vertical connections, and achieving better 
density for multilayer devices, as compared to conventional 
electrodes with one-sided presence of conducting materials 
[23]. Fabrication methods for such electrodes are simple, 
economical, and scalable.

Dry electrodes can be divided into invasive microneedle, 
surface, and capacitive electrodes [25]. Invasive 
microelectrode needle electrodes have attracted great 
interest in EEG monitoring due to their excellent properties 
including penetration sans skin preparation, negligible skin 
trauma, low impedance, simplicity of operation, and great 
selectivity [24]. They are currently made out of silicon, metal 
or polymers. Each of these materials come with their share of 
challenges and benefits [24]. Skin penetration multiplies the 
probability of infection, and the length of microneedles should 
be enough to pierce skin without breaking it or causing severe 
pain, which limits the uses of microneedle-based electrodes 
(Figure 2). Microneedles are usually made of stiff material like 
silicon and metals, making them more susceptible to motion 
artifacts. These challenges raise significant obstacles to their 
regular use.

Figure 1. Schematic and electrical equivalent circuit model of 
electrode–skin interface for wet electrodes [24].
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 Surface dry electrodes are noninvasive with close skin 
contact. There are no conductive gels between the electrode 
and the skin surface, unlike commonly used wet electrodes. 
Motion does not reduce their contact significantly. They are 
made using carbon-based materials, polymers or even metals. 
They are the most studied dry electrodes due to their simple 
manufacturing and measuring processes (Figure 3). They 
achieve good skin contact without penetration, ensuring 
noninvasiveness, but motion artifact remains a major 
limitation. Adhesives to maintain adhesion or nanostructure 
patches with mechanical interlocking or nanopillars or 3D 
anatomies inspired by natural sources have been suggested 
and show promise. These adhesives lose grip on wet skin or 
skin exposed to flowing water. Nanopillar patches achieve 
excellent adhesion from mechanical interlocking, inspired by 
natural structures in frogs [26].

The modus operandi of capacitive electrodes is quite different 
from the other types. It equates to a capacitor coupled on the 
skin, does not need close skin contact, with improvement 
in comfort. Sweat does not affect them. Noise and motion 
artifacts are frequent due to high impedance and instability 
of the electrode-skin junction, as compared to common wet 
electrodes (Figure 4). 

 
 Bioengineering thus has an important role to play in the 
development and improvement of good quality electrodes 
to expand use and improve signal analyses and also reduce 
effects of prolonged electrode placement. Continued 
progress is ongoing and imperative to meet the increasing 
demand for better quality and accuracy of EEG acquisition 
and signal monitoring. Similar engineering principles also 
apply to invasive or implanted intracranial EEG electrodes 
and neuromodulation devices and are discussed further 
ahead in this paper. The above section lucidly highlights many 
important steps that engineers and scientists have made in 
achieving progress in developing better EEG electrodes to 
improve quality and ease of data acquisition. These different 
electrodes have been used in research settings with satisfactory 
outcomes and researchers are optimistic about expanding 
their use into clinical care to enable better quality and longer 
duration of EEG capture. These improved capabilities of EEG 
electrodes are expected to increase diagnostic yield and 
improve treatment related outcomes in patients. 

Quantitative EEG analyses and seizure forecasting

While the previous section highlighted some of the 
advancements made in advancement of EEG related hardware 
to improve diagnostic capabilities, this section briefly goes 
into the software related advancements that have been 
engineered for improving the efficacy and accuracy of EEG.

Quantitative EEG (QEEG) involves applying digital signal 
analysis to recordings to enable automation of diagnostics 
and reveal patterns unseen by the human eye [27]. Decades 
of research have suggested that EEG analyses can unsheathe 
hidden differences between recordings of patients with 
epilepsy and non-epileptic subjects in terms of connectivity, 
signal predictability and complexity, spectral power and 
chaoticity [28]. Evident applications involve automation, 
along with scientific detailing and locating interictal 
epileptiform events or discharges and seizures, thus 
improving diagnostics and surgical management. Some fields 

 

 

  

 

 

Figure 2. Circuit model of interface for microneedle electrodes [24].

 

 

  

 

 

Figure 3. Circuit model for surface dry electrodes [24].

 

 

  

 

 

Figure 4. Circuit model for capacitive electrodes [24].
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of interest within QEEG involve seizure prediction, pharmaco-
EEG, treatment monitoring, evaluation of cognition, and 
neurofeedback. Chief limitations include low reliability and 
insufficient generalizability of measures, as well as the need 
for customization of analyses to individual patients (Figure 
5). Another major limitation towards clinical inclusion of 
QEEG analyses is also that training is excluded from standard 
curricula for many clinical neurophysiologists [27]. 

Automation or assistance in the detection of epileptiform 
spikes / discharges and seizures remains the main use of 
QEEG. Many studies have shown that the performance of 
QEEG based automated detection software (like Persyst) is 
non-inferior to visual inspection by a trained expert in the 
identification of spikes/discharges and greatly assists with 
diagnosis of epilepsy and saving time and effort in EEG 
review, along with aiding untrained care providers to identify 
abnormalities on EEG [29,30]. The data is mixed, however, 
when it comes to the use of QEEG to detect seizures in the 
EMU and ICU settings. One study conclusively showed that, 
in ICU settings, automated seizure capture had high rates of 
both false negatives and false positives that did not favor its 
use as an alarm in standard practice. The seizure detection 
rate was only about 50% while only 60% of QEEG identified 
seizures were actual epileptic events. Persyst shows maximum 
value in triaging of low-risk EEGs. This research stated that 
(Class II evidence) automated detection showed poor 
accuracy in identifying EEGs with seizures [31]. Other studies 
have shown non-inferior performance of Persyst software in 
seizure detection in prolonged EEG as compared to human 
interpreters and supported its use in EMU/ICU settings [32]. 
The presence of different seizure types results in variable 
rates of detection by QEEG software using different types 
of spectrograms to identify different seizure types; such as 
asymmetry spectrogram for detecting focal seizures, FFT 

spectrogram for detecting secondarily generalized seizures, 
and seizure detection trend for generalized onset seizures 
[33]. Moreover, the rise of newer terminologies and conditions 
like the ictal-interictal continuum and nonconvulsive seizures 
has resulted in redefining parameters and definitions for 
seizures with a resultant change in detection sensitivity and 
accuracy as well. QEEG analyses in different frequency bands 
has helped improve understanding and diagnosis of focal 
epileptic onset zones and networks [34,35]. 

Quantitative analysis of the EEG in order to document 
the effect of drugs on electric activity of the brain is known 
as pharmaco-EEG. Pharmaco-EEG is non-invasive, risk free, 
cheap and commonly used. The EEG evaluates response to 
the initiated therapy, for example, is there a change in the 
burden of interictal discharges [36]. Pharmaco EEG remains 
unpopular due to multiple reasons such as, poor use of the 
EEG as a biomarker, variance of EEG changes across different 
drugs, absence of standard operating procedures, high inter-
individual variability for EEG as a whole, and large storage 
and processing requirements needed for EEG recording [37]. 
Studying epileptiform activity and event-related potentials 
was included in the realm of pharmaco-EEG, but frequency 
analysis is of most importance. Frequency responses, 
correlation with side effects and prognostication of response 
to treatment were all studied with pharmaco-EEG with limited 
correlation which made it a less attractive option over the 
years, despite having extensive attempts in the past to study 
older generation ASMs and understand their use [37]. There 
has been increasing interest of late in the use of pharmaco-EEG 
to study the frequency band effects of drugs like cannabidiol 
and even perform higher quality and intensity graph network 
analyses to understand the effects of cannabidiol on epileptic 
and associated cognitive networks (Figure 6) [4,38]. 

 

 

  

 

 

Figure 5. An example of the variable utility of QEEG for seizures in the ICU – inconsistent seizure detection of the same program for 2 
different types of seizure events [94].
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Performing QEEG analyses requires extensive skills and 
signal component analyses and recognition of patterns that 
are variable across patients and may need customization 
across different seizure types, indications and treatment 
settings. Many experts have thus begun to work with artificial 
intelligence (AI) and deep learning programs to develop and 
improve newer and more effective approaches to the use 
of QEEG and improve its efficacy and accuracy, along with 
offering assistance/automation to human EEG readers and 
researchers [39,40]. AI has not yet achieved levels of accuracy 
that would support its regular use in clinical practice, but it is 
felt to be a matter of time before that benchmark is achieved 
[40].

While QEEG remains a useful tool with research and clinical 
applications, many experts have focused on developing 
biomarkers and algorithms to enable better prevention and 
prompt treatment by enabling better prediction of seizures. 
Seizure prediction and forecasting involve predicting the 
timing of the next seizure and estimating the probability 
of having a seizure at a given time. The unpredictability 
of seizures worsens fear and anxiety in epileptics, limiting 
participation in day-to-day activities, and is a great source of 
epilepsy related morbidity. 

Great steps have been made in the field of seizure forecasting, 
consisting of improvements in algorithms due to use of 
machine learning along with using non-EEG-based markers 
of seizure susceptibility, like physiological biomarkers, 
behavioral differences, environmental triggers, and cyclic 
ictal patterns. Research studying periodicities in individuals 
and their patterns of seizures has established that >90% of 
people have circadian seizure rhythm, and lots of them also 
experience cycles lasting many days, weeks, or longer time 
periods. Additional predictors for seizure susceptibility include 
changes in stress levels, heart rates, and quality of sleep, with 
all of these being able to be captured extensively over long 
periods of time. Applications of forecasting devices include, 
but are not limited to, improved quality of life in epileptics, 
adjustment of treatment plans and medication titration, 
optimizing surgical evaluations, and narrowing the required 
scope of scientific research [41]. 

Seizures are thought to arise from an identifiable pre-
ictal state. Identifying this pre-ictal state would enable the 
monitoring physician or researcher to predict the occurrence 
of a seizure prior to it happening and help them devise 
appropriate measures of prevention and intervention. Seizure 
prediction looks for predictive EEG features or pre-ictal 

 

 

  

 

 

Figure 6. An overview of EEG connectivity analyses using QEEG and graph network analyses to study the effects of cannabidiol therapy on 
the EEG networks in patients with refractory epilepsy [4].
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biomarkers that can be captured using machine learning and 
related algorithms. These algorithms offer the likelihood of 
impending seizures and warn patients accordingly. 

Multiple studies have been performed on intracranial EEG 
data gathered by the implanted Neurovista device and this 
data has been subjected to crowdsourced AI algorithms 
to identify markers of seizure prediction. Many algorithms 
have shown seizure predictive capabilities much higher than 
chance, especially with the use of modified and improved 
algorithms and addition of other parameters like circadian 
monitoring [42-44]. Bioengineering advances have helped us 
utilize digital markers, wearables, and biosensors to get data 
for future seizure-forecasting algorithms. This represents a 
great step forward, given that current predictive models are 
based on intracranial EEG analyses. Multimodal data including 
the coupling of EEG with non-EEG measures would likely 
advance the efficacy of seizure-forecasting algorithms. These 
non-EEG measures could include a host of biological and 
chemical measurements [45]. Customization and tailoring 
of seizure-forecasting algorithms to the needs of individual 
patients is necessary [45]. 

AI and machine learning are expected to revolutionize 
the field of epilepsy management and EEG interpretation. 
Advanced and robust machine learning models are being 
developed to analyze EEG features and improve and expedite 
diagnosis of abnormal EEG. These AI models are quite accurate 
and are expected to become standard of care and assist the 
clinician and researcher. While they may never completely 
replace humans, they will greatly assist us with diagnostics 
and seizure management and improve diagnostics of EEG 
as a whole. Better models are needed for seizure and spike 
detection in IEEG models, but it is only a matter of time 
before they are created. Ethical concerns about the accuracy 
and extrapolation skills of AI algorithms trained on smaller 
datasets with limited samples persist and these concerns are 
bound to be mitigated over time with use of larger datasets 

and improved algorithms. The use of AI and machine learning 
in assisting the clinician in the inpatient and outpatient 
setting has also been explored and described, and while quite 
interesting, is beyond the scope of this EEG focused paper. 
Needless to say, the future of AI and machine learning in 
epilepsy and EEG diagnostics and management remains quite 
bright [46-48].

Ambulatory EEG and other monitoring devices

While the previous section discussed the use of various 
devices and wearables for biosignal collection and seizure 
forecasting, much work has also gone into making EEG 
technology portable and wearable. Ambulatory EEG (AEEG) 
devices offer easy, portable, digital EEG recording that can 
be performed with or without video. AEEG technology is 
similar to routine and VEEG but is also compact and wearable. 
AEEG technology is quite compatible with digital recording, 
signal processing, along with visual display. AEEG has several 
potential clinical indications, including, (1) distinguishing 
epileptic and nonepileptic events, (2) prolonged interictal EEG 
sampling, (3) classifying patients’ seizures and syndromes, (4) 
determining seizure frequency and duration, (5) identifying 
non-hospital seizure triggers, and (6) adjustment of antiseizure 
medications [49]. 

AEEG has shown great utility in capturing and diagnosing 
events to confirm or exclude epilepsy, especially in the event 
of a non-diagnostic routine EEG. Its popularity skyrocketed 
during the pandemic due to the need for prolonged EEG 
monitoring and the convenience it offered in comparison to 
conventional VEEG [50]. This was extremely useful at a time 
when EMUs in hospitals were closed due to pandemic related 
restrictions. AEEG with video establishes diagnostic data in 
80-85% of monitored patients with excellent event capture 
seen [50]. Home AEEG recording for up to 48 hours has a very 
high probability of capturing events and aiding in diagnoses 
related to epilepsy [51]. AEEG has inspired advancements in 

Table 1. Multiple non-EEG parameters used to develop seizure detection devices. An asterisk indicates those recorded by patient diary, 
others possibly captured through smartphone, biosensors, or through sweat collection [45].

• Mood*

• Cortisol

• Orexin

• Patient self-prediction*

• Electrical dermal activity

• Heart rate

• Temperature/weather

• Respiration

• Sleep cycle changes (sleep/wake staging) 

• Sleep quality

• Stress*

• Fatigue*

• Irritability*

• Sex hormones

• pH (brain)

• Time of day*

• Antiepileptic drug levels

• Blood oxygen

• Inflammatory markers 

• Glucose

• External environment

• Compliance

• Illness*

• Food/alcohol intake

• Orientation (cognitive) 

• Gait

• Finer movements

• Ketones

• Speech

• Body Temperature
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developing other portable EEG devices to enable easier, faster, 
cheaper and less technical access to rapid EEG acquisition in 
inpatient and outpatient settings for patients [50]. Many AEEG 
recordings also offer capture of other parameters like heart 
rate, oxygenation, muscle movements and sleep monitoring 
which greatly increases the utility and yield of AEEG, while 
spike and seizure detection software are also often present 
with AEEG technology to enable better diagnostics and record 
review. It has shown great utility in resource limited countries 
and settings with some studies reporting a diagnostic yield of 
86% and impact on clinical decision making in 60% of patients 
[52]. Patients with intellectual disabilities, autism, etc. have a 
high incidence of epilepsy and refractory epilepsy and often 
experience challenges with conventional EMU monitoring 
due to agitation in unfamiliar surroundings and the absence 
of continuous family presence. AEEG has shown great utility in 
evaluating such patients in the comfort of their homes or long-
term facilities and increasing diagnostic ability to confirm or 
exclude seizures in them [53].

AEEG has inspired researchers to develop long-term 
implanted electrodes that can be left in place for weeks to 
months for chronic EEG recording to increase the probability 
of capturing seizures, especially in patients with infrequent 
seizures. Subscalp EEG consists of implanting electrodes 
with minimal invasiveness under the scalp and capturing 
long-term EEG recordings for weeks-months to enable good 
seizure capture. This technology is of great value in capturing 
seizures in patients with multiple seizure types or multifocal 
seizure onsets, patients with long intervals between seizures, 
and patients with suspected sleep disorders where the EEG is 
of interest. 

Subscalp EEG is able to bypass the limitations of intracranial 
EEG in being able to be recorded for much longer and in 
recording data from the patient during natural activity in their 
usual surroundings. This technology has been developed and 
used in dogs and humans to confirm safety and feasibility 
of long-term recording and the results of these studies have 
been quite promising in confirming these features [54]. 
Subscalp EEG does have some limitations like poor detection 
of seizures from deeper structures in the brain and effects of 
artifacts. However, there are benefits to being able to detect 
seizures from most parts of the brain and in combining such 
recording devices with seizure detectors to provide warning 
systems to patients. These properties have been used to 
develop a variety of subscalp EEG devices to enable chronic 
EEG recordings [55]. Other devices have been developed to 
record EEG from nasal or ear electrodes with varying degrees 
of efficacy – ear electrodes show good capacity at capturing 
temporal onset seizures but are poor at capturing seizures 
from deeper structures, which limits their use [56]. Ear or 
nasal devices also have limited recording time as compared to 
implanted subscalp EEG electrodes. Even so, we expect to see 
such devices become more common and add to the multiple 
options available in the armamentarium of the clinician and 
researcher. 

AEEG has also inspired the development of a portable EEG 
headband device, Ceribell. Ceribell is placed over the head 
to capture EEG data for short periods of time only and has 
been used quite easily to great effect. This device can easily 
be placed on the heads of patients in inpatient or ICU settings 
by providers with minimal neurological training to rapidly 
detect seizures. Studies have shown that Ceribell is easy to 
use, accurate and saves time with resources and costs, and 
limits need for EEG technologists in ICU and inpatient settings 
to recognize seizures [57]. This enables easier and faster 
recognition and treatment for recurrent seizures.

While EEG is often considered the gold standard of seizure 
identification and diagnosis for epilepsy, there is a growing 
interest in developing non-EEG based devices that can capture 
biomechanical data and facilitate recognition of seizures in 
non-hospital settings. There is great value for such devices to 
monitor patients at home, especially for parents of children 
with epilepsy. These devices capture tonic-clonic convulsions 
well but have limited accuracy in capturing other seizure 
semiologies. Even so, there is high value in identifying tonic-
clonic seizures at the earliest to enable prompt treatment and 
reduce their known higher rates of morbidity and potential 
mortality from SUDEP. 

Empatica Embrace (Boston, MA), a wrist worn smart watch, 
uses accelerometry and electrodermal activity to capture the 
subject’s motion and operates with a continuous Bluetooth 
connection to the subject’s smartphone, where a phone 
application transfers data and event detections to online 
cloud servers and releases caregiver alerts for seizures [58]. 
This device has shown high utility in detecting tonic-clonic 
seizures in patients and in helping caregivers monitor them 
without video. 

The second device, Brain Sentinel SPEAC (San Antonio, 
TX) is fixed adhesively to the subject’s bicep and uses 
electromyography/EMG to recognize tonic-clonic 
convulsions. This device also has an online cloud platform 
and can issue caregiver alerts too [59]. Most current 
commercial smartwatches possess accelerometric and 
photoplethysmography sensing devices, which show utility 
in tracking seizures, and many smartwatch and smartphone 
applications have been designed for this reason [60]. 

There are many other devices being developed that track and 
monitor a host of biosignals ranging from breathing to heart 
rate to sleep to sweat based secretions and can be combined 
with web databases or data repositories to enable storage and 
access for patients, families, clinicians and researchers [61]. It 
is expected that such wearables will constitute an important 
means of monitoring for patients and their families, especially 
in situations where EEG monitoring may be challenging to 
obtain or perform. Bioengineering advancements would 
greatly enhance the efficacy and utility of such devices and 
advance the field as a whole.
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Intracranial EEG and electrocorticography (ECOG) with 
related surgical advancements

Intracranial EEG (IEEG) represents the most sophisticated form 
of EEG recording. It consists of placing subdural electrodes 
on the surface of the brain (ECoG) or stereotactically placed 
depth electrodes into the matter of the brain (SEEG), to 
record EEG data and enable better understanding of seizure 
networks. It forms an essential investigation for refractory 
epilepsy patients to determine the nature of their seizure 
networks, eloquent and non-resectable cortex, targets for 
epilepsy surgery or neurostimulation and brain mapping. To 
ensure long-term consistent recordings, newer and innovative 
intracortical microelectrodes are being manufactured for 
decreasing the neuro-inflammatory response. This newer 
approach stems from better understanding of the multi-
dimensional role of inflammation in disrupting biologic and 
non-biologic segments of the neural interface circuit. To 
counter neuro-inflammation and increase recording quality, 
the field is progressing from conventional inorganic materials 
towards mechanisms that either minimize the microelectrode 
footprint or that include options like compliant materials, 
bioactive molecules, conducting polymers or nanomaterials. 
And yet, the immune-privileged cerebral cortex introduces 
further complexity compared to other biomedical applications 
that defy complete comprehension with current techniques 
[62].

SEEG is relatively newer than subdural grids and represents 
a different approach to IEEG evaluation of seizure networks. 
Pioneered by Talairach and Bancaud, SEEG has evolved over 
the years and is now the preferred technique to perform 
intracranial EEG, due to lower rates of morbidity and ease of 
customization for individual patients, as compared to subdural 
grids and strips. Studies from various centers have shown 
many advantages of SEEG over subdural strips or grids with 
some of the more prominent studies showing faster surgical 
time of implantation, greater number of electrode contacts 
implanted, lower frequency of hemorrhagic and infectious 
complications, lower dosage of operative narcotics for pain 
management, and better surgical seizure outcomes in patients, 
especially in patients without well-defined brain lesions [63]. 
While the outcomes may be difficult to compare, due to the 
diverse nature of both procedures; the other benefits of SEEG 
are myriad and proven and make it a very attractive option 
and showcase improvements in bioengineering to develop 
such technologies.

Conventional grids or strips have often been used in patients 
with obvious lesions, especially with cortical locations, and 
are most convenient in patients with single or discrete lesions 
within a single lobe due to ease of placing grids or strips in 
them and minimizing the risks of surgical morbidity. SEEG has 
greatly expanded the scope of IEEG to include patients with 
previously non-targetable lesions due to greater utility and 
ease of implantation. Bilateral cerebral exploratory studies, 
subcortical anatomical lesions like nodular heterotopias 

or other multilobar or widespread pathologies like 
polymicrogyrias are perfect examples for exploration with 
stereotactic EEG, as many of these conditions are incompletely 
or inconclusively analyzed with the use of conventional 
subdural grids and strips, often yielding falsely localizing 
information on seizure zones as well [64]. Numerous studies 
have shown the utility of SEEG in such patients to enable 
exploratory implantations. Many centers also perform 2 stage 
IEEG surgeries where they perform SEEG and subdural grids or 
strips in succession to identify the seizure network and narrow 
it down or perform brain mapping and cortical stimulation to 
determine the appropriate interventions for the patient. While 
well-designed studies are lacking, anecdotal evidence has 
suggested that this combination of techniques in succession 
is a very effective and innovative way of evaluating patients 
safely and accurately. SEEG and subdural grids can also be 
combined to study some complex patients and there have 
been cases reported of this being used to great effect [65]. 

SEEG is of great value in epilepsy surgical evaluation due 
to its ability to achieve accurate localization and anatomical 
reconstruction in combination with radiological imaging 
and software techniques, and achieve precise and excellent 
surgical planning for treatment. Robotic surgical assistants 
(ROSA) implant these electrodes within fine margins and 
minimal error, highly increasing the efficacy and accuracy of 
lead placement and have revolutionized ECoG analyses of 
surgical evaluations. The margins of error between desired 
and actual targets are minimized to 0.85–3 mm, thus raising 
locational and diagnostic accuracy [66]. 

Bleeding complications are common due to proximity of 
vascular structures to the surgical zone. Three-dimensional 
reconstructions and excellent presurgical planning limit 
surgical contact with vasculature and result in severely 
reducing blood loss and negative surgical outcomes [67]. Grey 
and white matter injuries from surgery often causes cognitive 
deficits. Diffusion Tractography Imaging (DTI) pinpoints the 
locations of these regions and limits damage due to accurate 
presurgical localization, thus minimizing risks of injury and 
resultant damage. The use of DTI based mapping to avoid 
the Meyer’s loop of the optic radiation pathways to maintain 
unhindered visual fields in temporal lobe resections is one 
example [68]. Reconstructive techniques highly increase 
the ability to localize seizure onset zones and spread nodes, 
particularly in pathologies like bottom-of-sulcus dysplasias, 
which are perfectly localized to enable pinpoint intervention 
and maximize positive surgical outcomes. 

Reconstruction uses presurgical and postsurgical scans. 
Presurgical MRI scans act as a baseline on which postsurgical 
CT scans with electrodes are overlapped to achieve accurate 
positioning of electrodes with respect to brain structures. 
This is performed using software such as Freesurfer or 
3-dimensional (3D) Slicer. Newer software additionally permits 
inclusion of brain mapping studies or cortical stimulation 
procedures to improve surgical results in these patients. These 
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reconstructions compile a 3D map that offers convenient 
identification of seizure onset zones along with relevant 
overlap or margins between the seizure onset or spread zones 
and eloquent cortex. These techniques are used nationwide 
across multiple centers, with the caveat that there does not 
exist a single standardized approach across various centers 
[69].

SEEG has shown great utility in surgical epilepsy due to 
its ability to be combined with and improve targeting for 
procedures like laser ablation. Laser ablation has shown 
great utility against targets like mesial temporal lobes along 
with others like heterotopias or tuberous sclerosis nodules 
or tubers to great effect, in addition to also being performed 
to complete corpus callosotomies - all of which are now 
performed quite effectively with SEEG guidance and targeting 
[70-73]. Using SEEG in combination with laser ablation and 
reconstructive techniques has thus greatly expanded its scope 
in the field of surgical epilepsy and been a major engineering 
and scientific innovation. While grids or strips remain the 
technique of choice for brain mapping and localization of 
eloquent cortex, SEEG has shown increasing utility and is often 
used for surgical margin localization in many cases, especially 
if extremely fine margins are not needed. We expect that the 
diagnostic accuracy of SEEG will continue to improve over the 
years to match, and possibly exceed that of grids or strips [74].

SEEG has also helped achieve good targeting of brain 
structures to achieve precise placement of targeting 
electrodes for responsive neurostimulators and deep brain 
stimulators – discussed in the next section. SEEG and IEEG 
as a whole represent a great field of neuroengineering that 
has developed quite nicely and continues to grow due to 
the innovative fusion of EEG analyses, engineering hardware 
and software developments with concomitant improvements 

in radiology along with advancements in neurosurgical 
techniques. Some epilepsy centers now perform electrical 
ablation of seizure network nodes at the bedside for epilepsy 
treatment, once confirmed using bedside cortical mapping 
and stimulation; a technique that is likely to become 
increasingly popular in future to enable faster and innovative 
treatment of epilepsy networks by neurophysiologists in EMU 
or ICU settings for patients with SEEG implants. Improved SEEG 
based mapping is likely to offer better cortical stimulation and 
cerebral function mapping in EMUs/ICUs; a development that 
is bound to reduce the need and the incidence for operating 
room based awake language mapping of cerebral functions 
in patients. This would be a welcome change for the field as a 
whole since awake language mapping is very challenging and 
the accuracy and safety of the procedure is often questioned 
by experts [75]. 

EEG in responsive neurostimulation (RNS)

Neurostimulators represent the latest technologies on 
offer for the treatment of refractory epilepsy. Vagal Nerve 
stimulation (VNS), responsive neurostimulation (RNS) and 
deep brain stimulation (DBS) represent the main modalities 
available in the field of neurostimulation. VNS is fairly 
noninvasive and does not rely on EEG monitoring for the 
adjustment of therapy, although some researchers are 
attempting to produce a closed loop, EEG responsive VNS. 
DBS is an open loop system that also produces pulse electrical 
therapy targeting the anterior nucleus of thalamus or other 
implanted targets. However, it also does not use EEG to record 
responses and adjust therapies.

The RNS System (NeuroPace, CA, USA) has the distinction 
of being the first device on the market to offer closed-
loop responsive brain stimulation (Figure 7). Closed-loop 

 

 

Figure 7. An overview of the NeuroPace RNS device and its major components – stimulator with battery and 2 intracranial electrodes – 
depth and strip electrode [95].
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stimulation, also known as on-demand or responsive 
stimulation, is an innovative neurostimulation approach that 
represents a significant advancement over traditional open-
loop neurostimulation. Closed-loop systems dynamically 
adjust stimulation based on real-time feedback from the 
patient’s brain activity. This feedback is usually obtained 
through continuous ECoG monitoring [76]. 

The RNS system consists of an implanted neurostimulator 
within the skull compartment with non-stop ECoG recording 
through one or two depth and/or subdural cortical strip 
leads that are placed at the desired target. Detection of 
predetermined abnormal ECoG activity results in delivery of 
brief pulses of electrical stimulation to the target through the 
implanted leads from the stimulator. 

The treating physician modifies detection and stimulation 
settings wirelessly using a programmer that communicates 
directly with the stimulator via a radiofrequency link. The 
neurostimulator stores ECoG data about the abnormal EEG and 
stimulations and treatments. The treating physician can also 
train the stimulator to store segments of the ECoG activity of 
specific predetermined events like, before and after detection 
of abnormal electrographic activity, responsive stimulation, a 
magnet swipe (suggesting a patient-marked clinical event) or 
according to specific time of day. 

The PDMS (Patient Data Management System) is an online 
database that contains information uploaded from the device 
and programmer (Figure 8). The physician may access and 
review the patient’s data from the PDMS at any time on any 
device with a web browser. The detection algorithms of the 
neurostimulator are optimized to perform real-time ECoG 
pattern detection (for seizures or spikes, etc).

The use of RNS and chronic ECoG has greatly revolutionized 
the management of refractory epilepsy and the use of IEEG 
for decision making. Patients that were not surgical epilepsy 
candidates in the past, were now able to achieve significant 
seizure reductions for different types of seizures (73-93%), 

achieve prolonged seizure free periods (6 months – many 
years) and objective improvements in quality-of-life measures 
(QOLIE-89, etc) [77]. There was a lowering in death rates 
(SUDEP) and improvements in depression measures seen with 
the use of RNS [77]. 

Surgical management of epilepsy has greatly changed 
with the use of RNS and associated chronic ECoG. Previously 
untouchable regions like eloquent motor, visual or language 
cortices can all now be targeted and treated with RNS systems 
to enable significant palliation and improvements in seizure 
burden. Bitemporal epilepsy has undergone a dramatic 
change in management due to the use of RNS [78]. Previously 
poor surgical bitemporal epilepsy candidates have now had 
a rapid improvement in available options for treatment. RNS 
with chronic ECoG has enabled treating physicians to capture 
bitemporal seizures over months to establish unilateral 
predominance, lateralization of seizure burden, establish 
seizure spread patterns and rhythmic cycles of repetition 
[78]. Patients in whom such information was obtained were 
then able to have unilateral temporal lobectomies with or 
without continued neurostimulation to achieve significantly 
improved seizure outcomes [78]. The inability to perform laser 
ablations with RNS implants due to the risk of heat induced 
device damage is a minor shortcoming and is expected to 
improve in successive generations of the device in future. 
Better technology and higher device stability are expected 
in future versions of the device to limit the possible risks of 
heat induced damage from ablation and enable concurrent 
use of both these treatments. Laser ablation has also shown 
great utility in epilepsy treatment due to its ability to offer 
punch biopsies immediately prior to the ablation to permit 
histopathological confirmation of brain abnormalities to 
support the pathological causes of epilepsy. These findings 
have helped achieve better electrical, anatomical and electrical 
correlation in seizure networks. 

The diagnostics of bitemporal epilepsy have changed as 
well due to RNS ECoG. Patients with presumed unilateral or 
unilateral predominant temporal lobe epilepsy have been 

 

 

Figure 8. Example of an ECoG seen on PDMS. Following the initial detection, the EEG is displayed in blue [96].
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found to have seizure arise from the opposite side, on average 
about 42 days after their usual lateralization of seizure onset; a 
finding that was not conceivably possible to detect on regular 
EMU monitoring, even with SEEG, due to the limited duration 
of ECoG sampling for a few days to a couple of weeks only 
[79]. Many patients with presumed bitemporal epilepsy were 
found to have high unilateral predominance, a finding which 
greatly increased their chances of achieving seizure control 
or freedom with epilepsy surgery [79]. RNS ECoG has enabled 
physicians to determine lateralization ratios in patients with 
up to 90% confidence in most bitemporal epilepsy cases to 
permit successful unilateral temporal lobe surgery and achieve 
excellent postsurgical outcomes after just 8-9 months of RNS 
monitoring [80]. Most centers accept a seizure lateralization 
ratio of 60% onset from one side as being adequate to qualify 
for temporal lateralization and targeting for surgery; although 
higher numbers are more likely to be associated with better 
surgical outcomes [80].

The battery life of the RNS device was 2.5-4.2 years in the past 
but with the use of newer battery devices, this can increase up 
to 8 years, according to the device manuals and NeuroPace 
company data. This increase in battery life greatly enhances 
the capabilities of the device and reduces the number of 
replacement surgeries necessary for battery changes over the 
lifetime of the device. It is hoped that future versions of the 
battery will provide greater periods of ECoG capture without 
replacement. The device has limited ECoG storage and newer 
data often overlaps and replaces older data, if not stored onto 
the PDMS by then. 

Future engineering updates are expected to increase 
device storage capabilities and enhance transmission to 
PDMS. Wireless transmission over longer distances, remote 
programming of the device and implantation of more than 
2-4 electrodes with greater ECoG capture and increased 
number of EEG channels are felt to be some of the available 
avenues for improvement of the device capability in future. 
The use of AI, to improve seizure detection and assist treating 
physicians to determine the best diagnostic and treatment 
algorithms for patients, is of great interest and is currently 
under development. The ability to perform MRI with an RNS 
implant in place is a newer development that has added to 
the utility of the device and expended use to a greater number 
of epilepsy patients. For example, patients with benign brain 
tumors and refractory epilepsy can now have the RNS implants 
with the knowledge that MRI compatibility of the device will 
not preclude repeated brain imaging for surveillance of the 
tumors. There is increasing interest in implanting RNS for 
generalized and multifocal epilepsies such as Lennox Gastaut 
Syndrome and posterior cortical epilepsies targeting currently 
infrequent and presumed nodal points for such syndromes, 
like the thalamic nuclei (dorsomedial, centromedian, pulvinar) 
[81]. Future directions would include the placement of RNS 
targeting in currently unorthodox locations to exploit network 
properties of unusual epilepsy syndromes and render them 
more amenable to neuromodulation therapy to improve 

patient outcomes. NeuroPace is currently conducting a trial 
(Nautilus study) to determine the efficacy of RNS implantation 
for generalized epilepsy syndromes. This trial will greatly 
expand the use of RNS in epilepsy and offer this therapy to 
an increased number of refractory epilepsy patients that are 
currently ineligible for it based on current guidelines. 

While VNS and DBS have not been discussed in this section 
since they do not rely on EEG based data for intervention, it 
must be mentioned that future versions of these devices may 
not have this limitation. Future directions for VNS include 
greater battery life, minimal effects on the recurrent laryngeal 
nerve and voice functions, remote device programming, 
cloud storage and computational capabilities along with 
the use of AI and machine learning algorithms. VNS may be 
able to offer its own version of closed loop therapy by using 
tachycardia from its cardiac monitoring system as a surrogate 
marker for epileptic seizures; a finding of increasing interest in 
epilepsy patients. Some VNS manufacturers work with seizure 
tracking applications to enable better correlation of patient 
care and use of VNS and anti-seizure medications (Epsy seizure 
tracking app with Livanova). There is increasing interest in the 
combining of VNS with RNS and their cumulative positive 
effects on the seizure networks in epileptic patients. Some 
research has already been performed in this regard and 
future directions would involve greater use of both devices 
simultaneously to benefit complex epilepsy patients [82].

There is increasing interest in the use of DBS to treat epilepsy 
syndromes. The anterior nucleus of thalamus is the FDA 
approved target for DBS implantation for the treatment of 
refractory focal epilepsy. However, newer targets like the 
centromedian and dorsomedial nuclei or the pulvinar are 
also being studied as future targets for posterior cortical or 
generalized epilepsy syndromes [83]. Future directions would 
also include having newer generations of the DBS device 
record EEG continuously to enable closed loop responses. 
Remote programming, greater battery life, EEG storage, cloud 
computation and AI capabilities are also features that are 
expected to embellish DBS technology in future. 

Non epilepsy conditions and other opportunities in EEG

EEG has a premier role in the diagnosis and management 
of epilepsy. However, scientists and researchers have long 
attempted to utilize EEG to gain insight into other conditions 
as well due to its non-invasive nature and ease of performance 
and availability along with the presence of EEG abnormalities 
seen in a variety of neurological conditions. 

Dementia is a common condition with increasing prevalence 
and multiple studies have shown high incidences of epilepsy in 
dementia patients, making EEG a valuable tool for evaluation 
and diagnosis of dementia [84,85]. The incidence of epilepsy 
varies across different types of dementia and Alzheimer’s 
associated dementia appears to have better response to anti-
seizure medications. However, these findings have not held up 
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very well across all studies [85]. QEEG analyses of various EEG 
spectra have not shown clinically relevant differences amongst 
various subgroups of dementia patients despite the presence 
or absence of epilepsy [85]. QEEG remains a tool of interest in 
the evaluation of dementias, even if only as a research tool at 
this time with limited clinical utility in the real world.

Parkinson’s disease (PD) remains the second most common 
neurodegenerative condition worldwide, after a diagnosis of 
dementia. Motor symptoms form the predominant syndrome 
in Parkinson’s disease and are often severe towards the latter 
stages of the disease. Early detection of Parkinson’s disease 
would greatly aid in the diagnostic process and enable earlier 
treatment and prolongation in maintenance of quality of life. 
Researchers have studied various biomarkers to enable earlier 
diagnosis of Parkinson’s and allied disorders, and EEG has 
been discussed as one of the pre-eminent candidates for this 
purpose. QEEG analyses have shown promise in this regard. 

Changes in cortical and thalamic electrical coupling were 
captured as excessive EEG beta coherence in Parkinson’s 
disease patients and showed direct correlation with UPDRS 
scores and captured dopamine transporter activity, supporting 
the utility of EEG coherence to act as an effective measure of 
disease severity in patients [86]. Sleep disturbances are indeed 
extremely common in PD, being often the earliest manifestation 
of the disease and thus representing the most likely candidate 
for helping in predicting its onset. Polysomnography (PSG) is 
the gold standard method to study sleep and its disorders. 
PSG with high-density electroencephalography (hdEEG-
PSG) montage are nowadays frequently used to investigate 
sleep. These systems allow deeper investigation of sleep 
characteristics to confirm early diagnoses of sleep disorders 
and PD to expedite earlier treatment, modification of therapy 
and better outcomes [87]. EEG however does remain a research 
modality rather than a regularly used clinical tool for diagnosis 
and treatment of PD.

Psychiatry is a sister discipline to neurology and is often felt 
to be the other side of the coin, as far as brain disorders are 
considered. The utility of EEG in psychiatry has never been 
well established and yet, researchers have spent a long time 
trying to understand psychiatric disorders using EEG based 
markers. QEEG biomarkers of depression have been described 
by multiple experts but lack the specificity, sensitivity and 
accuracy necessary for routine clinical use [88]. QEEG analyses in 
children with ADHD have shown promise in differentiating the 
different subtypes of ADHD and improving our understanding 
of this condition; a finding that gives hope for the use of EEG 
for clinical evaluation of ADHD patients in the near future [89]. 
Neurofeedback consists of a therapy based on interactions 
between humans and computers that teaches subjects to train 
voluntarily and modify various functional biomarkers that are 
associated with a certain mental disorder. QEEG analyses have 
shown promise in the use of neurofeedback and researchers 
are optimistic regarding its use on a regular clinical basis [90]. 
QEEG analyses in combination with imaging like functional 

MRI (fMRI) have shown great promise as research tools to 
study and improve treatment response predictions in various 
psychiatric disorders, with great potential for regular clinical 
use, especially in conjunction with AI and machine learning 
processes [91]. While the above list of applications of EEG in 
psychiatry is by no means exhaustive, it does offer a glimpse 
into the various potential means by which the EEG and QEEG 
analyses may achieve efficacious and innovative use in the 
realm of diagnosis and treatment of mental health disorders. 

QEEG analyses have been developed to diagnose cervical 
myelopathy in conjunction with AI algorithms [92]. The 
use of QEEG with VEEG monitoring for the early detection 
and treatment of cerebral vasospasm from intracranial or 
subarachnoid hemorrhage is well known [93]. In combination 
with transcranial Doppler (TCD), QEEG is able to achieve 
excellent efficacy in the early diagnosis of vasospasm from 
subarachnoid hemorrhage and expedite treatment and 
improve outcomes in ICU patients [93]. 

The above conditions highlight the broad applicability of 
EEG in the diagnosis and management of various conditions 
besides epilepsy. It is expected that the combination of QEEG 
with multi-modality monitoring of patient parameters will 
greatly enhance patient care and associated outcomes in ICUs 
and similar settings.

Conclusions

EEG is thus a versatile technique that has expanded 
sufficiently from its humble origins in the 1920s to now become 
the cornerstone of management of simple and complex 
aspects of epilepsy and other neurological disorders as well. 
It shows great adaptability in its use for diagnosis in routine 
outpatient settings along with complex patient evaluations 
in the ICU settings, in addition to combination with AI and 
QEEG analyses in a variety of settings including presurgical 
evaluation, chronic and ambulatory monitoring and diagnosis 
and management of various non-epilepsy related neurological 
and psychiatric disorders. It is a testament to human ingenuity 
and scientific innovation that EEG technology has improved 
on multiple frontiers due to advancements in mechanical, 
electrical and technical components of EEG. Bioengineering 
advancements in EEG continue to drive the field forward and 
greatly increase the utility of EEG as an excellent diagnostic 
and research modality and important component of human 
biosignal monitoring. These advancements would result in 
lower costs, greater availability and accessibility to technology, 
ease of use for the common man and family practitioner, and 
significantly more frequent adaptation in the field of research 
to greatly increase EEG use. 

QEEG, AI and machine learning algorithms are expected 
to improve automated detections and offer greater support 
for the interpreting physician in the management of 
seizures. Advancements in surgical technique are expected 
to improve localization of seizure networks due to more 



 
 Swaminathan A. Current Techniques and Engineering Opportunities for Advancement and Improvement in 
Electroencephalographic Acquisition and Analyses. J Exp Neurol. 2024;5(4):192-209.

J Exp Neurol. 2024
Volume 5, Issue 4 206

accurate placement of EEG electrodes resulting in improved 
surgical outcomes. Newer technologies like laser ablations 
are expected to improve in accuracy and permit better and 
less invasive approaches to treatment of seizures, especially 
in conjunction with finely tuned and accurate intracranial 
EEG recordings. Neurostimulation as a whole is expected to 
advance exponentially due to significant improvements in 
technology, device design, material science, EEG signal capture 
and analysis, use of AI and machine learning algorithms for 
seizure identification and forecasting, and concomitant use of 
surgical techniques for high quality localization and treatment. 
EEG and seizure diagnostics are expected to significantly 
improve with the ever-expanding use of AEEG, implanted 
subdural EEG electrodes, other chronic EEG recording 
devices, and the use of other biosignal capturing devices 
and wearable technologies. Other neurological conditions 
like dementias and Parkinson’s disease would also benefit 
from EEG related advancements and related improvements 
in clinical and research care. All these aforementioned 
advances would greatly contribute to more efficient and cost 
reducing approaches to the diagnostics and management 
of seizures, resulting in greater resource utilization within 
health systems for patient treatment rather than extraneous 
purposes. The implications of EEG advancement are profound 
and offer insights and lessons that permit extrapolation to 
other biosignals analyses to develop and improve the field 
as a whole. It is only through such innovative and forward 
thinking that the field of electrodiagnostic medicine and 
neurotechnology can advance as a whole for the benefit of 
mankind. 

Acknowledgements

The author wishes to thank Abenaya Muralidharan, PhD for 
her critical review and valuable insight into this paper.

Author Contributions

The corresponding author was involved in the conception, 
critical design, scientific and literature review, writing, 
editing, submission of this paper and agrees to be personally 
accountable for the author’s own contributions and for 
ensuring that questions related to the accuracy or integrity of 
any part of the work, are appropriately investigated, resolved, 
and documented in the literature.

Financial and Scientific Disclosures

There was no funding support involved in this study. This 
paper was published in conformity with accepted scientific 
and ethical guidelines for research publication. The author has 
no relevant conflicts of interest or other financial or scientific 
disclosures to make.

References

1.	 GBD 2016 Epilepsy Collaborators. Global, regional, and national 

burden of epilepsy, 1990-2016: a systematic analysis for the 
Global Burden of Disease Study 2016. Lancet Neurol. 2019 
Apr;18(4):357-75. 

2.	 Debicki DB. Electroencephalography after a single unprovoked 
seizure. Seizure. 2017 Jul;49:69-73. 

3.	 Hernandez-Ronquillo L, Thorpe L, Feng C, Hunter G, Dash D, 
Hussein T, et al. Diagnostic Accuracy of Ambulatory EEG vs 
Routine EEG in Patients With First Single Unprovoked Seizure. 
Neurol Clin Pract. 2023 Jun;13(3):e200160. 

4.	 Anderson DE, Madhavan D, Swaminathan A. Global brain 
network dynamics predict therapeutic responsiveness to 
cannabidiol treatment for refractory epilepsy. Brain Commun. 
2020 Aug 31;2(2):fcaa140.

5.	 Sathyanarayana A, El Atrache R, Jackson M, Cantley S, Reece 
L, Ufongene C, et al. Measuring Real-Time Medication Effects 
From Electroencephalography. J Clin Neurophysiol. 2024 Jan 
1;41(1):72-82. 

6.	 Swingle N, Vuppala A, Datta P, Pedavally S, Swaminathan A, 
Kedar S, et al. Limited-Montage EEG as a Tool for the Detection of 
Nonconvulsive Seizures. J Clin Neurophysiol. 2022 Jan 1;39(1):85-
91. 

7.	 Rossi S, Mazza G, Del Testa M, Giannotta A, Bartalini S, Testani 
E, et al. Suitability of electroencephalography in brain 
death determination: a monocentric, 10-year retrospective, 
observational investigation of 428 cases. Neurol Sci. 2023 
Apr;44(4):1369-73.

8.	 Gunawardena S, Chikkannaiah M, Stolfi A, Kumar G. Utility of 
electroencephalogram in the pediatric emergency department. 
Am J Emerg Med. 2022 Apr;54:26-29.

9.	 Neubauer D, Osredkar D, Paro-Panjan D, Skofljanec A, Derganc 
M. Recording conventional and amplitude-integrated EEG 
in neonatal intensive care unit. Eur J Paediatr Neurol. 2011 
Sep;15(5):405-16. 

10.	 Benbadis SR, O’Neill E, Tatum WO, Heriaud L. Outcome of 
prolonged video-EEG monitoring at a typical referral epilepsy 
center. Epilepsia. 2004 Sep;45(9):1150-3.

11.	 Lobello K, Morgenlander JC, Radtke RA, Bushnell CD. Video/EEG 
monitoring in the evaluation of paroxysmal behavioral events: 
duration, effectiveness, and limitations. Epilepsy Behav. 2006 
Feb;8(1):261-6.

12.	 Kim DW, Jung KY, Chu K, Park SH, Lee SY, Lee SK. Localization 
value of seizure semiology analyzed by the conditional inference 
tree method. Epilepsy Res. 2015 Sep;115:81-7.

13.	 van Dalen T, Kirkham JF, Chari A, D’Arco F, Moeller F, Eltze C, et al. 
Characterizing Frontal Lobe Seizure Semiology in Children. Ann 
Neurol. 2024 Jun;95(6):1138-48.

14.	 Damian A, Legnani M, Braga P, Ferrando R. Association of ictal 
aphasia with hypoperfusion in language areas in temporal lobe 
epilepsy patients. Epileptic Disord. 2023 Feb;25(1):104-9.

15.	 Geyer JD, Payne TA, Faught E, Drury I. Postictal nose-rubbing 
in the diagnosis, lateralization, and localization of seizures. 
Neurology. 1999 Mar 10;52(4):743-5.



 
 Swaminathan A. Current Techniques and Engineering Opportunities for Advancement and Improvement in 
Electroencephalographic Acquisition and Analyses. J Exp Neurol. 2024;5(4):192-209.

J Exp Neurol. 2024
Volume 5, Issue 4 207

16.	 Jin B, Wu H, Xu J, Yan J, Ding Y, Wang ZI, et al. Analyzing reliability 
of seizure diagnosis based on semiology. Epilepsy Behav. 2014 
Dec;41:197-202. 

17.	 Beniczky S, Conradsen I, Pressler R, Wolf P. Quantitative analysis 
of surface electromyography: Biomarkers for convulsive seizures. 
Clin Neurophysiol. 2016 Aug;127(8):2900-7. 

18.	 Szabó CÁ, Morgan LC, Karkar KM, Leary LD, Lie OV, Girouard M, et 
al. Electromyography-based seizure detector: Preliminary results 
comparing a generalized tonic-clonic seizure detection algorithm 
to video-EEG recordings. Epilepsia. 2015 Sep;56(9):1432-7.

19.	 Téllez-Zenteno JF, Ronquillo LH, Wiebe S. Sudden unexpected 
death in epilepsy: evidence-based analysis of incidence and risk 
factors. Epilepsy Res. 2005 Jun;65(1-2):101-15.

20.	 Bateman LM, Spitz M, Seyal M. Ictal hypoventilation contributes 
to cardiac arrhythmia and SUDEP: report on two deaths in video-
EEG-monitored patients. Epilepsia. 2010 May;51(5):916-20. 

21.	 van der Lende M, Surges R, Sander JW, Thijs RD. Cardiac 
arrhythmias during or after epileptic seizures. J Neurol Neurosurg 
Psychiatry. 2016 Jan;87(1):69-74.

22.	 Parvizi J, Gururangan K, Razavi B, Chafe C. Detecting silent 
seizures by their sound. Epilepsia. 2018 Apr;59(4):877-84.

23.	 Yao S, Zhou W, Hinson R, Dong P, Wu S, Ives J, et al. Ultrasoft 
Porous 3D Conductive Dry Electrodes for Electrophysiological 
Sensing and Myoelectric Control. Adv Mater Technol. 2022 Oct 
10;7(10):2101637. 

24.	 Fu Y, Zhao J, Dong Y, Wang X. Dry Electrodes for Human 
Bioelectrical Signal Monitoring. Sensors (Basel). 2020 Jun 
29;20(13):3651.

25.	 Burke MJ, Gleeson DT. A micropower dry-electrode ECG 
preamplifier. IEEE Trans Biomed Eng. 2000 Feb;47(2):155-62. 

26.	 Kim DW, Baik S, Min H, Chun S, Lee HJ, Kim KH, et al. Highly 
permeable skin patch with conductive hierarchical architectures 
inspired by amphibians and octopi for omnidirectionally 
enhanced wet adhesion. Advanced Functional Materials. 2019 
Mar;29(13):1807614.

27.	 Höller Y, Nardone R. Quantitative EEG biomarkers for epilepsy 
and their relation to chemical biomarkers. Adv Clin Chem. 
2021;102:271-336. 

28.	 Lemoine É, Neves Briard J, Rioux B, Podbielski R, Nauche 
B, Toffa D, et al. Computer-assisted analysis of routine 
electroencephalogram to identify hidden biomarkers of 
epilepsy: protocol for a systematic review. BMJ Open. 2023 Jan 
24;13(1):e066932. 

29.	 Reus EEM, Cox FME, van Dijk JG, Visser GH. Automated spike 
detection: Which software package? Seizure. 2022 Feb;95:33-7.

30.	 Reus EEM, Visser GH, Cox FME. Using sampled visual EEG review 
in combination with automated detection software at the EMU. 
Seizure. 2020 Aug;80:96-9. 

31.	 Ganguly TM, Ellis CA, Tu D, Shinohara RT, Davis KA, Litt B, et al. 

Seizure Detection in Continuous Inpatient EEG: A Comparison 
of Human vs Automated Review. Neurology. 2022 May 
31;98(22):e2224-32.

32.	 Scheuer ML, Wilson SB, Antony A, Ghearing G, Urban A, 
Bagić AI. Seizure Detection: Interreader Agreement and 
Detection Algorithm Assessments Using a Large Dataset. J Clin 
Neurophysiol. 2021 Sep 1;38(5):439-47. 

33.	 Goenka A, Boro A, Yozawitz E. Comparative sensitivity of 
quantitative EEG (QEEG) spectrograms for detecting seizure 
subtypes. Seizure. 2018 Feb;55:70-5.

34.	 Fonseca E, Quintana M, Seijo-Raposo I, Ortiz de Zárate Z, 
Abraira L, Santamarina E,et al. Interictal brain activity changes 
in temporal lobe epilepsy: A quantitative electroencephalogram 
analysis. Acta Neurol Scand. 2022 Feb;145(2):239-48.

35.	 Wu Y, Gao M, Cui Y, Dong L, Zhang J, Chen M. Quantitative 
electroencephalography performance of different brain lobe 
epilepsy. Neuro Endocrinol Lett. 2023 Sep 29;44(6):384-90. 

36.	 Dahlin M, Knutsson E, Amark P, Nergårdh A. Reduction of 
epileptiform activity in response to low-dose clonazepam 
in children with epilepsy: a randomized double-blind study. 
Epilepsia. 2000 Mar;41(3):308-15. 

37.	 Höller Y, Helmstaedter C, Lehnertz K. Correction to: quantitative 
pharmaco-electroencephalography in antiepileptic drug 
research. CNS Drugs. 2019;33(3):299.

38.	 Armstrong C, Zavez A, Mulcahey PJ, Sogawa Y, Gotoff JM, 
Hagopian S, et al. Quantitative electroencephalographic 
analysis as a potential biomarker of response to treatment with 
cannabidiol. Epilepsy Res. 2022 Sep;185:106996.

39.	 Sreenivasan N, Gargiulo GD, Gunawardana U, Naik G, Nikpour 
A. Seizure Detection: A Low Computational Effective Approach 
without Classification Methods. Sensors (Basel). 2022 Nov 
3;22(21):8444.

40.	 Khan SU, Jan SU, Koo I. Robust Epileptic Seizure Detection Using 
Long Short-Term Memory and Feature Fusion of Compressed 
Time-Frequency EEG Images. Sensors (Basel). 2023 Dec 
2;23(23):9572.

41.	 Stirling RE, Cook MJ, Grayden DB, Karoly PJ. Seizure forecasting 
and cyclic control of seizures. Epilepsia. 2021 Feb;62 Suppl 1:S2-
S14.

42.	 Brinkmann BH, Wagenaar J, Abbot D, Adkins P, Bosshard SC, 
Chen M, et al. Crowdsourcing reproducible seizure forecasting 
in human and canine epilepsy. Brain. 2016 Jun;139(Pt 6):1713-22 

43.	 Baldassano SN, Brinkmann BH, Ung H, Blevins T, Conrad EC, 
Leyde K, et al. Crowdsourcing seizure detection: algorithm 
development and validation on human implanted device 
recordings. Brain. 2017 Jun 1;140(6):1680-91.

44.	 Kuhlmann L, Karoly P, Freestone DR, Brinkmann BH, Temko 
A, Barachant A, et al. Epilepsyecosystem.org: crowd-sourcing 
reproducible seizure prediction with long-term human 
intracranial EEG. Brain. 2018 Sep 1;141(9):2619-30.



 
 Swaminathan A. Current Techniques and Engineering Opportunities for Advancement and Improvement in 
Electroencephalographic Acquisition and Analyses. J Exp Neurol. 2024;5(4):192-209.

J Exp Neurol. 2024
Volume 5, Issue 4 208

45.	 Dumanis SB, French JA, Bernard C, Worrell GA, Fureman BE. 
Seizure Forecasting from Idea to Reality. Outcomes of the My 
Seizure Gauge Epilepsy Innovation Institute Workshop. eNeuro. 
2017 Dec 27;4(6):ENEURO.0349-17.2017.

46.	 Kaur T, Diwakar A, Kirandeep, Mirpuri P, Tripathi M, Chandra PS, 
Gandhi TK. Artificial Intelligence in Epilepsy. Neurol India. 2021 
May-Jun;69(3):560-6.

47.	 Alkhaldi M, Abu Joudeh L, Ahmed YB, Husari KS. Artificial 
intelligence and telemedicine in epilepsy and EEG: A narrative 
review. Seizure. 2024 Oct;121:204-10.

48.	 Tveit J, Aurlien H, Plis S, Calhoun VD, Tatum WO, Schomer DL, et 
al. Automated Interpretation of Clinical Electroencephalograms 
Using Artificial Intelligence. JAMA Neurol. 2023 Aug 1;80(8):805-
12.

49.	 Tatum WO, Halford JJ, Olejniczak P, Selioutski O, Grigg-
Damberger MM, Gloss D, et al. Minimum Technical Requirements 
for Performing Ambulatory EEG. J Clin Neurophysiol. 2022 Sep 
1;39(6):435-40.

50.	 Tatum WO, Desai N, Feyissa A. Ambulatory EEG: Crossing the 
divide during a pandemic. Epilepsy Behav Rep. 2021;16:100500.

51.	 Kuo J, Lee-Messer C, Le S. Optimal recording duration of 
ambulatory EEG (aEEG). Epilepsy Res. 2019 Jan;149:9-12.

52.	 Guerrero-Aranda A, Taveras-Almonte FJ, Villalpando-Vargas 
FV, López-Jiménez K, Sandoval-Sánchez GM, et al. Impact of 
ambulatory EEG in the management of patients with epilepsy in 
resource-limited Latin American populations. Clin Neurophysiol 
Pract. 2023 Nov 2;8:197-202.

53.	 Milne-Ives M, Duun-Henriksen J, Blaabjerg L, Mclean B, Shankar 
R, Meinert E. At home EEG monitoring technologies for people 
with epilepsy and intellectual disabilities: A scoping review. 
Seizure. 2023 Aug;110:11-20.

54.	 Löscher W, Worrell GA. Novel subscalp and intracranial devices 
to wirelessly record and analyze continuous EEG in unsedated, 
behaving dogs in their natural environments: A new paradigm 
in canine epilepsy research. Front Vet Sci. 2022 Oct 20;9:1014269.

55.	 Haneef Z, Yang K, Sheth SA, Aloor FZ, Aazhang B, Krishnan V, 
et al. Sub-scalp electroencephalography: A next-generation 
technique to study human neurophysiology. Clin Neurophysiol. 
2022 Sep;141:77-87.

56.	 Joyner M, Hsu SH, Martin S, Dwyer J, Chen DF, Sameni R, et 
al. Using a standalone ear-EEG device for focal-onset seizure 
detection. Bioelectron Med. 2024 Feb 7;10(1):4. 

57.	 LaMonte MP. Ceribell EEG shortens seizure diagnosis and 
workforce time and is useful for COVID isolation. Epilepsia Open. 
2021 Jun;6(2):331-8.

58.	 Regalia G, Onorati F, Lai M, Caborni C, Picard RW. Multimodal 
wrist-worn devices for seizure detection and advancing research: 
Focus on the Empatica wristbands. Epilepsy Res. 2019 Jul;153:79-
82.

59.	 Whitmire L, Voyles S, Cardenas D, Cavazos J. Diagnostic utility of 
continuous sEMG monitoring in a home setting-real-world use 
of the speac® system (p4. 5-012). Neurology. 2019 Apr 9;92(15_

supplement):P4-5.

60.	 van Andel J, Ungureanu C, Aarts R, Leijten F, Arends J. Using 
photoplethysmography in heart rate monitoring of patients 
with epilepsy. Epilepsy Behav. 2015 Apr;45:142-5.

61.	 Brinkmann BH, Karoly PJ, Nurse ES, Dumanis SB, Nasseri M, 
Viana PF, et al. Seizure Diaries and Forecasting With Wearables: 
Epilepsy Monitoring Outside the Clinic. Front Neurol. 2021 Jul 
13;12:690404.

62.	 Jorfi M, Skousen JL, Weder C, Capadona JR. Progress towards 
biocompatible intracortical microelectrodes for neural 
interfacing applications. J Neural Eng. 2015 Feb;12(1):011001.

63.	 Tandon N, Tong BA, Friedman ER, Johnson JA, Von Allmen G, 
Thomas MS, et al. Analysis of Morbidity and Outcomes Associated 
With Use of Subdural Grids vs Stereoelectroencephalography 
in Patients With Intractable Epilepsy. JAMA Neurol. 2019 Jun 
1;76(6):672-81.

64.	 Iida K, Otsubo H. Stereoelectroencephalography: Indication and 
Efficacy. Neurol Med Chir (Tokyo). 2017 Aug 15;57(8):375-85.

65.	 Swaminathan A. Responsive Neurostimulation for Management 
of Refractory Precuneus Onset Epilepsy: A Case Report. J Exp 
Neurol. 2023 Aug 21;4(3):94-9.

66.	 Spyrantis A, Cattani A, Woebbecke T, Konczalla J, Strzelczyk 
A, Rosenow F, et al. Electrode placement accuracy in robot-
assisted epilepsy surgery: A comparison of different referencing 
techniques including frame-based CT versus facial laser scan 
based on CT or MRI. Epilepsy Behav. 2019 Feb;91:38-47.

67.	 Schmidt RF, Lang MJ, Hoelscher CM, Jabbour PM, Tjoumakaris 
SI, Sharan AD, et al. Flat-Detector Computed Tomography 
for Evaluation of Intracerebral Vasculature for Planning of 
Stereoelectroencephalography Electrode Implantation. World 
Neurosurg. 2018 Feb;110:e585-92.

68.	 Sivakanthan S, Neal E, Murtagh R, Vale FL. The evolving utility 
of diffusion tensor tractography in the surgical management of 
temporal lobe epilepsy: a review. Acta Neurochir (Wien). 2016 
Nov;158(11):2185-93.

69.	 Swaminathan A. Three Dimensional Brain Reconstruction 
Optimizes Surgical Approaches and Medical Education in 
Minimally Invasive Neurosurgery for Refractory Epilepsy. Front 
Surg. 2021 Sep 27;8:630930.

70.	 Wu C, Jermakowicz WJ, Chakravorti S, Cajigas I, Sharan AD, Jagid 
JR, et al. Effects of surgical targeting in laser interstitial thermal 
therapy for mesial temporal lobe epilepsy: A multicenter study 
of 234 patients. Epilepsia. 2019 Jun;60(6):1171-83.

71.	 Lehner KR, Yeagle EM, Argyelan M, Klimaj Z, Du V, Megevand 
P, et al. Validation of corpus callosotomy after laser interstitial 
thermal therapy: a multimodal approach. J Neurosurg. 2018 Nov 
16;131(4):1095-105.

72.	 Stellon MA, Cobourn K, Whitehead MT, Elling N, McClintock 
W, Oluigbo CO. “Laser and the Tuber”: thermal dynamic 
and volumetric factors influencing seizure outcomes in 
pediatric subjects with tuberous sclerosis undergoing 
stereoencephalography-directed laser ablation of tubers. Childs 
Nerv Syst. 2019 Aug;35(8):1333-40.



 
 Swaminathan A. Current Techniques and Engineering Opportunities for Advancement and Improvement in 
Electroencephalographic Acquisition and Analyses. J Exp Neurol. 2024;5(4):192-209.

J Exp Neurol. 2024
Volume 5, Issue 4 209

73.	 Lee JJ, Clarke D, Hoverson E, Tyler-Kabara EC, Ho WS. MRI-guided 
laser interstitial thermal therapy using the Visualase system and 
Navigus frameless stereotaxy in an infant: technical case report. 
J Neurosurg Pediatr. 2021 May 21;28(1):50-3.

74.	 Poliachik SL, Poliakov AV, Jansen LA, McDaniel SS, Wray CD, 
Kuratani J, et al. Tissue localization during resective epilepsy 
surgery. Neurosurg Focus. 2013 Jun;34(6):E8.

75.	 Yamao Y, Matsumoto R, Kikuchi T, Yoshida K, Kunieda T, Miyamoto 
S. Intraoperative Brain Mapping by Cortico-Cortical Evoked 
Potential. Front Hum Neurosci. 2021 Feb 18;15:635453.

76.	 Ghosh S, Sinha JK, Ghosh S, Sharma H, Bhaskar R, Narayanan KB. 
A Comprehensive Review of Emerging Trends and Innovative 
Therapies in Epilepsy Management. Brain Sci. 2023 Sep 
11;13(9):1305.

77.	 Nair DR, Laxer KD, Weber PB, Murro AM, Park YD, Barkley GL, et 
al; RNS System LTT Study. Nine-year prospective efficacy and 
safety of brain-responsive neurostimulation for focal epilepsy. 
Neurology. 2020 Sep 1;95(9):e1244-56.

78.	 Hirsch LJ, Mirro EA, Salanova V, Witt TC, Drees CN, Brown MG, et 
al. Mesial temporal resection following long-term ambulatory 
intracranial EEG monitoring with a direct brain-responsive 
neurostimulation system. Epilepsia. 2020 Mar;61(3):408-20.

79.	 King-Stephens D, Mirro E, Weber PB, Laxer KD, Van Ness PC, 
Salanova V, et al. Lateralization of mesial temporal lobe epilepsy 
with chronic ambulatory electrocorticography. Epilepsia. 2015 
Jun;56(6):959-67.

80.	 Chiang S, Fan JM, Rao VR. Bilateral temporal lobe epilepsy: 
How many seizures are required in chronic ambulatory 
electrocorticography to estimate the laterality ratio? Epilepsia. 
2022 Jan;63(1):199-208.

81.	 Venkatesh P, Wolfe C, Lega B; Illustrations by Corbyn BeachCorbyn.
Beach@UTSouthwestern.edu. Neuromodulation of the anterior 
thalamus: Current approaches and opportunities for the future. 
Curr Res Neurobiol. 2023 Sep 19;5:100109.

82.	 Khankhanian P, Lee AM, Drees CN, Decker BM, Becker DA. 
Combined VNS-RNS Neuromodulation for Epilepsy. J Clin 
Neurophysiol. 2022 Feb 1;39(2):e5-9.

83.	 Fisher RS. Deep brain stimulation of thalamus for epilepsy. 
Neurobiol Dis. 2023 Apr;179:106045.

84.	 Muroni A, Floris G, Borghero G, Ardu S, Pateri MI, Pilotto S, Pisano 
G, Defazio G. Point prevalence of epilepsy in dementia: A “real-
world” estimate. Epileptic Disord. 2024 Apr;26(2):209-14.

85.	 Arnaldi D, Donniaquio A, Mattioli P, Massa F, Grazzini M, Meli 
R, et al. Epilepsy in Neurodegenerative Dementias: A Clinical, 
Epidemiological, and EEG Study. J Alzheimers Dis. 2020;74(3):865-
74.

86.	 Waninger S, Berka C, Stevanovic Karic M, Korszen S, Mozley PD, 
Henchcliffe C, et al. Neurophysiological Biomarkers of Parkinson’s 
Disease. J Parkinsons Dis. 2020;10(2):471-80.

87.	 Amato N, Caverzasio S, Galati S. Clinical implication of high-
density EEG sleep recordings in Parkinson’s disease. J Neurosci 
Methods. 2020 Jul 1;340:108746.

88.	 de Aguiar Neto FS, Rosa JLG. Depression biomarkers using non-
invasive EEG: A review. Neurosci Biobehav Rev. 2019 Oct;105:83-
93.

89.	 Lenartowicz A, Loo SK. Use of EEG to diagnose ADHD. Curr 
Psychiatry Rep. 2014 Nov;16(11):498.

90.	 Batail JM, Bioulac S, Cabestaing F, Daudet C, Drapier D, Fouillen 
M, et al; NExT group. EEG neurofeedback research: A fertile 
ground for psychiatry? Encephale. 2019 Jun;45(3):245-55.

91.	 Zandstra MG, Dominicus L, Mouthaan B, Oranje B, van Dellen E. 
Innovatieve eeg-analyse voor voorspelling van behandelrespons 
in de psychiatrie [Resting state-EEG connectivity and machine 
learning: towards improved treatment response predictions in 
psychiatry]. Tijdschr Psychiatr. 2023;65(10):637-40. Dutch.

92.	 Li S, Yang B, Dou Y, Wang Y, Ma J, Huang C, Zhang Y, Cao P. 
Aided diagnosis of cervical spondylotic myelopathy using deep 
learning methods based on electroencephalography. Med Eng 
Phys. 2023 Nov;121:104069.

93.	 Chen HY, Elmer J, Zafar SF, Ghanta M, Moura Junior V, Rosenthal 
ES, et al. Combining Transcranial Doppler and EEG Data to Predict 
Delayed Cerebral Ischemia After Subarachnoid Hemorrhage. 
Neurology. 2022 Feb 1;98(5):e459-69.

94.	 Sackellares JC, Shiau DS, Halford JJ, LaRoche SM, Kelly 
KM. Quantitative EEG analysis for automated detection of 
nonconvulsive seizures in intensive care units. Epilepsy Behav. 
2011 Dec;22 Suppl 1(0 1):S69-73.

95.	 Neuropace. https://www.neuropace.com/

96.	 Sun FT, Morrell MJ. Closed-loop neurostimulation: the clinical 
experience. Neurotherapeutics. 2014 Jul;11(3):553-63.

https://www.neuropace.com/

