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Systematically lower aEEG amplitude values in neurologically healthy children using an automated algorithm compared to a semi-manual method
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Objective: The objective of this study was to compare different modes of amplitude-integrated EEG (aEEG) assessment (semi-manual vs. automated) in children.

Methods: A total of 450 unremarkable pediatric EEGs from children aged 6 months to 17.9 years were converted into aEEGs and the medians and means of the upper and lower amplitudes (C3–P3, C4–P4, C3–C4, P3–P4, Fp1–Fp2) were determined. The agreement of the semi-manual and automated measurements was assessed via the Pearson correlation coefficients (PCC) and Bland-Altman plots. Mean differences between the methods and age-specific percentiles (5th−95th) were calculated.

Results: Semi-manually measured amplitudes were systematically greater than automated assessments. Mean differences of the means ranged between 23.7 and 29.3 μV for the upper and between 2.4 and 4.4 μV for the lower amplitudes depending on the channel. The PCC ranged between 0.68 and 0.92 for the upper and lower amplitudes of the mean depending on the channel. Age-specific percentiles showed different absolute values but similar trends.

Conclusion: AEEG amplitude values systematically differ between semi-manual and automated assessment. Age-related trends are evident despite differences in the absolute values. Reference values for different measurement techniques are needed for pediatric aEEG.
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Introduction

Amplitude-integrated EEG (aEEG), a simple form of quantitative EEG, is increasingly spreading from neonatology to pediatric intensive care because of its accesibility. It is used as a real-time bedside tool for long-term monitoring, detection of seizures and changes in electrocortical function. Reference values of aEEG for children have rather recently been published (1, 2, 13–15). However, the comparability of measured amplitudes between different assessment methods has not been investigated.

In classic cerebral function monitoring, the aEEG is generated from a 1 or 2 channel EEG. The height of the amplitude is plotted semi-logarithmically on the y-axis, whereas the x-axis is displayed in a time-compressed manner compared to conventional EEG, with one display width resembling 3–4 h. The height, width and density of the resulting characteristic band changes depending on the electrocortical activity (1).

Different producers of aEEG devices use similar but slightly different algorithms to obtain the aEEG, with some manufacturers offering customizable processing options. For that reason, the obtained aEEG bands may vary between manufacturers, even though the overall interpretation (e.g., occurrence of seizures, classification of background patterns, etc.) (2) seems to be unaffected by these differences in neonates.

The aEEG can be assessed in various ways. The most common approach is visual bedside analysis of the obtained aEEG band and its changes over time. Suspicious sections can be viewed in detail by specialists by specifically addressing the sections of interest with a review of the raw EEG curve. The increase in amplitude is typically assessed visually and not measured (manually). Some manufacturers provide semi-manual analysis, in which the amplitude level is calculated/measured, but interpretations must be made by a reviewer. Another option is fully automated analyses, which calculate the amplitude heights independently. These methods also enable interpretation algorithms, such as spike detection. Seizures are detected automatically by analyzing the background pattern via waveform morphology and voltage field propagation (3). These methods of aEEG amplitude assessment yield different results that have implications for clinical decision making. Two studies on normal values, one that used automated and one used semi-manual assessment in healthy children reported different absolute amplitude values, whereas the same trends with respect to age (4, 5) and differences between sleep and wakefulness were observed (1, 13).

The aim of this study was to investigate the agreement of amplitude values and age-related trends from fully-automated aEEG assessment vs. semi-manually measured values in normal EEGs from neurologically healthy children. For this purpose, we conducted automated amplitude assessment of 450 EEGs with previously derived reference values for children via a semi-manual assessment (5).



Methods


aEEG processing

Full-channel EEGs were conducted according to the international 10–20 system. All EEGs were recorded using Neurofax EEG devices and Polaris.one software v4.0.4.0 (Nihon Kohden, Tokyo, Japan). To generate an aEEG from the raw EEG, the signal was amplified, band-pass filtered, logarithmically transformed, and finally rectified (6) using two different softwares by two manufacturers (Polaris.one software v4.0.4.0, Nihon Kohden, Tokyo, Japan and Persyst 13, PERSYST DEVELOPMENT CORPORATION, Solana Beach, USA). The exact algorithms used to generate the aEEG in both Polaris (semi-manual amplitude assessment) and Persyst (automated amplitude assessment) have not been disclosed by the providers, which is a well-known issue among different aEEG providers (2, 7). All EEGs were found to be normal by a board-certified pediatric neurologist (ADM) with additional certificates in EEG and epileptology by the German Society for Epileptology (DGfE).



Original study (semi-manual amplitude assessment)

For the original study, unremarkable EEGs from neurologically healthy, awake children without neuroactive medication aged between 1 month and 17 years were included (213 females, 237 males) (Table 1). These EEGs were converted to aEEG using Polaris software. The filter was set at 70 Herz (Hz), the sensitivity at 7 uV/mm and the time constant at 0,3s. Amplitude values of the upper and lower amplitudes of the C3–P3, C4–P4, C3–C4, P3–P4 and Fp1–Fp2 channels of the 10–20 system were measured semi-manually with an integrated software tool by two independent investigators and age-related percentiles were calculated. Interrater reliability was presented in the original paper using Bland-Altman plots and the intraclass correlation coefficient (ICC). For the upper and lower borders, the ICC was 3.1. (5).

TABLE 1 Included patients, as previously published (5).


	Gender
	n (%)





	Male
	237 (52.7)

 
	Age group [years]

 
	<1
	44 (9.8)

 
	1
	30 (6.7)

 
	2–4
	96 (21.3)

 
	6–9
	79 (17.6)

 
	10–13
	86 (19.1)

 
	14–17
	115 (25.6)

 
	Indications

 
	Routine diagnostics*
	273 (60.7)

 
	Diagnostic work up in patients with suspected inborn or acquired neurologic disease**
	177 (39.3)





*Before initiation of therapy/during aftercare, e.g., before or after solid organ transplant, bone marrow transplant, or chemotherapy; **No neurologic disease diagnosed after completion of diagnostics at any timepoint in the patient history (inborn) or before the recording (acquired).





Automated amplitude assessment

For this study, automated amplitude assessment was conducted from the same EEGs and for the same channels with Persyst software. The entire recording was analyzed without artifact reduction, a high pass filter at 35 Hz, a notch filter at 50–60 Hz and the time constant at 0.1 s. The maximum (upper amplitude) and minimum (lower amplitude) margin values were calculated for each second of the recording and exported to.csv files. Next, the upper and lower amplitudes of each channel were summarized as the mean and median across the recording (Figure 1).


[image: Flowchart comparing current and previous studies on EEG amplitude integration. The current study uses Persyst 13.0 software for automated upper and lower amplitude measurement, averaging for each tracing, and calculating age-specific percentiles. It includes comparative calculations with Bland-Altmann plots, Pearson correlation coefficients, and method differences. The previous study involves selecting EEGs from healthy children, using Polaris Trend software for conversion, semi-manual amplitude measurement, and age-specific percentile calculation. The results are visually compared.]
FIGURE 1
 Flow chart of aEEG assessment.




Statistical analyses

All subsequently described analyses were conducted separately for the upper and lower amplitudes of each channel. We calculated Pearson correlation coefficients to assess the relationship between the semi-manually measured amplitudes from the previous study and the newly calculated mean and median amplitudes from this study. Bland-Altmann plots were generated to visually assess the agreement of the two measurement methods for each channel. For each EEG, the mean difference between the two methods was calculated for the upper and lower amplitudes of each channel.

Based on the results of the automated analyses, we calculated percentiles (5th, 10th, 25th, 50th, 75th, 90th, 95th) grouped by age because the observed differences between the semi-manual and automated assessments were considered relevant for interpretation in daily clinical practice. Because the correlation coefficients were greater for the medians of the upper and lower amplitudes than for the means, the medians were less sensitive to outliers. In addition, since MacDarby et al. also used medians for their calculations, we calculated the percentiles from medians (4).



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of the Medical Faculty of the University of Duisburg-Essen (20–9444- BO). The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required from the participants or the participants' legal guardians/next of kin because retrospective anonymized data were used.




Results

Four hundred-fifty normal EEGs from neurologically healthy children were analyzed. The median recording time was 17 (interquartile range (IQR) 15–18) min. 52.7% of the patients were male. All EEGs were derived from children without neurological findings (Table 1).

The correlation coefficients ranged between 0.92 and 0.95 for the median and between 0.68 and 0.84 for the mean of the upper amplitudes with variations between channels (Table 2). For the lower amplitude, the correlation coefficients ranged between 0.94 and 0.98 for the median and between 0.86 and 0.92 for the mean (Table 2).

TABLE 2 Mean differences and correlation coefficients between manual and automated assessment for median and mean upper and lower amplitudes by channel; SD, standard deviation.


	
	
	Median amplitudes per recording
	Mean amplitudes per recording





	Channel
	Amplitude
	Mean difference ±SD
	Correlation coefficient
	Mean difference ±SD
	Correlation coefficient

 
	P3_P4
	Upper
	35.2 ± 13.7
	0.92
	32.6 ± 14.4
	0.79

 
	C3_C4
	
	31.9 ± 12.2
	0.95
	29.3 ± 13.9
	0.69

 
	C3_P3
	
	26.8 ± 12.1
	0.92
	24.3 ± 13.5
	0.68

 
	C4_P4
	
	26.2 ± 10.2
	0.95
	23.7 ± 11.5
	0.74

 
	FP1_FP2
	
	35.8 ± 20.6
	0.93
	30.3 ± 18.0
	0.84

 
	P3_P4
	Lower
	5.3 ± 2.4
	0.97
	4.4 ± 3.0
	0.92

 
	C3_C4
	
	5.0 ± 1.9
	0.98
	4.1 ± 3.0
	0.88

 
	C3_P3
	
	4.0 ± 1.8
	0.97
	3.1 ± 2.7
	0.90

 
	C4_P4
	
	3.9 ± 1.8
	0.97
	3.1 ± 2.9
	0.88

 
	FP1_FP2
	
	4.1 ± 2.0
	0.94
	2.4 ± 2.8
	0.86






Bland-Altmann plots revealedsystematic deviations between the measurement methods, with higher values obtained from manual measurements. The mean differences in the medians between the two methods ranged between 26.2 and 35.8 for the upper amplitudes and between 3.9 and 5.3 for the lower amplitudes. The mean differences in the means between the two methods ranged between 23.7 and 29.3 μV for the upper amplitudes and between 2.4 and 4.4 for the lower amplitudes (Table 2).

The age-specific percentiles (5th−95th percentile) from automated assessment showed a similar age dependency as previously published, but with different absolute values (Figures 2, 3).


[image: Five line graphs display amplitude in microvolts versus age in years, for pairs P3_P4, C3_C4, C3_P3, C4_P4, and FP1_FP2. Each graph shows data for the 10th, 25th, 50th, 75th, and 90th percentiles with shaded areas indicating variance. The amplitude generally decreases with age. A legend describes the line styles and shading for each percentile.]
FIGURE 2
 Percentile curves by age, upper boarder; the colored graphs show the semi-manual measurement (previous study), the dashed graphs show the automated measurement (current study).



[image: Five line graphs display amplitude percentiles across age groups from less than 1 year to 14-17 years for different brain regions: P3_P4, C3_C4, C3_P3, C4_P4, and FP1_FP2. Each graph shows amplitude measured in microvolts on the vertical axis and age on the horizontal axis. Lines represent the 10th, 25th, 50th, 75th, and 90th percentiles, with shaded areas indicating the range between the percentiles.]
FIGURE 3
 Percentile curves by age, lower boarder; the colored graphs show the semi-manual measurement (previous study), the dashed graphs show the automated measurement (current study).




Discussion

This study compared semi-manual with fully automated aEEG amplitude assessment and detected systematically lower values for automated assessment of upper and lower aEEG amplitudes, whereas age-related trends corresponded to those observed via semi-manual assessment. The percentiles derived from the automated assessment were consistently lower compared than those derived fromthe semi-manual measurement. These findings indicate that different analysis methods produce strong variations in amplitude values, making it necessary to adapt reference values and amplitude-interpretations to the specific techniques.

Previous evidence on aEEG reference values in children is scarce. Compared to our previous semi-manual assessment (5), MacDarby et al. reported lower values for the upper amplitudes for C-P channels. In contrast, the determined values for the lower amplitude were higher (4). Besides the different methods, the MacDarby study analyzed a 5-min artifact-free section. Furthermore, children with epilepsy who werereceiving neuroactive drugs such as anticonvulsants were included. Different processing algorithms between manufacturers may also have produced slightly different results. However, the results from our presented automated assessment that used the same algorithm as MacDarby et al. indicated strikingly similar values for both the upper and the lower amplitudes.

In addition to analysis techniques, differing processing algorithms between manufacturers may also cause variations in theobtained aEEG amplitudes (8). Sabir and Hoehn reported that different aEEG devices generate different absolute values at upper voltage levels but that abnormalities are detected in a comparable manner, suggesting that there isno difference in treatment decisions (2). These findings justify the currently practiced bedside interpretation of neonatal aEEG using mainly manual/visual classifications, e.g. by Hellström-Westas, Burdjalov or Olischar (9–11). However, ongoing digitalization expands the possibilities for automated assessment and makes knowledge about differences between measurement techniques and processing algorithms important for interpretation. This is of particular significance when switching between manual/visual assessment and automated algorithms. Given that aEEG producers do not publicly provide their processing and transformation algorithms, open-source algorithms may become necessary to increase comparability and reproducibility between devices. Further, reference values for various measurement methods should be established, as already postulated by MacDarby (4).

An important limitation of automated EEG assessment is the software's ignorance of the clinical context. Thus, assessment is carried out without taking the particular clinical setting and patient's situation into account. In manual or semi-manual interpretation, however, these sections can be ignored more easily to “blind out” interfering factors and potential artifacts. Furthermore, automated artifact removal typically uses blind source separation (BSS), as in Persyst software (3). By this means, removal of artifacts can cause loss of information if neuronal information is superimposed by interfering information (12).

There are several limitations to our study. First, we used different software packages to transform the raw EEGs into aEEGs for semi-manual and automated assessment, providing the first opportunity for diverging results. However, the initial software does not support automated export of values, and Persyst does not provide an option for manual measurement. Second, artifact reduction was turned off for the automatic assessment, because otherwise entire recordings would have become unavailable. Importantly, this shortcoming of artifact removal software also applies to aEEG processing in the clinical setting, possibly making thevalues provided here more real-world proof than completely “cleaned” values. Third, analyzed recordings were rather short, enhancing the potential impact of transient amplitude changes on the obtained values. This limitation, however, applies only to the absolute reference values but not for the comparison between analysis methods.



Conclusion

Upper and lower aEEG amplitude values in children systematically differ between semi-manual and automated measurements. Theresults obtained from both methods were congruent regarding age-related trends and differences between electrode positions, but clearly highlightthe need to establish reference values for each technique and potentially even for each different processing algorithm. In any case, clinicians must pay close attention to the mode of measurement when interpreting aEEG amplitude values.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by Ethics Committee of the Medical Faculty of the University of Duisburg-Essen 20-9444- BO. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required from the participants or the participants' legal guardians/next of kin because Informed consent was not necessary according to local legislation because retrospective anonymized data were used.



Author contributions

SG: Conceptualization, Data curation, Funding acquisition, Investigation, Project administration, Writing – original draft, Writing – review & editing. PB: Writing – review & editing. LP: Writing – review & editing. CD-S: Conceptualization, Writing – review & editing. JW: Data curation, Writing – review & editing. UF-M: Investigation, Writing – review & editing. NB: Writing – review & editing, Conceptualization, Formal analysis, Investigation, Methodology, Software, Supervision, Validation, Visualization.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by DFG (framework of DFG Clinician Scientist Program UMEA, FU 356/12-2) and the “willkommen zurück” program of the Medical Faculty, University of Duisburg-Essen.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations

aEEG, Amplitude-integrated EEG; EEG, Electroencephalogram; e.g., for example; Hz, Herz; ICC, intraclass correlation coefficient; IQR, interquartile range; SD, standard deviation.



References

 1. Hellström-Westas L. Amplitude-integrated electroencephalography for seizure detection in newborn infants. Semin Fetal Neonatal Med. (2018) 23:175–82. doi: 10.1016/j.siny.2018.02.003

 2. Sabir H, Hoehn T. Comparison of two amplitude-integrated electroencephalography (aEEG) monitors in term neonates. J Med Syst. (2017) 41:114. doi: 10.1007/s10916-017-0758-8

 3. Persyst. Artifact Reduction: Detect and Reduce Artifact with the Touch of a Button. (2020). Available online at: https://www.persyst.com/technology/artifact-reduction/ (Accessed August 28, 2024).

 4. MacDarby LJ, Healy M, Curley G, McHugh JC. Amplitude integrated electroencephalography - Reference values in children aged 2 months to 16 years. Acta Paediatrica. (2022) 111:2337–43. doi: 10.1111/apa.16520

 5. Greve S, Löffelhardt VT, Della Marina A, Felderhoff-Müser U, Dohna-Schwake C, Bruns N. The impact of age and electrode position on amplitude-integrated EEGs in children from 1 month to 17 years of age. Front Neurol. (2022) 13:952193. doi: 10.3389/fneur.2022.952193

 6. Maynard D, Prior PF, Scott DF. Device for continuous monitoring of cerebral activity in resuscitated patients. Br Med J. (1969) 4:545–6. doi: 10.1136/bmj.4.5682.545-a

 7. Zhang D, Ding H. Calculation of compact amplitude-integrated EEG tracing and upper and lower margins using raw EEG data. Health. (2013) 5:885–91. doi: 10.4236/health.2013.55116

 8. Werther T, Olischar M, Naulaers G, Deindl P, Klebermass-Schrehof K, Stevenson N. Are all amplitude-integrated electroencephalogram systems equal? Neonatology. (2017) 112:394–401. doi: 10.1159/000480008

 9. Hellström-Westas L. Continuous electroencephalography monitoring of the preterm infant. Clin Perinatol. (2006) 33:633–47. doi: 10.1016/j.clp.2006.06.003

 10. Burdjalov VF, Baumgart S, Spitzer AR. Cerebral function monitoring: a new scoring system for the evaluation of brain maturation in neonates. Pediatrics. (2003) 112:855–61. doi: 10.1542/peds.112.4.855

 11. Olischar M, Klebermass K, Kuhle S, Hulek M, Kohlhauser C, Rücklinger E, et al. Reference values for amplitude-integrated electroencephalographic activity in preterm infants younger than 30 weeks' gestational age. Pediatrics. (2004) 113:e61–6. doi: 10.1542/peds.113.1.e61

 12. Ille N, Nakao Y, Yano S, Taura T, Ebert A, Bornfleth H, et al. Ongoing EEG artifact correction using blind source separation. Clini Neurophysiol. (2024) 158:149–58. doi: 10.1016/j.clinph.2023.12.133

 13. Löffelhardt VT, Della Marina A, Greve S, Müller H, Felderhoff-Müser U, Dohna-Schwake C, et al. Characterization of aEEG during sleep and wakefulness in healthy children. Front Pediatr. (2022) 9:773188. doi: 10.3389/fped.2021.773188

 14. Bruns N, Felderhoff-Müser U, Dohna-Schwake C, Woelfle J, Müller H. aEEG use in pediatric critical care—an online survey. Front Pediatr. (2020) 8:3. doi: 10.3389/fped.2020.00003

 15. Bruns N, Sanchez-Albisua I, Weiß C, Tschiedel E, Dohna-Schwake C, Felderhoff-Müser U, et al. Amplitude-integrated EEG for neurological assessment and seizure detection in a German pediatric intensive care unit. Front Pediatr. (2019) 7:358. doi: 10.3389/fped.2019.00358

Copyright
 © 2025 Greve, Brensing, Paul, Dohna-Schwake, Wichlacz, Felderhoff-Mueser and Bruns. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-16-1562580-g003.gif
s

- hies
. s
o s

' =
'5 aca N c_n\

ontrm oot e

ST A G e
Aostmm)

10" -----25% —— 50" -----75% —— 90"
10 e 25 50N e 750 907






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Systematically lower aEEG amplitude values in neurologically healthy children using an automated algorithm compared to a semi-manual method



		Introduction



		Methods



		aEEG processing



		Original study (semi-manual amplitude assessment)



		Automated amplitude assessment



		Statistical analyses



		Ethics statement







		Results



		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher's note



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neurology

Systematically lower aEEG
amplitude values in
neurologically healthy children
using anautomated algorithm
compared to a semi-manual
method





OPS/images/fneur-16-1562580-g001.gif
Current study

Slactonof 50 €EGsfrom

ewsiogislyheany
idn
Conversion o sl Comersionint ampitode
eged e gt 6
[ eryeen) (poiis Tend sote)
Itomated messasmertof
Cpparand owerssudes
(eans and maons o
vy second)
i of smplide Sammanun messarment
B AR T
(fomosn smd s of npitudes
oo s ower Compaatieclodations: (e uscos)
=5 olingsman ot o

poiviosiny
soncoreition

Coficans o sach

ey

[ —

et forasch

haotof exchvscing

L

nwagediietocs v
meads for a3 hanoal

oot e || Ve g Clodsimt g et
ot | e e






OPS/images/fneur-16-1562580-g002.gif
R and o

T T rer
e e
b
z
p
b

s e
. .
e T e

) )

—10" 5% —— 50" ----- 75" —— 90"

T A e wnan

10 e 25 e 5O e 750

907












OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Neurology







